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Abstract

Quinolones, which target gyrase and topoisomerase IV, are the most widely prescribed

antibacterials worldwide. Unfortunately, their use is threatened by the increasing prevalence of

target-mediated drug resistance. Greater than 90% of mutations that confer quinolone resistance

act by disrupting enzyme-drug interactions coordinated by a critical water-metal ion bridge.

Quinazolinediones are quinolone-like drugs, but lack the skeletal features necessary to support the

bridge interaction. These compounds are of clinical interest, however, because they retain activity

against the most common quinolone resistance mutations. We utilized a chemical biology

approach to determine how quinazolinediones overcome quinolone resistance in Bacillus
anthracis topoisomerase IV. Quinazolinediones that retain activity against quinolone-resistant

topoisomerase IV do so primarily by establishing novel interactions through the C7 substituent,

rather than the drug skeleton. Because some quinolones are highly active against human

topoisomerase IIα, we also determined how clinically relevant quinolones discriminate between

the bacterial and human enzymes. Clinically relevant quinolones display poor activity against

topoisomerase IIα because the human enzyme cannot support drug interactions mediated by the

water-metal ion bridge. However, the inclusion of substituents that allow quinazolinediones to

overcome topoisomerase IV-mediated quinolone resistance can cause cross-reactivity against

topoisomerase IIα. Therefore, a major challenge in designing drugs that overcome quinolone

resistance lies in the ability to identify substituents that mediate strong interactions with the

bacterial, but not the human, enzymes. Based on our understanding of quinolone-enzyme
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interactions, we have identified three compounds that display high activity against quinolone-

resistant B. anthracis topoisomerase IV but low activity against human topoisomerase IIα.

Quinolones, including ciprofloxacin and moxifloxacin, are broad-spectrum antibacterial

agents that are used to treat a wide variety of Gram-negative and Gram-positive

infections.1–6 Unfortunately, the clinical utility of quinolones is being threatened by the

growing prevalence of resistance, which extends to nearly every bacterial infection that is

treated with this drug class.4,5 Quinolones kill bacteria by increasing levels of DNA strand

breaks generated by gyrase and topoisomerase IV.2,5,7–9 The most commonly seen

resistance is target-mediated and is caused by specific point mutations in these two

enzymes.2,5–7,10–13

Both gyrase and topoisomerase IV are essential to the bacterial cell. Gyrase alleviates

positive DNA supercoils that accumulate during replication and regulates the superhelical

density of the bacterial chromosome. Topoisomerase IV primarily unknots and untangles

DNA and is required for chromosome segregation.6,14,15 Both enzymes alter DNA topology

by generating a double-stranded break in the genetic material and passing a separate double

helix through the transient DNA gate.6,14–17 Gyrase and topoisomerase IV are comprised of

two protomer subunits (GyrA and GyrB in gyrase; GrlA and GrlB in Gram-positive

topoisomerase IV) and have A2B2 quaternary structures. The A subunits contain the active

site tyrosine residues involved in DNA cleavage and ligation, and the B subunits bind and

hydrolyze ATP, which is required for overall catalytic activity.6,8,14–16

The most prevalent resistance-conferring mutations occur at a highly conserved serine

residue in the A subunit of gyrase or topoisomerase IV18 (originally described as Ser83 in

Escherichia coli gyrase19,20). The second most prevalent mutations occur at a conserved

acidic residue located four amino acids downstream (Glu87 in E. coli GyrA).5,13,18,21 In

general, alterations at these two amino acids are observed in >90% of quinolone-resistant

clinical bacterial isolates.13,21 Although the involvement of these amino acid residues in

quinolone sensitivity has been known since the 1980s, the mechanistic basis by which their

mutations cause drug resistance only recently has been described.22,23

Quinolones contain a C3/C4 keto acid that has long been known to chelate a divalent metal

ion (Figure 1).24–26 However, the role of this metal ion in drug function had not been

demonstrated. A first indication for the importance of this chelated metal ion came from a

recent structure of a ternary Acinetobacter baumannii topoisomerase IV-cleaved DNA-

moxifloxacin complex (i.e., cleavage complex).27 Whereas previous structures had not

captured the metal ion, the A. baumannii structure identified a chelated Mg2+ ion that

appeared to be coordinated to four water molecules. Furthermore, two of these water

molecules were situated close enough to Ser84 and Glu88 (equivalent to E. coli GyrA Ser83

and Glu87) to form hydrogen bonds. On the basis of this finding, as well as subsequent

functional studies of quinolone (and related drugs) activity against wild-type and drug-

resistant Bacillus anthracis topoisomerase IV, it was concluded that this water-metal ion

interaction that “bridges” the drug to the enzyme plays a pivotal role in mediating quinolone

activity (Figure 1).23 The following model for quinolone action and the most common cause

of resistance has emerged:

1. The water-metal ion bridge serves as the primary interaction between clinically

relevant quinolones and bacterial type II topoisomerases.

2. The serine and acidic amino acid residues act as the anchor points that coordinate

the bridge to the enzyme.
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3. Mutations in the serine or acidic amino acid residues cause resistance by interfering

with bridge-enzyme interactions. Thus, they decrease quinolone potency and the

ability of these drugs to stabilize enzyme-DNA cleavage complexes.

An important ramification of the above model is that the most important interaction between

clinically relevant quinolones and their bacterial enzyme targets is mediated through the

drug skeleton (Figure 1). This may explain the tolerance for the structural diversity of

substituents at the N1, C7, and C8 positions of this drug class.

Quinazolinediones (Figure 1) share structural homology with quinolones, but lack the C3/C4

keto acid that is required for metal ion chelation. Several studies have demonstrated that

members of this drug class can overcome quinolone resistance caused by mutations in the

serine or acidic amino acid residue,22,23,28–32 suggesting that the quinazolinedione skeleton

does not require the water-metal ion bridge to interact with bacterial type II topoisomerases.

However, the quinazolinediones that maintain activity against resistant enzymes (and

bacterial strains) feature a 3′-(aminomethyl)- or 3′-(aminoethyl)pyrrolidinyl substituent at

the C7 position, which is not represented in any clinically used quinolone.22,23,28–32

Therefore, it also is possible that quinazolinediones overcome resistance through additional

drug-enzyme contacts mediated by the C7 substituent.

To resolve this issue, a series of quinazolinediones and quinolones that contained clinically

utilized groups or a 3′-(aminomethyl)pyrrolidinyl group at the C7 position were tested for

their activity against wild-type and quinolone-resistant GrlAS81F or GrlAS81Y B. anthracis
topoisomerase IV. Results indicate that the quinazolinedione skeleton does not interact with

the enzyme through metal ion-independent contacts. Rather, quinazolinediones are

essentially quinolones that lack their most important interaction with the bacterial enzyme.

Quinazolinediones that display high activity against wild-type and quinolone-resistant type

II topoisomerases do so primarily by establishing novel interactions through the C7 (and

other) ring substituents. Further studies establish that clinically relevant quinolones display

poor activity against human topoisomerase II because the enzyme cannot support drug

interactions mediated by the water-metal ion bridge. Unfortunately, the inclusion of C7 (and

other) substituents that allow quinazolinediones to overcome quinolone resistance in

bacterial type II enzymes can lead to cross-reactivity against human topoisomerase IIα.

Therefore, a major challenge in designing quinolone-like drugs that overcome target-

mediated resistance lies in the ability to identify substituents that mediate strong interactions

with the bacterial, but not the human, type II enzymes. Three such compounds are identified

in the present study.

RESULTS AND DISCUSSION

Contributions of the Quinazolinedione Skeleton vs. Substituents to Drug Activity Against
Quinolone-Resistant Topoisomerase IV

To address the mechanism by which quinazolinediones overcome quinolone resistance,

three series of quinazolinediones and quinolones that contained a piperazinyl,

diazabicyclononyl, or 3′-(aminomethyl)pyrrolidinyl group at the C7 position (Figure 2) were

tested for their activity against wild-type and quinolone-resistant GrlAS81F or GrlAS81Y B.
anthracis topoisomerase IV. Each series also featured matched compounds that included a

hydrogen, methyl, or methoxy group at the C8 position.

The first two series were based on the C7 substituents of ciprofloxacin (Figure 3) and

moxifloxacin (Figure 4), respectively, which are in wide clinical use. As expected, all of the

quinolones in both series (top panels) displayed high activity against wild-type B. anthracis
topoisomerase IV but decreased activity against the resistant Ser81 mutant enzymes. In
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contrast, the parallel quinazolinedione series (bottom panels) displayed poor activity against

both the wild-type and mutant enzymes. These findings strongly suggest that (at least in

compounds that incorporate these clinically relevant C7 substituents) the quinazolinedione

skeleton does not form strong interactions with topoisomerase IV.

To test this conclusion, a series of quinazolinediones and quinolones that featured the 3′-
(aminomethyl)pyrrolidinyl group at C7 were examined (Figure 5). Consistent with previous

reports,22,23,29,31,32 all of the quinazolinediones in this series (bottom panels) showed high

activity against wild-type and mutant quinolone-resistant topoisomerase IV. Significantly,

the parallel quinolone series (top panels) displayed similar results and maintained high

activity against the resistant enzymes. Thus, in the presence of the C7 3′-
(aminomethyl)pyrrolidinyl substituent, the drug skeleton (quinolone vs. quinazolinedione)

makes little difference.

Taken together, the above results indicate that the quinazolinedione skeleton does not

interact with the enzyme through metal ion-independent contacts. Rather, quinazolinediones

are essentially quinolone derivatives that lack their most important interaction (mediated by

the water-metal ion bridge) with bacterial type II topoisomerases. Furthermore, the ability of

these compounds to act against wild-type gyrase and topoisomerase IV and to overcome the

most common forms of quinolone resistance (caused by the lack of bridge function) results

primarily from interactions formed by the 3′-(aminomethyl)pyrrolidinyl (and related)

substituent at C7.

In addition to the C7 group, the substituent at C8 appears to make a minor contribution to

the activity of both quinolones and quinazolinediones against the mutant enzymes (Figures

3–5). Generally, the inclusion of a methyl or methoxy group slightly enhanced activity

(methyl ≥ methoxy > hydrogen) against the mutant enzymes. These substituents had little

effect against wild-type topoisomerase IV.

Finally, the effects of the N3 amino group on quinazolinedione activity were examined

(Figure 6). The loss of the group decreased the activities of compounds with a C7

piperazinyl or diazabicyclononyl group toward wild-type and mutant topoisomerase IV by

~50%. In contrast, in the presence of the C7 3′-(aminomethyl)pyrrolidinyl substituent, the

loss of the N3 amino group had little effect on the activity of the quinazolinedione against

topoisomerase IV. The differential effects of the N3 group may reflect the increased affinity

of the 3′-(aminomethyl)pyrrolidinyl group for B. anthracis topoisomerase IV.

Interactions of Clinically Relevant Quinolones with Human Topoisomerase IIα
Clinically relevant quinolones, such as ciprofloxacin and moxifloxacin, display very little

activity against human type II topoisomerases, even at concentrations well beyond

therapeutic doses (Figures 7 and 8). However, the basis for this discrimination is not known.

As discussed above, the primary interaction of clinically relevant quinolones with bacterial

type II enzymes is mediated through the water-metal ion bridge.23 Unlike gyrase and

topoisomerase IV, human topoisomerase IIα and IIβ lack the serine and acidic amino acid

residues that anchor the bridge. In the α isoform, for example, these residues are both

methionine (Figure 7). Therefore, we propose that the loss of the bridge anchors in

topoisomerase IIα and IIβ is the underlying basis for the discrimination of bacterial and

human type II enzymes by clinically relevant quinolones.

To test this hypothesis, Met762 and Met766 in topoisomerase IIα were mutated to a serine

and glutamic acid (hTop2AM762S/M766E), respectively, which are the residues in B.
anthracis topoisomerase IV that coordinate quinolones through the water-metal ion bridge

(Figure 7). In contrast to results with the wild-type human enzyme, ciprofloxacin and
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moxifloxacin both displayed concentration-dependent activity against hTop2AM762S/M766E,

increasing levels of DNA cleavage ≥4–fold over the range examined (Figure 7). Consistent

with our results, an earlier study reported that converting amino acid residues in this region

of topoisomerase IIα to those seen in E. coli gyrase (M762S/S763A/M766D) enhanced the

ability of ciprofloxacin to inhibit DNA relaxation catalyzed by the triply mutated enzyme.33

The fact that introducing bridge-coordinating amino acid residues sensitizes topoisomerase

IIα to clinically relevant quinolones suggests that the wild-type human enzyme cannot

support the water-metal ion bridge and (in some respects) is the equivalent of a quinolone-

resistant topoisomerase IV.

As a control, the activities of cipro-dione and moxi-dione, which cannot support the water-

metal ion bridge, against the wild-type and hTop2AM762S/M766E enzymes were assessed

(Figure 7). These compounds contained the substituents found in ciprofloxacin and

moxifloxacin, respectively, transferred to a quinazolinedione skeleton. Neither of the two

compounds increased DNA cleavage mediated by either human enzyme. This finding

further supports the conclusion that the enhanced activities of ciprofloxacin and

moxifloxacin with hTop2AM762S/M766E are due to water-metal ion interactions coordinated

by the quinolone skeleton, as opposed to interactions with the C7 or other substituents.

Taken together, the above results provide strong evidence that wild-type topoisomerase IIα
cannot anchor the water-metal ion bridge, which explains why clinically relevant quinolones

display little activity against the human enzymes.

Effects of the C7 3′-(Aminomethyl)pyrrolidinyl Substituent on the Activity of Compounds
Against Human Topoisomerase II α

Quinolones that display high activity against eukaryotic type II topoisomerases have been

reported.34–37 For example, the ability of CP-115,955 to increase DNA cleavage mediated

by human topoisomerase IIα (Figure 8, top left) is substantially greater than that of the

widely-prescribed anticancer drug etoposide.38–41 CP-115,955 differs from ciprofloxacin

only by the substitution of a 4′-hydroxyphenyl ring for the piperazinyl ring at the C7

position. This finding strongly suggests that quinolone interactions with human type II

topoisomerases can be driven by the C7 substituent.

The interactions of CP-115,955 with topoisomerase IIα parallels those of compounds with

the C7 3′-(aminomethyl)pyrrolidinyl substituent with quinolone-resistant B. anthracis
topoisomerase IV (Figure 5). In the absence of the water-metal ion bridge necessary for

interactions with clinically relevant quinolones, these compounds still display high activity

against the human and bacterial type II enzymes, respectively. This raises the possibility that

compounds containing the C7 3′-(aminomethyl)pyrrolidinyl substituent might display

undesirable cross-reactivity against the human type II enzyme. With either a

quinazolinedione or a quinolone that contained a C8 methyl group, compounds that included

the C7 3′-(aminomethyl)pyrrolidinyl substituent displayed high activity against

topoisomerase IIα (Figure 8, top left). This finding implies that the ability to design

quinolones or related drugs that overcome drug resistance in bacterial gyrase or

topoisomerase IV may be hampered by cross-reactivity toward human systems. Therefore, a

major challenge in designing such drugs is the identification of substituents that support

activity against bacterial, but not human, type II topoisomerases.
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Defining Substituents on Quinolones and Quinazolinediones that Overcome Drug
Resistance but Differentiate between B. anthracis Topoisomerase IV and Human
Topoisomerase IIα

Although the C7 group appears to dominate interactions between quinolones or

quinazolinediones and drug-resistant B. anthracis topoisomerase IV, the substituents at C8

(in both drug classes) and N3 (in quinazolinediones) appear to modulate drug activity to

some extent (Figures 3–6).

With regard to quinolone interactions, human topoisomerase IIα is in many respects a

“drug-resistant topoisomerase IV mutant” (see above). Therefore, in an effort to identify

compounds with potent activity against wild-type and quinolone-resistant topoisomerase IV,

but low activity against human type II enzymes, we examined the effects of C8 and N3

substituents on drug activity against topoisomerase IIα. All of the quinolones and

quinazolinediones tested contained a C7 3′-(aminomethyl)pyrrolidinyl substituent and

displayed high activity against wild-type and quinolone-resistant B. anthracis topoisomerase

IV (Figures 5 and 6).

The nature of the groups at C8 and N3 had a larger influence on drug activity against

topoisomerase IIα than they did against topoisomerase IV. The activities of compounds with

C8 methoxy groups (data not shown) were somewhat lower than the corresponding

compounds with C8 methyl groups (Figure 8, top left), although they still displayed

reasonable activity against the human enzyme. In contrast, removal of the C8 or N3

substituent resulted in 3′-(aminomethyl)pyrrolidinyl-quinolones or -quinazolinediones that

were able to differentiate between the bacterial and human enzymes. One quinolone and two

quinazolinediones (Figure 8, bottom right) that displayed high activity against wild-type and

mutant topoisomerase IV (Figures 5 and 6) showed virtually no activity against

topoisomerase IIα at drug concentrations below 100 μM (Figure 8, top right). This

concentration is well above the therapeutic window for clinically used quinolones.42

Therefore, it is possible to design quinolones and related drugs that display high activity

against the most common forms of quinolone-resistant topoisomerase IV but do not cross-

react with human topoisomerase IIα.

The ability of quinolones (and related drugs) to differentiate between bacterial and human

type II topoisomerases is critical to the clinical efficacy of this drug class. Clinically relevant

quinolones discriminate between wild-type enzymes by utilizing a water-metal ion bridge in

bacterial systems that cannot be used to support drug interactions in human systems. The

key to the discrimination between drug-resistant topoisomerase IV and wild-type

topoisomerase IIα relies on the relative dominance of the C7 group in mediating drug

interactions. In the presence of a C7 3′-(aminomethyl)pyrrolidinyl substituent, the

contributions of the C8 and N3 (in quinazolinediones) groups to drug-topoisomerase IV

interactions are relatively unimportant. In contrast, these latter groups make a greater

contribution to drug-topoisomerase IIα interactions. That being said, the C7 3′-
(aminomethyl)pyrrolidinyl substituent still appears to be the most important of the three. To

this point, quinolones or N3-amino-quinazolinediones that include the C7 groups of

ciprofloxacin or moxifloxacin displayed low activity against the human type II enzyme,

even in the presence of a methyl or methoxy group at C8 (data not shown).

A series of competition experiments was carried out to determine the mechanistic

contributions of the C7 and C8 substituents and the quinolone vs. quinazolinedione skeleton

to drug interactions with topoisomerase IIα. In these experiments, the ability of compounds

(0–500 μM) to compete out DNA cleavage induced by 50 μM 8-methyl-3′-(AM)P-FQ was

assessed (Figure 8, bottom left). Initial levels of DNA cleavage (i.e., in the absence of

competitor) were set to 1.00 to facilitate comparisons. The IC50 value for 8-H-3′-(AM)P-FQ
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was ~50 μM, suggesting that the C8 group is important for drug efficacy but does not

contribute significantly to binding. Presumably, interactions with the C8 methyl group help

to properly position the drug in the cleavage complex. A similar result was seen with 8-H-3′-
(AM)P-dione, suggesting that differences in levels of DNA cleavage induced by quinolones

and quinazolinediones do not reflect changes in drug binding. In contrast, the IC50 value for

ciprofloxacin [which differs from 8-H-3′-(AM)P-FQ only at the C7 position] was nearly 6-

fold higher (~280 μM). This finding provides strong evidence that the C7 substituent plays

an important role in driving binding interactions between drugs and the human enzyme.

Summary

The clinical utility of quinolones is being threatened by the increasing prevalence of target-

mediated drug resistance. Greater than 90% of gyrase and topoisomerase IV mutations that

confer quinolone resistance do so by disrupting enzyme-drug interactions coordinated by a

critical water-metal ion bridge. We have utilized a novel chemical biology approach to

determine how drugs overcome quinolone resistance in bacterial topoisomerase IV and how

they interact with human topoisomerase IIα. As a result, we have identified a critical

problem in designing quinolones (or related drugs) that overcome target-mediated quinolone

resistance, namely cross-reactivity with the human type II enzyme. However, based on our

understanding of quinolone-enzyme interactions, we have defined substituents that can

overcome this issue. As a result, one quinolone and two quinazolinediones that display high

activity against wild-type and quinolone-resistant B. anthracis topoisomerase IV but low

activity against human topoisomerase IIα were identified. These compounds will be used as

the starting point for further drug discovery aimed at overcoming the most common forms of

quinolone resistance seen in bacterial infections.

METHODS

Materials and Enzymes

Ciprofloxacin was obtained from LKT Laboratories, and CP-115,955 was the generous gift

of Thomas D. Gootz and Paul R. McGuirk (Pfizer Global Research). Both compounds were

stored at −20 °C as 40 mM stock solutions in 0.1 N NaOH and diluted five-fold with 10 mM

Tris–HCl (pH 7.9) immediately prior to use. Moxifloxacin was obtained from LKT

Laboratories and was stored at 4 °C as a 20 mM stock solution in 100% DMSO. Etoposide

was obtained from Sigma and stored at RT as a 20 mM stock solution in 100% DMSO. All

other quinolones and quinazolinediones were synthesized and structurally characterized as

described in the Supplementary Methods, Supplementary Scheme S1, and Supplementary

Figures S1–20. 8-Methyl- and 8-methoxy-cipro were stored at −20 °C as 40 mM stock

solutions in 0.1 N NaOH and diluted five-fold with 10 mM Tris–HCl (pH 7.9) immediately

prior to use. All other quinolones and quinazolinediones were stored at 4 °C as 20 mM stock

solutions in 100% DMSO. Supplementary Table S1 contains the full chemical, library, and

abbreviated names for the compounds used in this study. Chemicals were analytical reagent

grade.

Genes encoding His-tagged wild-type B. anthracis GrlA and GrlB and drug-resistant

GrlAS81F and GrlAS81Y were expressed and purified as described previously.43 Wild-type

human topoisomerase IIα was expressed in Saccharomyces cerevisiae44 and purified as

described previously.45 His-tagged mutant human topoisomerase IIα containing M762S/

M766E (hTop2AM762S/M766E) was generated by site-directed mutagenesis and expressed in

S. cerevisiae as above. Supplementary Methods describe the construction and purification of

the His-tagged topoisomerases. His-tagged wild-type topoisomerase IIα was prepared

parallel to the mutant enzyme and displayed activities that were nearly identical to enzymes
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prepared as described above by the protocol of Kingma et al.45 (see Supplementary Figure

S21).

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

Mega Kit (Qiagen) as described by the manufacturer.

DNA Cleavage Mediated by Topoisomerase IV

DNA cleavage reactions were carried out using the procedure of Fortune and Osheroff.46

Reactions contained 75 nM wild-type or mutant topoisomerase IV and 10 nM negatively

supercoiled pBR322 in a total of 20 μL of 40 mM Tris–HCl (pH 7.9), 10 mM MgCl2, 50

mM NaCl, and 2.5% (v/v) glycerol. Reaction mixtures were incubated at 37 °C for 10 min,

and enzyme-DNA cleavage complexes were trapped by the addition of 2 μL of 5% SDS

followed by 2 μL of 250 mM Na2EDTA (pH 8.0). Proteinase K (2 μL of a 0.8 mg/mL

solution) was added, and samples were incubated at 45 °C for 45 min to digest the enzyme.

Samples were mixed with 2 μL of agarose gel loading buffer [60% sucrose, 10 mM Tris–

HCl (pH 7.9), 0.5% bromophenol blue, and 0.5% xylene cyanol FF], heated at 45 °C for 5

min, and subjected to electrophoresis in 1% agarose gels in 40 mM Tris–acetate (pH 8.3)

and 2 mM Na2EDTA containing 0.5 μg/mL ethidium bromide. DNA bands were visualized

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

system. DNA cleavage was monitored by the conversion of supercoiled plasmid to linear

molecules.

DNA Cleavage Mediated by Human Topoisomerase IIα
DNA cleavage reactions were carried out using the procedure of Fortune and Osheroff46.

Reactions that tested the effects of drugs on wild-type topoisomerase IIα contained 110 nM

enzyme and 10 nM negatively supercoiled pBR322 in a total of 20 μL of 10 mM Tris–HCl

(pH 7.9), 5 mM MgCl2, 100 mM KCl, 100 μM Na2EDTA, 25 μM dithiothreitol, and 2.5%

(v/v) glycerol. Reactions that compared the effects of drugs on wild-type and mutant

(hTop2AM762S/M766E) topoisomerase IIα contained 110 nM enzyme and 10 nM negatively

supercoiled in a total of 20 μL of 10 mM Tris–HCl (pH 7.7), 5 mM MgCl2, 140 mM KCl,

20 μM Na2EDTA, 90 μM dithiothreitol, 7.5% (v/v) glycerol, and 1 mM ATP. The slight

differences in buffer components (as compared to the above) reflect the fact that the mutant

enzyme was more dilute than the wild-type enzyme preparation. These buffer differences

had no effect on topoisomerase II activity. Reaction mixtures were incubated at 37 °C for 10

min and processed as described above for topoisomerase IV plasmid DNA cleavage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Diagram of the water-metal ion bridge interaction. The water-metal ion bridge is the major

point of interaction between clinically relevant quinolones and bacterial type II

topoisomerases.23 A generic quinolone structure is depicted in black, water molecules are in

blue, Mg2+ is in orange, and the coordinating serine and glutamic acid residues (Ser81 and

Glu85 in B. anthracis topoisomerase IV) are in red and green, respectively. Blue dashed

lines indicate the octahedral coordination sphere of the divalent metal ion interacting with

four water molecules and the C3/C4 keto acid of the quinolone. The red dashed lines

represent hydrogen bonds between the serine side chain hydroxyl group and two of the

water molecules. The green dashed line represents a hydrogen bond between the glutamic

acid side chain carboxyl group and one of the water molecules. Adapted from Wohlkonig et
al.27 and Aldred et al.23 A generic quinazolinedione structure is shown for comparison.
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Figure 2.
Structures of matched quinolones and quinazolinediones utilized in this study.

Supplementary Table S1 contains the full chemical, library, and abbreviated names for the

compounds used in this study.

Aldred et al. Page 13

ACS Chem Biol. Author manuscript; available in PMC 2014 December 20.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 3.
Effects of a series of quinolones and quinazolinediones based on the C7 substituent of

ciprofloxacin on the DNA cleavage activity of B. anthracis topoisomerase IV. The ability of

wild-type (WT, black circles), GrlAS81F (S81F, blue circles), and GrlAS81Y (S81Y, red

circles) topoisomerase IV to cleave negatively supercoiled pBR322 DNA in the presence of

quinolones (top panels) or quinazolinediones (bottom panels) containing a C7 piperazinyl

group and a C8 hydrogen (left panels), methyl (middle panels), or methoxy (right panels)

group is shown. Drug structures are shown in the corresponding panels. Error bars represent

the standard deviation of three or more independent experiments.
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Figure 4.
Effects of a series of quinolones and quinazolinediones based on the C7 substituent of

moxifloxacin on the DNA cleavage activity of B. anthracis topoisomerase IV. The ability of

wild-type (WT, black circles), GrlAS81F (S81F, blue circles), and GrlAS81Y (S81Y, red

circles) topoisomerase IV to cleave negatively supercoiled pBR322 DNA in the presence of

quinolones (top panels) or quinazolinediones (bottom panels) containing a C7

diazabicyclononyl group and a C8 hydrogen (left panels), methyl (middle panels), or

methoxy (right panels) group is shown. Drug structures are shown in the corresponding

panels. Error bars represent the standard deviation of three or more independent

experiments.
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Figure 5.
Effects of a series of quinolones and quinazolinediones based on the C7 substituent of 8-

Methyl-3′-(AM)P-dione on the DNA cleavage activity of B. anthracis topoisomerase IV.

The ability of wild-type (WT, black circles), GrlAS81F (S81F, blue circles), and GrlAS81Y

(S81Y, red circles) topoisomerase IV to cleave negatively supercoiled pBR322 DNA in the

presence of quinolones (top panels) or quinazolinediones (bottom panels) containing a C7

3′-(aminomethyl)pyrrolidinyl [3′-(AM)P] group and a C8 hydrogen (left panels), methyl

(middle panels), or methoxy (right panels) group is shown. Drug structures are shown in the

corresponding panels. Error bars represent the standard deviation of three or more

independent experiments.

Aldred et al. Page 16

ACS Chem Biol. Author manuscript; available in PMC 2014 December 20.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 6.
Effects of quinazolinediones lacking the N3 amino group on the DNA cleavage activity of

B. anthracis topoisomerase IV. The ability of wild-type (WT, black circles), GrlAS81F

(S81F, blue circles), and GrlAS81Y (S81Y, red circles) topoisomerase IV to cleave

negatively supercoiled pBR322 DNA in the presence of “non-amino” quinazolinediones

containing a C8 methyl group and a C7 piperazinyl (left panel), diazabicyclononyl (middle

panel), or 3′-(aminomethyl)pyrrolidinyl group is shown. Drug structures are shown in the

corresponding panels. Error bars represent the standard deviation of three or more

independent experiments.
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Figure 7.
Effects of ciprofloxacin, moxifloxacin, and their matched quinazolinediones on the DNA

cleavage activities of wild-type and mutant (hTop2AM762S/M766E) human topoisomerase

IIα. A sequence alignment of wild-type B. anthracis GrlA (Ba GrlA) and human

topoisomerase IIα (hTIIα) is shown at the top. The methionine residues in the human

enzyme that correspond to the serine and glutamic acid residues (red) that coordinate the

water-metal ion bridge in B. anthracis topoisomerase IV were mutated to those seen in the

bacterial enzyme (hTop2AM762S/M766E, MM→SE). The effects of ciprofloxacin (blue) and

cipro-dione (red; left panel) and moxifloxacin (blue) and moxi-dione (red; right panel) on

the DNA cleavage activity of wild-type (open bars) and mutant (solid bars) human

topoisomerase IIα are shown. Error bars represent the standard deviation of three or more

independent experiments.
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Figure 8.
Effects of a series of quinolones and quinazolinediones based on the C7 substituent of 8-

Methyl-3′-(AM)P-dione on the DNA cleavage activity of human topoisomerase IIα. Top left

panel: The ability of the human type II enzyme to cleave negatively supercoiled pBR322

DNA in the presence of a quinolone (FQ; blue circles) or a quinazolinedione (dione; black

circles) containing a C7 3′-(aminomethyl)pyrrolidinyl [3′-(AM)P] group and a C8 methyl

group is shown. Results for moxifloxacin (red circles), ciprofloxacin (green circles),

CP-115,955 (yellow circles), and etoposide (open circles) are shown for comparison. Top

right panel: The ability of the human type II enzyme to cleave negatively supercoiled

pBR322 DNA in the presence of a quinolone (blue circles) or quinazolinedione (black

circles) containing a C7 3′-(aminomethyl)pyrrolidinyl group and a hydrogen at C8 or a

“non-amino” quinazolinedione (NA-dione; red circles) containing a C7 3′-
(aminomethyl)pyrrolidinyl group and a C8 methyl group. Bottom left panel: The ability of

8-H-3′-(AM)P-FQ (blue circles), ciprofloxacin (green circles), or 8-H-3′-(AM)P-dione

(black circles) to compete out DNA cleavage induced by 8-methyl-3′-(AM)P-FQ (50 μM)

with human topoisomerase IIα. 8-Methyl-3′-(AM)P-FQ and the competing drug were added

to reactions simultaneously. Initial levels of DNA cleavage (i.e., in the absence of

competitor) were set to 1.00 to facilitate comparisons. Error bars represent the standard
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deviation of three or more independent experiments. The structures of a quinolone and two

quinazolinediones that overcome quinolone resistance in the bacterial enzyme but do not

have cross-reactivity with the human enzyme are shown on the bottom right.
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