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Abstract

Bacillus anthracis, the causative agent of anthrax, is considered a serious threat as a bioweapon.

The drugs most commonly used to treat anthrax are quinolones, which act by increasing DNA

cleavage mediated by topoisomerase IV and gyrase. Quinolone resistance most often is associated

with specific serine mutations in these enzymes. Therefore, to determine the basis for quinolone

action and resistance, we characterized wild-type B. anthracis topoisomerase IV, the GrlAS81F and

GrlAS81Y quinolone-resistant mutants, and the effects of quinolones and a related

quinazolinedione on these enzymes. Ser81 is believed to anchor a water-Mg2+ bridge that

coordinates quinolones to the enzyme through the C3/C4 keto acid. Consistent with this

hypothesized bridge, ciprofloxacin required increased Mg2+ concentrations to support DNA

cleavage by GrlAS81F topoisomerase IV. The three enzymes displayed similar catalytic activities

in the absence of drugs. However, the resistance mutations decreased the affinity of topoisomerase

IV for ciprofloxacin and other quinolones, diminished quinolone-induced inhibition of DNA

religation, and reduced the stability of the ternary enzyme-quinolone-DNA complex. Wild-type

DNA cleavage levels were generated by mutant enzymes at high quinolone concentrations,

suggesting that increased drug potency could overcome resistance. 8-Methyl-quinazoline-2,4-

dione, which lacks the quinolone keto acid (and presumably does not require the water-Mg2+

bridge to mediate protein interactions), was more potent than quinolones against wild-type

topoisomerase IV and was equally efficacious. Moreover, it maintained high potency and efficacy

against the mutant enzymes, effectively inhibited DNA religation, and formed stable ternary

complexes. Our findings provide an underlying biochemical basis for the ability of

quinazolinediones to overcome clinically-relevant quinolone resistance mutations in bacterial type

II topoisomerases.
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Bacillus anthracis, the causative agent of anthrax, is a highly pathogenic Gram-positive soil

bacterium that is considered a serious threat as a weapon of mass destruction and an agent of

bioterrorism (1-5). B. anthracis is used as a biological weapon in large part because it forms

durable spores (1, 2, 4, 5). These spores can enter the body through multiple routes and then

germinate and grow as vegetative cells. Toxic factors secreted by the vegetative cells

accumulate and usually cause the death of the host within several days, particularly if spores

enter via the lungs or gut (1, 2, 4, 5). Mortality rates for respiratory anthrax, the most lethal

form of the disease, approach 100% if untreated.

Natural strains of B. anthracis are sensitive to several antibacterial agents, which can be

used to treat anthrax (4, 5). The most effective and commonly used drug for the treatment of

anthrax is ciprofloxacin (4, 5), a broad-spectrum quinolone antibacterial (6-10). Following

the mailings of letters containing lethal B. anthracis spores in the autumn of 2001 in the

United States, it is estimated that as much as one billion dollars worth of ciprofloxacin was

prescribed to treat individuals who potentially were exposed to the spores (11).

Ciprofloxacin and other quinolones kill bacteria by increasing levels of DNA strand breaks

generated by enzymes known as type II topoisomerases (6-10). Nearly all bacteria encode

two type II topoisomerases, gyrase and topoisomerase IV (7, 12-19). Both enzymes are

comprised of two protomer subunits and have an A2B2 quaternary structure (7, 12-14, 16,

17, 20). Gyrase is made up of two GyrA subunits (that contain the active site tyrosines

involved in DNA cleavage and ligation) and two GyrB subunits (that bind ATP, which is

required for overall catalytic activity). Topoisomerase IV is made up of two GrlA (named as

gyrase-like) and two GrlB subunits that are homologous to GyrA and GyrB, respectively

(12-14, 17). Gyrase and topoisomerase IV alter DNA topology by passing an intact double

helix through a transient break that they generate in a separate segment of DNA (12-14,

16-18, 20). Although these enzymes share a common mechanism, they appear to have

different physiological functions. Specific interactions between DNA substrates and the C-

terminus of GyrA enable gyrase to introduce negative supercoils into relaxed molecules. As

a result, gyrase plays critical roles in maintaining the superhelical density of the bacterial

genome and is primarily responsible for removing positive supercoils that accumulate ahead

of replication forks and transcription complexes (12-14, 17). In contrast, topoisomerase IV is

a far more efficient decatenase than is gyrase. It is primarily responsible for removing knots

and tangles that form in the bacterial chromosome during recombination and replication (13,

14, 17). Both type II enzymes are essential for cell survival (12-14, 16-18) and appear to be

physiological targets for quinolone antibacterials in B. anthracis (21-24).

Recently, structures have been reported for covalent complexes formed between

topoisomerase IV or gyrase and cleaved DNA (i.e., cleavage complexes) in the presence of

quinolones (25-28). As predicted from studies on anticancer drugs that target human type II

topoisomerases (29-32), quinolones were found at the cleaved scissile bonds in the active

site of the bacterial enzymes (25-28). However, there is disagreement within the field as to

how quinolones are positioned within the cleavage complex. In some cases, the orientation

of the drug is rotated as much as 180° (25-28). Furthermore, relatively little is understood

regarding the mechanism by which quinolones increase levels of topoisomerase IV- or

gyrase-mediated DNA cleavage or how mutations in either enzyme lead to drug resistance.

Quinolone resistance is most often associated with specific mutations in topoisomerase IV

and/or gyrase (6-8, 10, 21-24, 33). Generally, mutation of one type II enzyme confers ≤10-

fold drug resistance. Selection for higher levels of resistance (~10- to 100-fold) usually

yields strains with mutations in both enzymes (6-8, 10, 21-24, 33). Considering the

emergence of quinolone resistance in many infectious bacterial strains (34-36) and the
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potential use of quinolone-resistant B. anthracis as a bioweapon (1-5), more effective drugs

that display activity against these strains need to be developed.

Therefore, as an important step towards this goal, we characterized wild-type B. anthracis

topoisomerase IV and the corresponding GrlAS81F and GrlAS81Y quinolone-resistant

mutants. We also examined the effects of clinically-relevant quinolones and an associated

quinazolinedione on the DNA cleavage and religation activities of these enzymes. Our

results shed light on the biochemical mechanism of quinolone action against the bacterial

type II enzyme. Furthermore, they provide a mechanistic basis for drug resistance induced

by mutations at the amino acid most commonly associated with decreased quinolone

sensitivity and a rationale for overcoming this resistance in B. anthracis topoisomerase IV.

These findings may have broad applicability to quinolone-resistant type II topoisomerases

from other bacterial species.

EXPERIMENTAL PROCEDURES

Enzymes and Materials

Genes encoding wild-type B. anthracis GrlA and GrlB and drug-resistant GrlAS81F and

GrlAS81Y (generated by site-directed mutagenesis) were individually cloned, N-terminally

His-tagged, and expressed in Escherichia coli. The resulting proteins were purified by

affinity chromatography (37), dialyzed into 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, and

20% glycerol, and stored at −20 °C. In all assays, topoisomerase IV was used as a 1:1

mixture of GrlA:GrlB.

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

Mega Kit (Qiagen) as described by the manufacturer. Kinetoplast DNA (kDNA) was

isolated from Crithidia fasiculata as described previously (3). [γ-32P]ATP (~6000Ci/mmol)

was obtained from Perkin-Elmer.

Ciprofloxacin was obtained from LKT Laboratories, stored at −20 °C as a 40 mM stock

solution 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 levofloxacin,

sparfloxacin, and norfloxacin were obtained from Sigma Aldrich. CP-115,953 was

synthesized as described (39). 3-Amino-7-[(3S)-3-(aminomethyl)-1-pyrrolidinyl]-1-

cyclopropyl-6-fluoro-8-methyl-2,4(1H,3H) -quinazolinedione was synthesized using

established methods as previously reported (40). For simplicity, this compound will be

referred to as 8-methyl-quinazoline-2,4-dione. All drugs other than ciprofloxacin were

stored at 4 °C as 20 mM stock solutions in 100% DMSO. All other chemicals were

analytical reagent grade.

DNA Relaxation

DNA relaxation assays were based on the protocol of Fortune and Osheroff (41). Reaction

mixtures (20 μL) contained 50 nM wild-type or mutant topoisomerase IV and 5 nM

negatively supercoiled pBR322 in relaxation buffer [40 mM HEPES (pH 7.6), 100 mM

potassium glutamate, 10 mM Mg(OAc)2, 50 mM NaCl, and 1 mM ATP] and were incubated

at 37 °C. Relaxation was stopped at times ranging from 0-30 min by the addition of 3 μL of

stop solution [0.77% SDS and 77.5 mM EDTA]. 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 100 mM Tris-borate (pH 8.3) and 2 mM EDTA. Gels were stained with 0.75

μg/mL ethidium bromide for 30 min. DNA bands were visualized with medium-range

ultraviolet light and quantified using an Alpha Innotech digital imaging system. The percent

relaxed DNA was determined by the loss of supercoiled DNA substrate.
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Kinetoplast DNA Decatenation

Decatenation assays were carried out by the procedure of Anderson et al. (42). Reaction

mixtures (20 μL) contained 50 nM wild-type or mutant topoisomerase IV and 0.3 μg

kinetoplast DNA (kDNA) in relaxation buffer and were incubated at 37 °C. Decatenation

was stopped at times ranging from 0-30 min by the addition of 3 μL of stop solution.

Samples were mixed with 2 μL of agarose gel loading buffer, heated at 45 °C for 5 min, and

subjected to electrophoresis in 1% agarose gels in 100 mM Tris-borate (pH 8.3) and 2 mM

EDTA containing 0.5 μg/mL ethidium bromide. DNA bands were visualized and quantified

as described above. The percent decatenated DNA was determined by the appearance of

monomeric circular DNA molecules.

Plasmid DNA Cleavage

DNA cleavage reactions were carried out using the procedure of Fortune and Osheroff (41).

Reactions contained 200 nM wild-type or mutant topoisomerase IV and 10 nM negatively

supercoiled pBR322 in a total of 20 μL of cleavage buffer [40 mM Tris–HCl (pH 7.9), 10

mM MgCl2, 50 mM NaCl, and 2.5% (v/v) glycerol]. In some reactions, the concentration

dependence of MgCl2 was examined or the divalent metal ion was replaced with either

CaCl2 or MnCl2. 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 1 μL of

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

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

2 μL of agarose gel loading buffer, heated at 45 °C for 5 min, and subjected to

electrophoresis in 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 and quantified as

described above. DNA cleavage was monitored by the conversion of supercoiled plasmid to

linear molecules.

Assays that monitored the DNA cleavage activities of wild-type and mutant B. anthracis

topoisomerase IV in the absence of drugs substituted 1 mM CaCl2 for 10 mM MgCl2 in the

cleavage buffer. Assays that assessed the DNA cleavage activities of the wild-type and

mutant enzymes in the presence of drugs contained 0-30 μM compound for the wild-type

enzyme and 0-500 μM compound for the mutant enzymes.

For assays that monitored competition between ciprofloxacin (0-150 μM) and 8-methyl-

quinazoline-2,4-dione (20 μM), the level of cleavage seen with the corresponding

concentration of 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.

Ciprofloxacin and 8-methyl-quinazoline-2,4-dione were added simultaneously to reaction

mixtures.

DNA Cleavage Site Utilization

DNA cleavage sites were mapped using a modification (43) of the procedure of O’Reilly

and Kreuzer (44). The pBR322 DNA substrate was linearized by treatment with HindIII.

Terminal 5′-phosphates were removed by treatment with calf intestinal alkaline phosphatase

and replaced with [32P]phosphate using T4 polynucleotide kinase and [γ-32P]ATP. The

DNA was treated with EcoRI, and the 4332 bp singly-end-labeled fragment was purified

from the small EcoRI-HindIII fragment by passage through a CHROMA SPIN+TE-100

column (Clontech). Reaction mixtures contained 200 nM wild-type or mutant topoisomerase

IV and 1 nM labeled pBR322 DNA substrate in 50 μL of DNA cleavage buffer in the

absence or presence of compounds. Reaction mixtures were incubated at 37 °C for 10 min,

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

followed by 3 μL of 250 mM EDTA (pH 8.0). Proteinase K (5 μL of a 0.8 mg/mL solution)
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was added, and samples were incubated at 45 °C for 45 min to digest the enzyme. DNA

products were precipitated with ethanol and resuspended in 5 μL of polyacrylamide gel

loading buffer [10% agarose gel loading buffer, 80% formamide, 100 mM Tris-borate (pH

8.3), and 2 mM EDTA]. Samples were subjected to electrophoresis in denaturing 6%

polyacrylamide sequencing gels. Gels were dried in vacuo, and DNA cleavage products

were visualized with a Bio-Rad Molecular Imager FX.

DNA Religation

DNA religation assays were carried out by the procedure of Robinson and Osheroff (45).

Reaction mixtures (20 μL) contained 200 nM wild-type or mutant topoisomerase IV and 10

nM negatively supercoiled pBR322 in cleavage buffer containing 5 mM MgCl2. Initial DNA

cleavage/religation equilibria were established at 37 °C for 10 min. Religation was initiated

by rapidly shifting the temperature from 37 to 75 °C. Reactions were stopped at times

ranging from 0-135 s by the addition of 2 μL of 5% SDS followed by 1 μL of 250 mM

EDTA (pH 8.0). Samples were digested with proteinase K and processed as described above

for plasmid cleavage assays. Levels of DNA cleavage were set to 100% at time zero, and

religation was determined by the loss of linear reaction product over time.

Persistence of Topoisomerase IV-DNA Cleavage Complexes

The persistence of topoisomerase IV-DNA cleavage complexes established in the presence

of drugs was determined using the procedure of Gentry et al. (46). Initial reaction mixtures

contained 1 μM wild-type or mutant topoisomerase IV, 50 nM DNA, and 20 μM (for the

wild-type enzyme) or 200 μM (for the mutant enzymes) ciprofloxacin or 20 μM 8-methyl-

quinazoline-2,4-dione in a total of 20 μL of DNA cleavage buffer. Reactions were incubated

at 37 °C for 10 min and then diluted 20-fold with DNA cleavage buffer warmed to 37 °C.

Samples (20 μL) were removed at times ranging from 0-300 min, and DNA cleavage was

stopped with 2 μL of 5% SDS followed by 1 μL of 250 mM EDTA (pH 8.0). Samples were

digested with proteinase K and processed as described above for plasmid cleavage assays.

Levels of DNA cleavage were set to 100% at time zero, and the persistence of cleavage

complexes was determined by the decay of the linear reaction product over time.

RESULTS

Characterization of Wild-Type, GrlAS81F, and GrlAS81Y B. anthracis Topoisomerase IV

Quinolone-based antibacterials are the main prophylactic drugs used to treat potential

exposure to B. anthracis and are the most common treatment for individuals who have

contracted anthrax (4, 5). Therefore, as a first step towards defining interactions between

quinolones and B. anthracis type II topoisomerases, we purified and characterized

topoisomerase IV.

As seen in Figures 1 and 2, wild-type topoisomerase IV readily relaxes negatively

supercoiled plasmid DNA and decatenates kDNA. In addition, the enzyme requires a

divalent metal ion for DNA cleavage, and the reaction is supported by Mg2+, Ca2+, and

Mn2+ (Figure 3, inset). As observed for other prokaryotic and eukaryotic type II

topoisomerases (47-50), high levels of DNA scission were seen in reactions that contained

Ca2+. Therefore, an enzyme titration was carried out in the presence of this divalent metal

ion (Figure 3). Under “standard reaction conditions” that included 200 nM topoisomerase

IV, the enzyme cut nearly 15% of the negatively supercoiled substrate. Using equivalent

conditions in reactions that replaced Ca2+ with Mg2+, baseline levels of DNA cleavage were

~2%.
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Quinolone resistance in clinical isolates of pathogenic bacteria is most often associated with

specific mutations in topoisomerase IV and/or gyrase (6, 8, 36). Although the primary target

of quinolones (topoisomerase IV or gyrase) is species- and drug-dependent, both enzymes

contribute to drug resistance (6, 33, 51-55). The most common mutations occur at a specific

serine residue in the A (or equivalent) subunit of either enzyme (34). This residue originally

was described as Ser83 in E. coli gyrase. The homologous residue in B. anthracis GrlA is

Ser81. Indeed, in laboratory studies of B. anthracis that selected for drug resistance,

GrlAS81F and GrlAS81Y were frequently observed in quinolone-resistant strains (22-24).

Therefore, GrlAS81F and GrlAS81Y topoisomerase IV were isolated and characterized.

As seen in Figures 1 and 2, both mutant enzymes displayed DNA relaxation and

decatenation activities that were similar to those of wild-type B. anthracis topoisomerase IV.

In addition, baseline levels of DNA cleavage mediated by GrlAS81F and GrlAS81Y

topoisomerase IV in the presence of Ca2+ appeared to be somewhat higher than that seen

with the wild-type enzyme (Figure 3). Similar results were observed in the presence of Mg2+

(see the 0 μM drug points in Figure 5). Thus, quinolone resistance in GrlAS81F and

GrlAS81Y topoisomerase IV is not due to a general loss of enzyme activity. This finding has

important implications for the potential treatment of B. anthracis infections that carry these

common mutations. Because quinolone-induced cell death is triggered by the generation of

topoisomerase IV- and gyrase-mediated DNA strand breaks, it would be extremely difficult

to overcome quinolone resistance that results from decreased activity of one or both type II

enzymes.

Effects of Quinolones and 8-Methyl-quinazoline-2,4-dione on DNA Cleavage Mediated by
Wild-Type, GrlAS81F, and GrlAS81Y Topoisomerase IV

In order to explore the mechanism of quinolone action and resistance, initial experiments

examined the effects of quinolones on DNA cleavage mediated by wild-type, GrlAS81F, and

GrlAS81Y topoisomerase IV. A number of clinically-relevant quinolones were used for these

experiments, including ciprofloxacin, levofloxacin, moxifloxacin, norfloxacin, and

sparfloxacin (10) (Figure 4). The experimental quinolone CP-115,953 also was used. It is

the only topoisomerase II poison that displays high activity against bacterial and eukaryotic

type II enzymes (42, 56, 57). All of the quinolones were examined with wild-type B.

anthracis topoisomerase IV. While some differences in drug potency and efficacy were

noted among the compounds, all of the quinolones fundamentally had the same effect on the

enzyme. Therefore, only data for ciprofloxacin, levofloxacin, and CP-115,953 are shown for

the mutant enzymes.

Results of DNA cleavage assays are shown in Figure 5. All of the quinolones enhanced

DNA cleavage mediated by wild-type topoisomerase IV (left panel). Ciprofloxacin was the

most potent quinolone and, together with levofloxacin, was the most efficacious. Although

sparfloxacin increased DNA cleavage several-fold, it was the least potent and efficacious

quinolone examined.

As predicted from quinolone resistance studies with B. anthracis cultures (22-24) and

previous studies with gyrase and topoisomerase IV from other bacterial species that carry

mutations at the “Ser83 equivalent” residue (34, 48, 58-60), ciprofloxacin, levofloxacin, and

CP-115,953 displayed decreased activity against GrlAS81F and GrlAS81Y topoisomerase IV

(Figure 5, center and right panels, respectively). The quinolone concentration required to

triple levels of enzyme-mediated DNA cleavage (CC3) rose ~27– to 42-fold with GrlAS81F

topoisomerase IV (as compared to the wild-type enzyme) and ~10– to 17-fold with

GrlAS81Y topoisomerase IV (Table 1). In order to determine the effects of the Ser81

mutations on the efficacy of quinolone action, maximal levels of DNA cleavage for wild-

type, GrlAS81F, and GrlAS81Y B. anthracis topoisomerase IV were obtained by extending
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the drug concentration range. As seen in Figure 6, levels of DNA cleavage observed with the

mutant enzymes at 300 μM ciprofloxacin, levofloxacin, or CP-115,953 approached those

seen at lower drug concentrations with wild-type topoisomerase IV. Quinolone efficacy (as

determined by the maximal level of DNA cleavage) ranged from 0.90 to 1.06 for GrlAS81F

topoisomerase IV (compared to that seen with the wild-type enzyme) and 0.77 to 0.95 for

GrlAS81Y topoisomerase IV (Table 1).

As above, these results have important implications for the potential treatment of quinolone-

resistant strains of B. anthracis. They suggest that it should be possible to overcome drug

resistance in B. anthracis if quinolones or quinolone-like drugs with higher affinities for the

most common mutant type II enzymes can be developed.

Although the underlying basis for quinolone resistance generated by “Ser83” mutations has

yet to be determined, it has been suggested that it is related to the ability of quinolones to

bind Mg2+ ions. Quinolones require divalent metal ions in order to unwind DNA (59, 61,

62), and it has long been assumed that Mg2+ is required to coordinate the interactions of

quinolones in the enzyme-DNA complex (10, 63, 64). Based on the ability of ciprofloxacin

to alter conformational equlibria in E. coli GyrA (but not GyrAS83W) in the presence of

Mg2+ ions, Sissi et al. (64) suggested that “Ser83” was involved in mediating quinolone-

Mg2+-protein interactions. A recent crystallographic structure of a DNA cleavage complex

formed with Acinetobacter baumannii topoisomerase IV in the presence of moxifloxacin

supports this conclusion (28). The structure shows a Mg2+ ion interacting with the C3/C4

keto acid of moxifloxacin and with the enzyme through four water molecules. Two of these

water molecules appear to be coordinated by Ser84 (which is homologous to Ser81 in B.

anthracis GrlA and Ser83 in E. coli GyrA) (28). This Mg2+-mediated interaction appears to

be one of the primary points of contact between the quinolone and the type II enzyme. Based

on these findings, the authors proposed that mutation of the serine residue causes drug

resistance by disrupting the proper coordination of the water-Mg2+ interaction that bridges

the quinolone to the enzyme (28).

If the above hypothesis is correct, then quinolone-like drugs that do not require the water-

Mg2+ bridge might be relatively unaffected by “Ser83” mutations. In this regard,

quinazolinediones lack the C3/C4 keto acid that is characteristic of quinolones (see Figure

4). Although it has not been demonstrated directly, it is likely that quinazolinediones do not

bind the Mg2+ ion that bridges quinolones to the protein.

Quinazolinediones display similar or better activity than quinolones against a variety of

Gram-positive and Gram-negative bacterial species in vitro (35, 59, 65, 66). Furthermore,

the efficacy of PD 0305970 (a quinazolinedione that is similar to the 8-methyl-

quinazoline-2,4-dione used in the present work) in a murine acute lethal Gram-positive

infection model was greater than that of either ciprofloxacin or levofloxacin (35). Previous

studies have shown that cultures of quinolone-resistant E. coli (66) and Streptococcus

pneumoniae (59) harboring “Ser83” mutations in topoisomerase IV and/or gyrase retain

sensitivity to quinazolinediones. In addition, a limited number of quinazolinediones have

been shown to induce high levels of DNA cleavage mediated by E. coli gyrase (60) and

Streptococcus pneumoniae gyrase and topoisomerase IV that contain “Ser83” mutations

(59).

Therefore, the effects of 8-methyl-quinazoline-2,4-dione on DNA cleavage mediated by

wild-type, GrlAS81F, and GrlAS81Y B. anthracis topoisomerase IV were determined (Figure

5 and Table 1). The quinazolinedione-induced increase in DNA cleavage mediated by wild-

type topoisomerase IV was similar to that seen with the quinolones. However, this drug was

~2.5 times more potent (as reflected by the CC3 value) than ciprofloxacin. Dramatic
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differences were seen for 8-methyl-quinazoline-2,4-dione with the GrlAS81F and GrlAS81Y

mutant enzymes. In contrast to the quinolones, little to no resistance was observed with the

quinazolinedione. With GrlAS81F topoisomerase IV, the CC3 concentration for the

quinazolinedione rose only 1.5-fold and the level of maximal DNA cleavage was actually

36% higher than observed with the wild-type enzyme. With GrlAS81Y topoisomerase IV,

potency and efficacy both were slightly better than those seen with the wild-type enzyme.

The striking sensitivity of GrlAS81F and GrlAS81Y topoisomerase IV to 8-methyl-

quinazoline-2,4-dione is consistent with the hypothesis of Wohlkonig et al. (28) and

suggests that the proposed water-Mg2+ bridge that coordinates the bacterial type II enzyme

with quinolones is a major determinant for drug action. Furthermore, it provides a unique

opportunity to address the proposed mechanism for quinolone resistance caused by

mutations in “Ser83.” Therefore, the Mg2+-dependence of DNA cleavage mediated by wild-

type and GrlAS81F topoisomerase IV in the presence of ciprofloxacin was compared to that

seen with 8-methyl-quinazoline-2,4-dione. Results are shown in Figure 7. In order to

facilitate direct comparisons between each different combination of drug and enzyme, levels

of DNA cleavage generated in the presence of 10 mM Mg2+ were normalized to 100% for

each drug-enzyme pair.

The quinolone and quinazolinedione displayed similar requirements for Mg2+ when wild-

type topoisomerase IV was employed; half-maximal and maximal DNA cleavage were

observed at ~0.35 mM and ~1 mM Mg2+, respectively. In contrast, the two drugs displayed

markedly different Mg2+ requirements for DNA cleavage mediated by GrlAS81F. While the

metal ion utilization for 8-methyl-quinazoline-2,4-dione closely resembled that seen with the

wild-type enzyme (p > 0.05), ciprofloxacin required higher levels of Mg2+ to support DNA

cleavage. Levels of Mg2+ required to generate half-maximal and maximal DNA cleavage

rose to ~0.75 mM and ~2.5 mM Mg2+, respectively, in the presence of the quinolone. Both

of these values are significantly higher than those seen with wild-type topoisomerase IV (p =

0.002 and 0.01, respectively).

The above findings strongly suggest that the GrlA S81->F mutation in B. anthracis

topoisomerase IV disrupts the water-Mg2+ bridge that mediates quinolone-protein binding in

the cleavage complex. This conclusion supports the hypothesis that quinolone resistance

results from the disruption of this critical quinolone-protein interaction (28) and also

provides an explanation for the lack of quinazolinedione resistance seen with GrlAS81F.

Biochemical Mechanism for Quinolone Resistance in GrlAS81F and GrlAS81Y

Topoisomerase IV

The differential requirement for Mg2+ by quinolones and 8-methyl-quinazoline-2,4-dione

has the potential to alter a number of drug actions against wild-type and mutant

topoisomerase IV. Therefore, several experiments were carried out to further characterize

the biochemical mechanism of quinolone resistance in B. anthracis topoisomerase IV and

the differences between quinolones and quinazolinediones. First, sites of DNA cleaved by

wild-type, GrlAS81F, and GrlAS81Y topoisomerase IV were examined in the presence of

ciprofloxacin, levofloxacin, CP-115,953, and 8-methyl-quinazoline-2,4-dione (Figure 8).

Some differences in site utilization were seen, and overall levels of quinolone-induced DNA

cleavage mediated by the mutant enzymes dropped. However, no major differences in

cleavage site specificity were observed for any drug-enzyme combination. Although some

DNA cleavage bands became very faint in the presence of quinolones and the resistant

enzymes, these bands were visible at higher drug concentrations (data not shown).

These findings indicate that the resistance of GrlAS81F and GrlAS81Y topoisomerase IV to

quinolones and the ability of 8-methyl-quinazoline-2,4-dione to overcome the resistance are
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not related to the selection of DNA cleavage sites by B. anthracis topoisomerase IV. They

further suggest that drug-DNA interactions formed in the presence of the mutant enzymes

are essentially those formed in the presence of wild-type topoisomerase IV (albeit weaker

with quinolones) and that quinazolinedione-DNA interactions are similar to those

established by quinolones in the cleavage complex.

The increased quinolone CC3 values for GrlAS81F and GrlAS81Y topoisomerase IV suggest

that these drugs bind less tightly to the mutant enzymes than to wild-type topoisomerase IV.

This finding is consistent with previous binding and kinetic studies with “Ser83” mutants of

E. coli gyrase and Staphylococcus aureus topoisomerase IV (48, 58, 60, 67). In contrast, the

high affinity of 8-methyl-quinazoline-2,4-dione for the mutant enzymes appears to be

maintained. Therefore, the second experiment explored the basis underlying these

differences by examining the ability of ciprofloxacin to compete with the quinazolinedione.

Competition assays took advantage of the fact that lower levels of DNA cleavage were

observed in the presence of the quinolone. Therefore, the relative contributions of

ciprofloxacin and 8-methyl-quinazoline-2,4-dione to DNA cleavage were determined by

comparing levels of scission generated in the presence of both drugs to the cleavage

observed in the presence of either drug alone.

Results are shown for GrlAS81F topoisomerase IV in Figure 9. Similar results were observed

with GrlAS81Y topoisomerase IV (data not shown). A concentration of 20 μM 8-methyl-

quinazoline-2,4-dione, which is saturating, was used for these experiments. Ciprofloxacin

concentrations ranged from 0-150 μM; greater concentrations of the quinolone produced

high levels of cleavage that interfered with the analysis of the assays.

Even at quinolone concentrations that were 7.5 times higher than that of the

quinazolinedione, ciprofloxacin contributed less than half of the drug-induced DNA

cleavage (Figure 9). This finding suggests that ciprofloxacin is unable to compete effectively

with 8-methyl-quinazoline-2,4-dione for binding to the GrlAS81F topoisomerase IV-DNA

complex and provides further evidence that the mutation at Ser81 of B. anthracis

topoisomerase IV disproportionately affects the affinity of the quinolone as compared to the

quinazolinedione.

The third experiment assessed the ability of drugs to inhibit topoisomerase IV-mediated

DNA religation. Although quinolones impair DNA religation mediated by type II

topoisomerases, their effects range from modest (<2-fold) to strong (~10-fold), depending

on the enzyme species and drug employed (42, 56-58). As seen in Figure 10, quinolones and

the quinazolinedione (20 μM) had a similar moderate effect on DNA religation mediated by

wild-type B. anthracis topoisomerase IV, increasing t1/2 values by ~3-fold (as compared to

reactions carried out in the absence of drug, left panel). However, the two drug classes had

markedly different effects on religation mediated by GrlAS81F and GrlAS81Y topoisomerase

IV (middle and right panels, respectively). Whereas 8-methyl-quinazoline-2,4-dione (20

μM) maintained (or even increased) its ability to inhibit religation, very little inhibition was

seen in the presence of 200 μM ciprofloxacin, levofloxacin, or CP-115,953. The abilities of

quinolones and the quinazolinedione to inhibit religation mediated by GrlAS81F and

GrlAS81Y differ significantly (p = 0.002 and 0.001, respectively) and imply that the

resistance mutations impair quinolone function as well as binding.

The fourth experiment examined the effects of resistance mutations on the persistence of

drug-induced cleavage complexes. This was accomplished by establishing DNA cleavage-

religation equilibria with wild-type, GrlAS81F, and GrlAS81Y topoisomerase IV in the

presence of ciprofloxacin (20 μM with the wild-type or 200 μM with the mutant enzymes)

or 8-methyl-quinazoline-2,4-dione (20 μM), diluting reaction mixtures 20-fold, and
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monitoring the decay of cleavage complexes over time (Figure 11). The t1/2 for DNA

cleavage induced by ciprofloxacin dropped ~20-fold with the mutant enzymes (p = 0.007 for

both enzymes), while the drop seen with 8-methyl-quinazoline-2,4-dione was (at most) 30%

(p > 0.05 for both enzymes). These findings indicate that quinolone resistance correlates

with a decreased stability of the topoisomerase IV-drug-DNA ternary complex, while the

high sensitivity of GrlAS81F and GrlAS81Y topoisomerase IV towards the quinazolinedione

correlates with the maintenance of a stable ternary complex.

DISCUSSION

As described above, the most common quinolone-resistance mutations in B. anthracis

topoisomerase IV (GrlAS81F and GrlAS81Y) (22-24) have little effect on the catalytic activity

and DNA cleavage specificity of the enzyme, but significantly decrease the affinity of

topoisomerase IV for several commonly prescribed quinolones. However, wild-type levels

of DNA cleavage generated by GrlAS81F and GrlAS81Y topoisomerase IV could be achieved

with high concentrations of quinolones (15 to 20 times higher than required to reach

maximal levels of DNA cleavage with the wild-type enzyme), suggesting that it should be

possible to overcome resistance if a more potent quinolone or related drug could be

developed.

It has been proposed that “Ser83” mutations lead to quinolone resistance because they alter

an amino acid residue that plays an important role in coordinating quinolones to type II

topoisomerases through a water-Mg2+ bridge (28, 64). Therefore, we examined the effects of

8-methyl-quinazoline-2,4-dione, which lacks the keto acid used by quinolones to bind the

Mg2+ ion, on DNA cleavage and religation mediated by wild-type, GrlAS81F, and GrlAS81Y

topoisomerase IV. As predicted by the hypothesis, the quinazolinedione displayed high

activity against all three enzymes. 8-Methyl-quinazoline-2,4-dione was more potent than the

quinolones against the wild-type enzyme and was equally efficacious. Moreover, in marked

contrast to the quinolones, the quinazolinedione maintained its potency and efficacy against

the mutant enzymes.

In order to directly test the importance of the proposed water-Mg2+ bridge in coordinating

quinolone-topoisomerase IV interactions, we analyzed the Mg2+ concentration dependence

for drug-induced DNA cleavage mediated by wild-type and GrlAS81F B. anthracis

topoisomerase IV. The requirement for higher Mg2+ concentrations to support quinolone-

induced, but not quinazolinedione-induced, DNA cleavage by the mutant enzyme provides

the first functional evidence supporting the importance of the water-Mg2+ bridge in

coordinating quinolone-topoisomerase IV binding and the role of “Ser83” in this interaction.

Type II topoisomerases require two divalent metal ions per active site to support DNA

cleavage (27, 49, 50, 68-71). One of the metal ions binds with high affinity to site A and

mediates the chemistry of DNA scission and religation. The other binds with lower affinity

to site B and appears to play a structural role aligning the double helix during these

processes. The KD values for Mg2+ binding to metal ion sites A and B are ~0.1 mM and ~1

mM, respectively, for E. coli topoisomerase IV (50). Because half-maximal DNA cleavage

was observed at ~0.35 mM Mg2+ for both the quinolone and the quinazolinedione with wild-

type B. anthracis topoisomerase IV, it is likely that this value reflects the affinity of metal

ion B rather than the metal ion used to mediate quinolone-protein binding. This supposition

implies that the affinity of the metal ion involved in the protein-water-Mg2+-quinolone

interaction is higher than that of active site metal ion B, and that the Mg2+-quinolone

interaction only becomes limiting in the presence of “Ser83” (or potentially other) mutants

that disrupt the coordination of the water-Mg2+ bridge. Consequently, it is probable that the
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GrlA S81->F mutation in B. anthracis topoisomerase IV actually lowers the affinity of the

quinolone-bridging Mg2+ by more than the two-fold effect seen in Figure 7.

The increased Mg2+ concentration required to support ciprofloxacin-induced DNA cleavage

by GrlAS81F topoisomerase IV suggests that the mutant protein can still bind the quinolone-

bridging Mg2+, but does so with diminished affinity. Furthermore, since DNA cleavage

assays utilize 10 mM Mg2+, which is significantly above the saturating metal ion

concentration seen for the GrlAS81F enzyme (~2.5 mM), the decreased potency of

quinolones against the resistant mutant enzymes cannot be attributed solely to decreased

Mg2+ binding. Thus, it is likely that quinolones still interact with GrlAS81F topoisomerase

IV through a water-Mg2+ bridge. However, because “Ser83” appears to coordinate two of

the four water molecules that contact the Mg2+ ion, we propose that the water-Mg2+ bridge

formed with the mutant enzymes is altered and less stable. As a result, quinolones display a

decreased potency for DNA cleavage, exhibit a reduced ability to inhibit DNA religation,

and form less stable cleavage complexes with the mutant enzymes. In contrast, because

quinazolinediones presumably do not require the water-Mg2+ bridge to mediate their

interactions with bacterial type II topoisomerases, mutation of the serine residue has little

effect on the ability of 8-methyl-quinazoline-2,4-dione to inhibit enzyme-mediated DNA

religation and form a stable ternary enzyme-drug-DNA complex.

In the present study, the DNA cleavage potency of 8-methyl-quinazoline-2,4-dione never

decreased more than 1.5-fold with GrlAS81F or GrlAS81Y topoisomerase IV from B.

anthracis. This is as compared to decreases in potencies of ~27– to 42-fold and ~10– to 17-

fold, respectively, seen with a variety of quinolones. Similar results have been reported for

other enzymes. Previous work that examined drug resistance accompanying a GyrAS83W

mutation in E. coli gyrase reported that the DNA cleavage potency of 8-methyl-

quinazoline-2,4-dione dropped ~5.6-fold as compared to a drop of ~400-fold seen with

ciprofloxacin (60). Moreover, in a study that examined similar S. pneumoniae gyrase and

topoisomerase IV resistance mutations, the potency of a related quinazolinedione (PD

0305970) dropped only ~2-fold and ~2.5-fold, respectively, as compared to drops of ~8-fold

and >16-fold seen with ciprofloxacin (59). Thus, quinazolinediones represent quinolone-like

drugs that retain high activity against quinolone-resistance mutations commonly found in

clinical bacterial isolates.

The potential use of quinolone-resistant B. anthracis as a future bioweapon remains high (2,

5). Furthermore, quinolone resistance is rising in a wide variety of bacterial pathogens that

infect humans (34-36). The present study provides a rational basis for the development of

quinolone-like agents that overcome the major resistance mutations in bacterial type II

topoisomerases. It also represents a first step towards identifying a drug that overcomes this

resistance and could be an effective therapy for anthrax or other clinically-relevant

quinolone-resistant bacterial infections.
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Figure 1.

DNA relaxation activities of wild-type, GrlAS81F, and GrlAS81Y B. anthracis topoisomerase

IV. The ability of wild-type (WT, black squares), GrlAS81F (S81F, red circles), and

GrlAS81Y (S81Y, blue triangles) topoisomerase IV to relax negatively supercoiled pBR322

plasmid DNA is shown. Error bars represent the standard deviation of three or more

independent experiments. The inset shows an agarose gel of a typical 30 min relaxation time

course catalyzed by wild-type topoisomerase IV. The positions of negatively supercoiled

(replicative form I, FI) and nicked (replicative form II, FII) plasmids are indicated.
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Figure 2.

DNA decatenation activities of wild-type, GrlAS81F, and GrlAS81Y topoisomerase IV. The

ability of wild-type (WT, black squares), GrlAS81F (S81F, red circles), and GrlAS81Y (S81Y,

blue triangles) topoisomerase IV to decatenate kinetoplast DNA is shown. Error bars

represent the standard deviation of three or more independent experiments. The inset shows

an agarose gel of a typical 30 min decatenation time course catalyzed by wild-type

topoisomerase IV. The positions of kDNA (K) and monomeric free circles (FC) resulting

from decatenation of kDNA are indicated.
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Figure 3.

DNA cleavage activities of wild-type, GrlAS81F, and GrlAS81Y topoisomerase IV. The

ability of wild-type (WT, black squares), GrlAS81F (S81F, red circles), and GrlAS81Y (S81Y,

blue triangles) topoisomerase IV to cleave negatively supercoiled pBR322 plasmid DNA is

shown. Assays were carried out in the presence of 1 mM CaCl2. Error bars represent the

standard deviation of three or more independent experiments. The inset shows an agarose

gel of a typical DNA cleavage assay mediated by wild-type topoisomerase IV in the absence

of divalent metal ion (None) or in the presence of Mg2+, Ca2+, or Mn2+. The positions of

negatively supercoiled (replicative form I, FI), nicked (replicative form II, FII), and linear

(replicative form III, FIII) plasmids are indicated.
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Figure 4.

Structures of the quinolones and quinazolinedione utilized in this study. Ciprofloxacin,

levofloxacin, moxifloxacin, norfloxacin, and sparfloxacin are clinically-relevant

fluoroquinolones (10). CP-115,953 is an experimental fluoroquinolone that displays high

activity against both prokaryotic and eukaryotic type II enzymes (42, 56, 57). 8-Methyl-

quinazoline-2,4-dione is a quinolone-related compound that previously has been shown to

overcome quinolone-resistance mutations, including the GyrAS83W mutation, in E. coli

gyrase (60).
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Figure 5.

Effects of quinolones and 8-methyl-quinazoline-2,4-dione on the DNA cleavage activities of

wild-type, GrlAS81F, and GrlAS81Y topoisomerase IV. DNA cleavage mediated by wild-type

(WT), GrlAS81F (S81F), and GrlAS81Y (S81Y) topoisomerase IV in the presence of drugs

are shown in the left, center, and right panels, respectively. Results with ciprofloxacin

(Cipro, blue circles), levofloxacin (Levo, yellow circles), CP-115,953 (953, open green

squares), norfloxacin (Nor, open diamonds), moxifloxacin (Moxi, black diamonds),

sparfloxacin (Spar, purple triangles), and 8-methyl-quinazoline-2,4-dione (Dione, red

squares) are shown for wild-type topoisomerase IV. Data with ciprofloxacin, levofloxacin,

CP-115,953, and 8-methyl-quinazoline-2,4-dione are shown for the mutant enzymes. Error

bars represent the standard deviation of three or more independent experiments.
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Figure 6.

DNA cleavage induced by GrlAS81F and GrlAS81Y topoisomerase IV at high quinolone

concentrations. A titration is shown for ciprofloxacin and GrlAS81F (S81F, red circles) or

GrlAS81Y (S81Y, blue triangles) topoisomerase IV. Results with low concentrations of

ciprofloxacin (up to 30 μM, the concentration that generated maximal DNA cleavage) and

the wild-type enzyme (WT, black squares) are shown for reference. The inset shows results

for levofloxacin (Levo, solid bars) and CP-115,953 (953, stippled bars) with wild-type,

GrlAS81F, and GrlAS81Y topoisomerase IV (black, red, and blue, respectively). Quinolone

concentrations that generated maximal levels of DNA cleavage (20 μM and 300 μM for the

wild-type and mutant enzymes, respectively) were used. Error bars represent the standard

deviation of three or more independent experiments.
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Figure 7.

Effects of Mg2+ on DNA cleavage mediated by wild-type and GrlAS81F topoisomerase IV in

the presence of ciprofloxacin and 8-methyl-quinazoline-2,4-dione. Results are shown for 50

μM ciprofloxacin (Cipro, left panel) and 10 μM 8-methyl-quinazoline-2,4-dione (Dione,

right panel) with the wild-type (WT, black squares) and GrlAS81F (S81F, red circles)

enzymes. DNA cleavage for each drug-enzyme pair was normalized to 100% at 10 mM

Mg2+ to facilitate direct comparisons. Error bars represent the standard deviation of three or

more independent experiments.
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Figure 8.

Effects of quinolones and 8-methyl-quinazoline-2,4-dione on sites of DNA cleavage

mediated by wild-type, GrlAS81F, and GrlAS81Y topoisomerase IV. An autoradiogram of a

polyacrylamide gel identifying DNA sites cleaved by the wild-type (WT), GrlAS81F (S81F),

and GrlAS81Y (S81Y) enzymes is shown. Reactions contained no enzyme (No topo), or

topoisomerase IV in the presence of the indicated concentrations of Mg2+, Ca2+, or

ciprofloxacin (Cipro), levofloxacin (Levo), CP-115,953 (953), or 8-methyl-quinazoline-2,4-

dione (Dione). Mg2+ (10 mM) was used in all drug-containing reactions. The autoradiogram

is representative of three or more independent experiments.
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Figure 9.

Competition between ciprofloxacin and 8-methyl-quinazoline-2,4-dione. The ability of

0-150 μM ciprofloxacin to compete with 20 μM 8-methyl-quinazoline-2,4-dione for

GrlAS81F topoisomerase IV was determined using DNA cleavage assays. Both drugs were

added to reaction mixtures simultaneously. The relative contribution of the quinazolinedione

(Dione, left axis) to the total level of DNA cleavage was calculated as follows: (% DNA

cleavage with both drugs – % DNA cleavage with ciprofloxacin only) ÷ (% DNA cleavage

with quinazolinedione only – % DNA cleavage with ciprofloxacin only). The relative

contribution of ciprofloxacin (Cipro) to the total level of DNA cleavage (1 minus the above

equation) can be read from the right axis. Error bars represent the standard deviation of three

or more independent experiments.
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Figure 10.

Effects of quinolones and 8-methyl-quinazoline-2,4-dione on the DNA religation activities

of wild-type, GrlAS81F, and GrlAS81Y topoisomerase IV. Results for assays carried out in

the absence of drugs (No Drug, open triangle) or in the presence of ciprofloxacin (Cipro,

blue circles), levofloxacin (Levo, yellow circles), CP-115,953 (953, open green squares), or

8-methyl-quinazoline-2,4-dione (Dione, red squares) are shown. DNA religation mediated

by wild-type (WT), GrlAS81F (S81F), and GrlAS81Y (S81Y) topoisomerase IV are shown in

the left, center, and right panels, respectively. Religation was assessed by monitoring the

loss of double-stranded DNA breaks (linear product) over time. Cleavage at time zero was

set to 100%. Quinolone concentrations were 20 μM in assays that examined wild-type

topoisomerase IV and were increased to 200 μM in assays that examined the GrlAS81F and

GrlAS81Y enzymes. The concentration of 8-methyl-quinazoline-2,4-dione was 20 μM in all

assays. Reactions carried out in the absence of drugs replaced Mg2+ with Ca2+ in order to

achieve readily quantifiable levels of DNA cleavage. Error bars represent the standard

deviation of three or more independent experiments.
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Figure 11.

Effects of ciprofloxacin and 8-methyl-quinazoline-2,4-dione on the persistence of ternary

enzyme-drug-DNA cleavage complexes formed with wild-type, GrlAS81F, and GrlAS81Y

topoisomerase IV. Results are shown for ciprofloxacin (Cipro, left panel) and 8-methyl-

quinazoline-2,4-dione (Dione, right panel) with the wild-type (WT, black squares), GrlAS81F

(S81F, red circles), and GrlAS81Y (S81Y, blue triangles) enzymes. Initial DNA cleavage-

religation reactions were allowed to come to equilibrium and were then diluted 20-fold with

DNA cleavage buffer. The persistence of cleavage complexes was assessed by monitoring

the loss of double-stranded DNA breaks (linear product) over time. Cleavage at time zero

was set to 100%. The concentration of ciprofloxacin was 20 μM in assays that examined

wild-type topoisomerase IV and was increased to 200 μM in assays that examined the

GrlAS81F and GrlAS81Y enzymes. The concentration of 8-methyl-quinazoline-2,4-dione was

20 μM in all assays. Error bars represent the standard deviation of three or more independent

experiments.
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