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CHAPTER I 

 

 

INTRODUCTION 

 

 

Parts of this chapter are adapted with permission from my co-author Neil Osheroff and the 

publisher ACS Infect. Dis. 2024, in press. Copyright 2024 Jessica A. Collins and Neil Osheroff. 

 

DNA Topology 

In the time it takes you to read this sentence, your body will have finished growing ~8 

million new cells.1 Each one of those cells contains roughly 2 meters (6.56 feet) of DNA stretched 

end-to-end.2 Considering the human body is made up of ~32 trillion cells, ~192 trillion feet or 36.3 

billion miles of DNA are stored inside of it.3 If laid end-to-end, this DNA could stretch from the sun 

and back 397 times. Astonishingly, all of the DNA in a cell not only fits inside a nucleus 5-10 µM 

in diameter but also remains accessible for essential cellular processes.2  

In human cells, DNA is linear and separated into 46 chromosomes.4 Despite its linear 

structure, the DNA ends are not free. Rather, they are fixed in space due to the extraordinary 

length of DNA, its degree of compaction, and its attachment to scaffolding proteins.5-9 Likewise, 

most bacteria possess circular chromosomes that prevent DNA ends from freely rotating during 

helix opening processes.5-9 Therefore, DNA is considered a closed topological system, and the 

topological properties of DNA cannot be altered without breaking one or both strands of the double 

helix.5, 7, 9 Because DNA is contained in a plectonemically coiled double helix and its ends are 

fixed in space, cells must overcome both torsional and axial topological barriers in order to 

replicate and survive.5-14 
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Figure 1.1. DNA topology. 
In the absence of torsional stress, DNA is considered to be “relaxed” (top middle). Overwinding 
and underwinding of the double helix drives positive [(+)SC, top left] and negative  [(–)SC, top 
right] DNA supercoiling, respectively. Entanglements between two or more DNA molecules or 
within a single DNA molecule yield catenated (bottom left) or knotted (bottom right) DNA 
molecules, respectively. Created with biorender.com. 
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Torsional stress on the double helix can be problematic for cells. This stress manifests as 

DNA over- and underwinding and plays a fundamental role in genome maintenance.9, 15, 16  DNA 

without torsional stress is known as relaxed, whereas DNA under torsional stress is referred to as 

supercoiled (Figure 1.1).5, 7, 9, 15-17 Supercoiling occurs when topological stress drives over- or 

underwound DNA molecules to wrap around themselves, generating superhelical twists. These 

superhelical twists create positive (overwound) and negative (underwound) DNA supercoils.9, 15, 

16, 18 In eubacteria and eukaryotes, DNA is globally underwound by ~6%.19, 20 Negative 

supercoiling adds energy to the double helix, lowering the threshold for strand melting during DNA 

replication and transcription.8, 20-23 Consequently, DNA underwinding facilitates these critical 

cellular processes. In contrast, the movement of replication forks and transcription complexes 

along the DNA locally overwinds the genetic material ahead of these complexes.8, 20-23 Because 

overwinding makes it more difficult to pull the DNA strands apart, these essential cellular 

processes are stymied.8, 20-23 The fixed ends of the DNA pose an additional topological problem 

for cells. Tangles (formed between two or more DNA molecules) and knots (formed within a single 

DNA molecule) can arise in the double helix during DNA replication and recombination, 

respectively.8, 22, 24 DNA tangles (also referred to as catenanes) can obstruct daughter 

chromosome separation during cell division.25, 26  Similarly, if DNA knots are not resolved, they 

can impede the separation of the double helix and reduce the tensile strength of the genetic 

material.26, 27 Persistent knots and tangles threaten cellular survival. 

 

Topoisomerases 

To manage the complex topological relationships in DNA, cells express multiple enzymes 

known as topoisomerases. These ubiquitous enzymes open the topological system by generating 

transient breaks in the sugar-phosphate backbone of DNA.20, 28, 29  This strand breakage activity 

is required for the regulation of superhelical density and the resolution of DNA knots and tangles 

by topoisomerases (Figure 1.2).20, 28, 29   



 4 

 
 

 

 

  

Figure 1.2. DNA topoisomerases and topology.  
Bacterial and eukaryotic type I and type II topoisomerases can relax positively [(+)SC] and 
negatively supercoiled [(–)SC] DNA (top). However, only a single type II enzyme, bacterial 
gyrase, can introduce negative supercoils into relaxed DNA. Type II topoisomerases cleave 
both strands of the double helix in order to perform the strand passage activities necessary to 
relax supercoils and resolve intermolecular tangles (catenanes, middle) and knots (bottom). 
Created with biorender.com. 
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Topoisomerases are categorized as type I and type II, numbered according to the order in 

which they were discovered.30 The first topoisomerase, topoisomerase I (originally identified as 

the ω protein), was discovered in Escherichia coli by James C. Wang in 1971.31 Five years later, 

Martin Gellert identified the first type II topoisomerase, DNA gyrase, in E. coli.32  Coincidentally, 

naming the enzymes by order of discovery also coincided with the number of DNA strands cleaved 

by the enzyme during catalysis: type I topoisomerases cut one DNA strand, while type II 

topoisomerases cut two DNA strands.20, 28-30, 33   

In human cells, type I topoisomerases primarily relax negatively and positively supercoiled 

DNA molecules.20, 28, 29 However, there is some evidence that type I enzymes can decatenate 

hemicatenated sister chromatids prior to replication fork convergence.34, 35 Conversely, type II 

topoisomerases primarily control levels of DNA supercoiling and remove tangles and knots from 

the genome.20, 28, 29  

 

Type II Topoisomerases 

There are two subclasses of type II topoisomerases, type IIA and type IIB. The bacterial 

type II topoisomerases, gyrase and topoisomerase IV, and eukaryotic type II topoisomerase 

comprise the type IIA subclass. Type IIB enzymes include topoisomerase VI and topoisomerase 

VIII, which are primarily found in archaea, plants, and algae.20, 28-30 This dissertation will focus on 

type IIA topoisomerases from humans and bacteria. 

 

Structure 

Human type II topoisomerases are homodimers, while bacterial type II topoisomerases 

are heterotetramers with an A2B2 structure.36-38 The eukaryotic enzymes are homologous to their 

bacterial counterparts, and possess a single polypeptide arising from the fusion of the A and B 

bacterial subunits.28, 29, 39 In gyrase, these subunits are GyrA and GyrB.36 The analogous subunits 
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in topoisomerase IV are ParC and ParE in Gram-negative species (originally named because of 

chromosomal partitioning defects that accompany mutations in these subunits) and GrlA and GrlB 

in Gram-positive species (named as “gyrase-like” proteins).37, 40 For the sake of simplicity, the 

GyrA/ParC/GrlA subunit will be referred to as the A subunit, and the GyrB/ParE/GrlB subunit will 

be referred to as the B subunit.  

Human and bacterial type II topoisomerases share several structural domains within three 

regions of the enzyme (Figure 1.3). Using gyrase as a model, the N-terminus is in GyrB, the 

catalytic core spans GyrA and GyrB, and the C-terminus is in GyrA.20, 29  

The N-terminal region contains an N-terminal gate, or N-gate, a GHKL (Gyrase, Hsp90, 

Histidine Kinase, MutL) ATPase domain, and a transducer domain.20, 29, 38, 41-44 DNA first enters 

the enzyme through the N-gate.41, 45, 46 Upon ATP binding, the two ATPase domains dimerize and 

close the N-gate.41, 43  The transducer domain relays information between the catalytic core and 

ATPase domains to facilitate DNA-stimulated ATP hydrolysis.42, 43, 47   

The catalytic core is composed of two DNA-interaction domains, the WHD (winged-helix 

domain) and tower domain, and a metal-ion binding domain, the TOPRIM 

(topoisomerase/primase) domain.20, 29, 48-51 The WHD mediates DNA binding and contains an 

active site tyrosine residue required for DNA cleavage.49-51 The tower domain promotes DNA 

bending and uses a conserved isoleucine residue to induce a ~150° curve in the genetic 

material.49-52 The WHD and tower domain form a DNA gate that undergoes large conformational 

changes during DNA cleavage and strand passage.38, 51, 53 The TOPRIM domain chelates divalent 

metal ions, magnesium (Mg2+) in vivo, that anchor the DNA and stabilize the cleavage/ligation 

transition state.48, 49, 54-56 

The type II topoisomerase C-terminus displays significant variation between species.20, 29, 

57, 58 In gyrase, the C-terminal domain contains a conserved seven-amino acid “GyrA box” motif. 

The GyrA box facilitates DNA wrapping in a positive supercoil that is inverted upon strand 

passage.58-61 Even though topoisomerase IV and human type II enzymes lacks this structural  
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Domain Structures of Type II Topoisomerases

GHKL TOPRIM WHD
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Figure 1.3. Domain structure of type II topoisomerases.  
The domain structures of bacterial (DNA gyrase and topoisomerase IV) and human type II 
topoisomerases (topoisomerase IIα) are shown. Homologous regions of the enzymes are 
indicated by color. The N-terminus contains an N-gate comprised of an ATPase domain 
(GKHL, blue) and a transducer element (green). The enzyme core carries a divalent metal ion 
binding site (TOPRIM, purple) and the active site tyrosine residue required for DNA scission 
(brown). The C-terminus varies between species. For DNA gyrase, the C-terminal domain 
(CTD, gold) contains a “GyrA box” essential for DNA wrapping, which the CTD of 
topoisomerase IV (peach) lacks. Furthermore, the CTD of human topoisomerase IIα contains 
nuclear localization signals and phosphorylation sites (red). Created with biorender.com. 
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element, their C-terminal regions contain basic amino acid residues that facilitate DNA binding 

and bending.59-61 Even though the C-terminus of eukaryotic topoisomerase II is intrinsically 

disordered in the absence of DNA, this region features nuclear localization sequences and post-

translational modification sites. It also plays an important role in recognizing DNA supercoil 

handedness during catalysis.20, 62-64 

 

Catalytic cycle 

 As mentioned previously, type II topoisomerases catalyze a double-stranded DNA 

passage reaction to regulate the topological state of the genetic material.9, 20, 28, 29 This reaction 

can be divided into a number of discrete steps (Figure 1.4). (1) The enzymes bind their DNA 

substrate(s).52, 65-69 The first double helix bound at the DNA gate becomes the G-segment. The T-

segment is then captured by the N-gate.43, 52, 69-72 (2) The enzymes select their site of DNA 

cleavage by their ability to bend the G-segment.52, 55, 73-75 DNAs that cannot be bent by the enzyme 

are not cleaved. The ability of type II enzymes to bend DNA does not reflect the intrinsic 

malleability of the DNA segment, rather it is due to specific interactions between the enzyme and 

the G-segment.52, 55, 73, 75 (3) The active site tyrosine residue located in the catalytic core initiates 

a nucleophilic attack on the opposite strands of the double-helix, resulting in a covalent bond 

between the 4’-hydroxyl group of the tyrosine and the newly created 5’-terminal phosphate of the 

DNA backbone.49, 50, 52, 55, 76  The scissile bonds on the Watson and Crick strands are across the 

major groove from one another and the cleavage reaction generates 4-base, 5’ overhanging 

cohesive ends.38, 49, 51, 52, 55, 76 This covalent enzyme-cleaved DNA complex is known as the 

cleavage complex.20, 77 The cleavage complex plays two critical roles: It preserves the energy of 

the DNA sugar-phosphate backbone and preserves genomic integrity while the DNA is cleaved.9, 

38, 55, 78, 79 The enzymes utilize a non-canonical two metal ion mechanism to support the DNA 

cleavage reaction.49, 56, 80, 81 As opposed to the canonical two metal ion mechanism, in this  
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Figure 1.4. Catalytic cycle of type II topoisomerases.  
The double-stranded DNA passage reaction of type II topoisomerases can be separated into 
discrete steps: (1) capturing two segments of DNA through the N-gate, the gate, or G-segment 
(green), and the transport, or T-segment (yellow); (2) bending the G-segment to assess DNA 
sites for cleavability; (3) cleaving both strands of the G-segment; (4) binding 2 molecules of 
ATP, which triggers N-gate dimerization, DNA gate opening, and T-segment strand passage 
through the DNA gate. The rate of the DNA passage step is increased if one of the two ATP 
molecules is hydrolyzed; (5) closing the DNA gate and religating the G-segment; (6) 
hydrolyzing the second ATP molecule and releasing the T-segment through the C-gate; (7) 
initiating enzyme turnover. Created with biorender.com.  
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scheme, one metal ion stabilizes the transition state and promotes DNA cleavage and religation, 

while the other metal ion anchors the DNA.49 (4) Upon ATP binding, the DNA gate formed by 

cleavage of the G-segment opens, the N-terminal portions of the ATPase domain dimerize, and 

the T-segment is passed through the open gate.46, 51, 72, 82-84  The rate of the DNA passage step is 

increased if one of the two ATP molecules is hydrolyzed.85 (5) The DNA cleavage reaction is 

reversed, the covalent bond between the enzyme and the DNA is broken, and the double helix is 

religated.51, 82 (6) The second ATP molecule is hydrolyzed,86 leading to extrusion of the T-

segment51 and (7) enzyme turnover.87 

 

Human type II topoisomerases 

The first eukaryotic type II topoisomerase, topoisomerase II, was discovered in 1980 and 

purified from Saccharomyces cerevisiae and Drosophila melanogaster shortly thereafter.88-92 

Single-celled yeast, insects, and other lower eukaryotes encode a single topoisomerase II 

enzyme, while vertebrates express two isoforms of topoisomerase II, α and β.30, 93 In humans, 

topoisomerase IIα and IIβ are encoded on separate chromosomes (17q21-22 and 3p24, 

respectively) and possess different molecular masses (170 kDa and 180 kDa, respectively), yet 

they share ~70% sequence identity.28, 30, 94-98 Although both isoforms can relax positive and 

negative supercoils and resolve DNA knots and tangles, their cellular roles and expression 

patterns vary considerably.98-102 

Topoisomerase IIα is an essential enzyme that plays an important role in DNA replication, 

chromosome compaction, and genome segregation.28, 29, 100, 101 Expression of  topoisomerase IIα 

is cell cycle dependent; enzyme levels rise in mid-S phase, peak in G2/M phase, and fall upon 

cell division.38, 101, 103, 104 The expression of this isoform is inextricably linked to its cellular role. 

During DNA replication, topoisomerase IIα relaxes supercoils, disentangles newly replicated DNA 

duplexes (precatenanes), and facilitates fork convergence during termination.100, 105-107 The α 
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isoform is required for chromosome condensation but its activity is regulated to maintain sister 

chromatid cohesion.108-110 During anaphase, topoisomerase IIα separates remaining interlinked 

sister chromosomes, though most DNA tangles are removed during replication.26, 88, 100, 101, 111 This 

enzyme also plays a role in transcription.101, 112, 113 

While topoisomerase IIβ is non-essential at the cellular level, it serves key functions in 

development and transcription.98, 114-116 In contrast to topoisomerase IIα, the β isoform is 

expressed throughout the cell cycle and in all cell types, irrespective of proliferation status.98, 99, 

102, 117 Topoisomerase IIβ is required for neuronal differentiation and cortical development in 

mice.98, 117-122 In humans, expression of the β isoform is highest in the cerebellum and mutations 

in this enzyme are associated with autism spectrum disorder, neurodevelopmental delays, and B 

cell immunodeficiency.98, 101, 123-125 Although its cellular functions are not well defined, the β isoform 

is also involved in the transcription of hormonally activated and developmentally regulated 

genes.98, 101, 112, 115, 126-128 

 

Bacterial type II topoisomerases 

Gyrase was discovered in 1976 and was the first type II topoisomerase to be described.32 

The enzyme was identified by its activity to convert relaxed closed-circular DNA to negatively 

supercoiled (i.e., underwound) molecules.32 Gyrase is found in all bacterial species and is 

essential for life.30 For 14 years, gyrase was believed to be the only type II topoisomerase in 

bacterial cells. However, in 1990, the genes encoding a second type II topoisomerase, 

topoisomerase IV, were identified from a genetic screen for mutations that impeded chromosome 

partitioning in Escherichia coli.37 On the basis of sequencing and enzymology studies, 

topoisomerase IV was determined to be a homolog of gyrase that utilized a similar reaction 

mechanism (detailed below).37, 129 
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Most bacterial species encode topoisomerase IV in addition to gyrase, and in those 

species, both enzymes are essential.30  In contrast, some species such as Mycobacterium 

tuberculosis, Helicobacter pylori, and Treponema pallidum (the causative agents of tuberculosis, 

stomach ulcers, and syphilis, respectively) encode only gyrase.61, 130-133 It appears that in these 

species, gyrase has also taken over the critical biological functions of topoisomerase IV.61, 133 

Although the catalytic cycles of gyrase and topoisomerase IV are identical, the two 

enzymes differ in one critical aspect of their DNA interactions. Gyrase wraps its DNA substrate 

around the C-terminal domain of its A subunit to form a positive supercoil that is converted to a 

negative supercoil following strand passage (Figure 1.5).44, 58, 59, 134 This wrapping mechanism has  

two major biological effects: 1) the preferred T- and G-segments come from the same DNA 

molecule and are in close proximity (i.e. within 100-150 base pairs of one another).65, 135-137 As a 

consequence of this intramolecular DNA reaction, gyrase primarily modulates the superhelical 

state of the bacterial chromosome;61, 138 2) the handedness of DNA wrapping necessitates that 

gyrase acts in a unidirectional manner, removing positive supercoils and introducing negative 

supercoils into relaxed DNA (i.e., DNA that lacks torsional stress).28, 58, 61, 139   

In contrast to gyrase, the C-terminal domain of topoisomerase IV interacts with DNA but 

does not wrap the double helix (Figure 1.5).59-61 The lack of wrapping allows the enzyme to capture 

T- and G-segments from distal regions of the bacterial chromosome or even from entirely different 

chromosomes.61, 68 This enzymatic characteristic has two important biological consequences: 1) 

topoisomerase IV can carry out strand passage reactions involving intermolecular DNA substrates 

(i.e., it can unlink tangled chromosomes);11, 37, 61, 140-142 2) intramolecular reactions that are 

performed by the enzyme are driven by the directionality of torsional stress, converting either 

under- or over-wound DNA substrates into products with less torsional stress.20, 139, 143, 144 

The differences in the way that gyrase and topoisomerase IV interact with DNA have a 

profound effect on the biological functions of these two enzymes. Because of its DNA wrapping 

mechanism, gyrase primarily works ahead of DNA tracking systems, including replication forks 
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Figure 1.5. Topological problems resolved by gyrase and topoisomerase IV during DNA 
replication and transcription.  
The movement of replication forks and transcription complexes along the double helix 
generates torsional stress ahead of and behind these systems. The positive supercoils [(+)SC] 
formed in front of DNA tracking machineries pose a physical barrier to progressing complexes. 
Gyrase (right) uses a DNA wrapping mechanism to rapidly remove these positive supercoils. 
The precatenanes (two intertwined partially replicated DNA duplexes) that trail replication 
complexes and are untangled by topoisomerase IV using a canonical strand passage 
mechanism prior to cell division. The negative supercoils that accumulate behind transcription 
complexes are most likely removed by the w protein, a type I topoisomerase. Created with 
biorender.com. 
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and transcription complexes, to rapidly remove positive supercoils that accumulate as a result of 

helicases opening the double helix (Figure 1.5).9, 61, 134, 138, 145 The enzyme also works in  

conjunction with the ω protein (a type I topoisomerase that relaxes negative DNA supercoils), 

acting as a “supercoiling thermostat” to set the global level of DNA underwinding in the bacterial 

chromosome.138, 146-148 

Similar to gyrase, topoisomerase IV can also affect the superhelical state of the bacterial 

chromosome.20, 138, 139, 143, 144, 149  While this enzyme can relax negative supercoils formed behind 

transcription complexes (Figure 1.5), its cellular functions generally involve its interactions with 

distal portions of the bacterial genome.61, 68, 138 Topoisomerase IV primarily resolves precatenanes 

that form behind replication forks (Figure 1.5), unlinks daughter chromosomes during cell division, 

and removes knots that are formed during recombination events.11, 140-142, 150 

 

Type II Topoisomerases as Drug Targets 

 All eukaryotic and prokaryotic cells encode at least one type II topoisomerase that 

regulates DNA topology.20, 28, 29, 79 The type II enzymes are essential for cell viability, and cleavage 

complexes are held in a critical balance that vastly favors ligation (Figure 1.6). Under normal 

conditions, enzyme-cut DNA complexes are transient and readily reversible to protect genomic 

integrity.20, 29, 77, 101, 104, 151 Perturbation of this delicate balance can be deleterious to cells. 

Shortly after their discovery, type II topoisomerases emerged as a valuable target for the 

development of human medicines. Inhibiting or harnessing the power of these DNA-cleaving 

topology modulators has resulted in the successful clinical development of numerous anticancer 

and antibacterial therapies. Drugs that target human and bacterial type II topoisomerases kill cells 

in two different ways.77, 79, 151-153 

First, drugs can reduce levels of DNA cleavage by inhibiting the overall catalytic function 

of human and bacterial type II topoisomerases, which robs the cell of critical enzymatic 

activities.77, 151-156 Reduced DNA cleavage and, subsequently, strand passage leads to the  
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Figure 1.6. Cellular death induced by type II topoisomerase-targeted drugs.  
Under normal cellular conditions, DNA cleavage complexes generated by type II 
topoisomerases are short-lived and readily reversible, leading to normal cellular growth 
(middle). However, topoisomerase poisons and inhibitors shift the balance between DNA 
cleavage and ligation. Topoisomerase poisons increase levels of enzyme-mediated DNA 
breaks by stabilizing cleavage complexes. In response to the DNA damage, human and 
bacterial cells initiate apoptosis or the SOS response, respectively (right). Conversely, 
topoisomerase inhibitors prevent the type II enzymes from completing their catalytic cycles. 
This robs the cell of essential enzyme functions. Inhibition of gyrase can stall DNA replication 
and transcription, which impedes bacterial growth, while inhibition of topoisomerase II⍺ or 
topoisomerase IV can lead to catastrophic cell division and death. Created with biorender.com. 
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accumulation of positive supercoils ahead of DNA tracking systems (see Figure 1.5) and 

profoundly affects ability of cells to synthesize DNA and RNA (Figure 1.6).77, 151-153, 155, 156  Behind 

replication machineries and transcription complexes, inhibition of the type II enzymes prevents 

the untangling of daughter chromosomes (see Figure 1.5), leading to stalled or catastrophic 

division (Figure 1.6).77, 151-158  Drugs that act by inhibiting type II topoisomerase catalysis (without 

increasing levels of DNA scission) are referred to as catalytic inhibitors.152-156 

Second, drugs can stabilize DNA strand breaks generated as requisite intermediates of 

the type II topoisomerase catalytic cycle.77, 155, 156, 159-162  When the accrual of these strand breaks 

becomes too high, they can induce apoptosis (human cells) or the SOS response (bacterial cells) 

to trigger cell death pathways (Figure 1.6)77, 101, 155, 156, 163, 164 Therefore, drugs that stabilize type II 

topoisomerase-DNA cleavage complexes have the potential to convert these critical enzymes into 

potent cellular toxins that fragment the genome.77, 165 Anticancer and antibacterial drugs that act 

by increasing levels of gyrase/topoisomerase IV-mediated DNA scission are referred to as 

topoisomerase poisons.77, 78, 151-156 

Two aspects of topoisomerase poisons require further discussion. Because DNA strand 

breaks generated by human and bacterial type II topoisomerases are covalently tethered to the 

enzymes, they can be ligated once the drug has dissociated from the enzyme-DNA complex.77, 81, 

154, 155, 166, 167 However, these stabilized cleavage complexes become more lethal when cellular 

machines such as replication and transcription complexes attempt to traverse the covalently 

attached enzymes.155, 156, 159-161, 164, 168 As these machines approach the cleavage complexes, they 

often render (by a poorly understood process) the cut DNA non-ligatable by the type II 

enzymes.155, 159, 162, 166 This results in persistent DNA breaks that must be resolved by DNA 

recombination processes and can lead to mutations, chromosomal abnormalities, and if 

unrepaired, cell death.155, 156, 162, 165, 169-171 

Furthermore, beyond the formation of DNA breaks, the presence of covalently bound 

enzymes on the double helix creates roadblocks that inhibit DNA tracking by replication forks and 
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transcription complexes.156, 159, 161, 172, 173 Thus, cleavage complexes block essential genomic 

processes, such as replication and transcription.155, 156, 159, 160, 164, 168, 172, 173 Finally, because 

topoisomerase poisons stall the catalytic cycle of type II topoisomerases, they also inhibit the DNA 

strand passage activities of these essential enzymes. Consequently, in addition to converting type 

II enzymes into potentially lethal cellular toxins, topoisomerase poisons deprive human and 

bacterial cells of important enzymatic and genomic functions.77, 151, 154-156, 162 

 

Anticancer therapies 

Before type II topoisomerases were discovered, therapies targeting the type II enzymes 

were used, albeit unknowingly, to treat a myriad of cancers.151, 152, 174-177 Currently, eight 

topoisomerase II-targeted anticancer drugs are approved for clinical use in the United States, the 

majority of which are topoisomerase poisons (Figure 1.7).177, 178 Clinically developed 

chemotherapies that target the type II enzymes include demethylepipodophyllotoxins (etoposide 

and teniposide), anthracyclines (daunorubicin, doxorubicin, epirubicin, and idarubicin), 

anthracenediones (mitoxantrone), and bisdioxopiperazines (dexrazoxane).77, 176-178  

Anthracyclines and demethylepipodophyllotoxins are effective against solid tumors in breast, 

ovarian, testicular, lung, and brain tissues as well as blood and bone cancers, including leukemia 

and lymphoma.152, 176-178   Anthracenediones are used to treat acute myeloid leukemia and multiple 

sclerosis, 176-180  while bisdioxopiperazines are prescribed to protect against anthracycline-

induced cardiotoxicities.177, 181-186 

Demethylepipodophyllotoxins, anthracyclines, and anthracenediones are classified as 

interfacial topoisomerase II poisons.77, 151, 175 As their name suggests, these drugs bind at the 

enzyme-DNA interface and intercalate into the double helix at the cut scissile bond (one drug 

molecule per DNA strand).77, 175, 187 When bound in the cleavage complex, interfacial poisons act  
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Figure 1.7. Anticancer and cardioprotective therapies targeted by human 
topoisomerase IIa and IIb. 
Four classes of human type II topoisomerase-targeted therapies are approved for clinical use 
in the United States. Demethylepipodophyllotoxins (etoposide and teniposide), anthracyclines 
(daunorubicin, doxorubicin, epirubicin, and idarubicin), and mitoxantrone are topoisomerase 
poisons and are used to treat a variety of solid and blood cancers in children and adults. 
Dexrazoxane is an inhibitor of topoisomerase II that is prescribed to protect against 
anthracycline-induced cardiomyopathies. 
 

Anthracyclines

HNO

HNO

OH

OH

Mitoxantrone

H
N OH

N
H

OH

OHO

OR2 OH HO O

OH
NH2

R1

OOH

O

O
O

OO

O

R1

O OR2

O

OH
O

HO

Demethyl-epipodophyllotoxins

Anthracyclines
Mitoxantrone

HNO

HNO

OH

OH

Mitoxantrone

H
N OH

N
H

OH

OHO

OR2 OH HO O

OH
NH2

R1

OOH

O

O
O

OO

O

R1

O OR2

O

OH
O

HO

Demethyl-epipodophyllotoxins

Anthracyclines

Dexrazoxane

N
NH

O

O

N
HN

O

O

R1
CH3Etoposide

Teniposide

Demethylepipodophyllotoxins

HNO

HNO

OH

OH

Mitoxantrone

H
N OH

N
H

OH

OHO

OR2 OH HO O

OH
NH2

R1

OOH
O

O
O

OO

O

R1

O OR2

O

OH
O

HO

Demethyl-epipodophyllotoxins

Anthracyclines

OH

R1

S

R2R1
OCH3CH2Daunorubicin

OCH3CH2OHDoxorubicin
CH2OHOCH3Epirubicin

HCH2OHIdarubicin



 19 

as a “molecular doorstop” to physically block religation of the cleaved DNA and increase levels of 

DNA scission.77, 175, 187 All marketed poisons target both human topoisomerase IIα and IIβ, albeit 

some drugs exert stronger effects on one isoform than the other. 77, 175, 178, 188-191 

It is important to note that early topoisomerase II-targeted anticancer therapies were 

developed and approved for clinical use before their intracellular mechanism of action was 

defined.174, 177, 192 The demethylepipedophyllotoxin etoposide is a well-characterized example.151, 

152, 174, 176, 192 The parent compound podophyllotoxin was isolated from the American mandrake, 

also known as the Himalayan mayapple, which has been used in traditional medicines for 

centuries.193, 194 However, it was not until the 1940s that the anticancer activities of 

podophyllotoxin and its derivatives were evaluated.192, 195, 196 Subsequent structural optimization 

to improve antineoplastic activity and reduce toxicity yielded etoposide in 1966 and teniposide in 

1967, both of which advanced to human trials.193, 197, 198 Etoposide was approved by the Food and 

Drug Administration (FDA) for the treatment of testicular tumors in 1983, only three years after 

the first eukaryotic type II topoisomerase was discovered.192 Similarly, the anthracyclines 

doxorubicin and daunorubicin were isolated from Streptomyces soil bacteria in the 1960s and 

approved for clinical use in 1974 and 1979, respectively.193, 199-202  

Shortly after the clinical introduction of demethylepipedophyllotoxins and anthracyclines, 

the oncogenic side effects of topoisomerase II poisons were revealed.174, 176, 177, 192 As many as 

15% of patients previously treated with topoisomerase II-targeted drugs developed therapy-

related acute myeloid leukemia (AML), which is characterized by rearrangements in the mixed 

lineage leukemia (MLL) gene at chromosomal band 11q23.101, 176, 203-206 A current model posits 

that therapy-related AMLs arise from the erroneous repair of topoisomerase II-mediated 

chromosomal breaks in a 1-kb breakpoint cluster region (BCR) of the MLL gene.101, 176, 206-208 The 

illegitimate DNA repair results in translocations and gene fusions that disrupt hematopoiesis and 

drive oncogenesis.101, 176, 206, 208-210 
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Additional studies indicate that the etiology of therapy-related leukemia is drug specific.101, 

176, 206 For example, treatment of breast cancer and multiple sclerosis by epirubicin and 

mitoxantrone, respectively, has been shown to correlate with acute promyelocytic leukemia 

(APL).211-213 These two therapies give rise to balanced translocations between the promyelocytic 

leukemia (PML) gene on chromosome 15 and the retinoic acid receptor α (RARA) gene on 

chromosome 17.176, 212-216 In APL patients, these breakpoints cluster to an 8 bp region of an 

established mitoxantrone-induced topoisomerase II DNA cleavage site.215 212, 213 Even though 

epirubicin-induced DNA cleavage sites are more dispersed than those induced by mitoxantrone, 

chromosomal fusions that result in therapy-related APLs are functionally linked to topoisomerase 

II activity.176, 206, 211 

As mentioned above, the most clinically relevant topoisomerase II poisons target both 

human topoisomerase IIα and IIβ, but the selectivity of drug targeting to either isoform and the 

individual roles of α and β in drug efficacy are not fully understood.151, 152, 174-177  Some evidence 

suggests that the α isoform primarily mediates the antineoplastic activities of topoisomerase 

poisons, while the β isoform is the major contributor to therapy-related leukemogenic 

translocations and other cell-type specific side effects.174, 176, 217-219  Multiple groups have shown 

that topoisomerase IIβ contributes to etoposide-induced DNA breaks at the MLL locus.207, 208, 220, 

221 However, the most recent study also linked topoisomerase IIα to etoposide-induced 

chromosomal breaks at this locus and concludes that the relative abundance of each isoform 

determines its contribution to oncogenic fusions.221 In cultured leukemia cell lines, protein levels 

of α and β are comparable.222 However, in primary human haemopoietic stem cells, levels of 

topoisomerase IIβ mRNA were found to be more than 10-fold higher than those of topoisomerase 

IIα.206, 223 Other deleterious side effects of topoisomerase II poisons, such as anthracycline-

associated cardiotoxicities, have also been attributed to the activity of the β isoform.116, 186, 207, 224 

To this point, deletion of topoisomerase IIβ from murine cardiomyocytes protects against 

doxorubicin-associated cardiomyopathies by preventing enzyme-mediated DNA breaks and 
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maintaining mitochondrial homeostasis.181 To mitigate the clastogenic and cardiotoxic properties 

of topoisomerase poisons, drug development efforts have focused on selectively targeting 

topoisomerase IIα.225, 226 Three preclinical compounds with such activity have emerged: NK314, 

ARN-21934, and most recently, a 7-(3-aminopropyloxy)-substituted flavone analogue.190, 191, 227  

Although most type II topoisomerase-targeted therapies are poisons, catalytic inhibitors of 

topoisomerase II also have clinical utility.183-186 Members of the bisdioxopiperazine class, such as 

dexrazoxane (ICRF-187) and ICRF-193, are examples.174, 177 Topoisomerase II inhibitors block 

the enzymes from completing their catalytic cycles without enhancing levels of DNA scission.77, 

174, 177 Bisdioxopiperazines bind to a closed-clamp form of the topoisomerase II-DNA complex at 

a site distinct from that of ATP.224, 228, 229 These interactions allow hydrolysis of one ATP molecule 

but preclude hydrolysis of the second high energy cofactor.230 Because the enzyme cannot 

hydrolyze the second high-energy cofactor, the DNA cannot be released, and the enzyme is 

inactivated.224, 228-230 

Dexrazoxane is the only topoisomerase II inhibitor in clinical use and is approved for the 

prevention of cardiomyopathies in patients treated with anthracyclines.183-186 In pediatric clinical 

trials, dexrazoxane has been shown to reduce the risk of treatment-related cardiotoxicities and is 

not associated with the development of secondary leukemias.231, 232 However, the mechanism of 

dexrazoxane cardioprotectivity is debated.233 Two models have been proposed: 1) As a derivative 

of EDTA, dexrazoxane chelates mitochondrial iron in cardiac tissues to reduce the accumulation 

of reactive oxygen species in the cell;234-236 2) dexrazoxane inhibition of topoisomerase IIβ in 

cardiomyocytes prevents the formation of drug-stabilized cleavage complexes,182, 229, 237, 238 which 

are converted to double-stranded DNA breaks upon proteasomal processing.126, 239 It is important 

to note that dexrazoxane is a potent inhibitor of both human type II enzymes but expression of 

the α isoform is generally undetectable in non-dividing cardiac cells.102, 240 Mounting biochemical, 

cellular, and clinical evidence supports the latter model.182, 186, 229, 237, 238 
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Antibacterial drugs 

The first class of bacterial type II topoisomerase-targeted drugs used clinically were the 

aminocoumarins (Figure 1.8).151, 153, 241 As with many human type II topoisomerase-targeted 

drugs, members of this drug class were prescribed to patients before their molecular target was 

identified.241, 242 The founding members of the aminocoumarin class are naturally-occurring 

antibiotics isolated from Streptomyces soil bacteria in the 1950s and include novobiocin, 

coumermycin A1, and clorobiocin.241, 243-246 In 1965, novobiocin was approved for the treatment of 

S. aureus infections, including methicillin-resistant strains.151, 247, 248 However, just shy of 50 years 

later, this aminocoumarin was withdrawn by the FDA due to safety and efficacy concerns.151, 248 

The aminocoumarins are catalytic inhibitors of gyrase and topoisomerase IV.241, 249-251 

Members of this class were initially described as inhibitors of gyrase-catalyzed supercoiling, but 

this attribution was later clarified, ascribing their bactericidal effects to the competitive inhibition 

of ATP binding.36, 242, 249, 252 Numerous structural studies have also described the interactions 

between the aminocoumarins and the B subunit of the bacterial type II topoisomerases.250, 253-256 

Together, these studies have revealed that the classic aminocoumarins, such as novobiocin, bind 

to the N-terminal domain of the enzyme at a site that overlaps the ATP-binding site.250, 253-256 

Furthermore, mutations that confer resistance to aminocoumarins reduce the affinity of drug 

binding.252, 257, 258 Alterations that diminish drug binding also lower ATP affinity, such that the type 

II enzymes are unable to carry out their strand passage activities at the same rate, if at all. In 

either case, bacterial cells die due to slowed bacterial growth and/or catastrophic cell division.154-

158, 242, 249 

Since novobiocin was removed from the market in 2011, no other members of the 

aminocoumarin class have been approved for human medicine, nor have any other 

gyrase/topoisomerase IV inhibitors progressed beyond clinical trials.153, 248, 252 However, efforts to 

develop bacterial type II topoisomerase inhibitors clinically have persisted.248 Simocyclinone D8  
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Figure 1.8. Structures of bacterial type II topoisomerase inhibitors. 
Novobiocin, clorobiocin, and coumermycin A1 are the original members of the aminocoumarin 
class of gyrase/topoisomerase inhibitors. Novobiocin was the first and only aminocoumarin 
approved to treat bacterial infections, but it was removed from the market in 2011 due to issues 
with safety and efficacy. Simocyclinone D8 is a newer bacterial type II inhibitor that uses a 
different mechanism of action than the three classic aminocoumarins.  
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is an established example.259 This naturally-derived antibiotic binds to the A subunit of 

gyrase/topoisomerase IV and blocks G-segment DNA binding using a novel mechanism of 

antibiotic action.260-263 Due to poor bacterial membrane penetration, this compound is not a viable 

candidate for antibacterial development.263 However, knowledge gained from studies on 

simocylinone D8 can be used to guide the design and innovation of future anti-infectives.  

In contrast to the limited use of gyrase/topoisomerase IV-targeted catalytic inhibitors, the 

bacterial type II topoisomerases are also the targets of the widely-prescribed fluoroquinolone 

class of antibacterials.151, 153-156 Members of this class include drugs such as ciprofloxacin, 

moxifloxacin, and levofloxacin.264  Fluoroquinolones are one of the most successful classes of 

antibacterials introduced into the clinic due to their high oral bioavailability, good tissue 

distribution, and broad-spectrum activity against Gram-negative, Gram-positive, and atypical (with 

regard to Gram staining) pathogens.264-268 This class of antibacterials has been listed by the World 

Health Organization (WHO) as one of their five “highest priority” critically important antimicrobials 

for treatments of infections in humans.267 

Fluoroquinolones are gyrase/topoisomerase IV poisons. Like other topoisomerase 

poisons, these drugs have two major effects on enzyme activity. First, they enhance levels of 

gyrase/topoisomerase IV-generated double-stranded DNA breaks by inserting between the 3’- 

and 5’-termini of the DNA in the cut scissile bonds.55, 154-156, 167, 266 Bound drugs act as “molecular 

doorstops” that form a physical barrier to enzyme-mediated DNA ligation.154-156, 166, 167, 266 Second, 

because fluoroquinolones stall the catalytic cycle at the DNA cleavage/ligation step, they inhibit 

the overall catalytic activity of gyrase and topoisomerase IV.154-156, 158, 167, 266 Either of these drug 

actions can disrupt cellular functions and lead to bacterial death.163  

The founding member of the quinolone family, nalidixic acid, was synthesized in 1962 and 

introduced in the clinic for the treatment of urinary tract infections in 1964 (Figure 1.9).155, 269-271  
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Figure 1.9. Structures of fluoroquinolone gyrase/topoisomerase IV poisons. 
Nalidixic acid is a first-generation quinolone and founding member of the drug class. It was 
approved to treat urinary tract infections but was removed from the clinic due to poor 
pharmacodynamics. The addition of a fluorine atom at the C6 position spurred a new wave of 
fluoroquinolone drug development. The second-generation drugs, including norfloxacin, 
ciprofloxacin, and levofloxacin, had better pharmacodynamics and pharmacokinetics than 
their quinolone precursors and displayed activity against Gram-positive and Gram-negative 
pathogens. Subsequent third- (sparfloxacin) and fourth-generation (moxifloxacin and 
delafloxacin) drugs further improved pharmacokinetics/pharmacodynamics and extended 
antibacterial coverage to atypical bacteria (such as M. tuberculosis). 
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Unfortunately, due to low efficacy and poor tissue distribution, the early quinolones were dropped 

from clinical use.264 The critical change that brought quinolones back into clinical relevance was 

the introduction of a fluorine at the C6 position. The resulting “fluoroquinolones” displayed higher 

potency and superior pharmacokinetics compared with their quinolone precursors.155, 156, 264 The 

first clinically-relevant fluoroquinolone, norfloxacin, was approved for human use in the 1980s.272, 

273 However, due to low serum levels and poor tissue distribution, its therapeutic range was limited 

to urinary tract infections and some sexually transmitted diseases.273, 274  

The fluoroquinolone class rose to general medical prominence with the introduction of 

ciprofloxacin, which was the first family member to display significant activity outside of the urinary 

tract.264, 275, 276 Ultimately, due to its high activity against Gram-negative and some Gram-positive 

infections along with its improved tissue penetration, ciprofloxacin was for many years the most 

broad-spectrum and efficacious oral antibacterial in clinical use.155, 264, 275, 276 

Subsequent generations of fluoroquinolones improved pharmacokinetics and extended 

antibacterial coverage.155, 264, 276 Examples include levofloxacin and sparfloxacin with expanded 

coverage against some Gram-positive microbes, such as Staphylococcus aureus and 

Streptococcus pneumoniae, respectively, and moxifloxacin with substantial activity against 

atypical Gram-staining bacteria, such as M. tuberculosis.155, 264, 277 New fluoroquinolones are still 

being developed. For example, the newest member of this drug class, delafloxacin, was approved 

for clinical use in 2017.278 This drug is an anionic fluoroquinolone that is effective against acute 

skin and skin structure bacterial infections and community-acquired pneumonia.278 

 

Target-Mediated Fluoroquinolone Resistance  

Bacterial cells that evade fluoroquinolone toxicity do so by one of three resistance 

mechanisms: 1) increased expression of efflux pumps; 2) uptake of plasmids that express either 

Qnr proteins that block fluoroquinolones from binding to gyrase and topoisomerase IV or an 

aminoglycoside acetyltransferase that acetylates and deactivates fluoroquinolones; 3) target-
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mediated resistance caused by mutations in gyrase or topoisomerase IV.154-156, 279 Of the above, 

target-mediated resistance is the most common and important mechanism for fluoroquinolone 

resistance in clinical infections.154, 155, 280, 281  

 

Fluoroquinolone targeting 

On the basis of resistance to nalidixic acid in E. coli, gyrase was reported to be the target 

of quinolone antibacterials in 1977.282, 283 Following the identification of topoisomerase IV, cellular 

experiments were carried out to determine the role of this latter type II topoisomerase in quinolone 

targeting. To this end, E. coli strains were engineered that encoded resistance mutations in GyrA, 

the corresponding alterations in ParC, or mutations in both subunits. Compared to wild-type 

strains, mutations in GyrA alone conferred ~10-fold resistance in this Gram-negative bacteria, 

equivalent mutations in ParC alone had no effect on fluoroquinolone potency, and simultaneous 

mutations in both enzymes conferred ~50-100-fold resistance.157 Thus, it was concluded that 

gyrase was the primary and topoisomerase IV was the secondary cytotoxic target of this drug 

class in bacteria.   

The vast majority of later studies employed a genetic approach to determine the primary 

and secondary target of fluoroquinolones in bacteria.284-288 The topoisomerase in which the first 

resistance mutations occurred was declared to be the primary target, and the topoisomerase in 

which subsequent mutations led to higher levels of resistance was declared to be the secondary 

target.157, 284-289 Surprisingly, utilizing this genetic approach, topoisomerase IV, rather than gyrase, 

was determined to be the primary target for fluoroquinolones in Gram-positive bacteria, such as 

S. aureus and S. pneumoniae.285-287 This finding shifted the fluoroquinolone-targeting paradigm 

from gyrase being the primary target of fluoroquinolones in all bacteria to gyrase being the primary 

target in Gram-negative species and topoisomerase IV being the primary target in Gram-positive 

species.290 The paradigm was further shifted by subsequent genetic experiments, which reported 
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that for almost every fluoroquinolone in almost every other species examined (irrespective of 

Gram stain), gyrase is the primary cellular target.155 Thus, at present, the targeting of 

fluoroquinolones needs to be approached on a drug-by-drug and species-by-species basis.154, 155 

One aspect of the paradigm still holds true for most fluoroquinolones. With rare exceptions,291-293 

the targeting of gyrase and topoisomerase IV is not balanced (i.e., there is a primary and 

secondary target).154, 155 This unbalanced targeting has profound effects on the evolution of drug 

resistance; a mutation in a single type II enzyme is often sufficient to cause levels of resistance 

that allow cells to escape fluoroquinolone treatment or potentially acquire additional mutations (in 

either the primary or secondary target) that lead to highly resistant strains.156, 279, 294 

 

Interactions with gyrase and topoisomerase IV through a water-metal ion bridge 

The understanding of how fluoroquinolones interact with gyrase/topoisomerase IV and the 

mechanism of target-mediated resistance are inextricably linked. It is well established that 

mutations in two highly conserved, but non-essential, amino acid residues in the A subunit of 

gyrase/topoisomerase IV are the primary cause of target-mediated fluoroquinolone resistance.154, 

155, 295-297 The amino acids most frequently associated with this resistance are a serine residue 

(originally identified as Ser83 in the A subunit of E. coli gyrase)295, 296 and an acidic (originally 

identified as Asp87)297 residue four amino acids downstream.154, 155 Although it had been assumed 

that these residues played an integral role in mediating fluoroquinolone interactions with the type 

II enzymes, their specific functions remained an enigma for nearly two decades.  

Initial structural studies of moxifloxacin/levofloxacin-induced cleavage complexes with S. 

pneumoniae topoisomerase IV and ciprofloxacin-induced cleavage complexes with S. aureus  

gyrase confirmed the insertion of fluoroquinolones in the scissile bonds of the cleaved DNA and 

placed the drug in the vicinity of the serine and acidic residues.55, 298, 299 However, none of the 

fluoroquinolones were in close enough proximity to interact directly with these amino acids. The 
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puzzle of how mutations in the serine and acidic residues led to fluoroquinolone resistance began 

to be solved with the publication of a crystal structure of a moxifloxacin-induced DNA cleavage 

complex with Acinetobacter baumannii topoisomerase IV.167 This structure contained two 

fluoroquinolone molecules that were each chelated with a non-catalytic divalent metal ion. 

Although it had been known for many years that the C3/C4 keto acid of fluoroquinolones chelated 

divalent metal ions,300 the function of this interaction was ascribed primarily to effects on drug 

uptake.301, 302 In the A. baumannii topoisomerase IV structure, the chelated metal ion was 

coordinated by four water molecules, two of which formed hydrogen bonds with the serine and 

acidic residues of the type II enzyme (Figure 1.10).167 This water-metal ion interaction, which has 

been observed in subsequent structures,303, 304 was proposed to bridge the fluoroquinolone 

directly to the residues involved in resistance.  

The biological relevance of the proposed “water-metal ion bridge” was ultimately 

demonstrated through a series of enzymological studies.154, 155 These experiments showed that: 

1) fluoroquinolones require a non-catalytic divalent metal ion in order to increase gyrase-

/topoisomerase IV-mediated DNA scission, 2) the range of divalent metal ions that can support 

fluoroquinolone activity is altered by mutations in the serine and acidic amino acid residues, and 

3) the affinity of the chelated metal ion in the cleavage complex is diminished by mutations in 

these residues.155, 305-310  These studies also provided strong evidence that the serine and acidic 

residues anchor the water-metal ion bridge as well as a direct link between fluoroquinolones and 

target-mediated drug resistance.155, 305-310  

The water-metal ion bridge has been shown to play a critical role in mediating the actions 

of fluoroquinolones against gyrase and topoisomerase IV in every species examined to date.154, 

155, 305-310 Although the water-metal ion bridge is the primary conduit between the drug and the 

type II topoisomerases, its architecture is nuanced and differs from enzyme to enzyme. In some 

cases, both the serine and the acidic residue are important for bridge formation, 
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Figure 1.10. Schematic of the water-metal ion bridge that mediates interactions between 
fluoroquinolones and bacterial type II topoisomerases. 
For simplicity, only interactions with the protein (and not the DNA) are shown. A non-catalytic 
divalent metal ion (orange, Mg2+) forms an octahedral coordination sphere (green dashed 
lines) between four water molecules (green) and the C3/C4 keto-acid of ciprofloxacin (black). 
Two of the water molecules form hydrogen bonds (blue dashed lines) with the serine side 
chain hydroxyl group (blue), and one water molecule hydrogen bonds (red dashed lines) with 
the aspartic acid or glutamic acid side chain carboxyl group (red). 
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305-307, 310, 311 while in others, only one of the amino acids serves as the primary bridge anchor.308, 

309 For example, the serine residue has been replaced by an alanine residue in M. tuberculosis 

gyrase.312, 313 As a result, the acidic residue is the major anchor for the water-metal ion bridge.308 

This finding explains the reduced potency of most fluoroquinolones against this enzyme. 308, 312-

314 

The function of the water-metal ion bridge is dynamic and varies across type II 

enzymes.154, 155  In the majority of enzymes examined, the most important role of the bridge is to 

serve as a vehicle for fluoroquinolone binding, as evidenced by a coordinate loss of catalytic 

inhibition and DNA cleavage enhancement.305, 306, 308, 311 However, with some enzymes, disruption 

of the bridge has little effect on fluoroquinolone binding, as evidenced by sustained catalytic 

inhibition, but undermines the ability of the drug to enhance DNA cleavage.307, 311 For the latter, it 

is assumed that the role of the bridge is to position the fluoroquinolone in the enzyme-DNA 

complex. In these cases, understanding bridge function provides important insights into 

fluoroquinolone cytotoxicity. The fact that resistance tracks with the loss of DNA cleavage implies 

that the mechanism of drug toxicity must also be due to the induction of enzyme-generated 

double-stranded DNA breaks as opposed to the loss of essential enzyme activities.154-156, 307, 311 

 

Clinical impact of fluoroquinolone resistance 

Target-mediated resistance caused by mutations in residues that anchor the water-metal 

ion bridge has profoundly affected fluoroquinolone use in several high-priority infectious 

diseases.154-156 Two examples are described below: 

First, tuberculosis, which is caused by M. tuberculosis, is the second deadliest infectious 

disease in the world, surpassed only by COVID-19 in 2022.315 In the same year, tuberculosis 

caused 1.3 million deaths worldwide, and it is estimated that 1.8 billion people are infected with 

this pathogen globally.315, 316 The fluoroquinolones moxifloxacin and levofloxacin have been used 
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as second-line tuberculosis treatment for individuals who are resistant to or cannot tolerate front-

line therapies,317 or more recently, as a shorter first-line regimen for multidrug-resistant 

tuberculosis.318  

Because M. tuberculosis encodes only gyrase, it is highly susceptible to target-mediated 

resistance. To this point, as many as 13% of patients with tuberculosis, who are initially 

misdiagnosed and treated with fluoroquinolones for at least 10 days, are later found to have 

fluoroquinolone-resistant tuberculosis.319  

Second, gonorrhea is a sexually transmitted disease that infects the mucosal epithelium 

of the genitals, rectum, and throat.320, 321 More than 82 million new cases are observed worldwide 

each year.322 If left untreated, gonorrheal infections can cause severe complications that include 

pelvic inflammatory disease, infertility, and when disseminated, death.320, 323 The etiological agent 

of gonorrhea is the Gram-negative bacterium, Neisseria gonorrhoeae.323  

The fluoroquinolone ciprofloxacin was introduced as frontline treatment for gonorrhea in 

1993.324, 325 However, due to high levels of resistance caused by mutations in the bridge-anchoring 

amino acids in gyrase and topoisomerase IV, the Centers for Disease Control and Prevention 

(CDC) removed this drug from gonorrhea treatment guidelines in 2006.326 In 2021, nearly one-

third of clinical N. gonorrhoeae isolates in the United States were resistant to ciprofloxacin, and 

in parts of Asia, this number exceeded 90%.327  

 

Overcoming Fluoroquinolone Resistance 

To take advantage of gyrase and topoisomerase IV as validated antibacterial targets, 

efforts have been made to identify new drug classes that interact with the type II enzymes but 

utilize different amino acid residues for their binding.299, 303, 328-334 As a result, recent drug discovery 

programs have led to the development of novel antibacterial classes that target the bacterial type 
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II topoisomerases.299, 329-332 Two members from these classes, gepotidacin and zoliflodacin, are 

advanced clinical candidates that have successfully completed phase III trials.335-338 

 

Novel bacterial topoisomerase inhibitors, M. tuberculosis gyrase inhibitors, and 

triazaacenaphthylenes 

Novel bacterial topoisomerase inhibitors (NBTIs) were first described as a new class of 

bacterial type II topoisomerase inhibitors in 2007.339, 340 The structure of NBTIs is defined by four 

key elements: a left-hand substituent (LHS), central linker, basic nitrogen, and right-hand 

substituent (RHS, Figure 1.11).341, 342 Members of this class can accommodate a variety of 

modifications to the LHS, central linker, and RHS that still yield activity against 

gyrase/topoisomerase IV and bacterial cells.341, 342 However, the basic nitrogen appears to be 

essential for the anti-topoisomerase and antibacterial activity of this class.299, 341-345 

Although NBTIs are active against a broad range of Gram-negative and Gram-positive 

pathogens,341, 346-350 the parental class generally displays poor activity against the atypical 

bacterium M. tuberculosis. Structural optimization of an NBTI that displayed moderate efficacy 

against tuberculosis yielded two naphthyridone/aminopiperidine derivatives with high activity 

against both the disease and M. tuberculosis gyrase.351, 352  Because of this activity, these were 

designated as M. tuberculosis gyrase inhibitors (MGIs, Figure 1.11). Rather than having a broader 

spectrum of activity, these compounds are more specific to M. tuberculosis as compared to the 

parental class.352  

Cardiovascular safety concerns, attributed to inhibition of the hERG potassium ion 

channel, proved to be a major stumbling block to the clinical development of the NBTI class.343, 

353, 354 However, gepotidacin, a compound that combined minimal hERG inhibition with high 

antibacterial activity, emerged as the premier clinical candidate (discussed in detail below).355-362  
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Figure 1.11. Novel bacterial topoisomerase inhibitors (NBTI), M. tuberculosis gyrase 
inhibitor (MGI), and triazaacenaphthylene structures. 
Members of the NBTI, MGI, and triaazaacenaphthylene classes possess a left-hand 
substituent (LHS, orange), a central linker (green), a basic nitrogen (blue), and a right-hand 
substituent (RHS, red). While the LHS, central linker, and RHS are amenable to alteration, the 
basic nitrogen is critical for antibacterial activity. As an example, the structure of GSK299423 
(top), an early piperidine-linked NBTI, is shown. GSK000 (bottom left) displays enhanced 
activity against M. tuberculosis gyrase and is a founding member of the MGI class. 
Gepotidacin (bottom right) is a first-in-class triazaacenaphthylene antibacterial that 
successfully concluded phase III trials for the treatment of urinary tract infections and 
uncomplicated urogenital gonorrhea. 

Central 
Linker

LHS RHSBasic 
Nitrogen

GSK299423

N

N

NH2+
N

O

O

S

N

N NH2+
N

N

O

O Cl

Cl

GSK000

N

N
N

O

N NH2+ N
O

O

Gepotidacin



 35 

The LHS of gepotidacin is a triazaacenaphthylene moiety; hence, this compound is considered to 

be the founding member of the triazaacenaphthylene class of antibacterials.363 

Because of the mechanistic similarities between NBTIs, MGIs, and 

triazaacenaphthylenes, unless there is a reason to be specific, these compounds will be 

collectively referred to as NBTIs.  

In contrast to fluoroquinolones, in which two molecules bind at the active site of 

gyrase/topoisomerase IV (one at each scissile bond),55, 167, 299, 303, 304 only a single NBTI molecule 

binds in the gyrase-DNA complex.44, 299, 332, 364 Although this is assumed to be the case for 

topoisomerase IV, structures with this enzyme have yet to be reported. The NBTI LHS sits in a 

pocket in the DNA on the twofold axis of the complex, midway between the two DNA cleavage 

sites, and the RHS sits in a pocket on the twofold axis between the two GyrA subunits.44, 299, 332, 

364 One of the most important interactions between gyrase/topoisomerase IV and the NBTI is with 

an aspartic acid residue (Asp82 in E. coli GyrA), which forms a hydrogen bond with the basic 

nitrogen. NBTIs do not interact directly with the serine or acidic residues that are critical for 

fluoroquinolone binding.44, 299, 332, 364 Even though the binding sites of fluoroquinolones and NBTIs 

do not overlap, it has been demonstrated that both drugs cannot bind to the active site of 

gyrase/topoisomerase IV simultaneously.332, 352, 365  

As a result of their binding modality, NBTIs inhibit overall catalytic activity of gyrase and 

topoisomerase IV and act as topoisomerase poisons.299, 332, 352, 364-368 However, in contrast to 

fluoroquinolones, NBTIs enhance primarily single-stranded (as opposed to double-stranded) DNA 

breaks.299, 332, 343, 352, 364, 366 Furthermore, in most cases, the binding of NBTIs actually suppresses 

the ability of gyrase/topoisomerase IV to generate double-stranded DNA breaks.299, 332, 352, 364, 366 

The mechanistic basis for the induction of single-stranded and suppression of double-stranded 

DNA breaks by NBTIs is not fully understood. However, it is believed that following cleavage of 

one DNA strand, the NBTI induces sufficient distortion in the active site of bacterial type II 

topoisomerases that it prevents these enzymes from cleaving the second strand.44, 299, 352, 364 
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Recent results with more structurally diverse NBTIs have challenged the hallmark 

characteristic of this chemical class (i.e., the generation of single-stranded rather than double-

stranded DNA breaks).364, 367, 369, 370 Some of these compounds induce appreciable levels of 

double-stranded DNA breaks in addition to single-stranded breaks, although results vary between 

gyrase and topoisomerase IV from different species. The basis for the enhancement of double-

stranded DNA breaks by these NBTIs is an enigma, but it does not appear to be due to the binding 

of a second NBTI molecule in the active site of the type II enzymes.367 

Because of the recent emergence of NBTIs as an antibacterial class with clinical potential, 

relatively little is known about resistance. However, mutations in gyrase/topoisomerase IV that 

decrease the sensitivity of laboratory strains and clinical isolates to this drug class have been 

reported.343, 365, 371-373 A prominent mutation occurs at the aspartic acid residue that has been 

shown to interact with NBTIs in structural studies.44, 299, 332 The response of NBTIs to 

fluoroquinolone resistance mutations varies across compounds and species. Whereas moderate 

to high levels of resistance are observed in some drug-species combinations, in others, such as 

MGIs and M. tuberculosis gyrase, compounds are more potent and efficacious against enzymes 

that carry a fluoroquinolone resistance mutation.351, 352, 365, 366, 373, 374 

As discussed above, a major drawback to fluoroquinolones is their unbalanced targeting 

of gyrase and topoisomerase IV, which has decreased the effectiveness of this drug class due to 

the development of clinical resistance.154, 156, 279, 294 This drawback may be overcome by some 

members of the NBTI class. For example, the triazaacenaphthylene gepotidacin displays well-

balanced, dual targeting against both type II enzymes in E. coli.365, 373, 374  Whereas there is no 

loss of susceptibility to gepotidacin in strains that contain a resistance mutation in either gyrase 

or topoisomerase IV, strains that contain a mutation in both type II topoisomerases were found to 

be more than 100-fold less sensitive to the triazaacenaphthylene.365, 374 Thus, in at least some 

species, it appears that gepotidacin (and potentially other NBTIs) may be able to kill bacteria 

equally well through either gyrase or topoisomerase IV. It is assumed that this well-balanced, 
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dual-targeting of gyrase and topoisomerase IV will diminish the emergence of resistance and 

increase the clinical lifespan of gepotidacin and related compounds.  

 Currently, gepotidacin, a first-in-class triazaacenaphthylene, is the most clinically-

advanced non-fluoroquinolone gyrase/topoisomerase IV targeted-antibacterial.338, 356, 362 

Recently, the results of phase III clinical trials for the treatment of uncomplicated urinary tract 

infections caused primarily by E. coli were reported.338 In these trials, gepotidacin demonstrated 

statistically significant superiority to an established frontline treatment for uncomplicated urinary 

tract infections caused by E. coli and other uropathogens.338 Thus, there is a reasonable 

expectation that gepotidacin will become the first new antibacterial class to treat urinary tract 

infections in more than two decades. This is especially significant considering the estimates that 

50-60% of women will have a urinary tract infection in their lifetime.375 Beyond its potential use to 

treat urinary tract infections, gepotidacin was recently evaluated for a second indication. A phase 

III clinical trial for the treatment of uncomplicated urogenital gonorrhea with the 

triazaacenaphthylene was concluded in late 2023.356 This latter study further underscores the 

clinical potential of gepotidacin. Finally, preclinical studies suggest that gepotidacin may have 

activity against a variety of biothreat pathogens, including Francisella tularensis and Yersinia 

pestis, the etiological pathogens of tularemia and pneumonic plague, respectively.376-378 

 

Spiropyrimidinetriones 

The most recent class of gyrase/topoisomerase IV-targeted antibacterials in clinical trials 

is the spiropyrimidinetriones (SPTs, Figure 1.12).266, 330, 335, 379, 380 SPTs were first identified as 

inhibitors of gyrase-catalyzed DNA supercoiling in 2014.381 Subsequently, it was determined that 

this class also inhibited the catalytic activity of topoisomerase IV and poisoned both type II 

enzymes.329 
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Figure 1.12. Spiropyrimidinetrione (SPT) structures. 
The SPT class derives its name from the spiropyrimidinetrione group (yellow) that forms critical 
contacts with gyrase/topoisomerase IV and is essential for antibacterial activity. Optimization 
of an early progenitor of this class, QPT-1 (left), lead to the synthesis of zoliflodacin (middle), 
which completed phase III trials for the treatment of uncomplicated gonorrhea in late 2023. 
Current drug development efforts are focused on synthesizing related SPTs with high activity 
against M. tuberculosis, such as H3D-005722 (right). 
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Structures of gyrase-DNA cleavage complexes formed in the presence of an SPT 

progenitor (QPT-1),328 and more recently, the clinical candidate zoliflodacin (AZD0914/ETX0914) 

have been published.303, 334 The binding site for SPTs in the complex overlaps those of 

fluoroquinolones. Like fluoroquinolones, SPTs insert into the cleaved scissile bonds, one molecule 

on each of the opposite DNA strands.303, 334  This binding motif is consistent with the fact that SPTs 

induce gyrase/topoisomerase IV-mediated double-stranded DNA breaks. However, unlike 

fluoroquinolones, which interact with the GyrA side of the double helix, SPTs mediate their 

contacts with the enzyme primarily on the opposite, or GyrB side, of the double helix.303, 334, 382   

Asp429 in N. gonorrhoeae GyrB (equivalent to Asp426 in E. coli GyrB), which is highly conserved 

across bacteria, appears to be the primary point of contact for SPTs in the enzyme-DNA 

complex.303, 334, 382, 383 The interaction between SPTs and GyrB obviates the use of the 

fluoroquinolone water-metal ion bridge.303, 329, 334 

The effectiveness of SPTs (zoliflodacin and novel related compounds) against resistant 

bacteria and type II topoisomerases has been reported.329, 363, 383-387 Zoliflodacin has displayed 

potent antibacterial activity against a number of Gram-positive, Gram-negative, atypical, and 

anaerobic microbes, including laboratory strains and clinical isolates resistant to fluoroquinolones 

and other antibacterials.363, 383-386 Furthermore, related SPTs have shown promising activity 

against drug-resistant strains of M. tuberculosis and S. aureus in laboratory settings.388-390 Despite 

the work in bacterial strains, the biochemical interactions between SPTs and fluoroquinolone-

resistant type II topoisomerases have been reported only for gyrase from N. gonorrhoeae and M. 

tuberculosis.329, 387 In the case of N. gonorrhoeae gyrase, mutations in residues that anchor the 

water-metal ion bridge had no effect on the ability of the SPT to inhibit catalytic activity or enhance 

DNA cleavage.329 Furthermore, both zoliflodacin and a series of novel SPT analogues either 

maintained or displayed higher activity against fluoroquinolone-resistant gyrase from M. 

tuberculosis.387 Although limited in scope, these studies provide optimism that SPTs have the 

potential to maintain activity against a broad spectrum of fluoroquinolone-resistant infections. 
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SPT resistance studies have only been performed with zoliflodacin in strains of N. 

gonorrhoeae. These studies indicate that (at least in this species) gyrase is the primary cellular 

target of zoliflodacin.382 Reported resistance mutations are located in the TOPRIM domain of the 

B subunit in Asp429 as well as other amino acid residues that interact (directly or indirectly) with 

zoliflodacin in structural studies.334, 382 This finding supports the purported role of these residues 

in mediating SPT-gyrase interactions.303, 334 

Even though zoliflodacin displays high activity against purified N. gonorrhoeae 

topoisomerase IV, to date, no cellular mutations in this enzyme have been reported, even in the 

background of gyrase mutations.330, 382 Although it is assumed that topoisomerase IV is a 

secondary target for SPTs in cells that express both type II enzymes, this has yet to be 

demonstrated. Nonetheless, the unbalanced cellular targeting of zoliflodacin could eventually 

have clinical consequences.   

Today, zoliflodacin is the most clinically advanced SPT and recently completed phase III 

trials for the treatment of uncomplicated gonorrhea.335, 337 In this trial, zoliflodacin demonstrated 

statistical non-inferiority at the urogenital site to a current global standard of care treatment.337 

These results highlight the clinical promise of zoliflodacin to treat this prevalent sexually 

transmitted disease, especially existing fluoroquinolone-resistant strains. Preclinical studies with 

related compounds suggest that SPTs may also have potential for the treatment of 

tuberculosis.266, 387, 389, 390  

 

Scope of the Dissertation 

 Type II topoisomerases are the targets for some of the most highly prescribed anticancer 

and antibacterial drugs worldwide. Despite their success, the clinical use of these agents has 

been undermined by off-target effects (anticancer therapy) and target-mediated resistance 

(antibacterial drugs). Given the clinical utility of type II topoisomerase inhibitors and poisons in 

cancer and infectious disease treatments, a thorough understanding of how these compounds 
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interact with enzyme targets is imperative. The goals of this dissertation are to describe the activity 

of naphthalene derivatives against human topoisomerase II, to define the mechanistic basis for 

target-mediated fluoroquinolone resistance in N. gonorrhoeae, and to characterize the actions of 

NBTIs and SPTs against wild-type and fluoroquinolone-resistant gyrase and topoisomerase IV.  

Chapter I introduces DNA topology, the biological functions of human and bacterial type II 

topoisomerases, anticancer therapies that target topoisomerase II, gyrase/topoisomerase IV-

targeted antibacterial drugs, the biochemical and structural basis of fluoroquinolone resistance, 

and emerging gyrase/topoisomerase IV-targeted antibacterial drugs. Parts of this section are 

published in ACS Infectious Diseases.391 

Chapter II details the materials and methods used to accomplish the goals of this 

dissertation. 

Chapter III examines the effects of naphthalene metabolites on human topoisomerase IIα 

and IIβ. Of the five compounds tested, 1,2-naphthoquinone, an environmental pollutant found in 

diesel exhaust particles, enhanced double-stranded DNA cleavage mediated by both human 

topoisomerase IIα and IIβ but displayed higher activity against the α isoform. Furthermore, 1,2-

naphquinone increased type II topoisomerase-mediated DNA cleavage by closing the N-terminal 

gate of the enzyme. These findings suggest that some of the toxicities associated with 1,2-

naphthoquinone may be attributed to its ability to enhance DNA scission mediated by human type 

II topoisomerases. The results of this study were published in Chemical Research in Toxicology.392 

Chapter IV describes the mechanism of action and resistance of the fluoroquinolone 

ciprofloxacin against N. gonorrhoeae gyrase and topoisomerase IV. Results indicate that 

ciprofloxacin interacts with gyrase (its primary target) and topoisomerase IV (its secondary target) 

through a water-metal ion bridge that has been described in other species. Moreover, mutations 

in amino acid residues that anchor this bridge diminish the susceptibility of the enzymes to the 

drug, leading to fluoroquinolone resistance. Results further suggest that ciprofloxacin primarily 

induces its cytotoxic effects by enhancing gyrase-mediated DNA cleavage as opposed to 
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inhibiting the DNA supercoiling activity of the enzyme. Together, this work links the effects of 

ciprofloxacin on WT and resistant gyrase to results reported for cellular and clinical studies and 

provides a mechanistic explanation for the targeting and resistance of fluoroquinolones in N. 

gonorrhoeae. The results of this study were published in ACS Infectious Diseases.311 

Chapter V reports the characterization of gyrase/topoisomerase IV-mediated single-

stranded and/or double-stranded DNA breaks induction by OSUAB-185, a dioxane-linked NBTI. 

OSUAB-185 induced single-stranded and suppressed double-stranded DNA breaks mediated by 

N. gonorrhoeae gyrase. However, the compound stabilized both single- and double-stranded DNA 

breaks mediated by topoisomerase IV. The induction of double-stranded breaks does not appear 

to correlate with the binding of a second OSUAB-185 molecule and extends to fluoroquinolone-

resistant N. gonorrhoeae topoisomerase IV, as well as type II enzymes from other bacteria and 

humans. These results suggest that some members of this subclass may have alternative binding 

motifs in the cleavage complex. This work has been published in the International Journal of 

Molecular Sciences.367 

Chapter VI investigates the interactions of SPTs with gyrase and topoisomerase IV from 

N. gonorrhoeae. Zoliflodacin and H3D-005722, a novel SPT analog, inhibited the catalytic 

activities of gyrase and topoisomerase IV and enhanced double-stranded DNA scission mediated 

by the type II enzymes, but both SPTs were more potent against gyrase. Moreover, zoliflodacin 

displayed high activity against fluoroquinolone-resistant gyrase. Results indicate that the 

differences in SPT action against N. gonorrhoeae gyrase and topoisomerase IV may contribute 

to their physiological targeting and toxicity. They also imply that SPTs interact with gyrase and 

topoisomerase IV distinctly within and across bacterial species. 

Chapter VII presents the conclusions and implications of the studies described herein and 

suggests ideas for future research. 
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CHAPTER II 

 

METHODS 

 

Materials 

 

DNA substrates 

Negatively supercoiled pBR322 plasmid DNA was prepared from Escherichia coli using a 

Plasmid Mega Kit (Qiagen) according to the manufacturer’s protocol. Relaxed pBR322 plasmid 

was generated by treating negatively supercoiled pBR322 with calf thymus topoisomerase I in 50 

mM Tris-HCl (pH 7.5), 50 mM KCl, 10 mM MgCl2, 0.5 mM DTT, 0.1 mM EDTA, and 30 µg/mL 

bovine serum albumin (BSA) for 45 min at 37 °C followed by heat inactivation of topoisomerase I 

at 75 °C for 10 min.393  Kinetoplast DNA (kDNA) was isolated from Crithidia fasciculata as 

described by Englund.394  

 

Drugs, preclinical compounds, and chemicals 

Etoposide, 1,4-benzoquinone, 1,2-naphthoquinone, 1,4-naphthoquinone, 2-hydroxy-1,4-

naphthoquinone, 5-hydroxy-1,4-naphthoquinone, and 5,8-dihydroxy-1,4-naphthoquinone were 

purchased from Sigma-Aldrich. 1,2-Dihydroxynaphthalene was purchased from TCI. All 

compounds except 1,4-benzoquinone were stored at 4 °C as 20 mM stock solutions in 100% 

DMSO. 1,4-Benzoquinone was stored at –20 °C as a 20 mM stock solution in water. In all cases, 

the activities of compounds in DMSO or water stock solutions were stable for at least 6 months.  

Ciprofloxacin was stored at –20 °C as a 40 mM stock solution in 0.1 M NaOH and diluted 

5-fold with 10 mM Tris–HCl (pH 7.9) immediately prior to use. 3-Amino-7-[(3S)-3-(aminomethyl)-
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1-pyrrolidinyl]-1-cyclopropyl-6-fluoro-8-methyl-2,4(1H,3H)-quinazolinedione was synthesized 

using established methods as reported previously and was the gift of Dr. Robert Kerns.395 For the 

sake of simplicity, this compound will be termed 8-methyl-2,4-quinazolinedione. It was stored at –

20 °C as 20 mM stock solutions in 100% DMSO.   

ATP, ascorbic acid, and DTT were purchased Sigma-Aldrich. All other chemicals were 

analytical reagent grade. 

 

 
Human Type II Topoisomerases 

 
Enzymes 

Recombinant human wild-type topoisomerase IIa and IIb were expressed in 

Saccharomyces cerevisiae and purified as described previously.396, 397 The catalytic core of human 

topoisomerase IIa (containing amino acids 431-1193)50, 395 was expressed in S. cerevisiae and 

purified using a Ni2+ nitriloacetic acid agarose column as described previously.42, 398 The enzymes 

were stored at –80 °C as 1.5 or 7.5 mg/mL stocks in 50 mM Tris-HCl (pH 7.7), 0.1 mM EDTA (pH 

8.0), 750 mM KCl, and 40% (v/v) glycerol. For all enzymes, the concentration of dithiothreitol 

(DTT) remaining from purification was <2 µM in final reaction mixtures. 

 

Topoisomerase II-mediated DNA cleavage 

DNA cleavage reactions were performed according to the procedure of Fortune and 

Osheroff.399 Reactions mixtures contained 10 nM pBR322 and 300 nM wild-type topoisomerase 

IIa, 275 nM wild-type topoisomerase IIb, or 850 nM topoisomerase IIa catalytic core in a total of 

20 µL of DNA cleavage buffer [10 mM Tris-HCl (pH 7.9), 0.1 mM EDTA (pH 8.0), 100 mM KCl, 5 

mM MgCl2, 2.5% (w/v) glycerol]. The concentrations of topoisomerase IIa and IIb that were used 
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yielded equivalent enzyme activities. DNA cleavage reactions were incubated for 6 min at 37 °C 

before enzyme-DNA cleavage complexes were trapped by adding 2 µL of 4% SDS followed by 2 

µL of 250 mM EDTA (pH 8.0). Proteinase K was added (2 µL of a 0.8 mg/mL solution), and reaction 

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

µL of agarose loading buffer [60% (w/v) sucrose, 10 mM Tris-HCl (pH 7.9), 0.5% (w/v) 

bromophenol blue, and 0.5% (w/v) xylene cyanol FF] and heated for 2 min at 45 °C prior to 

electrophoresis in 1% agarose in 40 mM Tris-acetate (pH 8.3), and 2 mM EDTA (pH 8.0) 

containing 0.5 µg/mL ethidium bromide. DNA bands were visualized by 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. 

 DNA cleavage reactions were performed in the presence of 0-100 µM 1,2-

naphthoquinone, 1,4-naphthoquinone, 1,2-dihydroxynaphthalene, 2-hydroxy-1,4-

naphthoquinone, 5-hydroxy-1,4-naphthoquinone, 5,8-dihydroxy-1,4-naphthoquinone, etoposide, 

or 1,4-benzoquinone. Unless stated otherwise, the above compounds were added last to the 

reaction mixtures. In some cases, reactions contained 1 mM ATP, 2 mM DTT, or 2 mM ascorbic 

acid. Alternatively, DTT or ascorbic acid were added after the 6 min cleavage reaction, and 

samples were incubated for an additional 5 min. 

 

Persistence of topoisomerase II-DNA cleavage complexes 

The persistence of topoisomerase IIa-DNA cleavage complexes was determined using 

the procedure of Gentry et al.400 Initial reactions contained 55 nM pBR322, 2.2 µM wild-type 

topoisomerase IIa (in the absence of compound, in order to raise levels of double-stranded 

breaks) or 300 nM wild-type topoisomerase IIa in the presence of 50 µM 1,2-naphthoquinone or 

100 µM etoposide in a total of 20 µL of DNA cleavage buffer. In the reaction that lacked compound, 

5 mM MgCl2 in the cleavage buffer was replaced with 5 mM CaCl2 to increase baseline levels of 
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DNA cleavage.401 To establish a DNA cleavage/ligation equilibrium, reactions were incubated for 

6 min at 37 °C and diluted 20-fold with DNA cleavage buffer lacking divalent cation at 37 °C. 

Samples (20 µL) were removed at times ranging from 0-120 min. DNA cleavage complexes were 

trapped, and samples were analyzed as discussed under DNA cleavage. 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. 

 

Topoisomerase II-mediated DNA ligation 

DNA ligation mediated by human topoisomerase IIa was monitored as described 

previously.393 Initial reactions contained 10 nM pBR322 and 860 nM wild-type topoisomerase IIa 

(no compound, in order to raise levels of double-stranded breaks) or 300 nM wild-type 

topoisomerase IIa (with compound). As described for the DNA cleavage assays, DNA 

cleavage/ligation equilibria were established for 6 min at 37 °C in the absence or presence of 50 

µM 1,2-naphthoquinone or 100 µM etoposide. DNA ligation was initiated by shifting samples from 

37 to 0 °C, which allowed enzyme-mediated ligation but prevented new rounds of DNA cleavage 

from occurring. This resulted in a unidirectional sealing of the cleaved DNA.42, 402 DNA cleavage 

complexes were trapped at time points ranging from 0-20 s, and samples were analyzed as 

discussed under DNA cleavage. Linear DNA cleavage product at time zero was set to 100% to 

allow direct comparison between the different compounds, and DNA ligation was monitored by 

the loss of linear DNA. 
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Bacterial Type II Topoisomerases 

Enzymes 

All proteins were His-tagged. The identities of enzyme constructs were confirmed by DNA 

sequencing, and all enzymes were stored at –80 °C. In all assays, and the stated enzyme 

concentration reflects that of the holoenzyme (A2B2).  

Bacillus anthracis wild-type gyrase (GyrA and GyrB) and topoisomerase IV subunits (GrlA 

and GrlB) were expressed and purified as described by Dong et al.42, 403 B. anthracis gyrase or 

topoisomerase IV was used as a 1:2 GyrA:GyrB or GrlA:GrlB mixture, respectively. 

E. coli wild-type gyrase (GyrA, GyrB) subunits were expressed and purified as described 

by Chan et al303 and E. coli wild-type topoisomerase IV (ParC, ParE, gift of Dr. Keir Neumann, 

NHLBI) subunits were expressed and purified as described by Peng and Marians.42, 129 E. coli 

gyrase or topoisomerase IV was used as a 1:1 GyrA:GyrB or ParC:ParE mixture, respectively. 

N. gonorrhoeae wild-type gyrase (GyrA, GyrB) and topoisomerase IV (ParC, ParE) 

subunits as well as mutant GyrAS91F and GyrAS91F/D95G gyrase were prepared as described 

previously.329, 299, 303 N. gonorrhoeae mutant GyrAD95G gyrase and mutant ParCS87N, ParCE91G, and 

ParCS87N/E91G topoisomerase IV were generated using a QuickChange II XL site-directed 

mutagenesis kit (Agilent Technologies) with custom primers for the desired mutations. Mutant N. 

gonorrhoeae GyrA and ParC subunits were expressed and purified as described by Ashley et 

al.139 with the following modifications to optimize protein expression and lysis: 1) GyrAD95G was 

expressed for 2.5 h and ParCS87N, ParCE91G, and ParCS87N/E91G were expressed for 3 h before 

harvesting, and 2) cells were lysed by sonication using a digital sonifier. N. gonorrhoeae gyrase 

or topoisomerase IV was used as a 1:1 GyrA:GyrB or ParC:ParE mixture, respectively. 

Staphylococcus aureus wild-type gyrase (GyrA, GyrB) and topoisomerase IV (GrlA and 

GrlB) subunits were purchased from GenScript and expressed and purified as described 
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previously.303, 332 S. aureus gyrase or topoisomerase IV was used as a 1:1 GyrA:GyrB or 1:1 

GrlA:GrlB mixture, respectively. 

 

Gyrase-catalyzed DNA supercoiling 

 DNA supercoiling assays were based on previously published protocols by Aldred et al.308 

Assays contained 15 nM WT or 25 nM mutant (GyrAS91F, GyrAD95G, or GyrAS91F/D95G) N. 

gonorrhoeae gyrase, 5 nM relaxed pBR322, and 1.5 mM ATP in a total volume of 20 µL of 

supercoiling buffer [50 mM Tris-HCl (pH 7.5), 175 mM KGlu, 5 mM MgCl2, and 50 µg/mL BSA]. 

Assay mixtures were incubated at 37 °C for 20 min with WT and GyrAD95G, 25 min with 

GyrAS91F/D95G, or 30 min with GyrAS91F N. gonorrhoeae gyrase, which represents the minimum time 

required to completely supercoil the DNA in the absence of drug. Reactions were stopped by the 

addition of 3 µL of stop solution [0.77% SDS and 77.5 mM Na2EDTA]. Samples were mixed with 

2 µL of loading dye [60% sucrose, 10 mM Tris-HCl (pH 7.9), 0.5% bromophenol blue, and 0.5% 

xylene cyanol FF] and incubated at 45 °C for 2 min before being subjected to electrophoresis on 

1% agarose gels in 100 mM Tris-borate (pH 8.3) and 2 mM EDTA. Gels were stained with 1 µg/mL 

ethidium bromide for 20 min, then de-stained with distilled water for 10 min. DNA bands were 

visualized with medium-range ultraviolet light and quantified using an Alpha Innotech digital 

imaging system. IC50 values (the concentration of drug required to inhibit enzyme activity by 50%) 

were calculated on GraphPad Prism using a non-linear regression analysis with 95% confidence 

intervals.  

 For assays that monitored competition between ciprofloxacin and 8-methyl-2,4-

quinazolinedione, the fluoroquinolone (0-500 µM) and quinazolinedione (50 µM) were added 

simultaneously to reaction mixtures. 
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Topoisomerase IV-catalyzed DNA decatenation 

 DNA decatenation assays were based on previously published protocols by Anderson et 

al.158 and Aldred et al.305 Assays contained 10 nM WT, 20 nM ParCS87N, 35 nM ParCE91G, or 35 nM 

ParCS87N/E91G N. gonorrhoeae topoisomerase IV, 5 nM kDNA, and 1 mM ATP in 20 µL of 40 mM 

HEPES-KOH (pH 7.6), 25 mM NaCl, 100 mM KGlu, and 10 mM Mg(OAc)2. Assay mixtures were 

incubated at 37 °C for 10 min with WT, 15 min with ParCS87N, and 30 min with ParCE91G and 

ParCS87N/E91G N. gonorrhoeae topoisomerase IV, which represents the minimum time required to 

completely decatenate the kDNA in the absence of drug. Reactions were stopped, subjected to 

electrophoresis, and visualized as described for gyrase-catalyzed DNA supercoiling. IC50 values 

were calculated on GraphPad Prism using a non-linear regression analysis with 95% confidence 

intervals.  

 

Gyrase/topoisomerase IV-mediated DNA cleavage 

DNA cleavage reactions were performed according to the procedure of Aldred et al.305 

Reactions were performed in the absence of compound or in the presence of increasing 

concentrations of fluoroquinolone, NBTI, SPT, or derivatives.  For experiments performed with N. 

gonorrhoeae enzymes, assay mixtures contained 10 nM pBR322 and 100 nM WT, 100 nM 

GyrAS91F, 100 nM GyrAD95G, or 100 nM GyrAS91F/D95G gyrase or 100 nM WT, 200 nM ParCS87N, 150 

nM ParCE91G, or 150 nM ParCS87N/E91G topoisomerase IV in a total volume of 20 µL of 40 mM Tris-

HCl (pH 7.9), 50 mM NaCl, 2.5% (w/v) glycerol, and 10 mM MgCl2. The concentration of mutant 

enzymes employed were normalized to provide the same level of cleavage as the WT enzyme in 

the presence of 8-methyl-2,4-quinazolinedione. In some cases, MgCl2 in the cleavage buffer was 

replaced with an equivalent concentration of CaCl2 to increase baseline levels of cleavage.401 

Reactions were incubated at 37 °C for 30 min with WT and mutant (GyrAS91F, GyrAD95G, and 
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GyrAS91F/D95G) N. gonorrhoeae gyrase, 20 min with mutant (ParCS87N, ParCE91G, and ParCS87N/E91G) 

N. gonorrhoeae topoisomerase IV, and 10 min with WT N. gonorrhoeae topoisomerase IV.  

Unless stated otherwise, assay mixtures for remaining species contained 10 nM pBR322 

and 500 nM wild-type B. anthracis gyrase, 100 nM wild-type B. anthracis topoisomerase IV, 100 

nM wild-type E. coli gyrase, 20 nM wild-type E. coli topoisomerase IV, 100 nM wild-type S. aureus 

gyrase, or 20 nM S. aureus topoisomerase IV in a total volume of 20 µL of DNA cleavage buffer: 

40 mM Tris-HCl (pH 7.9), 50 mM NaCl, 2.5% (w/v) glycerol, and 5 mM or 10 mM MgCl2 for E. coli 

type II topoisomerases or B. anthracis topoisomerase IV, respectively; 50 mM Tris-HCl (pH 7.5), 

100 mM KGlu, 5 mM MgCl2, 50 μg/mL BSA, and 5 mM dithiothreitol (DTT) for B. anthracis gyrase 

and S. aureus gyrase; 40 mM Tris-HCl (pH 7.5), 6 mM MgCl2, 20 mM NaCl, 50 μg/mL BSA, and 

10 mM DTT for S. aureus topoisomerase IV. Reactions were incubated at 37 °C for 30 min with 

B. anthracis gyrase and S. aureus gyrase, 20 min with E. coli gyrase, and 10 min with all other 

enzymes.  

Enzyme-DNA cleavage complexes were trapped by adding 2 µL of 4% SDS followed by 2 

µL of 250 mM EDTA (pH 8.0). Proteinase K was added (2 µL of a 0.8 mg/mL solution), and 

reactions mixtures were incubated for 30 min at 45 °C to digest the enzyme. Samples were mixed 

with 2 µL of agarose loading buffer and heated for 2 min at 45 °C prior 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 by mid-range ultraviolet light and quantified using an Alpha 

Innotech digital imaging system. DNA cleavage was monitored by the conversion of negatively 

supercoiled plasmid DNA to nicked (single-stranded break) or linear (double-stranded break) 

molecules. CC50 values (the concentration of drug that induced 50% maximal DNA cleavage 

complex formation) were calculated on GraphPad Prism Version 10.0.3 using a non-linear 

regression analysis with 95% confidence intervals. 

 For the assay that monitored competition between ciprofloxacin and 8-methyl-2,4-

quinazolinedione with GyrAS91F/D95G gyrase, the level of double-stranded DNA cleavage generated 
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by 500 µM ciprofloxacin in the absence of the quinazolinedione was used as a baseline and was 

subtracted from the cleavage level seen in the presence of both compounds. The amount of 

double-stranded DNA scission observed in the presence of 50 µM 8-methyl-2,4-quinazolinedione 

alone was set to 100% to directly compare the ability of ciprofloxacin to compete with the 

quinazolinedione in the active site of the enzyme. Ciprofloxacin (0-500 µM) and 8-methyl-2,4-

quinazolinedione (50 µM) were added simultaneously to reaction mixtures. IC50 values were 

calculated on GraphPad Prism using a non-linear regression analysis with 95% confidence 

intervals.  

 

Persistence of gyrase/topoisomerase IV-cleaved DNA complexes 

The persistence of gyrase/topoisomerase IV-DNA cleavage complexes was determined 

as described previously.305 Cleavage complexes were formed by combining 50 nM pBR322 and 

200 nM N. gonorrhoeae gyrase or 100 nM N. gonorrhoeae topoisomerase IV in the presence of 

10 µM OSUAB-185 in a total volume of 20 µL of N. gonorrhoeae gyrase/topoisomerase IV DNA 

cleavage buffer. Parallel control experiments were conducted to assess cleavage complexes 

formed in the absence of the NBTI by combining 50 nM pBR322 and 500 nM N. gonorrhoeae 

gyrase/topoisomerase IV in 20 µL cleavage buffer. Reactions were incubated at 37 °C until the 

DNA cleavage/ligation equilibria were reached (30 min with gyrase and 10 min with 

topoisomerase IV) and diluted 20-fold in DNA cleavage buffer lacking Mg2+. Samples (20 µL) were 

stopped at time-points ranging from 0-60 min, subjected to electrophoresis, and visualized as 

described above for DNA cleavage. Nicked and linear DNA cleavage products at time zero were 

set to 100% to allow direct comparison between different conditions, and the persistence of 

cleavage complexes were determined by the decay of nicked (single-stranded breaks) or linear 

(double-stranded breaks) reaction products over time. Cleavage complex stability (half-life, t1/2) 
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was calculated on GraphPad Prism using a non-linear regression analysis with 95% confidence 

intervals. 

 

Gyrase/topoisomerase IV-mediated DNA ligation 

DNA ligation mediated by N. gonorrhoeae gyrase and topoisomerase IV was monitored 

using the procedure of Aldred et al.305 Initial reactions contained 10 nM pBR322 and 100 nM wild-

type N. gonorrhoeae gyrase or topoisomerase IV in the absence or presence of 10 µM OSUAB-

185. To better visualize levels of DNA breaks mediated by gyrase or topoisomerase IV in the 

absence of the NBTI, 10 mM MgCl2 was replaced by 10 mM CaCl2.401 DNA cleavage/ligation 

equilibria were established for 30 min with gyrase and 10 min with topoisomerase IV at 37 °C. 

DNA ligation was initiated by shifting samples from 37 °C to 65 °C, which allows enzyme-mediated 

ligation but prevents new rounds of DNA cleavage from occurring.166 This results in a 

unidirectional sealing of the cleaved DNA. Reactions were stopped at time points ranging from 0-

60 s, subjected to electrophoresis, and visualized as described above for DNA cleavage. Nicked 

and linear DNA cleavage products at time zero were set to 100% to allow direct comparison 

between different conditions, and DNA ligation of single- or double-stranded breaks was 

monitored by the loss of nicked or linear DNA, respectively. The rate of DNA ligation (t1/2) was 

calculated on GraphPad Prism using a non-linear regression analysis with 95% confidence 

intervals. 
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CHAPTER III 

 

 

1,2-NAPHTHOQUINONE AS A POISON OF HUMAN TYPE II TOPOISOMERASES 

 

 

This chapter is adapted with permission from my co-author Neil Osheroff and the publisher Chem. 

Res. Toxicol. 2021, 34, 1082-1090. Copyright 2021 American Chemical Society. 

 

Introduction 

Naphthoquinones are secondary metabolites of naphthalene that are found in multiple 

species of bacteria, fungi, plants, and mammals.404, 405 These compounds serve important 

physiological roles in the electron transport chain (ubiquinone and plastoquinone) and in vitamin 

K synthesis (menadione).404, 405 Due to their yellow or brown color, naphthoquinones also have 

been used as pigmentation agents for centuries.404 In addition, these compounds have been used 

in a broad range of medicinal applications, including antibiotic, antiviral, antiparasitic, fungicidal, 

and insecticidal (among others) treatments.404 Thus, many traditional medicines across the world 

include naphthoquinone-based components.404 

 Despite the medicinal uses of many naphthoquinones, some members of this family have 

been associated with negative health outcomes.404-406 For example, 1,2-naphthoquinone is an 

electrophilic environmental pollutant found in diesel exhaust particles (Figure 3.1).406-410 It has 

been associated with the formation of cataracts and altered pulmonary function in vertebrate 

animal models.406, 411, 412 Furthermore, this compound is cytotoxic and genotoxic, impairs 

mitochondrial function, and promotes an enhanced inflammatory response.406, 413-417 
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Figure 3.1. Naphthoquinones.  
Structures of 1,2-naphthoquinone, 1,4-naphthoquinone, and related compounds. 
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Several quinones and polyphenols (that can be converted to quinones by redox cycling) 

increase the levels of DNA cleavage mediated by human type II topoisomerases.418-427 Among  

these compounds, environmental toxins such as 1,4-benzoquinone (leukemogenic benzene  

metabolite) and polychlorinated biphenyl (PCB) quinones (toxic metabolites of PCBs) are 

associated with the formation of human cancers.420, 421 In contrast, a variety of dietary 

quinones/polyphenols associated with human health benefits have also been identified as 

topoisomerase II poisons. Compounds included on this list are (–)-epigallocatechin gallate 

(EGCG, the active ingredient in green tea), thymoquinone (the active ingredient in Nigella sativa, 

or black seed), curcumin (the primary olfactory and taste component of turmeric), hydroxytyrosol 

and oleuropein (antioxidants found in olives), and menadione (vitamin K3).419, 423-426 These natural 

products display chemoprotective, anti-inflammatory, and antioxidant properties.418-421, 423-426 

Many have been components of traditional and herbal medicines for millennia.418, 423-426 It has 

been suggested that at least some of the toxic and medicinal properties of quinones/polyphenols 

are mediated through interactions with the human type II topoisomerases.420, 421, 424-426, 428  

 Two previous studies characterized interactions between 1,2-naphthoquinone and 

eukaryotic type II topoisomerases. One examined the effects of the compound on the isolated 

ATPase domain of human topoisomerase IIα and determined that 1,2-naphthquinone inhibited 

ATP hydrolysis.429 However, this study did not examine the effects of the compound on DNA 

scission. The second study reported that 1,2-naphthoquinone increased DNA cleavage mediated 

by calf thymus topoisomerase II (a mixture of the α and β isoforms) but reported no information 

other than its potency being higher than that of menadione (vitamin K3).419  

 Therefore, to further understand the effects of 1,2-naphthoquinone on the human type II 

enzymes, we characterized the ability of the compound to act as a topoisomerase II poison. 

Results indicate that 1,2-naphthoquinone increases levels of double-stranded DNA scission 

mediated by topoisomerase IIα and IIβ but was more potent and efficacious toward the α isoform. 

Furthermore, the characteristics of DNA cleavage induced by 1,2-naphthoquinone indicate that 
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the compound acts as a covalent, rather than an interfacial, poison of the human topoisomerase 

IIα. Although mechanistic studies with topoisomerase IIβ were less conclusive, they also suggest 

that 1,2-naphthoquinone acts (at least in part) as a covalent poison of the β isoform. 

 

Results 

1,2-Naphthoquinone (see Figure 3.1) is a cytotoxic and genotoxic quinone-based 

electrophile that is an environmental pollutant found in diesel exhaust particles.405-410, 413 Several 

other quinone-based biologically active compounds enhance topoisomerase II-mediated DNA 

scission.418-428 Therefore, the effects of 1,2-naphthoquinone on DNA strand breaks generated by 

human topoisomerase IIα and IIβ were examined.  

 

1,2-Naphthoquinone is a poison of human type II topoisomerases 

 As seen in Figures 3.2 and 3.3, 1,2-naphthoquinone is an efficacious human 

topoisomerase II poison. The compound generated primarily double-stranded DNA breaks and 

enhanced levels of enzyme-mediated cleavage more than an order of magnitude compared to 

baseline values. At 50 µM 1,2-naphthoquinone, the compound induced ~25% and ~14% double-

stranded DNA cleavage mediated by human topoisomerase IIα and IIβ, respectively. By 

comparison, the same concentration of etoposide induced only ~7% and ~3.5% DNA scission by 

the two enzyme isoforms. 

 To assess the effects of carbonyl position and hydroxyl group inclusion on the 

naphthoquinone ring system, the abilities of 1,4-naphthoquinone, 2-hydroxy-1,4-naphthoquinone, 

5-hydroxy-1,4-naphthoquinone, and 5,8-dihydroxy-1,4-naphthoquinone (see Figure 3.1) to induce 

enzyme-mediated double-stranded DNA cleavage were examined (Figures 3.2 and 3.3). 1,4-

Naphthoquinone forms the backbone of vitamin K and the other compounds are used as dyes.404, 

405, 419 Of these naphthoquinone derivatives, only 1,4-naphthoquinone displayed appreciable  
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Figure 3.2. 1,2-Naphthoquinone and 1,4-naphthoquinone enhance DNA cleavage 
mediated by human topoisomerase II⍺ and IIβ. 
The graphs show the effects of 1,2-naphthoquinone (maroon) and 1,4-naphthoquinone 
(green) on double-stranded DNA cleavage mediated by human topoisomerase II⍺ (hTII⍺, left) 
and IIβ (hTIIβ, right). Results for etoposide (blue) are displayed for comparison. Error bars 
represent standard deviations (SDs) for at least three independent experiments. 
Representative gels for DNA cleavage assays with 1,2-naphthoquinone and the respective 
enzymes are shown above the graphs. Negatively supercoiled DNA (DNA) is shown as a 
control. The mobilities of negatively supercoiled DNA (form I, FI), nicked circular DNA (form II, 
FII), and linear DNA (form III, FIII) are indicated. 
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Figure 3.3. Effects of naphthoquinone derivatives on DNA cleavage mediated by human 
type II topoisomerases. 
Results are shown for DNA cleavage mediated by human topoisomerase II⍺ (hTII⍺, top panel) 
and IIβ (hTIIβ, bottom panel) induced by 50 or 100 µM 1,2-naphthoquinone (1,2-NQ, maroon); 
1,4-naphthoquinone (1,4-NQ, green); 2-hydroxy-1,4-naphthoquinone (2-hydroxy-1,4-NQ, 
purple); 5-hydroxy-1,4-naphthoquinone (5-hydroxy-1,4-NQ, orange); and 5,8-dihydroxy-1,4-
naphthoquinone (5,8-dihydroxy-1,4-NQ, red). Etoposide (blue) is shown for comparison. Error 
bars represent SDs for at least three independent experiments. 
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activity. 1,4-Naphthoquinone induced less DNA cleavage than the 1,2-isomer and displayed a  

different preference for the two isoforms of topoisomerase II. Whereas 1,2-naphthoquinone was 

twice as efficacious against topoisomerase IIα compared to IIβ, 1,4-naphthoquinone was at least 

two times more active against the β isoform. The reasons underlying these different preferences 

are unknown. Therefore, additional studies were carried out to further characterize the effects of 

1,2-naphthoquinone on topoisomerase IIα and IIβ.  

To ensure that DNA cleavage induced by 1,2-naphthoquinone was mediated by the human 

type II topoisomerases, a series of control experiments were carried out (Figure 3.4). First, the 

compound failed to induce DNA cleavage in the absence of enzyme. Second, linear and nicked 

DNA reaction products did not enter the gel unless samples were treated with Proteinase K. This 

result is consistent with a covalent protein–DNA linkage. Third, the addition of EDTA (which 

chelates the required active site divalent cations)54 prior to trapping the cleavage complex with 

SDS reversed double-stranded DNA cleavage. Similarly, treatment of reaction mixtures with NaCl 

(which diminishes enzyme–DNA binding) prior to trapping the cleavage complex also lowered the 

levels of DNA scission. Reversibility of DNA cleavage is a hallmark of the type II enzymes. It is 

notable that greater salt reversibility was observed with topoisomerase IIβ, which is consistent 

with previous reports that cleavage complexes formed with the β isoform are less stable than 

those generated by topoisomerase IIα.430, 431  

 As an additional control, time courses of 1,2-naphthquinone-induced DNA cleavage 

against topoisomerase IIα and IIβ were performed (Figure 3.5). For both enzyme isoforms, the 

levels of DNA cleavage plateaued within the duration of the 6 min cleavage assay and were 

followed by a DNA cleavage/ligation equilibrium. These hyperbolic time courses are consistent 

with topoisomerase II-mediated DNA cleavage. Taken together, control experiments provide 

strong evidence that the enhanced DNA scission observed in the presence of 1,2-naphthoquinone 

is mediated by the human type II enzymes. 
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Figure 3.4. DNA cleavage induced by 1,2-naphthoquinone is mediated by human 
topoisomerase II⍺ and IIβ. 
Results with topoisomerase IIα (hTII⍺) are shown at the left and topoisomerase IIβ (hTIIβ) at 
the right. The bar graph shows double-stranded DNA cleavage from reactions that contained 
negatively supercoiled DNA alone (DNA), DNA with 50 µM or 100 µM 1,2-naphthoquinone (for 
reactions with hTII⍺ and hTIIβ, respectively) in the absence of enzyme (1,2-NQ), 
topoisomerase IIα or IIβ with DNA in the absence of 1,2-NQ (hTIIα, hTIIβ), or complete 
reactions that were stopped with SDS prior to the addition of EDTA and Proteinase K (SDS). 
In other reactions, Proteinase K was omitted (No ProK) or reactions were treated with 22 mM 
EDTA (EDTA) or 500 mM NaCl (NaCl) for 5 min prior to the addition of SDS and Proteinase 
K. Error bars represent SDs for at least three independent experiments. A representative gel 
is shown at the top and DNA positions are as indicated in Figure 3.2.  
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Figure 3.5. Establishment of DNA cleavage/ligation equilibria induced by 1,2-
naphthoquinone with human topoisomerase II⍺ or IIβ. 
The graph displays the time course of DNA cleavage mediated by human topoisomerase II⍺ 
(hTII⍺, filled circles, left) and IIβ (hTIIβ, open circles, right) in the presence of 50 µM or 100 
µM 1,2-naphthoquinone (1,2-NQ), respectively. Error bars represent SDs for at least three 
independent experiments.  
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Effects of ATP on the enhancement of double-stranded DNA cleavage induced by 1,2 

naphthoquinone 

Type II topoisomerases do not require ATP for DNA cleavage or ligation (although the high 

energy cofactor raises baseline levels of DNA scission).87, 432 However, ATP is required for the 

enzyme to carry out its complete double-stranded DNA passage reaction.87, 432 Furthermore, a 

previous study provided evidence that 1,2-naphthoquinone interacts at the ATP binding site of 

topoisomerase IIα and inhibits ATP hydrolysis (at least in the isolated ATPase domain).429 

Therefore, the effects of the high energy cofactor on 1,2-naphthoquinone-induced DNA cleavage 

were assessed (note that the other cleavage assays shown in this paper did not contain ATP). As 

seen in Figure 3.6, similar levels of DNA cleavage were observed in the absence or presence of 

ATP for both topoisomerase IIα and IIβ. Therefore, 1,2-naphthoquinone poisons the human type 

II topoisomerases under conditions that support the complete catalytic reaction of the enzymes.   

 

Covalent vs interfacial topoisomerase II poisons 

Topoisomerase II poisons can be classified as being either interfacial or covalent.78, 151, 152, 175, 433 

Interfacial poisons include anticancer drugs such as etoposide, amsacrine, and mitoxantrone and 

bind noncovalently at the interface between the enzyme and its DNA substrate.78, 151, 152, 175, 187 

These compounds interact with both the protein and the DNA in the cleavage complex and block 

ligation by inserting between the 3’-hydroxyl and 5’-phosphate of the cleaved double helix.78, 151, 

152, 175, 187 As a result, most interfacial poisons are strong inhibitors of topoisomerase II-mediated 

DNA ligation.78, 151, 152, 175, 187, 402  

 In contrast, covalent topoisomerase II poisons, which include a variety of quinone-, 

polyphenol-, and isothiocyanate-containing compounds,418-423, 425-428 form protein–adducts via an 

acylation reaction at cysteine (and potentially other) residues that are outside of the active site of  
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Figure 3.6. Effects of ATP on the enhancement of double-stranded DNA cleavage 
induced by 1,2-naphthoquinone with human topoisomerase II⍺ or IIβ. 
Results with topoisomerase IIα (hTII⍺, filled circles) are shown at the left and topoisomerase 
IIβ (hTIIβ, open circles) at the right. The graphs show the concentration dependence of 1,2-
naphthoquinone-induced DNA cleavage in the absence (–ATP, maroon) or presence (+ATP, 
grey) of 1 mM ATP. Error bars represent SDs for at least three independent experiments. 
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type II topoisomerases.78, 434-436 Our understanding of the mechanism by which covalent poisons 

enhance enzyme-mediated DNA cleavage is less detailed than that described for interfacial 

poisons. However, covalent poisons appear to act (at least in part) by closing the N-terminal 

protein gate of topoisomerase II.421, 437 Because of their covalent attachment to the enzyme, 

covalent poisons can induce long-lived (i.e. highly persistent) DNA cleavage/ligation equilibria.431 

However, because these compounds do not act by intercalating between the cleaved DNA ends 

at the scissile bond, they often display a lesser ability to inhibit ligation compared to interfacial 

poisons that physically block the rejoining of the DNA termini.425, 426, 438  

 Due to the mechanism of action of covalent topoisomerase II poisons, there are a number 

of additional hallmarks that distinguish compounds in this class from interfacial poisons. First, 

because the oxidation state of covalent poisons is critical for their adduction chemistry, reducing 

agents, such as ascorbic acid, prevent their activity against topoisomerase II.439 Similarly, 

sulfhydryl reagents, such as DTT, adduct to covalent poisons and inactivate them.420, 424-428, 438, 439  

In contrast, as interfacial poisons are not dependent on redox chemistry for their activity, they are 

generally unaffected by reducing or sulfhydryl reagents.420, 428, 438 Second, because covalent 

poisons close the N-terminal gate of topoisomerase II, they block plasmid DNA from binding to 

the enzyme.421, 435, 437 As such, when covalent poisons are incubated with topoisomerase II prior 

to the addition of DNA, they inhibit, rather than enhance, DNA cleavage.420, 421, 424-426, 428, 435, 437-440 

Interfacial poisons, which act at the active site of the enzyme, induce DNA scission regardless of 

the order of addition.175, 419, 421, 438 Finally, because of the reliance of covalent poisons on the N-

terminal domain of topoisomerase II, these compounds are unable to induce DNA cleavage with 

the catalytic core of topoisomerase IIα (which lacks both the N-terminal and C-terminal domains 

of the protein).439, 441 Due to their interactions at the active site of the enzyme, interfacial poisons 

maintain their ability to induce scission with the truncated protein.439, 441  
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1,2-Naphthoquinone is a covalent poison of human topoisomerase IIα 

To evaluate the mechanism by which 1,2-naphthoquinone poisons human topoisomerase 

IIα, the effects of sulfhydryl and reducing agents on the activity of the compound were determined 

(Figure 3.7). Similar to the effects of the prototypical covalent poison, 1,4-benzoquinone, on DNA 

cleavage mediated by human topoisomerase IIα, the activity of 1,2-naphthoquinone was 

abrogated when DTT or ascorbic acid were incubated with the compound prior to inclusion of the 

quinone in reaction mixtures. It is notable that the effects of DTT on topoisomerase II poisons 

were observed only when the sulfhydryl reagent reacted with the free compound; once protein 

adducts were formed, they were not reversed by the addition of DTT.420, 424-428, 438, 439 Similar to the 

results seen with 1,4-benzoquinone, the addition of DTT following the establishment of cleavage 

complexes did not affect the induction of DNA scission by 1,2-naphthoquinone (Figure 3.7). In 

contrast, DTT and ascorbic acid had little effect on DNA cleavage induced by the interfacial poison 

etoposide. 

 Generally, the reduction of quinone-based covalent poisons to their corresponding 

hydroxyl forms results in a loss of activity.420, 442 Surprisingly, this was not the case with 1,2-

naphthoquinone, as 1,2-dihydroxynaphthalene (see Figure 3.1) displayed high activity against 

topoisomerase IIα (Figure 3.7). However, the activity of the dihydroxy compound was abrogated 

when DTT or ascorbic acid was added prior to incubation with the enzyme. Moreover, the majority 

of the activity was retained when 1,2-dihydroxynaphthalene was incubated with DTT after the 

establishment of DNA cleavage complexes. Because 1,2-dihydroxynaphthalene displays the 

hallmarks of a covalent poison, the most likely explanation for these results is that the compound 

readily undergoes redox cycling to the reactive quinone form. This has been reported previously 

for polyphenolic bioflavonoids and catechins.422, 423, 428  
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Figure 3.7. Effects of sulfhydryl and reducing agents on topoisomerase IIα–mediated 
double-stranded DNA cleavage induced by 1,2-naphthoquinone. 
Topoisomerase IIα-DNA cleavage reactions were performed in the absence of 
sulfhydryl/reducing agents (open bars), in the presence of 2 mM DTT (stippled bars) or 2 mM 
ascorbic acid (AA, diagonal bars) added prior to the start of the 6 min DNA cleavage reaction, 
or 2 mM DTT added after the 6 min cleavage reaction (filled bars). Results are shown for 
reactions that contained no compound (hTII⍺, black), 50 µM 1,2-naphthoquinone (1,2-NQ, 
maroon), 50 µM 1,2-dihydroxynaphthalene (1,2-Dihydroxy-NP, gold), 25 µM 1,4-
benzoquinone (BQ, teal), or 100 µM etoposide (blue). 1,4-Benzoquinone and etoposide were 
included as controls for the effects of the sulfhydryl and reducing agents on a covalent and 
interfacial topoisomerase II poison, respectively. Error bars represent SDs for at least three 
independent experiments. 
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Consistent with the characteristics of a covalent poison, 1,2-naphthoquinone induced 

topoisomerase IIα to form long-lived cleavage complexes (Figure 3.8, left). In the absence of the 

quinone, cleavage complexes rapidly dissociated following dilution into buffer that lacked divalent 

metal ion, with a half-life of less than 5 s. In contrast, cleavage complexes formed in the presence 

of 1,2-naphthoquinone persisted for at least 2 h with no observed decrease in DNA scission. 

Moreover, 1,2-naphthoquinone inhibited ligation but to a much lesser extent than the interfacial 

poison etoposide (Figure 3.8, right).  

 As further evidence that 1,2-naphthoquinone is a covalent poison of topoisomerase IIα, 

incubation of 50 µM compound with topoisomerase IIα prior to the addition of DNA resulted in a 

rapid loss of enzyme activity (t1/2 ~80 s) (Figure 3.9). This exposure completely blocked the ability 

of the enzyme to cleave DNA within 5 min. In a control experiment that lacked the quinone, 

topoisomerase IIα maintained its DNA cleavage activity when incubated in the absence of DNA 

over the same 5 min period (Figure 3.9, inset). 

 Finally, the ability of 1,2-naphthoquinone to induce DNA scission was severely impeded 

when the catalytic core of human topoisomerase IIα (which lacks both its N- and C-terminal 

domains) when used in place of the full-length enzyme (Figure 3.10). Whereas etoposide was still 

able to induce DNA cleavage with the catalytic core (albeit at lower levels than with the wild-type 

enzyme), virtually no DNA cleavage was seen in the presence of the quinone. Taken together, the 

above experiments provide strong evidence that 1,2-naphthoquinone is a covalent poison of 

human topoisomerase IIα. 

 

1,2-Naphthoquinone displays characteristics of a covalent poison against human topoisomerase 

IIβ.  

As observed with topoisomerase IIα (see Figure 3.7), DTT abolished the ability of 1,2- 
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Figure 3.8. Effects of 1,2-naphthoquinone on the persistence and ligation of DNA 
cleavage complexes generated by human topoisomerase IIα. 
The persistence of topoisomerase IIα–DNA cleavage complexes formed in the presence of 
1,2-naphthoquinone is shown on the left. DNA cleavage/ligation equilibria were established in 
the absence (hTIIα, black) or presence of 50 µM 1,2-naphthoquinone (1,2-NQ, maroon). 
Persistence assays were initiated by diluting reaction mixtures 20-fold into buffer that lacked 
divalent cations, and the stability of cleavage complexes was monitored by the loss of double-
stranded DNA breaks over time. DNA cleavage at time zero was set to 100%. Error bars 
represent SDs for at least three independent experiments. The inhibition of topoisomerase IIα-
mediated DNA ligation by 1,2-naphthoquinone is displayed on the right. DNA cleavage/ligation 
equilibria were established in the absence (hTIIα, black) or presence of 50 µM 1,2-
naphthoquinone (1,2-NQ, maroon) and ligation was initiated by transferring assays from 37 
ºC to 0 ºC. Results with 100 µM etoposide (blue) are shown for comparison. Double-stranded 
DNA cleavage levels prior to the induction of ligation were set to 100%. Error bars represent 
SDs for at least three independent experiments. 
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Figure 3.9. 1,2-Naphthoquinone inactivates human topoisomerase IIα when incubated 
with the enzyme prior to the addition of DNA. 
Double-stranded DNA scission was monitored in the presence of 50 µM 1,2-naphthoquinone 
(maroon). Times indicate the length of incubation of the naphthoquinone with topoisomerase 
IIα prior to the addition of DNA. DNA cleavage levels were calculated relative to those induced 
when 1,2-naphthoquinone and the enzyme were not incubated prior to reaction initiation. The 
inset shows a control experiment (hTII⍺, open black bars) in which the enzyme (in the absence 
of compound) was incubated for 5 min at 37 ºC prior to the addition of DNA. Error bars 
represent SDs for at least three independent experiments. 
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Figure 3.10. 1,2-Naphthoquinone induces minimal DNA cleavage mediated by the 
catalytic core of human topoisomerase IIα. 
The graph compares double-stranded DNA cleavage levels for wild-type (WT) topoisomerase 
IIα and the catalytic core (CC) of the enzyme (containing residues 431-1193) in the absence 
(hTII⍺, open black bars) or presence of 50 µM 1,2-naphthoquinone (1,2-NQ, maroon bars). 
Results with 100 µM etoposide (blue bars) are shown for comparison. Error bars represent 
SDs for at least three independent experiments. 
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naphthoquinone to induce topoisomerase IIβ-mediated DNA scission when incubated with the 

quinone prior to cleavage assays but had no effect on the activity of the compound when added 

after cleavage complexes were established (Figure 3.11). This result establishes that 1,2-

naphthoquinone can act as a covalent poison of topoisomerase IIβ. However, further experiments 

suggest that the compound displays mixed activity against the β isoform. Although DTT, which 

should adduct the quinone, undercut the activity of the compound, ascorbic acid, which should 

reduce and maintain the compound in its hydroxyl form, had virtually no effect on DNA cleavage. 

Indeed, levels of DNA scission induced by 100 µM 1,2-naphthoquinone in the presence of 2 mM 

ascorbic acid were ~90% of those observed in the absence of reducing agent. This result 

suggests that the hydroxyl form of 1,2-naphthoquinone potentially acts as an interfacial poison of 

topoisomerase IIβ. Consistent with this hypothesis, 1,2-dihydroxynaphthalene displayed high 

activity against the β isoform and exhibited responses to the sulfhydryl and reducing agents that 

were similar to those seen with the quinone. 

 
Discussion 

1,2-Naphthoquinone is an environmental pollutant that has been linked to a variety of 

health issues in mammalian species and exhibits cytotoxic and genotoxic properties.405-410, 413 

Many environmental and dietary quinones and polyphenols have been shown to act as 

topoisomerase II poisons.418-421, 423-426, 428, 436 Several of these environmental 

quinones/polyphenols have been linked to the formation of human cancers; however, many of the 

dietary topoisomerase II poisons display chemopreventative properties and have been used 

extensively in traditional and indigenous medicines to treat a variety of conditions.404, 420, 421, 424-426, 

428, 436 Because of the rich history linking quinones and type II topoisomerases,  the effects of 1,2-

naphthoquinone on DNA cleavage mediated by human topoisomerase IIα and IIβ were examined.  

 Results indicate that 1,2-naphthoquinone is a topoisomerase II poison with preferential  
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Figure 3.11. Effects of sulfhydryl and reducing agents on topoisomerase IIβ-mediated 
double-stranded DNA cleavage induced by 1,2-naphthoquinone. 
Topoisomerase IIβ–DNA cleavage reactions were performed in the absence of 
sulfhydryl/reducing agents (open bars), in the presence of 2 mM DTT (stippled bars) or 2 mM 
ascorbic acid (AA, diagonal bars) added prior to the start of the 6 min DNA cleavage reaction, 
or 2 mM DTT added after the 6 min cleavage reaction (filled bars). Results are shown for 
reactions that contained no compound (hTIIβ, black), 50 µM 1,2-naphthoquinone (1,2-NQ, 
maroon), 50 µM 1,2-dihydroxynaphthalene (1,2-Dihydroxy-NP, gold), or 25 µM 1,4-
benzoquinone (BQ, teal). 1,4-Benzoquinone was included as a control for the effects of the 
sulfhydryl and reducing agents on a covalent topoisomerase II poison. Error bars represent 
SDs for at least three independent experiments. 
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activity against the α isoform. Furthermore, although the quinone acts as a covalent poison 

against both enzyme isoforms, our experiments suggest that the dihydroxy form of 1,2-

naphthoquinone (or potentially the parent quinone) may also act an interfacial poison of 

topoisomerase IIβ.  

In general, topoisomerase II poisons that induce the most stable cleavage complexes are 

the most damaging to cells.431 As determined by persistence assays, 1,2-naphthoquinone-

induced DNA cleavage complexes, at least with topoisomerase IIα, are long-lived and show no 

degradation over a 2 h time course. Taken together, the above findings suggest that the type II 

enzymes may be able to mediate some of the effects of the quinone on the human genome. 

 A previous study demonstrated that 1,2-naphthoquinone inhibited the ability of the isolated 

N-terminal domain of human topoisomerase IIα to hydrolyze ATP.429 The relationships between 

the inhibition of ATPase activity and the enhancement of DNA cleavage by 1,2-naphthoquinone 

are not known and are likely to be complex. Two possibilities exist: a two-site model and a one-

site model. In the two-site model, there are two distinct binding sites for the quinone, one that 

interferes with ATP interactions and another that stabilizes the closed form of the N-terminal clamp 

(leading to enhanced cleavage). In support of this model, etoposide, a well-characterized 

interfacial poison, appears to have two binding sites on topoisomerase II: one in the DNA 

cleavage/ligation active site that stabilizes cleavage complexes and the other in the ATPase 

domain.187, 427, 443-445 In the one-site model, the same adduction of the quinone that stabilizes the 

closed N-terminal domain also alters the ability of the enzyme to interact with ATP. It is likely that 

considerably more detailed structural and enzymological studies will be necessary to deconvolute 

the actions of 1,2-naphthoquinone in light of these two models. 

 In summary, 1,2-naphthoquinone acts as a covalent poison against topoisomerase IIα and 

IIβ. Our findings suggest that some of the genotoxicity and cytotoxicity associated with 1,2-

naphthoquinone may be attributed to its ability to induce DNA double-stranded breaks generated 

by the human type II enzymes. 
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CHAPTER IV 

 

 

TARGET-MEDIATED FLUOROQUINOLONE RESISTANCE IN NEISSERIA 

GONORROHEAE: ACTIONS OF CIPROFLOXACIN AGAINST GYRASE AND 

TOPOISOMERASE IV 
 

 

This chapter is adapted with permission from my co-authors Alexandria A. Oviatt, Pan F. Chan, 

and Neil Osheroff and the publisher ACS Infect. Dis. 2024, in press. Copyright 2024 Jessica A. 

Collins, Alexandria A. Oviatt, Pan F. Chan, and Neil Osheroff. 

 

Introduction 

Target-mediated resistance has curtailed the medical utility of fluoroquinolones to treat 

some bacterial infections since the clinical introduction of this class in the 1960s.154-156, 266 An 

important example is Neisseria gonorrhoeae, a Gram-negative bacterium that is the etiological 

agent of gonorrhea.446 This sexually transmitted disease infects the mucosal epithelium of the 

genitals, rectum, and throat and causes more than 82 million new cases globally each year.320, 321 

If left untreated, gonorrhea can cause severe complications including pelvic inflammatory disease 

and infertility, and when disseminated, infections can result in death.320, 323  

Ciprofloxacin was introduced as frontline treatment for gonorrheal infections in the early 

1990s.324, 325 However, the drug was removed from treatment guidelines for this indication by the 

Centers for Disease Control and Prevention (CDC) in 2006 due to high levels of resistance.326 In 

2021, nearly 33% of clinical N. gonorrhoeae isolates in the United States were resistant to 

ciprofloxacin compared with 13.3% in 2011 and 0.7% in 2001.447 As a result of resistance to 

fluoroquinolones and other antibacterials, gonorrhea is listed as one of five “urgent threats” (the 



 75 

highest threat level) for resistance by the CDC,448 and the WHO has warned that drug resistant 

gonorrhea has the potential to become the third incurable sexually transmitted disease following 

HIV/AIDS and herpes.449 

Despite the prevalence and clinical impact of fluoroquinolone-resistant gonorrhea, little is 

known about the interactions of this drug class with its type II topoisomerase targets from N. 

gonorrhoeae. Therefore, we characterized the effects of ciprofloxacin on the catalytic and DNA 

cleavage activities of gyrase and topoisomerase IV from this species. Interactions with wild-type 

(WT) enzymes and with enzymes harboring mutations found in fluoroquinolone-resistant isolates 

were determined. Results suggest that the enhancement of gyrase-mediated DNA cleavage is 

the primary mechanism by which ciprofloxacin induces its cytotoxic effects. Furthermore, the in 

vitro effects of mutations in residues that anchor the water-metal ion bridge in gyrase and 

topoisomerase IV may explain the patterns of enzyme-targeting and clinical resistance to 

fluoroquinolones in this sexually transmitted disease. 

 

Results and Discussion 

Gyrase-mediated fluoroquinolone resistance 

Shortly after fluoroquinolones were approved to treat gonorrhea, cases of drug resistance 

were reported.325, 450-454 In laboratory experiments utilizing cultured strains of N. gonorrhoeae 

serially diluted and plated with increasing concentrations of ciprofloxacin, the first spontaneous 

mutations that exhibited decreased susceptibility to fluoroquinolones were seen in gyrase.284 This 

result indicated that gyrase is the primary cellular target for ciprofloxacin and (presumably) other 

members of this drug class in gonorrhea.284, 455 Similar results have been reported for resistant 

isolates from clinical samples.456-460  

 Overwhelmingly, mutations in the GyrA subunit of gyrase were observed at Ser91 and 

Asp95 in N. gonorrhoeae.461 In laboratory-based genetic studies, the initial mutation event occurs 
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at Ser91 followed by the acquisition of a second genetic alteration at Asp95 to yield a double 

mutant.284 Individual substitution at Asp95 is rarely found.284, 461, 462 Furthermore, higher MIC 

(minimum inhibitory concentration) values for ciprofloxacin in laboratory strains and clinical 

isolates are associated with gyrase that contains mutations in both residues.284, 457, 458, 460  These 

findings are reflected in the prevalence of the mutations in patient samples, in which 77.0% of 

resistant isolates harbor mutations at both Ser91 and Asp95, as opposed to 19.0% at Ser91 and 

only 2.5% at Asp95 individually.461 The serine and aspartic acid associated with fluoroquinolone 

resistance are the residues predicted to anchor the fluoroquinolone-gyrase-water-metal ion bridge 

shown in Figure 4.1.154, 155, 167, 303, 304, 461 These findings suggest that N. gonorrhoeae gyrase, like 

other species, relies on the water-metal ion bridge to facilitate interactions with fluoroquinolones.  

 Despite the importance of gyrase as the primary target of fluoroquinolone treatment in 

gonorrhea and the role of Ser91 and Asp95 in drug resistance, very little has been reported 

regarding the interactions of fluoroquinolones with this type II enzyme from N. gonorrhoeae. 

Moreover, the contributions of the individual amino acid residues to bridge function have never 

been reported, as only the double mutant has been assessed.329 Therefore, we investigated the 

effects of ciprofloxacin on the catalytic and DNA cleavage activities of WT gyrase as well as the 

individual (GyrAS91F and GyrAD95G) and double (GyrAS91F/D95G) mutants associated with 

fluoroquinolone resistance in cellular studies and clinical isolates. 

Initial studies examined the effects of ciprofloxacin on catalytic activity by monitoring DNA 

supercoiling catalyzed by WT, GyrAS91F, GyrAD95G, and GyrAS91F/D95G N. gonorrhoeae gyrase 

(Figure 4.2). The fluoroquinolone was a potent inhibitor of the WT enzyme with an IC50 value of 

0.39 µM. Despite the fact that mutations at Ser91 are much more prevalent than those at Asp95 

in clinical isolates,461 ciprofloxacin displayed equivalent reductions in potency (~60-fold) against 

the GyrAS91F and GyrAD95G mutant enzymes (IC50 = 24.7 µM and 23.8 µM, respectively).  

Consistent with cellular results,284, 458, 461 the GyrAS91F/D95G double mutant showed a considerably  
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Figure 4.1. Schematic of the water-metal ion bridge that mediates interactions between 
ciprofloxacin and N. gonorrhoeae gyrase and topoisomerase IV.  
For simplicity, only interactions with the protein (and not the DNA) are shown. A non-catalytic 
divalent metal ion (orange, Mg2+) forms an octahedral coordination sphere (green dashed lines) 
between four water molecules (green) and the C3/C4 keto-acid of ciprofloxacin (black). Two of 
the water molecules form hydrogen bonds (blue dashed lines) with the serine side chain 
hydroxyl group (blue), and one water molecule hydrogen bonds (red dashed lines) with the 
aspartic acid (GyrA) or glutamic acid (ParC) side chain carboxyl group (red).  
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Figure 4.2. Effects of ciprofloxacin on DNA supercoiling catalyzed by WT and mutant N. 
gonorrhoeae gyrase.  
The abilities of WT (black), GyrAS91F (S91F, blue), GyrAD95G (D95G, red) and GyrAS91F/D95G 
(S91F/D95G, purple) gyrase to supercoil relaxed plasmid in the presence of ciprofloxacin are 
shown in the left panel. The righthand panel displays the ability of GyrAS91F/D95G gyrase to 
supercoil relaxed DNA at high ciprofloxacin concentrations (up to 500 µM). Error bars represent 
the standard deviation of at least 3 independent experiments. The table indicates the 
corresponding IC50 values (the drug concentration at which the enzyme activity is inhibited by 
50%), including the standard error of the mean, and the fold-change in IC50 from WT. 
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reduced susceptibility to ciprofloxacin (Figure 4.2, right). Even at 500 µM drug, less than 30% 

inhibition of DNA supercoiling was observed. 

Considering that GyrAS91F and GyrAD95G have similar sensitivities to ciprofloxacin in DNA 

supercoiling assays, it is unclear why individual mutations at Asp95 are rarely observed in 

resistant isolates, while those at Ser91 occur at high frequencies.461 Consequently, we compared 

the effects of ciprofloxacin on DNA cleavage mediated by gyrase harboring the GyrAS91F and 

GyrAD95G single mutations to that of WT N. gonorrhoeae gyrase (Figures 4.3). In contrast to DNA 

supercoiling, there was a striking difference between the two mutants in DNA cleavage assays. 

Ciprofloxacin increased double-stranded DNA scission mediated by GyrAD95G to a level 

comparable to that of WT gyrase (28.2% vs 29.0%, respectively), albeit with an ~10-fold reduction 

in potency (CC50 = 13.9 µM vs 1.3 µM, respectively). However, even at 100 µM, ciprofloxacin 

induced no more than 5.0% DNA cleavage with GyrAS91F gyrase with an even greater reduction 

in potency (CC50 = 40.0 µM). These results strongly suggest that ciprofloxacin resistance in N. 

gonorrhoeae cells that carry the GyrAS91F mutation tracks with gyrase-mediated DNA cleavage 

rather than gyrase-catalyzed DNA supercoiling. They further imply that under normal growth 

conditions, fluoroquinolone-induced cytotoxicity associated with this first-step mutation is caused 

by the introduction of breaks in the bacterial chromosome as opposed to the loss of gyrase 

function.  

The reduced susceptibility of GyrAS91F/D95G to ciprofloxacin was far more dramatic than 

seen with either of the enzymes carrying the single mutations (Figures 4.3). Even at 

concentrations as high as 500 µM, the fluoroquinolone induced only 0.53% double-stranded DNA 

cleavage. This finding is consistent with clinical studies in which the double mutant is considerably 

more prevalent than the single Ser91 mutant in resistant strains.461 Although the enhanced 

resistance associated with the GyrAS91F/D95G mutation may be attributed to further loss of DNA 

scission induced by ciprofloxacin, it is tempting to speculate that the inability of the drug to inhibit  
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Figure 4.3. Effects of ciprofloxacin on DNA cleavage mediated by WT and mutant N. 
gonorrhoeae gyrase.  
The ability of ciprofloxacin to induce double-stranded (DS) DNA cleavage mediated by WT 
(black), GyrAS91F (S91F, blue), GyrAD95G (D95G, red), and GyrAS91F/D95G (S91F/D95G, purple) 
gyrase are shown in the top panel. Error bars represent the standard deviation of at least 3 
independent experiments. The table at the bottom lists the CC50 value (the drug concentration 
at which 50% maximal DS DNA cleavage is reached) for each enzyme, including the standard 
error of the mean, the fold-change in CC50 from WT, and the Max % DSB value (maximal 
percentage of DS DNA breaks) induced at 100 µM ciprofloxacin. Values marked as “N/A” were 
excluded from additional analyses due to low signal.  
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DNA supercoiling by the double mutant (see Figure 4.2) may contribute to its reduced 

susceptibility to fluoroquinolones in cells that harbor this double mutant gyrase. 

 
Use of the water-metal ion bridge to promote fluoroquinolone interactions in N. gonorrhoeae 

gyrase.  

Previous studies provide strong evidence that the water-metal ion bridge is the primary 

conduit between fluoroquinolones and bacterial type II topoisomerases (see Figure 4.1), but that 

the amino acids that anchor the bridge are utilized differently across species and enzymes.154, 155, 

305-309 The finding that mutations at Ser91 and Asp95 comparably reduce the IC50 values for 

inhibition of DNA supercoiling (see Figure 4.2) and also lessen ciprofloxacin potency in DNA 

cleavage assays (see Figure 4.3) suggest that these two bridge-anchoring residues contribute 

similarly to the affinity of N. gonorrhoeae gyrase for ciprofloxacin. However, the dramatic decrease 

in drug-induced DNA cleavage by GyrAS91F implies that Ser91 (in contrast to Asp95) also plays a 

role in correctly positioning ciprofloxacin in the active site of the enzyme, such that it stabilizes 

the cleavage complex. 

 The reduced effects of ciprofloxacin on GyrAS91F/D95G compared to the single mutant 

enzymes (GyrAS91F and GyrAD95G) strongly suggest that simultaneous substitution of both bridge-

anchoring residues severely diminishes the affinity of the enzyme for the fluoroquinolone. To 

determine whether this was the case, competition studies that monitored fluoroquinolone 

interactions at the site of the water-metal ion bridge were performed. To this end, the ability of 

ciprofloxacin to compete with 8-methyl-2,4-quinazolinedione was assessed (Figure 4.4). 

Quinazolinediones are similar in structure to fluoroquinolones but lack the C3/C4 keto-acid that is 

required to chelate the divalent metal ion used in the bridge.463, 464 Although they share a binding 

site with fluoroquinolones,55, 465 8-methyl-2,4-quinazolinedione and related compounds interact 

with bacterial type II topoisomerases through their C7 3’-(aminomethyl)pyrrolidinyl moiety,  
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Figure 4.4. Effects of 8-methyl-2,4-quinazolinedione on the DNA supercoiling activities 
of GyrAS91F/D95G N. gonorrhoeae gyrase.  
The ability of 8-methyl-2,4-quinazolinedione (8-Me-2,4-QD, structure at right) to inhibit DNA 
supercoiling catalyzed by GyrAS91F/D95G gyrase (purple) is shown in the left panel (IC50 = 19.7 ± 
1.2 µM). Error bars represent the standard deviation of at least 3 independent experiments. The 
ability of 0-500 µM ciprofloxacin to compete with 50 µM 8-methyl-2,4-quinazolinedione (QD) for 
GyrAS91F/D95G gyrase during DNA supercoiling is shown in the gel in the right panel. Reaction 
mixtures contained DNA in the absence of enzyme (DNA) or GyrAS91F/D95G gyrase in the absence 
of compound (ND, no drug), in the presence of either 50 µM 8-methyl-2,4-quinazolinedione 
(QD) or 500 µM ciprofloxacin (FQ) alone, or in the presence of 50 µM QD and increasing 
concentrations of ciprofloxacin (cipro, 50-500 µM). Both drugs were added to reaction mixtures 
simultaneously. The positions of relaxed (Relax) and negatively supercoiled [(–)SC] plasmid are 
indicated. The gel is representative of 3 independent experiments. 
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independent of the water-metal ion bridge.55, 463, 464, 466, 467 Consequently, quinazolinediones 

generally display high activity against fluoroquinolone-resistant type II topoisomerases.154, 155, 468  

 As seen in Figure 4.4, 8-methyl-2,4-quinazolinedione inhibits DNA supercoiling catalyzed 

by GyrAS91F/D95G with an IC50 of 19.7 µM. Because ciprofloxacin has virtually no effect on 

supercoiling catalyzed by the GyrAS91F/D95G double mutant enzyme (see Figure 4.2), if it effectively 

competes for enzyme binding with 8-methyl-2,4-quinazolinedione, the fluoroquinolone should 

overcome the ability of the quinazolinedione to inhibit this enzyme-catalyzed reaction. However, 

even at concentrations as high as 500 µM, ciprofloxacin displayed little ability to reverse the 

inhibition of DNA supercoiling at a near saturating concentration of quinazolinedione (see gel in 

Figure 4.4). This indicates that the affinity of ciprofloxacin for GyrAS91F/D95G gyrase is greatly 

reduced compared to the WT enzyme.  

To further study the effects of the double mutation on fluoroquinolone-gyrase interactions, 

we examined competition between ciprofloxacin and 8-methyl-2,4-quinazolinedione in DNA 

cleavage assays. As seen in Figure 4.5 (left panel), the quinazolinedione maintained (compared 

to WT enzyme) a high affinity and high maximal level of DNA cleavage with GyrAS91F/D95G. In 

contrast, ciprofloxacin did not enhance DNA scission at 500 µM with GyrAS91F/D95G (Figure 4.5, 

right, FQ lane). Thus, competition was monitored by the loss of quinazolinedione-induced double-

stranded DNA breaks. Although ciprofloxacin was able to compete with 8-methyl-2,4-

quinazolinedione, its competition IC50 value was ~10-fold higher than the CC50 value of the 

quinazolinedione against the double mutant enzyme and more than 100 times higher than its 

CC50 value against WT gyrase (see Figure 4.3). Taken together, competition studies bolster the 

conclusion that the loss of the water-metal ion bridge substantially impedes the interactions of 

ciprofloxacin with GyrAS91F/D95G. These results provide an overarching mechanism for the high 

levels of drug resistance observed in strains that carry gyrase mutations in both Ser91 and Asp95.  
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Figure 4.5. Effects of 8-methyl-2,4-quinazolinedione on the DNA cleavage activities of WT 
and GyrAS91F/D95G gyrase.  
The ability of 8-methyl-2,4-quinazolinedione (8-me-2,4-QD) to induce double-stranded (DS) DNA 
cleavage mediated by WT (black) and GyrAS91F/D95G gyrase (S91F/D95G, purple) is shown in the 
left panel. The inset table shows the corresponding CC50, including the standard error of the 
mean, and Max % DSB values. The ability of 0-500 µM ciprofloxacin (Cipro) to compete with 25 
µM 8-methyl-2,4-quinazolinedione (QD) for GyrAS91F/D95G gyrase-mediated DNA cleavage is 
shown in the right panel, including the IC50 value. Both drugs were added to reaction mixtures 
simultaneously. The relative contribution of the quinazolinedione to the total level of DNA 
cleavage was calculated as follows: (DS DNA cleavage in the presence of the quinazolinedione 
and fluoroquinolone – DS DNA cleavage in the absence of either compound) / (DS DNA cleavage 
in the presence of 25 µM quinazolinedione only). Error bars represent the standard deviation of 
at least 3 independent experiments. A gel image displaying the competition data quantified in the 
right panel is shown at the top. Reaction mixtures contained DNA in the absence of enzyme 
(DNA) or GyrAS91F/D95G gyrase in the absence of compound (ND, no drug), in the presence of 
either 25 µM 8-methyl-2,4-quinazolinedione (QD) or 500 µM ciprofloxacin (FQ) alone, or in the 
presence of 25 µM 8-methyl-2,4-quinazolinedione (QD) and increasing concentrations of 
ciprofloxacin (Cipro, 50-500 µM). The positions of nicked (Nick), linear (Lin), and negatively 
supercoiled [(–)SC] plasmid are indicated. The gel is representative of 3 independent 
experiments.  
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Topoisomerase IV-mediated fluoroquinolone resistance 

Although gyrase is the primary cellular target for fluoroquinolones in N. gonorrhoeae, 

laboratory strains and clinical isolates that carry additional mutations in topoisomerase IV display 

even higher levels of resistance.284, 456-460, 469-472  These findings indicate that topoisomerase IV is 

a secondary target for this drug class in N. gonorrhoeae.325, 455 Therefore, we evaluated the effects 

of ciprofloxacin on WT topoisomerase IV and enzymes that contained the single ParCS87N or 

ParCE91G mutation or the double ParCS87N/E91G mutation. These substitutions are associated with 

fluoroquinolone resistance in cellular and clinical studies and occur at the residues predicted to 

anchor the water-metal ion bridge in N. gonorrhoeae topoisomerase IV.154, 155, 305-309, 462   

Initial experiments examined the effects of ciprofloxacin on topoisomerase IV-catalyzed 

decatenation (Figure 4.6). The fluoroquinolone was a less potent catalytic inhibitor against WT 

topoisomerase IV (IC50 = 13.7 µM) than it was for gyrase (IC50 = 0.39 µM, see Figure 4.2). 

Furthermore, the mutations in the predicted bridge-anchoring residues had a smaller effect on the 

susceptibility of topoisomerase IV to ciprofloxacin than observed with gyrase. As compared to WT 

topoisomerase IV, the ParCS87N mutation had virtually no effect on the sensitivity of the enzyme 

to ciprofloxacin (IC50 = 16.4 µM). Moreover, the difference in the relative sensitivity between the 

WT enzyme and ParCE91G or ParCS87N/E91G was also smaller than observed for the mutations at 

analogous residues in gyrase (see Figure 4.2). 

Further experiments investigated the effects of ciprofloxacin on DNA cleavage mediated 

by WT and mutant N. gonorrhoeae topoisomerase IV (Figures 4.7). Once again, the 

fluoroquinolone appeared to be less potent against WT topoisomerase IV (CC50 = 7.4 µM) than 

gyrase (CC50 = 1.3 µM, see Figure 4.3). Levels of DNA scission mediated by WT topoisomerase 

IV above 50 µM ciprofloxacin were not included in Figure 4.7, as multiple cleavage events per 

plasmid were observed at higher drug concentrations. Thus, the actual CC50 value is likely to be  
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Figure 4.6. Effects of ciprofloxacin on the DNA decatenation activities of WT and mutant 
N. gonorrhoeae topoisomerase IV.  
The ability of ciprofloxacin to inhibit decatenation catalyzed by WT (black), ParCS87N (S87N, 
blue), ParCE91G (E91G, red), and ParCS87N/E91G (S87N/E91G, purple) topoisomerase IV is shown 
in the top panel. Error bars represent the standard deviations of at least 3 independent 
experiments. Corresponding IC50 values, including the standard error of the mean, and the fold-
change in IC50 from WT are indicated in the table at the bottom.   

 



 87 

 
 
 
  

Max % 
DSB

Fold-
ChangeCC50 (µM)ParC

30.0–7.4 ± 1.1WT
15.06.649.2 ± 7.5S87N

20.410.880.0 ± 15.7E91G

9.827.1200.7 ±
238.9

S87N/
E91G

0 125 250 375 500
0

10

20

30

[Ciprofloxacin] (µM)

%
 D

S
 D

N
A

 C
le

av
ag

e

S87N

E91G

WT

S87N/E91G

Figure 4.7. Effects of ciprofloxacin on the DNA cleavage activities of WT and mutant N. 
gonorrhoeae topoisomerase IV.  
The ability of ciprofloxacin to induce double-stranded (DS) DNA cleavage mediated by WT 
(black), ParCS87N (S87N, blue), ParCE91G (E91G, red), and ParCS87N/E91G (S87N/E91G, purple) 
topoisomerase IV is displayed in the top panel. Error bars represent the standard deviations of 
at least 3 independent experiments. The corresponding CC50, including the standard error of 
the mean, fold-change in CC50 from WT, and Max % DSB values are indicated in the table at 
the bottom.  
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higher than the calculated value. Even though the ParCS87N mutation had no effect on the 

susceptibility of topoisomerase IV to ciprofloxacin in decatenation assays, it affected both the 

potency (CC50 = 49.2 µM) and efficacy (Max % DSB = 15.0) of the drug in cleavage assays. 

Additionally, topoisomerase IV containing the ParCS87N/E91G double mutation displayed 

considerably higher levels of fluoroquinolone-induced cleavage activity (Max % DSB = 9.8) than 

was seen with gyrase (Max % DSB at 500 µM ciprofloxacin = 0.53). 

Taken together, the catalytic and DNA cleavage activities of N. gonorrhoeae 

topoisomerase IV suggest that, similar to gyrase, the mutation at ParC Ser87 affects the 

positioning of the fluoroquinolone in the active site, reducing its ability to stabilize cleavage 

complexes. However, unlike results with gyrase, individual mutations at bridge-anchoring 

residues (ParCS87N and ParCE91G) had a similar effect on ciprofloxacin sensitivity in DNA cleavage 

assays. This implies a greater role for the acidic residue in anchoring topoisomerase IV-

fluoroquinolone interactions than observed with gyrase.  

Unfortunately, the relatively high activity of ciprofloxacin against fluoroquinolone-resistant 

topoisomerase IV precluded the use of quinazolinedione competition studies to further analyze 

the role of the water-metal ion bridge in mediating drug-enzyme interactions. However, as 

compared with gyrase, the catalytic and DNA cleavage data for WT and mutant topoisomerase 

IV that harbor residues associated with fluoroquinolone resistance indicate that ciprofloxacin is 

less potent against topoisomerase IV and that mutations at bridge-anchoring residues have a 

lesser effect on the sensitivity of the enzyme to ciprofloxacin. Taken together, these findings may 

explain (at least in part) why topoisomerase IV is the secondary target of fluoroquinolones in N. 

gonorrhoeae.   

Finally, the number of clinical studies that report single mutations at either ParCS87N or 

ParCE91G in topoisomerase IV is limited, and conclusions are complicated by the fact that these 

residues are only observed in the background of fluoroquinolone resistance mutations in gyrase. 

456, 458, 460, 470, 472 Thus, further studies will be necessary to draw conclusions regarding the relative 
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importance of mutations at the two bridge-anchoring residues in N. gonorrhoeae topoisomerase 

IV to clinical resistance.  

In summary, fluoroquinolone-resistant N. gonorrhoeae is an immediate threat to global 

health. Unfortunately, little is known about the interactions of fluoroquinolones with gyrase and 

topoisomerase IV from this species. The work presented above links the effects of ciprofloxacin 

on gyrase to cellular and clinical studies and provides a mechanistic underpinning for the targeting 

and resistance of fluoroquinolones in N. gonorrhoeae.  
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CHAPTER V 

 

 

ACTIONS OF A NOVEL BACTERIAL TOPOISOMERASE INHIBITOR AGAINST 

NEISSERIA GONORRHOEAE GYRASE AND TOPOISOMERASE IV: ENHANCEMENT 

OF DOUBLE-STRANDED DNA BREAKS 
 

 

This chapter is adapted from Int. J. Mol. Sci. 2023, 24, 12107. Copyright 2023 by Soziema E. 

Dauda, Jessica A. Collins, Jo Ann W. Byl, Yanran Lu, Jack C. Yalowich, Mark J. Mitton-Fry, and 

Neil Osheroff. 

 

Introduction 

To address fluoroquinolone resistance, new classes of compounds are under 

development that also target gyrase/topoisomerase IV but interact with different amino acid 

residues in the enzymes.155, 266, 299, 330, 332, 333 As discussed in chapter I, the triazaacenaphthylene 

gepotidacin is the most clinically advanced member of the novel bacterial topoisomerase inhibitor 

(NBTIs) class.155, 266, 336, 338, 358, 361, 362 Results from global phase III clinical trials reported that 

gepotidacin was a safe and efficacious antibacterial therapy for the treatment of uncomplicated 

urinary tract infections caused by uropathogens, including E. coli.338, 358, 362, 473 Gepotidacin also 

successfully completed phase III trials for uncomplicated urogenital gonorrhea (N. 

gonorrhoeae).336, 361, 474 In contrast to fluoroquinolones, only a single NBTI molecule binds per 

cleavage complex.44, 299, 332 The left-hand side of the molecule sits in a pocket in the DNA on the 

two-fold axis of the complex, midway between the two DNA cleavage sites, and the right-hand 

side sits in a pocket on the two-fold axis between the two GyrA/ParC subunits.44, 299, 332 While 

fluoroquinolones induce gyrase/topoisomerase IV-mediated double-stranded breaks,154-156, 167, 303, 
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304 a hallmark of NBTIs is the generation of enzyme-mediated single-stranded DNA breaks and 

the suppression of double-stranded breaks.332, 352, 366 However, some dioxane-linked amide 

members of the NBTI class have been shown to induce double-stranded and single-stranded 

DNA breaks mediated by Staphylococcus aureus gyrase.345  

To further explore the ability of NBTIs to induce double-stranded DNA breaks mediated by 

bacterial type II topoisomerases, we examined the effects of OSUAB-185 on the DNA cleavage 

activity of N. gonorrhoeae gyrase and topoisomerase IV. Although a member of the NBTI class, 

the substituents on this dioxane-linked amide NBTI differ considerably from those of canonical 

members (Figure 5.1). Similar to other NBTIs, OSUAB-185 induced single-stranded and 

suppressed double-stranded DNA breaks mediated by N. gonorrhoeae gyrase. However, in 

contrast to NBTIs such as GSK126,366 OSUAB-185 stabilized both single- and double-stranded 

DNA breaks mediated by topoisomerase IV. It does not appear that the induction of double-

stranded breaks is due to the binding of a second NBTI molecule. The ability to induce double-

stranded DNA breaks extends to fluoroquinolone-resistant N. gonorrhoeae topoisomerase IV, as 

well as type II enzymes from other species. Together with previous work on the dioxane-linked 

amide NBTIs,345 the double-stranded DNA cleavage activity of OSUAB-185 represents a 

paradigm shift in the hallmark characteristic of NBTIs and suggests that some members of this 

class may have alternative binding motifs in the cleavage complex. 

 

Results 

OSUAB-185 induces double-stranded DNA cleavage mediated by N. gonorrhoeae 

topoisomerase IV 

A previous study demonstrated that some dioxane-linked NBTIs were able to induce 

double-stranded (in addition to single-stranded) DNA breaks mediated by S. aureus gyrase.345 

Therefore, to further explore the ability of this NBTI subclass to induce double-stranded DNA  
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Figure 5.1. OSUAB-185 enhances DNA cleavage mediated by N. gonorrhoeae gyrase 
and topoisomerase IV. 
The graphs show the effects of OSUAB-185 (top) on single-stranded (SSB, closed circle) and 
double-stranded (DSB, opened circle) DNA cleavage mediated by N. gonorrhoeae gyrase 
(red, left) and topoisomerase IV (Topo IV, blue, right). Note that the scaling of percent DNA 
cleavage on the y-axis differs between gyrase and topoisomerase IV. Error bars represent 
SDs for at least three independent experiments. Representative agarose gels for DNA 
cleavage assays with gyrase (left) and topoisomerase IV (right) are shown above the graphs. 
Control DNA (C) in the absence of enzyme and a linear DNA standard (L) are indicated. The 
positions of negatively supercoiled [(−)SC], nicked, and linear plasmid are shown. 
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breaks generated by bacterial type II topoisomerases and to address the basis for this activity, we 

assessed the effects of OSUAB-185 on DNA cleavage mediated by N. gonorrhoeae gyrase and 

topoisomerase IV (Figure 5.1). The NBTI displayed moderate activity against gyrase, increasing 

single-stranded DNA breaks to ~12.0% at a 5 µM compound (compared to a baseline level of 

~3.1%) with a CC50 value (concentration of compound required to induce 50% of maximal DNA 

cleavage) of ~0.9 µM. As reported previously for other NBTIs,332, 352, 366 induction of double-

stranded DNA cleavage was not observed. Although OSUAB-185 was less potent against 

topoisomerase IV (CC50 » 4.8 µM), it was considerably more efficacious, inducing ~40% single-

stranded DNA breaks at a 15 µM compound (compared to a baseline level of ~3.0%). Strikingly, 

OSUAB-185 also increased double-stranded DNA breaks mediated by topoisomerase IV. 

Approximately 10% double-stranded DNA breaks were observed at a 15 µM compound 

(compared to the baseline level of ~1%) with a CC50 value of ~5.7 µM. The increase in double-

stranded breaks is contrary to the hallmark of NBTIs, which is the induction of single-stranded 

DNA breaks by gyrase/topoisomerase IV and the suppression of enzyme-mediated double-

stranded DNA breaks.332, 352, 366 

To ensure that the DNA breaks induced by OSUAB-185 were being generated by gyrase 

and topoisomerase IV, two controls were carried out (Figure 5.2). First, no single- or double-

stranded DNA cleavage was observed in the presence of the 10 µM compound in the absence of 

an enzyme. Second, when DNA cleavage reactions were terminated by the addition of EDTA prior 

to SDS, DNA cleavage levels dropped for both enzymes. EDTA chelates the required catalytic 

Mg2+ ion, but only when the DNA is ligated.54 Therefore, the decrease in cleaved DNA following 

EDTA treatment is inconsistent with a non-enzymatic reaction. These data provide strong 

evidence that the DNA breaks observed in the presence of OSUAB-185 were generated by gyrase 

and topoisomerase IV. It is notable that all of the NBTI-induced double-stranded breaks generated 

by topoisomerase IV disappeared in the presence of EDTA. This finding suggests that they may 

be less stable than the single-stranded DNA breaks generated in the presence of the compound. 
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Figure 5.2. DNA cleavage induced by OSUAB-185 is medicated by N. gonorrhoeae 
gyrase and topoisomerase IV.  
Bar graphs show single-stranded (SSB, filled bars) and double-stranded (DSB, open bars) 
DNA cleavage mediated by N. gonorrhoeae gyrase (red, left) and topoisomerase IV (Topo IV, 
blue, right). Reactions contained negatively supercoiled DNA, with 10 μM OSUAB-185 in the 
absence of enzyme (185), gyrase (Gyr) or topoisomerase IV (TIV) in the absence of OSUAB-
185, or complete reaction mixtures that contained enzyme, DNA, and the NBTI 
(185/Gyr/SDS/EDTA and 185/TIV/SDS/EDTA). All of these reactions were stopped with SDS 
prior to the addition of EDTA. Alternatively, reactions that contained enzyme, DNA, and the 
NBTI were treated with 2 µL of 250 mM EDTA for 10 min prior to the addition of SDS 
(185/Gyr/EDTA/SDS and 185/TIV/EDTA/SDS). Note that the scaling of percent DNA cleavage 
on the y-axis differs between gyrase and topoisomerase IV and that gyrase reactions 
contained 200 nM enzyme, which is twice the concentration used in other cleavage assays, 
to increase baseline levels of DNA cleavage. Error bars represent SDs for at least three 
independent experiments. 
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To determine whether the relative levels of topoisomerase IV-mediated double- vs single-

stranded DNA breaks change with time, a time course for DNA scission with both enzymes was 

monitored (Figure 5.3). As with the NBTI titration, no appreciable double-stranded breaks were 

observed with gyrase (Figure 5.3, left panel). In contrast, double- and single-stranded DNA breaks 

were observed with topoisomerase IV and appeared to be generated coordinately (Figure 5.3, 

right panel). To analyze the formation of double-stranded DNA breaks by topoisomerase IV in 

greater detail, data from the [OSUAB-185] titration (Figure 5.1, as well as NBTI concentrations up 

to 200 µM) and the time course for cleavage (Figure 5.3) were converted to ratios of single-

stranded:double-stranded DNA breaks (Figure 5.4, left and right panel, respectively). The single-

stranded:double-stranded DNA break ratios remained constant over a wide range of NBTI 

concentrations and cleavage reaction times. These findings provide further evidence that the 

single- and double-stranded DNA breaks generated by N. gonorrhoeae topoisomerase IV in the 

presence of OSUAB-185 were generated coordinately. This result argues against a second NBTI 

molecule entering the active site of topoisomerase IV at higher concentrations of OSUAB-185 or 

over longer reaction times. It also argues against a change in the binding conformation of the 

NBTI over time.  

As a final demonstration that the induction of topoisomerase IV-mediated double-stranded 

DNA breaks by OSUAB-185 represents a novel mechanism of action, a titration of the NBTI was 

carried out in cleavage assays that replaced MgCl2 with CaCl2 (Figure 5.5). With some enzymes, 

Ca2+ dramatically raises baseline levels of single- and double-stranded DNA breaks, which affords 

a more ready assessment of NBTI effects on DNA cleavage.306, 352, 366, 401 Similar to previous 

results with other NBTIs, OSUAB-185 induced single-stranded DNA breaks and suppressed 

double-stranded breaks mediated by N. gonorrhoeae gyrase (Figure 5.5, left panel). However, in 

marked contrast, the NBTI enhanced both single- and double-stranded DNA cleavage mediated 

by topoisomerase IV (Figure 5.5, right panel). This finding provides strong evidence that OSUAB-

185 induces double-stranded DNA breaks mediated by N. gonorrhoeae topoisomerase IV. 
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Figure 5.3. Time courses for DNA cleavage mediated by N. gonorrhoeae gyrase and 
topoisomerase IV. 
Time courses for single-stranded (SSB, closed circle) and double-stranded (DSB, opened 
circle) DNA cleavage mediated by gyrase (red, left) and topoisomerase IV (Topo IV, blue, right) 
in the presence of 10 μM OSUAB-185 are shown. Error bars represent SDs for at least three 
independent experiments. 
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Figure 5.4. Ratios of NBTI-induced single-stranded to double-stranded DNA cleavage 
mediated by N. gonorrhoeae topoisomerase IV are maintained over OSUAB-185 
concentrations and reaction time. 
The ratios of single-stranded to double-stranded (SSB:DSB) DNA breaks over a concentration 
range of OSUAB-185 (left panel) or a time course of DNA cleavage (right panel) induced by 
10 µM NBTI with topoisomerase IV are shown. Error bars represent SDs for at least three 
independent experiments. 
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Figure 5.5. OSUAB-185 suppresses levels of double-stranded DNA cleavage mediated 
by N. gonorrhoeae gyrase and increases levels of double-stranded DNA breaks 
generated by topoisomerase IV. 
DNA cleavage reactions contained CaCl2 in place of MgCl2 to raise baseline levels of DNA 
scission. Graphs show the effects of OSUAB-185 on single-stranded (SSB, closed circle) and 
double-stranded (DSB, opened circle) DNA cleavage mediated by gyrase (red, left) and 
topoisomerase IV (Topo IV, blue, right). Error bars represent SDs for at least three independent 
experiments. 
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Stability of single- and double-stranded DNA breaks induced by OSUAB-185 

Other things being equal, drugs that generate the most stable cleavage complexes appear 

to be the most lethal in cells.431 Therefore, two approaches were utilized to assess the effects of 

OSUAB-185 on the stability of cleavage complexes formed by N. gonorrhoeae gyrase and 

topoisomerase IV. In the first approach, the effects of OSUAB-185 on the persistence of cleavage 

complexes were determined. In this assay, cleavage complexes were formed in the presence of 

high concentrations of enzyme and DNA, and the lifetimes of cleavage complexes were monitored 

following 20-fold dilution into a reaction buffer that lacked the catalytic divalent metal ion. While 

the shift in condition does not alter the DNA cleavage–ligation equilibrium in established cleavage 

complexes, complexes that disassociate are unlikely to reform. As seen in Figure 5.6, cleavage 

complexes formed with gyrase (monitoring single-stranded DNA cleavage, left panel) or 

topoisomerase IV (monitoring single-stranded DNA cleavage, middle panel, or double-stranded 

DNA cleavage, right panel) in the absence of the NBTI were highly unstable and rapidly 

disassociated following dilution. Complexes became considerably more stable in the presence of 

OSUAB-185. Consistent with the data from Figure 5.3, NBTI-induced double-stranded DNA 

breaks (t1/2 » 4 min) were less stable than single-stranded DNA breaks (t1/2 » 8 min) with 

topoisomerase IV. 

In the second approach, the effects of OSUAB-185 on the rate of gyrase/topoisomerase 

IV-mediated DNA ligation were monitored by shifting cleavage complexes from 37 °C to 65 °C (a 

temperature that allows ligation but not cleavage of the DNA).166 As seen in Figure 5.7, OSUAB-

185 had a modest effect on rates of ligation for single-stranded DNA breaks with gyrase (left 

panel) and topoisomerase IV (middle panel) and double-stranded breaks with topoisomerase IV 

(right panel). The NBTI generated slightly more stable single-stranded (t1/2 » 35 s) DNA cleavage 

complexes than double-stranded (t1/2 » 27 s) DNA cleavage complexes with topoisomerase IV. 
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Figure 5.6. OSUAB-185 induces stable DNA cleavage complexes with N. gonorrhoeae 
gyrase and topoisomerase IV. 
Persistence reactions were allowed to reach cleavage–ligation equilibrium before dilution in 
reaction buffer that lacked MgCl2. The subsequent stability of cleavage complexes was 
monitored. Persistence of single-stranded DNA (SSB, closed circle) cleavage complexes by 
gyrase (red, left panel) and topoisomerase IV (blue, middle panel) and double-stranded DNA 
(DSB, open circle) cleavage complexes by topoisomerase IV (blue, right panel) formed in the 
presence of 10 μM OSUAB-185 are shown. Persistence reactions carried out in the absence 
of the NBTI (No NBTI) are shown in black (SSB, closed circle; DSB, open circle). DNA 
cleavage prior to dilution of cleavage complexes was set to 100%. Error bars represent SDs 
of three independent experiments. 
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Figure 5.7. OSUAB-185 inhibits DNA ligation mediated by N. gonorrhoeae gyrase and 
topoisomerase IV. 
Ligation of single-stranded DNA (SSB, closed circle) cleavage complexes by gyrase (red, left 
panel) and topoisomerase IV (blue, middle panel) and double-stranded DNA (DSB, open 
circle) cleavage complexes by topoisomerase IV (blue, right panel) formed in the presence of 
10 μM OSUAB-185 are shown. DNA ligation was also monitored in the absence of the NBTI 
(black, SSB, closed circle; DSB, open circle). Levels of single- and double-stranded DNA 
cleavage prior to the induction of ligation were set to 100%. Error bars represent SDs for at 
least three independent experiments. 
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Effects of OSUAB-185 on fluoroquinolone-resistant N. gonorrhoeae gyrase and topoisomerase 

IV 

To determine whether OSUAB-185 is able to overcome fluoroquinolone resistance in N. 

gonorrhoeae type II enzymes, the effects of the NBTI on gyrase that contained GyrAS91F and 

topoisomerase IV that contained ParCS87N were examined. These two amino acid substitutions 

represent the most prevalent fluoroquinolone-resistant mutations in N. gonorrhoeae gyrase and 

topoisomerase IV, respectively (Figure 5.8).325, 461 Levels of DNA cleavage with GyrAS91F gyrase 

(top left panel) were similar to those obtained with the wild-type enzyme and only single-stranded 

DNA cleavage was induced by OSUAB-185. However, the NBTI was ~4-fold less potent against 

the GyrAS91F mutant. In contrast, levels of NBTI-induced DNA scission with ParCS87N 

topoisomerase IV (top right panel) were ~3 to 4-fold lower than observed for the wild-type enzyme, 

and OSUAB-185 maintained its potency. Once again, the NBTI induced single- and double-

stranded DNA scission with fluoroquinolone-resistant topoisomerase IV. These findings predict 

that the NBTI would retain at least some activity against fluoroquinolone-resistant N. gonorrhoeae 

cells harboring common mutations in gyrase/topoisomerase IV. They also suggest that the 

fluoroquinolone-resistant mutations do not alter the mechanism of action of OSUAB-185 against 

bacterial type II topoisomerases. 

 

Effects of OSUAB-185 on gyrase and topoisomerase IV from E. coli and S. aureus 

To determine whether OSUAB-185 is able to induce double-stranded DNA breaks with 

type II topoisomerases from other species (Figure 5.9), the effects of the NBTI on DNA cleavage 

mediated by gyrase (left panels) and topoisomerase IV (right panels) from E. coli (Figure 5.9A) 

and S. aureus (Figure 5.9B) were assessed. Note that the induction of double-stranded DNA 

breaks by OSUAB-185 and S. aureus gyrase has been reported previously.345 To at least some  
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Figure 5.8. Activity of OSUAB-185 against N. gonorrhoeae gyrase and topoisomerase 
IV that contain fluoroquinolone-resistance mutations.  
The effects of OSUAB-185 on single-stranded (SSB, closed circle) and double-stranded (DSB, 
open circle) DNA cleavage mediated by fluoroquinolone-resistant GyrAS91F gyrase (S91F 
GyrA; top left, red) and ParCS87N topoisomerase IV (S87N ParC; top right, blue) are shown. 
Error bars represent SDs of three independent experiments. A summary table of DNA 
cleavage mediated by WT and mutant N. gonorrhoeae gyrase and topoisomerase IV is shown 
at the bottom. CC50 values are indicated for the enhancement of single-stranded and double-
stranded DNA cleavage. Maximal levels of NBTI-induced DNA scission (Max %) are also 
shown. Significant levels of double-stranded DNA breaks were not observed with WT or 
GyrAS91F gyrase. The ratio of single-stranded to double-stranded DNA breaks (SSB:DSB) were 
calculated at maximal levels of DNA cleavage for WT and ParCS87N topoisomerase IV. 
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Figure 5.9. OSUAB-185 induces double-stranded DNA breaks mediated by gyrase and 
topoisomerase IV from E. coli and S. aureus. 
 The effects of OSUAB-185 on single-stranded (SSB, closed circles) and double-stranded 
(DSB, open circles) DNA cleavage mediated by gyrase (red, left panels) and topoisomerase 
IV (blue, right panels) from E. coli (A) and S. aureus (B) are shown. Error bars represent SDs 
of three independent experiments. 
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extent, OSUAB-185 induced double-stranded breaks with all four of the enzymes. Double-

stranded DNA breaks were especially prominent with E. coli topoisomerase IV. These data 

indicate that the ability of the NBTI to generate enzyme-mediated double-stranded DNA breaks 

is not confined to N. gonorrhoeae or type II topoisomerase. 

 

Effects of OSUAB-185 on human topoisomerase IIα 

Very little is known about the interaction of NBTIs with human type II topoisomerases.344, 

475, 476 Therefore, the effects of OSUAB-185 on DNA cleavage mediated by human topoisomerase 

IIα was determined (Figure 5.10). The NBTI displayed reasonable activity against the human type 

II enzyme, with CC50 values in the low µM range. In addition, similar to the results with some of 

the bacterial enzymes, OSUAB-185 induced moderate levels of double-stranded DNA breaks with 

the human enzyme (maximal levels of cleavage of ~11% and ~8.5% for single- and double-

stranded DNA breaks, respectively). This last finding provides further evidence that some 

members of the NBTI class are capable of generating enzyme-mediated double-stranded DNA 

breaks. 

 

Discussion 

NBTIs are an emerging class of compounds with antibacterial activity. In contrast to 

fluoroquinolones, a hallmark of most NBTIs is their ability to induce gyrase/topoisomerase IV-

mediated single-stranded breaks in DNA and suppress the formation of double-stranded 

breaks.332, 352, 366 Together with a previous study, the present work provides strong evidence that 

select dioxane-linked amide NBTIs are also capable of generating double-stranded DNA breaks 

mediated by type II topoisomerases from a variety of bacterial species, as well as humans.345 
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Figure 5.10. Effects of OSUAB-185 on DNA cleavage mediated by human topoisomerase 
IIα. 
The graph shows the effects of OSUAB-185 on single-stranded (SSB, purple, closed circle) 
and double-stranded (DSB, purple, open circle) DNA cleavage mediated by human 
topoisomerase IIα. Error bars represent standard error of the mean of two independent 
experiments. 
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Fluoroquinolones induce double-stranded DNA breaks because two drug molecules bind 

in the active site of gyrase and topoisomerase IV, with one molecule stabilizing a cleaved scissile  

bond on each strand of the double helix.167, 303, 304 In contrast, only a single NBTI molecule binds 

in the active site of the bacterial type II topoisomerases, with the molecule binding midway 

between the two scissile bonds.44, 299, 332 It is believed that canonical NBTIs stabilize single-

stranded and suppress double-stranded DNA breaks by distorting the active site of 

gyrase/topoisomerase IV in a manner that inhibits ligation of the first strand but does not allow 

cleavage of the second.299, 332 It is not known how OSUAB-185 and potentially other dioxane-

linked amide NBTIs generate double-stranded breaks. Results from OSUAB-185 titrations 

(Figures 5.1 and 5.4) and time course experiments (Figures 5.3 and 5.4) strongly suggest that it 

is not due to the binding of a second molecule of a compound. Potentially, this NBTI has two 

mutually exclusive binding configurations that distort the active site of the enzyme differently. In 

the first, the NBTI acts as a canonical member of this class and induces distortion after one strand 

is cut to inhibit ligation and prevent cleavage of the second strand (thus enhancing single-stranded 

DNA breaks). In the second, the NBTI acts in a non-canonical manner and only induces the 

dramatic active site distortion after both DNA strands are cleaved (thus enhancing double-

stranded DNA breaks). Future structural studies are needed to determine if this is the case. 

The activity of OSUAB-185 against topoisomerase IIα suggests that this member of this NBTI 

subclass might cross over to human systems if used to treat infections. However, our results raise 

an interesting possibility. The double-stranded DNA breaks generated by human type II 

topoisomerases during transcription have the potential to trigger secondary leukemias in a small 

percentage of patients treated with topoisomerase II-targeted anticancer drugs.78, 176, 208, 212, 477 If 

a drug was developed that induced only single-stranded DNA breaks with human type II 

topoisomerases, it is possible that it could overcome the secondary leukemias observed with 

current drugs. Although OSUAB-185 induced both single- and double-stranded DNA breaks 
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mediated by human topoisomerase IIα, our findings open the door for future work on NBTIs and 

human type II topoisomerases. 
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CHAPTER VI 

 

 

ACTIONS OF SPIROPYRIMIDINETRIONES AGAINST NEISSERIA GONORRHOEAE 

TYPE II TOPOISOMERASES 
 

 

Introduction 

In response to increasing resistance that undermines the clinical use of fluoroquinolones, 

a novel class of gyrase/topoisomerase IV-targeted antibacterials with a spiropyrimidinetrione 

(SPT) pharmacophore have been developed.330, 478, 479 Zoliflodacin is the leading clinical candidate 

of this class and recently completed phase III clinical trials for the treatment of uncomplicated 

gonorrhea.335, 337 As discussed in chapter I, two SPT molecules bind to the gyrase/topoisomerase 

IV-DNA complex at the cleaved scissile bond (one molecule per DNA strand). However, 

zoliflodacin and other SPTs interact with active site residues distinct from those of 

fluoroquinolones. While zoliflodacin displays activity against gyrase and topoisomerase IV in vitro, 

gyrase appears to be the primary cytotoxic target of the drug in N. gonorrhoeae cells.329, 382  

  Despite the advanced clinical develop of zoliflodacin,335, 337 few studies have 

assessed the interactions between SPTs and bacterial type II topoisomerases. Therefore, we 

characterized the actions of zoliflodacin and a related SPT analogue, H3D-005722, on the in vitro 

activities of gyrase and topoisomerase IV from N. gonorrhoeae.  Results strongly suggest that the 

disparate activities of SPTs against N. gonorrhoeae gyrase and topoisomerase IV contribute to 

their physiological targeting and toxicity. Furthermore, gyrase-SPT interactions do not appear to 

be affected by fluoroquinolone-resistance mutations in N. gonorrhoeae. Finally, this drug class 

interacts with gyrase and topoisomerase IV distinctly within and across bacterial species. 
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Results and Discussion 

Effects of SPTs on the catalytic and DNA cleavage activities of N. gonorrhoeae gyrase and 

topoisomerase IV 

A previous study showed that zoliflodacin inhibited the catalytic activities of gyrase and 

topoisomerase IV and enhanced double-stranded DNA scission mediated by the type II 

enzymes.329 Therefore, to further address the enzymological basis for the activity of  zoliflodacin 

and related SPT analogues against bacterial type II topoisomerases, we assessed the 

susceptibility of the N. gonorrhoeae type II topoisomerases to inhibition of catalysis by zoliflodacin 

and H3D-005722 (see Figure 1.12), a novel SPT analog optimized for its activity against M. 

tuberculosis gyrase,387, 389, 390 (Figure 6.1). Both SPTs inhibited DNA supercoiling and DNA 

decatenation catalyzed by gyrase and topoisomerase IV, respectively, but the drugs were more 

potent against gyrase with micromolar IC50 values. Both SPTs were unable to inhibit 

topoisomerase IV-catalyzed DNA decatenation more than 30% at 200 µM. 

In addition to inhibiting catalysis, zoliflodacin and H3D-005722 also enhanced double-

stranded DNA scission mediated by N. gonorrhoeae gyrase and topoisomerase IV (Figure 6.2). 

Both SPTs increased levels of double-stranded DNA scission against gyrase with similar dose 

responses and achieved a maximal percentage of double-stranded DNA breaks (max % DSB) of 

~30-33% at 100 µM SPT. In contrast, H3D-005722 induced nearly 3-fold higher levels of double-

stranded DNA scission mediated by topoisomerase IV compared with that of zoliflodacin (max % 

DSB = 32.5 vs 12.1). Although H3D-005722 was selected for its specificity against M. tuberculosis 

and its corresponding gyrase,387, 389, 390 results from in vitro experiments suggest this compound 

may also possess antimicrobial activity against cultured N. gonorrhoeae.  
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Figure 6.1. Effects of zoliflodacin and H3D-005722 on DNA supercoiling and DNA 
decatenation catalyzed by N. gonorrhoeae gyrase and topoisomerase IV, respectively.  
The effects of zoliflodacin (Zoli, blue) and H3D-005722 (5722, maroon) on the supercoiling of 
relaxed DNA by gyrase (left) and on the decatenation of kinetoplast DNA by topoisomerase IV 
(right) are shown. Error bars represent the standard deviation (SD) of at least 3 independent 
experiments. The table displays the half maximal inhibitory concentration (IC50) for each drug 
to inhibit the catalytic activity of gyrase or topoisomerase IV.  
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Figure 6.2. Effects of zoliflodacin and H3D-005722 on DNA scission mediated by N. 
gonorrhoeae gyrase and topoisomerase IV. 
The ability of zoliflodacin (Zoli, blue) and H3D-005722 (5722, maroon) to induce double-
stranded (DS) DNA cleavage mediated by gyrase (left) and topoisomerase IV (left) are shown. 
Error bars represent the standard deviation of at least 3 independent experiments. The table at 
the bottom lists the CC50 value (the drug concentration at which 50% maximal DS DNA cleavage 
is reached) for each enzyme and the Max % DSB value (maximal percentage of DS DNA 
breaks) induced at 100 µM SPT.  
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Stability of double-stranded DNA breaks induced by zoliflodacin 

 A study conducted with human topoisomerase II found that, other things being equal, 

drugs that generate the most stable cleavage complexes are the most cytotoxic to cells.431 

Therefore, two approaches were employed to investigate the effects of zoliflodacin on the stability 

of cleavage complexes formed by N. gonorrhoeae gyrase and topoisomerase IV. First, the 

persistence of cleavage complexes in the absence and presence of zoliflodacin was assessed. 

In the assay, cleavage complexes were formed in the presence of high concentrations of 

gyrase/topoisomerase IV and DNA, and the lifetimes of cleavage complexes were monitored 

following 20-fold dilution into a reaction buffer that lacked the catalytic divalent metal ion. While 

the shift in condition does not alter the DNA cleavage–ligation equilibrium in established cleavage 

complexes, complexes that disassociate are unlikely to reform. As seen in Figure 6.3, 

gyrase/topoisomerase IV-DNA cleavage complexes were highly unstable in the absence of drug 

and rapidly disassociated following dilution (t½ >5 s). The stability of these complexes increased 

considerably in the presence of zoliflodacin. Nevertheless, the gyrase-DNA-SPT complex was 

~10 times more stable (t½ ~10 min) than the topoisomerase IV complex (t½ ~1 min), 

In the second approach, the effects of zoliflodacin on the rate of gyrase/topoisomerase IV-

mediated DNA ligation were monitored. In the assay, cleavage complexes were shifted from 37 

°C to 65 °C (a temperature that allows DNA ligation but not DNA cleavage), and the loss of double-

stranded DNA breaks was followed. As seen in Figure 6.4, cleavage complexes formed in the 

absence of the SPT were rapidly religated by gyrase (t½ =19.8 s) and topoisomerases IV (t½ = 15 

s). Zoliflodacin had a significant effect on ligation rates for double-stranded DNA breaks with N. 

gonorrhoeae gyrase (t½ > 60 s) but only modestly affected rates of topoisomerase IV-mediated 

ligation (t½ = 17 s). Taken together, these findings suggest that the gyrase-DNA-SPT complex is 

more stable than the topoisomerase IV complex, which support results from cellular studies that 

gyrase is the primary cytotoxic target of zoliflodacin in N. gonorrhoeae.381, 382 
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Figure 6.3. Effects of zoliflodacin on the persistence of DNA cleavage complexes formed 
by N. gonorrhoeae gyrase and topoisomerase IV.  
Reactions were allowed to reach cleavage–ligation equilibrium before dilution in reaction buffer 
that lacked MgCl2. The subsequent stability of cleavage complexes was monitored. Persistence 
of double-stranded DNA cleavage complexes mediated by gyrase (left) and topoisomerase IV 
(right) formed in the presence of 100 μM zoliflodacin (blue) are shown. Persistence assays 
carried out in the absence of the SPT (No Drug) are shown in black. DNA cleavage prior to 
dilution of cleavage complexes was set to 100%. Error bars represent SDs of at least 3 
independent experiments. The table at the bottom lists the t1/2 value (the time at which a 50% 
reduction in DS DNA cleavage is reached) for each enzyme.  
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Figure 6.4. Effects of zoliflodacin on DNA religation mediated by N. gonorrhoeae gyrase 
and topoisomerase IV.  
Ligation of double-stranded DNA cleavage complexes by gyrase (left) and topoisomerase IV 
(right) formed in the presence of 100 μM zoliflodacin are shown. DNA ligation was also 
monitored in the absence of the SPT (black). Levels of double-stranded DNA cleavage prior to 
the induction of ligation were set to 100%. Error bars represent SDs of at least 3 independent 
experiments. The table at the bottom lists the t1/2 value for each enzyme.  
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Activities of zoliflodacin against fluoroquinolone-resistant N. gonorrhoeae gyrase  

  Despite the overwhelming need to develop novel antibacterials that overcome 

target-mediated fluoroquinolone resistance, few studies have reported the interactions of SPTs 

with fluoroquinolone-resistant type II topoisomerases.329, 387 Therefore, we investigated the effects 

of zoliflodacin on the catalytic and DNA cleavage activities of WT gyrase as well as the individual 

(GyrAS91F and GyrAD95G) and double (GyrAS91F/D95G) mutants associated with fluoroquinolone 

resistance in cellular studies and clinical isolates. 

  Zoliflodacin was a potent inhibitor of DNA supercoiling catalyzed by WT, GyrAS91F, 

GyrAD95G, and GyrAS91F/D95G N. gonorrhoeae gyrase (Figure 6.5). The SPT inhibited the WT 

enzyme with an IC50 value of 1.5 µM, but the potency dropped 2-3-fold against enzymes harboring 

fluoroquinolone-resistant mutations (IC50 = 3.0-4.5 µM).  

We also compared the effects of zoliflodacin on DNA cleavage mediated by WT and 

fluoroquinolone-resistant gyrase (Figure 6.6). Congruent with results obtained for DNA 

supercoiling, zoliflodacin displayed similar potency against WT and mutant gyrases (CC50 Fold-

Change = 0.9-1.5). In fact, GyrAS91F and GyrAS91F/D95G gyrase were slightly more sensitive to 

zoliflodacin (CC50 = 14.1 and 15.0 µM, respectively) than WT gyrase (CC50 = 16.2 µM). However, 

this small increase in SPT sensitivity was accompanied by a reduction in drug efficacy, as maximal 

levels of double-stranded DNA breaks fell from 32.9% (WT) to 25.8% (GyrAS91F) and 23.5% 

(GyrAS91F/D95G). Unlike the latter two mutant enzymes, GyrAD95G gyrase enhanced SPT-induced 

double-stranded DNA cleavage to the same level as WT (max % DSB = ~33%).  

Overall, these results provide additional support that SPTs are not cross-resistant with 

fluoroquinolones and suggest that fluoroquinolone-resistant mutations do not alter the mechanism 

of action of zoliflodacin against gyrase. The findings further imply that zoliflodacin can overcome 

fluoroquinolone-resistance in cultured N. gonorrhoeae as well as in human gonorrheal infections.   
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Figure 6.5. Effects of zoliflodacin on DNA supercoiling catalyzed by WT and 
fluoroquinolone-resistant N. gonorrhoeae gyrase. 
The abilities of WT (black), GyrAS91F (S91F, blue), GyrAD95G (D95G, red) and GyrAS91F/D95G 
(S91F/D95G, purple) gyrase to supercoil relaxed plasmid in the presence of zoliflodacin are 
shown in the left panel. Error bars represent the standard deviation of at least 3 independent 
experiments. The table indicates the corresponding IC50 values, and the fold-change in IC50 
from WT. 
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Figure 6.6. Effects of zoliflodacin on DNA cleavage mediated by WT and fluoroquinolone-
resistant N. gonorrhoeae gyrase.  
The ability of zoliflodacin to induce double-stranded (DS) DNA cleavage mediated by WT 
(black), GyrAS91F (S91F, blue), GyrAD95G (D95G, red), and GyrAS91F/D95G (S91F/D95G, purple) 
gyrase are shown in the top panel. Error bars represent the standard deviation of at least 3 
independent experiments. The table at the bottom lists the CC50 value for each enzyme, the 
fold-change in CC50 from WT, and the Max % DSB value induced at 100 µM SPT. 
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Effects of SPTs on gyrase and topoisomerase IV from B. anthracis and E. coli 

Because fluoroquinolones have been shown to interact with gyrase and topoisomerase IV 

differently within and across species, we assessed the ability of the SPTs to induce DNA breaks 

mediated by gyrase and topoisomerase IV from E. coli and B. anthracis (Figure 6.7).380, 383  

Surprisingly, zoliflodacin induced both single-stranded and double-stranded DNA breaks 

mediated by gyrase and topoisomerase IV from these species. This result prompted us to 

consider whether N. gonorrhoeae type II topoisomerases mediated single-stranded DNA breaks 

induced by zoliflodacin. Therefore, single-stranded DNA cleavage induced by the SPT was 

quantified from the experiments shown in Figure 6.1. The SPT increased levels of single-stranded 

DNA scission (above baseline) mediated by N. gonorrhoeae topoisomerase IV, but not gyrase. In 

contrast, zoliflodacin induced nearly equivalent levels of single-stranded and double-stranded 

DNA breaks mediated by B. anthracis topoisomerase IV and the type II enzymes from E. coli. 

Only B. anthracis gyrase showed a higher susceptibility for SPT-induced single-stranded DNA 

breaks compared with double-stranded breaks. For this enzyme, single-stranded DNA breaks 

approached 50% at 100 µM SPT, while double-stranded breaks reached ~25% at the same 

concentration. In summary, both SPT compounds enhanced enzyme-mediated single-stranded 

and double-stranded DNA scission in these species, but the ratios of single-stranded to double-

stranded breaks varied across species and enzyme. These results indicate that SPTs interact with 

gyrase and topoisomerase IV distinctly within and across bacterial species. 
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Figure 6.7. Effects of zoliflodacin on single-stranded and double-stranded DNA scission 
mediated by gyrase and topoisomerase IV from N. gonorrhoeae, E. coli, and B. anthracis.  
Single-stranded (SS, open bar) and double-stranded (DS, closed bar) DNA scission mediated 
by gyrase (top) and topoisomerase IV (bottom) from N. gonorrhoeae (red), E. coli (gray), and 
B. anthracis (blue) induced in the absence or presence of 100 µM zoliflodacin are shown. Note 
that the % DNA cleavage scale for topoisomerase IV (bottom) is half of that for gyrase (top). 
Error bars represent the standard deviation of at least 3 independent experiments.  
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CHAPTER VII 

 

 

CONCLUSIONS AND IMPLICATIONS 

 

 

Type II topoisomerases are the targets for many successful anticancer and antibacterial 

drugs used to treat some of the deadliest diseases in the world. However, the therapeutic efficacy 

of type II topoisomerase-targeted agents has been compromised. Anticancer drugs that target 

human topoisomerase II are riddled with off-target toxicities, notably therapy-related leukemias 

and cardiomyopathies, that curtail their clinical utility. Moreover, the escalating prevalence of drug-

resistant bacterial infections has eroded the limited arsenal of gyrase/topoisomerase IV-targeted-

agents available to combat these diseases. A comprehensive understanding of the actions, 

resistance mechanisms, and underlying toxicities of drugs that target the type II enzymes is 

essential in addressing these growing challenges. 

This dissertation has sought to define the activities of environmentally and clinically 

important agents against human and bacterial type II topoisomerases, respectively. In particular, 

these studies have focused on characterizing the actions of established (fluoroquinolones) and 

emerging (novel bacterial topoisomerase inhibitors and spiropyrimidinetriones) antibacterial 

classes that target gyrase and topoisomerase IV.  

 

Overcoming Fluoroquinolone Resistance 

Nearly 1.3 million people died from antimicrobial resistant infections in 2019, and this 

number is projected to grow to 10 million deaths a year by 2050 unless novel antibacterials are 

developed.480, 481  A pathogen of emergent concern is drug-resistant N. gonorrhoeae, which is 
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ranked as one of five “urgent threats” (the highest threat level) by the CDC.448 This pathogen has 

been the central focus of the studies reported in this dissertation. As discussed in Chapter I, 

fluoroquinolones represent a class of critically important broad spectrum antibacterial drugs used 

to treat a myriad of bacterial infections, such as gonorrhea. However, increasing levels of 

resistance have curbed their clinical use.320, 321, 326  As an example, in 2021, ~33% of clinical N. 

gonorrhoeae isolates in the United States were resistant to ciprofloxacin, and in parts of Asia, 

fluoroquinolone resistance reaches 100%.447, 482 

The most important and prevalent mechanism of fluoroquinolone resistance is target-

mediated and is caused by specific mutations in a highly conserved serine and acidic residue in 

the A subunit of gyrase and topoisomerase IV.154-156, 266 Structural and enzymological studies have 

shown that the serine and acidic residues anchor a “water-metal ion bridge” between the 

fluoroquinolone and the enzyme.154, 155, 167, 303, 304 This bridge plays a critical role in mediating the 

actions of fluoroquinolones against bacterial type II topoisomerases, although its architecture and 

function varies between species and enzymes. As an example, M. tuberculosis gyrase uses the 

acidic residue alone for fluoroquinolone binding, whereas E. coli topoisomerase IV uses both the 

serine and acidic residues to position the fluoroquinolone in the active site. In either case, 

resistance mutations disrupt the use and function of the water-metal ion bridge, thereby reducing 

the sensitivity of the enzyme to the fluoroquinolone.155, 305-310, 466  

Although the water-metal ion bridge appears to be a universal feature of fluoroquinolone-

gyrase/topoisomerase IV interactions, little is known about the utilization of this bridge and its 

contributions to resistance in N. gonorrhoeae. One of the goals of this dissertation has been to 

describe the actions and resistance mechanisms of the established fluoroquinolone class of 

antibacterials against gyrase and topoisomerase IV.  

Chapter IV reports the utilization and function of the water-metal ion bridge in N. 

gonorrhoeae and highlights the mechanistic basis for target-mediated fluoroquinolone resistance 
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in this species. For N. gonorrhoeae gyrase, both the serine and acidic residues anchor the bridge, 

which contributes to fluoroquinolone binding and positioning. Fluoroquinolone-topoisomerase IV 

interactions are less clear, but results suggest that the acidic residue primarily functions to position 

ciprofloxacin in the active site. These results underscore the critical role of the water-metal ion 

bridge in mediating fluoroquinolone-topoisomerase interactions and highlight the unique functions 

of the bridge across species and enzymes. 

Furthermore, gyrase-mediated fluoroquinolone resistance in N. gonorrhoeae correlates 

with the loss of DNA cleavage rather than catalytic function. This result implies that the mechanism 

of drug toxicity is linked to the induction of enzyme-generated double-stranded DNA breaks rather 

than the loss of essential enzyme activities.  

Consistent with genetic and cellular studies in which gyrase is the primary and topoisomerase 

IV is the secondary target of fluoroquinolones, ciprofloxacin is more potent against gyrase than 

topoisomerase IV in N. gonorrhoeae. These in vitro results explain (at least in part) the intrinsic 

differences in fluoroquinolone activity and targeting to the type II enzymes in this species. The 

fact that a single mutation in gyrase is sufficient to cause levels of resistance that allow cells to 

escape fluoroquinolone treatment or potentially acquire additional mutations (in either the primary 

or secondary target) that lead to highly resistant strains emphasizes the potential clinical 

consequences of unbalanced gyrase/topoisomerase IV targeting.156, 279, 294  

 Beyond defining the utilization of the water-metal ion bridge and basis for fluoroquinolone 

resistance in N. gonorrhoeae, another focus of this dissertation has been to characterize the 

actions of two emerging classes of antibacterials that target gyrase and topoisomerases: novel 

bacterial topoisomerase inhibitors (NBTIs) and spiropyrimidinetriones (SPTs).299, 330 Both classes 

enhance levels of DNA breaks and inhibit the catalytic activities of gyrase and topoisomerase 

IV.329, 332 However, SPTs enhance both single- and double-stranded DNA cleavage, while NBTIs 

primarily stabilize single-stranded DNA breaks and suppress double-stranded DNA scission.329, 
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332, 352 Unlike fluoroquinolones, SPTs and NBTIs do not mediate their interactions with the type II 

enzymes using the water-metal ion bridge and have the potential to overcome fluoroquinolone-

resistant infections.329, 363, 382, 383  

 Chapter V describes the actions of a dioxane-linked NBTI, OSUAB-185. As mentioned 

above, a hallmark characteristic of NBTIs is the induction of single-stranded and suppression of 

double-stranded DNA breaks.299, 332, 352 However, results from this study have challenged this 

paradigm.  

As anticipated, OSUAB-185 induces single-stranded and suppresses double-stranded 

DNA breaks mediated by N. gonorrhoeae gyrase. However, the compound stabilizes both single- 

and double-stranded DNA breaks mediated by topoisomerase IV. The induction of double-

stranded breaks does not appear to correlate with the binding of a second OSUAB-185 molecule 

and extends to fluoroquinolone-resistant N. gonorrhoeae topoisomerase IV, as well as type II 

enzymes from other bacteria and humans. Results further suggest that some NBTIs may have 

alternative binding motifs in the cleavage complex. Recent reports of the induction of single-

stranded and double-stranded DNA scission by other structurally diverse NBTIs offers additional 

support to this hypothesis.369 

Although the activity of OSUAB-185 against human topoisomerase IIa abridges its clinical 

potential, it is important to note that OSUAB-185 maintains some activity against fluoroquinolone-

resistant type II enzymes, highlighting the potential for other members of this class to overcome 

resistance. Gepotidacin, a triazaacenaphthylene NBTI that successfully completed phase III trials 

for urinary tract and gonorrheal infections,338, 474  is one such example. This drug displayed well-

balanced, dual-targeting of the E. coli type II topoisomerases.338, 365 It is assumed that this well-

balanced, dual-targeting of gyrase and topoisomerase IV will taper the emergence of resistance 

and increase the clinical lifespan of gepotidacin and related compounds. 
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Chapter VI examines the activities of zoliflodacin, an SPT that recently completed phase 

III trials for uncomplicated gonorrhea,335, 337 and H3D-005722, a novel SPT analogue,387, 389 

against the gyrase and topoisomerase IV from the pathogenic agent of gonorrhea, N. 

gonorrhoeae. Like fluoroquinolones, SPT targeting of gyrase and topoisomerase IV in N. 

gonorrhoeae appears to be unbalanced. Genetic studies indicate that gyrase is the primary target 

of zoliflodacin in this species, and topoisomerase IV is assumed to be the secondary target.382 

The in vitro experiments presented herein support the findings from cellular studies that gyrase is 

the primary cytotoxic target of zoliflodacin in N. gonorrhoeae. First, zoliflodacin and H3D-005722 

are more potent inhibitors of gyrase-catalyzed DNA supercoiling and enhancers of gyrase-

mediated DNA cleavage than the corresponding DNA reactions catalyzed/mediated by 

topoisomerase IV.  Second, gyrase-DNA-SPT cleavage complexes are intrinsically more stable 

than topoisomerase IV complexes. Taken together, these results strongly suggest that the activity 

of SPTs against gyrase and topoisomerase IV influence the targeting and toxicity of this class in 

cells.  

Zoliflodacin is also a potent inhibitor of catalysis and enhancer of DNA cleavage with 

fluoroquinolone-resistant gyrase. At present, the relative contributions of DNA cleavage 

enhancement and catalytic inhibition to SPT-induced cell death are poorly understood. Studies 

with fluoroquinolone-resistant topoisomerase IV mutants are still ongoing but are expected to 

provide additional insight on the ability of SPTs to overcome fluoroquinolone resistance in N. 

gonorrhoeae.   

The studies presented in chapters IV, V, and VI present a unique perspective on 

fluoroquinolone resistance and the strategies to address it. Together, these biochemical results 

support three main points: 1) fluoroquinolone cytotoxicity in N. gonorrhoeae is linked to the 

induction of gyrase-generated breaks in the bacterial chromosome as opposed to the loss of 

gyrase catalytic activity; 2) members of the NBTI class have the potential to overcome resistance 
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through well-balanced dual targeting of gyrase and topoisomerase IV; 3) zoliflodacin maintains 

high activity against fluoroquinolone-resistant type II topoisomerases in N. gonorrhoeae. These 

conclusions underscore the clinical promise of emerging gyrase/topoisomerase IV-targeted 

antibacterials that overcome target-mediated fluoroquinolone resistance. 

 

Future Studies 

Future studies will be needed to investigate the translatability of biochemical results to 

cellular systems. First, differing levels of gyrase and topoisomerase IV protein across bacterial 

growth stages may account, in part, for incongruencies between the genetic and in vitro studies. 

Experiments to determine cellular concentrations of gyrase and topoisomerase IV during lag- and 

log-phase N. gonorrhoeae growth are critical for understanding drug action and targeting in 

cellular environments. For example, high cellular concentrations of gyrase (compared with 

topoisomerase IV) would promote drug poisoning of gyrase due to its relative abundance 

irrespective of intrinsic drug-enzyme interactions. 

Second, although it is generally accepted that compounds that produce the highest levels 

of DNA cleavage in vitro will interact similarly in cellulo, this has not been tested empirically. To 

establish the relationship between genetic, biochemical, and cellular data, levels of drug-induced 

cleavage complexes in cultured strains of WT and fluoroquinolone-resistant N. gonorrhoeae will 

need to be quantified using an In vivo Complex of Enzyme (ICE) bioassay modified for bacterial 

cells.483 Monitoring the accumulation of cleavage complexes generated by gyrase and 

topoisomerase IV at different drug concentrations and across time in cultured N. gonorrhoeae 

provides a cellular link to established biochemical results.   

Third, cellular studies with human type II topoisomerases indicate that under conditions in 

which two different compounds generate similar levels of DNA scission, drug-induced cleavage 

complexes that persist the longest are more lethal to cells.431 This suggests that, at least in human 
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systems, longer-lived cleavage complexes are more cytotoxic. However, analogous experiments 

have not been conducted in bacterial systems. Therefore, the relationship between cleavage 

stability and cytotoxicity should be assessed by simultaneously monitoring cleavage complex 

persistence and N. gonorrhoeae cell viability. Persistence would be monitored using a cellular 

“wash-out” assay in which drugs are removed from the culture and replaced with drug-free media. 

The longevity of drug-induced cleavage complexes would be monitored following the 

resuspension of cells in drug-free media using an ICE bioassay, and the number of viable cells 

would be quantified using a luminescence-based ATP assay.  

Together, these studies could relate biochemical drug activities to their cellular effects in 

N. gonorrhoeae. Furthermore, this work should create an experimental roadmap for determining 

the cellular abundance of the type II enzymes, assessing levels of drug-induced gyrase/ 

topoisomerase IV cleavage complexes, and linking cleavage complex stability with drug toxicity 

in bacterial systems. 

Beyond bridging the gap between in vitro and in vivo studies, it is also imperative to 

characterize the mechanism of SPT resistance and toxicity in N. gonorrhoeae. Genetic mutation 

screens identified three mutations in the TOPRIM (metal ion binding) domain of GyrB subunit of 

N. gonorrhoeae gyrase that confer resistance to zoliflodacin: GyrBD429N, GyrBK450T, and GyrBS467N. 

The aspartate and basic residues (K/R) are conserved across bacterial species and type II 

enzymes, while the serine is not conserved.382  All mutated residues are believed to directly 

interact with the DNA near the cleavage site, and substitutions in corresponding residues in ParE 

of topoisomerase IV have not been detected.382 The clinical significance of these mutations is 

unknown. However, mutations in GyrBD429 are anticipated to generate the highest levels of 

resistance due to the high conservation of this residue across species.382 382 

Although the studies presented in Chapter VI provide a foundational assessment of the 

activities of SPTs against WT gyrase and topoisomerase IV, the understanding of how SPT 
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resistance mutations affect drug activity at the enzyme and cellular level remains incomplete. 

Therefore, it will be necessary to carry out a comprehensive biochemical characterization of the 

aforementioned gyrase mutations (GyrBD429N, GyrBK450T, and GyrBS467N) and analogous mutations 

in topoisomerase IV (ParED437N) on the ability of SPTs to inhibit overall catalytic activity of the type 

II enzymes in N. gonorrhoeae. These studies may not only establish the biochemical basis for 

target-mediated SPT resistance but may also determine the mechanism of SPT cytotoxicity. 

Similar to resistance studies conducted with fluoroquinolones in Chapter IV, this work could reveal 

whether SPT resistance mutations alter drug binding or positioning in the active site and may help 

address future resistance to SPTs should it arise. 

In summary, the studies presented in this dissertation make key contributions to the 

topoisomerase and antibacterial development fields. Chapter IV establishes the mechanistic 

basis for target-mediated fluoroquinolone resistance in N. gonorrhoeae and ascribes the cytotoxic 

actions of this drug class to the enhancement of enzyme-mediated DNA scission rather than the 

loss of enzyme activity. Chapter V challenges a hallmark of the NBTI class and describes aspects 

of gyrase/topoisomerase IV-mediated double-stranded DNA cleavage induced by dioxane-linked 

members of this class. Finally, chapter VI provides a biochemical basis for defining the activities 

of zoliflodacin against fluoroquinolone resistant type II topoisomerase. In particular, this last study 

lends credence to the ability of SPTs to overcome target-mediated fluoroquinolone resistance and 

presents zoliflodacin as a strategic replacement for fluoroquinolones in the antibacterial drug 

arsenal.   
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