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We have investigated the interaction of quinolones with DNA by a number of methods to establish whether
a particular binding mode correlates with quinolone potency. The specificities of the quinolone-mediated DNA
cleavage reaction of DNA gyrase were compared for a number of quinolones. Two patterns that depended on
the potency of the quinolone were identified. Binding to plasmid DNA was examined by measuring the
unwinding of pBR322 by quinolones; no correlation with quinolone potency was observed. Quinolone binding
to short DNA oligonucleotides was measured by surface plasmon resonance. The quinolones bound to both
single- and double-stranded oligonucleotides in an Mg>*-dependent manner. Quinolones bound to single-
stranded DNA with a higher affinity, and the binding exhibited sequence dependence; binding to double-
stranded DNA was sequence independent. The variations in binding in the presence of metal ions showed that
Mg>** promoted tighter, more specific binding to single-stranded DNA than softer metal ions (Mn>* and
Cd?™). Single-stranded DNA binding by quinolones correlated with the in vitro quinolone potency, indicating
that this mode of interaction may reflect the interaction of the quinolone with DNA in the context of the

gyrase-DNA complex.

Quinolones are synthetic antibacterial compounds based on
a four-quinolone skeleton (4, 29). Fluoroquinolones have been
very successful clinically and are used to treat bacterial infec-
tions, including respiratory and urinary tract infections. Quin-
olones target bacterial type 11 topoisomerases, generally DNA
gyrase in gram-negative bacteria and DNA topoisomerase IV
in gram-positive bacteria (9). Type II topoisomerases are en-
zymes that resolve topological problems in DNA (38). They
cleave double-stranded DNA in both strands and then trans-
port another segment of double-stranded DNA through the
cleaved DNA segment before religating the DNA. Quinolones
inhibit the strand-passage activity of topoisomerases by stabi-
lizing the formation of a cleaved-DNA complex (13, 34).

Quinolone resistance mutations generally cluster around the
active-site region of the DNA gyrase A protein, between res-
idues 67 and 106, known as the quinolone resistance-determin-
ing region (40). These resistance residues lie within the pro-
posed DNA binding interface in the structure of the DNA
cleavage-religation domain of DNA gyrase (23); quinolones
are thought to interact with both gyrase and DNA. These
quinolone resistance-determining region residues are likely to
form a binding pocket for quinolones, which may also include
quinolone resistance residues from GyrB (17). Consistent with
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this, resistance mutations of gyrase show a decrease in drug
binding affinity (17, 39).

The interaction between quinolones and DNA is also im-
portant within the ternary complex, since DNA is necessary to
form a stable gyrase-quinolone complex (7). Quinolones have
been shown to bind to single-stranded DNA with a preference
for poly(dG) [poly(dG) > poly(dA) > poly(dT) > poly(dC)],
and they were also found to bind weakly to double-stranded
DNA in a sequence-independent manner (32). The preference
for G residues can be explained by a model in which four
quinolone molecules bind to a single-stranded region within
the gyrase-DNA complex by base pairing (33). Other work also
suggests a preferential interaction of quinolones with G resi-
dues (6, 15). DNA modeled into the structure of the cleavage-
religation domain of DNA gyrase suggests that the DNA is
distorted in the active site (23), which may provide a single-
stranded region for drug binding. The quinolone-DNA inter-
action is clearly important for the stability of the ternary com-
plex, but the Shen model is unlikely to be entirely correct since
binding studies suggest that two quinolone molecules bind per
gyrase-DNA complex (7). This conclusion is supported by the
positions of resistance mutations, which appear to form two
quinolone-binding pockets, one on either side of the GyrA
dimer interface (23). Also, the Shen model does not take into
account the fact that Mg®" is required for the quinolone-DNA
interaction (26). Mg?" has been shown by nuclear magnetic
resonance to bind to quinolones via the C-3 and C-4 carboxy-
late and carbonyl groups (Fig. 1 and Table 1), probably in a 1:1
ratio (20). Quinolones have been proposed to bind to the DNA
phophodiester backbone via an Mg>" bridge coordinated by
the C-3 and C-4 groups (27), an interaction that would be
stabilized by stacking between the bases and the quinolone.
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FIG. 1. Structures of compounds used in this study.

Insight into the mode of interaction of quinolones has also
been obtained by examining the sequence of quinolone-in-
duced gyrase cleavage sites. The sites of cleavage of pBR322
DNA by DNA gyrase in the presence of oxolinic acid were
used to define a 20-bp consensus sequence (22). An important
determinant of the consensus sequence is the 4-base region
downstream of the gyrase cleavage site (5'- | GRYC, where R
and Y indicate purine and pyrimidine, respectively, and the
arrow indicates the site of cleavage). If the G or C is mutated,
DNA cleavage is significantly reduced (11); the major cleavage
site of pBR322 is at 990 bp (12).

A model has been described for quinobenzoxazines and
Mg?" binding to the yeast topoisomerase II-DNA complex
(10, 19). These compounds appear to require Mg?" for DNA
binding, since they contain the carbonyl and carboxylate

groups, but they form a much more stable intercalative com-
plex with DNA than the quinolones do (28). This model pro-
poses that two pairs of quinobenzoxazine molecules bind to
DNA via Mg?" bridges (10). In each pair, one drug molecule
intercalates between bases adjacent to the cleavage site and the
other binds externally, where it can interact with the protein.
On the basis of the observation that the quinolone norfloxacin
can form mixed-structure dimers with quinobenzoxazines on
DNA, it has been suggested that this mode of binding may be
applicable to quinolones (10).

In other work a number of quinolones were compared by
using quantitative structure-activity relationships (21). Quino-
lones were suggested to intercalate in double-stranded DNA
with the R1 group (Fig. 1 and Table 1) in the major groove and
the R7 group in the minor groove, allowing GyrA to interact

TABLE 1. Structures of compounds used in this study

O
R6 COOH
oY
XN\) R8 Ri1
Drug R1 RO R8 X

Ciprofloxacin C;H; (cyclopropyl) F H H
PD0117962 C;H; (cyclopropyl) F F H
PD0129603 C;Hj; (cyclopropyl) F Cl H
PD0163449 C;H; (cyclopropyl) F Br H
PD0164488 C;Hj; (cyclopropyl) F OC,Hs H
Enoxacin >Hs F N (on ring) H
Norfloxacin >Hs F H H
Pefloxacin C,H; F H CH,4
Pipemidic acid >Hs N (on ring) N (on ring) H
Piromidic acid C,H; See Fig. 1 See Fig. 1 See Fig. 1
Oxolinic Acid >Hs See Fig. 1 H See Fig. 1
Difloxacin See Fig. 1 F H CH;
Ofloxacin See Fig. 1 F See Fig. 1 CH,;
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with the R7 group, possibly by forming hydrogen bonds. Mg?"
binding to the complex was analyzed by molecular dynamics
simulation (21). A hydrated Mg”* ion bound to the complex;
the binding was coordinated by the quinolone carboxylate and
carbonyl groups, two oxygens from each of two phosphates,
and the N-7 and O-6 of a purine and a guanine, respectively.

The diversity of the models discussed above shows that,
without a high-resolution structure of the gyrase-quinolone-
DNA complex, understanding the quinolone binding interac-
tion is challenging. In order to progress our understanding of
the gyrase-quinolone-DNA interaction, we have examined the
interaction between quinolones and DNA to see if a particular
mode of binding correlates with the in vitro quinolone potency
against DNA gyrase. We find that quinolones bind to single-
stranded DNA in a sequence-dependent manner that is medi-
ated by Mg?". This interaction correlates with quinolone po-
tency, indicating that similar binding to the gyrase-DNA
complex occurs. Binding to double-stranded DNA was not
dependent on the sequence used and did not correlate with the
quinolone potency.

MATERIALS AND METHODS

Quinolones, enzymes, and DNA. All quinolones except enoxacin were dis-
solved in a 1:5 molar ratio of drug to KOH; enoxacin required equimolar NaOH
for dissolution. The PD compounds, ciprofloxacin, norfloxacin, enoxacin, ofloxa-
cin, and difloxacin were gifts from Parke-Davis (PD; Ann Arbor, Mich.), Bayer,
Merck, Dainippon, Hoechst, and Abbott Laboratories, respectively. Oxolinic
acid, pipemidic acid, and piromidic acid were purchased from Sigma.

GyrB was purified to homogeneity as described previously (24). GyrA and
relaxed pBR322 were gifts from A. J. Howells (John Innes Enterprises Ltd.). The
oligonucleotides (MWG Biotech) used in this study were based on the preferred
quinolone-mediated gyrase DNA-cleavage site of pBR322 (referred to as the 990
site) and were as follows: single-stranded 6-mers (5'—3") TGG CCT, TAA CCT,
TGG TTT, and TAA TTT; single-stranded 24-mer CGA GGC TGG ATG GCC
TTC CCC ATT; and hairpin oligonucleotides TGG CCT CCC CAG GCC A and
TAA CCT CCC CAG GTT A.

Enzyme assays. Supercoiling assays for determination of the in vitro potencies
of the quinolones were performed as described previously (17, 30). DNA cleav-
age specificity assays contained 10 g of relaxed pBR322 DNA per ml, 9 ug of
tRNA per ml, 35 mM Tris - HCI (pH 7.5), 24 mM KCl, 4 mM MgCl,, 2 mM
dithiothreitol, 1.8 mM spermidine, 1 mM ATP, 0.1 mg of bovine serum albumin
per ml, 6.5% (wt/vol) glycerol, and the quinolone at the desired concentration.
Samples were preincubated for 5 min at 25°C before gyrase was added at a final
concentration of 70 to 100 nM (GyrA monomer). Following a 30-min incubation
of the cleavage reaction at 25°C, 0.5 U of EcoRI was added and the incubation
was continued at 37°C for 15 min. Sodium dodecyl sulfate and proteinase K were
added to final concentrations of 0.2% (wt/vol) and 0.1 mg/ml, respectively, and
the incubation was continued for 30 min at 37°C. Samples were prepared for
electrophoresis by the addition of 1 volume of 40% sucrose—0.1 M Tris - HCI (pH
7.5)-0.1 M EDTA-bromophenol blue and 2 volumes of chloroform-isoamyl
alcohol (24:1). The products were separated on a 1.35% agarose gel.

DNA unwinding assays. Samples contained 1 U of wheat germ topoisomerase
I (Promega), 10 pg of negatively supercoiled pBR322 DNA per ml, 35 mM
Tris - HCI (pH 7.5), 24 mM KCl, 4 mM MgCl,, 6.5% (wt/vol) glycerol, 4 mM
dithiothreitol, and the quinolone at the desired concentration in a final volume
of 30 wl. The samples were preincubated for 5 min at 37°C before the addition
of topoisomerase I to start DNA relaxation. The samples were further incubated
at 37°C for 30 min. The reactions were terminated, and the samples were
prepared for agarose gel analysis by the addition of 0.5 volume of chloroform-
isoamyl alcohol (24:1) and 0.2 volume of 0.2% (wt/vol) sodium dodecyl sul-
fate-80 mM Tris - acetate-2 mM EDTA-20% (wt/vol) glycerol-bromophenol
blue. The products were separated on 1.1% agarose gels containing 0, 0.5, or 1
wg of chloroquine per ml.

SPR. Surface plasmon resonance (SPR) was performed (at 25°C) by using a
Biacore 2000 or a Biacore X instrument (Biacore AB, Uppsala, Sweden) with
streptavidin-coated sensor chips. 5 Biotinylated oligonucleotides were attached
in HBS-EP buffer (Biacore) to flow cell 2 by flowing 100 wl of 200 nM oligonu-
cleotide in 300 mM NaCl across the chip at 5 pl/min. Flow cells 1 and 2 were then
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TABLE 2. Properties of drugs

L, Cleavage DNA unwindin,
Drug 1Cso (uM) speciﬁc?ty (ALK®/mM)” ¢
PD0117962 0.7 1 12
PD0129603 0.8 1 17
PD0163449 0.9 1 54
Ciprofloxacin 1.1 I 33
PD0164488 1.7 1 43
Difloxacin 2.5 1 ND¢
Ofloxacin 35 1 9.5
Enoxacin 44 1 29
Norfloxacin 4.8 1 13
Pefloxacin 5.1 1 11
Oxolinic acid 15.1 I 6.0
Piromidic acid 56 I ND
Pipemidic acid 70 11 ND

“ Data for all drugs except pefloxacin, difloxacin, pipemidic acid, piromidic
acid, and oxolinic acid are from Barnard and Maxwell (2).

® ALK°/mM, average change in mean linking difference per millimolar drug.

¢ ND, not determined.

blocked with 100 pl of 1 mg of biotin per ml. A buffer of 35 mM Tris - HCI (pH
7.5) and 1 mM MgCl, was flowed across flow cell 1 and then flow cell 2 at 30
wl/min, unless indicated otherwise. The quinolones in the same buffer were
injected across flow cell 1 and then flow cell 2; the blank (flow cell 1) signal was
subtracted, and the change in amplitude was measured. In order to determine
apparent dissociation constants (K,s), the amplitude was measured at a range of
drug concentrations, and the data were fitted to a single-site binding equation
{[bound drug] = (capacity X [free drug])/(K, + [free drug])}. To minimize mass
transport effects, a fast flow rate was used; experiments carried out at slower flow
rates gave comparable results. The resultant binding isotherms (e.g., see Fig. 3)
suggested that mass transport correction was unnecessary.

RESULTS

Quinolone potency in vitro. To examine the interaction of
quinolones with DNA, we selected a range of compounds (Fig.
1 and Table 1), some of which had been used in a previous
study (2). The potencies of these compounds were deter-
mined in vitro by measuring the 50% inhibitory concentrations
(ICsps) for the inhibition of gyrase supercoiling activity (Table
2). The quinolone ICs,s for supercoiling activity varied signif-
icantly among the quinolones tested. Ciprofloxacin and its de-
rivatives had the lowest ICss (i.e., were the most potent), and
the nonfluorinated compounds oxolinic acid, pipemidic acid,
and piromidic acid had the highest (i.e., were the least potent).

Quinolone-dependent DNA cleavage specificity. The speci-
ficity of DNA cleavage by gyrase in the presence of various
different quinolones (Fig. 1 and Table 1) was examined to see
if there was a correlation between cleavage specificity and
quinolone potency. A relaxed DNA substrate (plasmid pBR322)
was used with a high gyrase concentration to produce cleavage
at several sites on the DNA. The DNA was then linearized with
EcoRI to produce a cleavage pattern that was similar for all the
quinolones tested (Fig. 2). All the quinolones showed a pref-
erence for cleavage at the 990 site (12). However, three of the
quinolones, oxolinic acid, pipemidic acid, and piromidic acid,
produced cleavage patterns that were distinctly different.
These cleavage patterns are termed set II and were distinct
from the other patterns, which are set I (Table 2). Therefore,
the nature of the quinolone alters the cleavage site preference
of DNA gyrase, indicating that the quinolone-DNA interaction
is important within the ternary complex. This suggests that the
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FIG. 2. Cleavage specificity assay. A 1.35% agarose gel shows the
cleavage of relaxed pBR322 DNA by gyrase in the presence of quin-
olone drugs. Lanes: M, hyperladder DNA marker (Bioline); Rel, re-
laxed pBR322 DNA substrate alone; L, EcoRlI-linearized substrate.
The remaining lanes show the cleavage patterns for ciprofloxacin
(CFX; 5 uM), oxolinic acid (OXO; 50 wM), enoxacin (ENX; 25 uM),
and pipemidic acid (PPA; 150 wM), classified as set I or set II. The
arrows show the approximate positions of the products generated by
cleavage at the 990 site (12).

DNA cleavage pattern is related to drug potency, since piro-
midic acid, pipemidic acid, and oxolinic acid, the weakest drugs
by ICs, (Table 2), were the only compounds that caused cleav-
age pattern II. These are also the only drugs that lack a fluo-
rine atom at C-6.

DNA unwinding. DNA relaxation by topoisomerase I has
previously been used to investigate the DNA unwinding effects
of nalidixic acid and norfloxacin (36, 37). In these experiments,
closed-circular DNA was incubated with the quinolones and
then treated with topoisomerase I, and the extent of DNA
unwinding was determined electrophoretically. The unwinding
of supercoiled plasmid DNA by norfloxacin was 17-fold higher
than that by nalidixic acid. This compares to ~60- to 120-fold
differences in potency, as determined by MICs and ICygs (16,
41). We have examined the DNA unwinding ability of a larger
set of quinolones to see if these results correlate with other
binding data and the in vitro potency. Each compound was
tested at two or three different concentrations, and agarose
gels of the topoisomer products were analyzed for the change
in linking number (data not shown). A Gaussian function was
used to calculate the mean change in linking number of the
DNA for each drug at each concentration (3). In control ex-
periments, drugs were titrated into the reaction in order to
confirm that the change in linking number was linear with
respect to the amount of drug added. The data show that the
level of DNA unwinding varies significantly for the quinolones
(Table 2). However, there is not an obvious correlation be-
tween quinolone potency (as measured by ICs,) and DNA
unwinding. For example, PD0117962 is more potent than cip-
rofloxacin (~1.6-fold) but is a less effective unwinding agent
(~40% compared with ciprofloxacin); oxolinic acid is ~15-fold
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less potent than ciprofloxacin but is ~5-fold less effective as an
unwinding agent (Table 2).

Single-stranded DNA binding specificity. In order to assess
the binding of quinolones to single-stranded DNA, we synthe-
sized a series of 6-mer oligonucleotides, based on the preferred
gyrase cleavage site of pBR322, at nucleotide 990 (5'—3'):
TGGCCT, TAACCT, TGGTTT , and TAATTT. Binding was
measured by SPR. In preliminary experiments with norfloxacin
and PD0163449 (Table 1), we found that TGGCCT, the ca-
nonical 990 site sequence, bound most tightly and that TAA
CCT showed the weakest binding (data not shown). In subse-
quent experiments with a range of other drugs (Fig. 1 and
Table 1), only these two oligonucleotides were used. (It was
assumed that the oligonucleotides were single stranded on the
chip surface since the melting temperature for each is ~20°C,
and experiments were performed at 25°C. Also, there was no
loss of mass from the surface of the chip when the temperature
was increased to 30°C.)

The SPR sensograms did not produce classic on-off binding
curves but showed a rapid increase in response units (RUs)
when a quinolone was present, and this returned to the base-
line when the injection was stopped (Fig. 3). The results for
quinolone titrations show that the interactions are noncompet-
itive and saturable, indicating that this is a genuine interaction
with a fast on-and-off rate. Other interactions with a rapid
on-and-off rate have been shown to produce similar results by
SPR (5, 25); by using the steady-state level of the RU change,
it is possible to derive binding data from experiments carried
out with a range of drug concentrations.

DNA binding was measured with a range of drug concen-
trations (10 to 500 uM) for both oligonucleotides; the data for
ciprofloxacin are shown in Fig. 3. The data were fitted to a
single-site binding equation, since although there may be more
than one drug binding site, the sites are likely to be indepen-
dent (Fig. 3). K,*PPs were calculated from the fitted data (Ta-
ble 3). It is apparent from the shape of the curves in Fig. 3B
and D that binding to TAACCT is weaker than that to TGG
CCT; the K,*PPs for most compounds were more than fourfold
higher for the substituted sequence (Table 3).

The fitted data also gave a value (in RUs) for the quinolone-
DNA binding capacity (the maximum amount of quinolone
bound to the DNA). This RU increase is proportional to the
mass bound to the DNA. Therefore, if the mass of DNA bound
to the chip is also known in terms of the numbers of RUs, then
the mass of a quinolone that binds to the DNA can be calcu-
lated. For the compounds with the set II cleavage pattern, this
corresponds to a stoichiometry of ~1 per oligonucleotide,
whereas for most of the compounds with the set I cleavage
pattern, this is ~2 per oligonucleotide (Table 3). The exception
is norfloxacin, which has the highest binding capacity (a stoi-
chiometry of 3 to 4 to TGGCCT), suggesting that norfloxacin
may exhibit a different mode of binding and may be less se-
quence selective.

Double-stranded DNA binding. The binding of quinolones
to double-stranded DNA was examined by SPR. A self-com-
plementary hairpin oligonucleotide was constructed: TGGCC
TCCCCAGGCCA (5'—3'). This oligonucleotide formed a
hairpin with a tetracytosine loop; the double-stranded region is
the same as the 990 site of pBR322. Such hairpin oligonucle-
otides have been used previously in SPR experiments (1, 35);
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FIG. 3. SPR sensograms and drug-DNA binding isotherms. (A and C) Examples of the SPR sensograms produced for ciprofloxacin (10, 20, 50,
100, 200, and 500 wM) binding to TGGCCT and TAACCT. Experiments were performed with 1 mM MgCl,. The increase in RUs from the baseline
was measured and used to calculate K,*"Ps. (B and D) Examples of drug-DNA binding isotherms for TGGCCT and TAACCT. The amplitudes
from the SPR sensogram experiments were fitted to a single-site binding equation. The stoichiometries (Table 3) were calculated from the ratio
of the increase in the numbers of RUs for quinolone binding to the mass (in RUs) of DNA attached to the chip surface.

we found that there was no increase in the numbers of RUs
when a complementary oligonucleotide was flowed across the
chip, implying that the hairpin structure was maintained on the
chip surface. Cytosines were used in the hairpin loop since
quinolones show the weakest affinity for poly(dC) (32). Bind-

TABLE 3. Drug binding to 6-mer single-stranded
DNA oligonucleotides

Apparent K, Calculated
Drug (pM)* stoichiometry

TGGCCT TAACCT TGGCCT TAACCT
PD0117962 163.7 £ 21.3 789.5 1027 1.8 x0.10 1.8*0.16
PD0129603 87.6 = 18.6 6849 £92.0 18=*=0.14 22*0.19
PD0163449 88.6 = 22.6 8375 *+1253 18 x0.16 24*0.25
Ciprofloxacin ~ 115.4 = 24.0 480.1 £23.0 24=*=0.19 23*0.07
PD0114488 48.4 =153 7504 = 116.6 1.6 £0.15 2.0*0.21
Difloxacin 164.7 = 12.5 693.0 2989 15*=0.05 1.0*=0.10
Ofloxacin 2342 £ 559 5502 =514 1.6x0.19 1.0*0.06
Enoxacin 2404 £36.9 1180.1 =203.2 22*0.16 2.9 *=0.38
Norfloxacin 336.4 = 87.1 1599.0 =352.1 35*048 59=*1.04
Pefloxacin 196.0 = 15.4 7523 £136.0 13 *=0.04 1.1*=0.14
Oxolinic acid 1644 £21.2  1057.0 22565 0.6 £0.03 1.0*0.18
Piromidic acid  604.3 = 112.3 7782 +242.6 1.0=*=0.12 0.6 +0.12

“ KPP were determined from quinolone-binding titrations by SPR (Fig. 3).

ing was compared to a second hairpin, TAACCTCCCCAGG
TTA (5'—3'"), containing the sequence of the single-stranded
oligonucleotide that had previously shown the weakest quino-
lone binding affinity. The K,*FPs for most of the quinolones are
similar for both hairpin oligonucleotides (Table 4), indicating
that the interaction with double-stranded DNA is less se-
quence dependent. Furthermore, there is less variation be-
tween the K,*PPs for different quinolones than those deter-
mined with single-stranded DNA (Table 3), suggesting that
quinolone potency is not correlated with binding to double-
stranded DNA. In general, the K,*PPs for binding to the hair-
pins (Table 4) are increased compared to those for binding to
the single-stranded oligonucleotides (Table 3), suggesting that
the quinolones, particularly those with lower 1Cs, bind pref-
erentially to single-stranded DNA.

Correlations between in vitro potency and DNA binding.
The ICss for in vitro quinolone potency were plotted against
the K,*PPs for binding to single- and double-stranded DNA to
determine whether there is a systematic correlation. The
K ,*PPs for binding to TGGCCT (the 990 site sequence) and
TAACCT were plotted (Fig. 4A and B insets). The data for
TGGCCT appear to show a correlation, but this is heavily
influenced by the data for the low-potency drugs; little or no
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TABLE 4. Drug binding affinity to double-stranded DNA
hairpin oligonucleotides

Apparent K; (nM)

Drug 5'-TGECCTCC 5'-TAACCTCC
3’-ACCGGACC 3'-ATTGGACC

PD0117962 329.5 = 38.7 369.3 = 55.0
PD0129603 3423 =472 336.4 =403
PD0163449 4279 = 73.1 438.3 = 61.6
Ciprofloxacin 320.2 = 64.6 348.0 £ 68.0
PD0164488 287.0 = 43.0 362.3 = 58.0
Difloxacin 346.4 = 34.2 534.6 = 58.6
Ofloxacin 362.0 = 49.1 465.4 + 30.2
Enoxacin 264.0 = 38.3 335.6 = 51.0
Norfloxacin 309.0 = 53.6 3339+ 459
Pefloxacin 291.8 = 30.1 3229 = 67.6
Oxolinic acid 504.4 + 1453 335.9 + 68.4

Piromidic acid 497.3 = 106.3 681.1 = 183.2

correlation exists for TAACCT. Therefore, the data were re-
plotted by excluding those for oxolinic acid and piromidic acid,
which had the highest IC5ys (Fig. 4A and B). Again, the data
for TGGCCT appear to show a correlation: as the potency
increases, the DNA binding affinity also increases. Therefore,
the mode of binding to single-stranded DNA is apparently
related to quinolone potency, suggesting that quinolones bind
to single-stranded DNA in the gyrase-DNA complex. The re-
sults for norfloxacin are outliers, particularly for binding to
TAACCT, which may be because it has a different mode of
binding to single-stranded DNA since it has a higher binding
stoichiometry (Table 3).

The ICsos were also plotted against the K,*PP values for
binding to the hairpin oligonucleotides, which are equivalent
to double-stranded DNA (Fig. 4C and D). However, there is
no obvious correlation between quinolone potency and dou-
ble-stranded DNA affinity. This indicates that the binding to
double-stranded DNA is not related to the quinolone potency
against DNA gyrase. Therefore, it is unlikely that binding to
double-stranded DNA reflects the mode of quinolone interac-
tion with the gyrase-DNA complex.

Metal ion dependence of DNA binding. To further examine
the quinolone-DNA interaction, binding of 100 wM ciprofloxa-
cin was measured by SPR in the presence of different divalent
metal ions. Binding was measured by using a single-stranded
24-mer oligonucleotide based on the 990 site of pBR322 to
increase the DNA binding signal-to-noise ratio. The experi-
ments were performed by altering the metal ion concentration
in both the buffer used to prime the chip surface and the
quinolone solution that was injected across it. For ciprofloxacin
the optimal metal ion concentration was about 0.5 to 1 mM,
and the level of binding was greater for all the softer Lewis
acids tested than for Mg?" (data not shown). This was surpris-
ing because quinolones require Mg?* for DNA binding (26),
possibly by forming an Mg bridge to phosphates in the DNA
backbone (27). Softer Lewis acids, such as Cd?*, tend to bind
to the nitrogens of bases in the minor groove. This suggests
that the manner of binding may differ in the presence of softer
metal ions. In support of this idea, the shapes of the senso-
grams produced with the softer metal ions were different from
those produced with Mg** (data not shown). A significant
proportion of the binding has a slower on-and-off rate, but the
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sensograms still do not resemble a typical binding curve, since
there is a large amount of very rapid binding. Therefore, there
may be more than one mode of binding of quinolones to DNA
in the presence of softer metal ions: rapid, weak binding and
slower, tighter binding.

The Mg>" dependence of double-stranded DNA binding
was also measured. Binding of 100 wM ciprofloxacin to the 990
site hairpin sequence was measured in the presence of increas-
ing MgCl, concentrations (data not shown). Significant binding
required the presence of 0.5 to 1 mM MgCl,, similar to binding
to a single-stranded oligonucleotide. Therefore, quinolone
binding to double-stranded DNA is also Mg®" dependent.

The fact that an increased level of binding to single-stranded
DNA is seen for ciprofloxacin with softer metal ions suggests
that the stoichiometry of binding is increased. However, it does
not give any indication of the affinity of the interaction. There-
fore, ciprofloxacin binding to the 990 site 6-mer (TGGCCT)
was measured in the presence of Mg®>*, Ca?*, Mn*", and
Cd**. The manner of ciprofloxacin binding in the presence of
Ca®" appears to be similar to that in the presence of Mg>™,
with a similar binding stoichiometry but a weaker K,*P? (Table
5; Fig. 5). The binding interaction with the softer metal ions
appears to be different, with a higher binding stoichiometry
and a weaker K,"PP, indicating that binding is less specific.
Mn?*, which is softer than Mg?* and Ca®", increases the
binding stoichiometry slightly to ~3, whereas Cd**, a soft
divalent metal ion (14), causes a dramatic increase in the
binding stoichiometry. The binding stoichiometry of oxolinic
acid to the 6-mer with the various metal ions was similar to that
of ciprofloxacin (data not shown).

DISCUSSION

The aim of this work was to explore the interaction of quin-
olones with DNA to attempt to find a mode of binding that
correlated with the potencies of the drugs for their target,
DNA gyrase. Initially, we compared the effects of a number of
quinolones on the DNA cleavage specificity of DNA gyrase.
The cleavage specificities were classified into set I or set II.
Pattern II compounds included oxolinic acid, pipemidic acid,
and piromidic acid, which have relatively high I1Cs,s for the
inhibition of gyrase supercoiling. Therefore, it is likely that the
cleavage specificity is dependent on the quinolone potency;
more potent drugs have less specificity at DNA cleavage sites,
while less potent drugs cleave mainly at the 990 site. The
obvious difference between the two sets is a fluorine atom at
C-6, which is known to increase quinolone potency (8, 18). The
990 site of pBR322 is the major cleavage site for all drugs,
suggesting that this particular sequence is less dependent on
the quinolone structure than other sites.

The DNA unwinding abilities of the quinolones were mea-
sured. We found that there was no obvious correlation be-
tween the unwinding ability and the ICs,. The amount of
unwinding presumably indicates the degree of intercalation.
Therefore, it is likely that compounds such as PD0163449 and
PD0164488, which have bulky groups at C-8, do not intercalate
as well as ciprofloxacin, which has H at C-8. This suggests that
this mode of interaction does not reflect the manner of the
quinolone-DNA interaction within the gyrase-DNA complex.

The affinities of the various quinolones for single-stranded
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FIG. 4. Correlations between ICsys and K,*PPs for single-stranded and double-stranded DNAs. Correlations were plotted for the single-
stranded 990 site sequence of pBR322 (TGGCCT) (A), the single-stranded substituted sequence (TAACCT) (B), the hairpin that formed the 990
site sequence (C), and the hairpin that formed the substituted sequence (D). The plots include all the datum points (insets) or the datum points
for just the compounds with cleavage pattern I (main plots). The correlation coefficients for the main plots were as follows: 0.80 (A), 0.54 (B), —0.50

(C), and —0.18 (D).

DNA were measured by SPR. Binding to a 6-mer oligonucle-
otide, TGGCCT, the sequence of the preferred gyrase cleav-
age site of pBR322, and to the substituted sequence, TAAC
CT, was measured. All of the quinolones tested had a much
greater affinity for the 990 site sequence, with most having 4- to
10-fold lower K,*PPs. This is consistent with previous findings
suggesting a preference for a G residue 5' to the quinolone-
induced cleavage site (6, 15).

The affinities of the quinolones for double-stranded DNA
were also measured by SPR. Two double-stranded hairpin
DNA sequences were constructed, both of which formed 6

bases of double-stranded DNA. TGGCCTCCCCAGGCCA
formed the sequence of the 990 site of pBR322, while TAAC
CTCCCCAGGTTA contained a substitution of the first two
guanines. The quinolones bound to either sequence with sim-
ilar affinities, suggesting that binding to double-stranded DNA
is not sequence dependent. The quinolones with lower ICjs,
such as ciprofloxacin and the PD compounds, showed higher
K,*PPs for binding to double-stranded DNA than for the pre-
ferred single-stranded oligonucleotide, with at least two- to
fivefold stronger binding to the single-stranded oligonucleo-
tide. Other compounds such as piromidic acid showed a similar
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TABLE 5. Binding affinities of ciprofloxacin for single-stranded
TGGCCT by using different divalent metal ions

Metal ion KPP (WM) Calculated stoichiometry
Mg** 82.5 = 185 2.1 £0.16
Ca** 309.5 = 74.6 2.1 £0.26
Mn?* 157.5 = 44.0 29 +0.34
Cd>* 904.0 = 171.5 6.1 £ 0.81

affinity for single- or double-stranded DNA. This indicates that
the more potent compounds have a greater preference for
single-stranded DNA than for double-stranded DNA than the
less potent compounds. This difference may explain in part the
differences in quinolone potencies against DNA gyrase. The
different quinolones tested bound to a double-stranded DNA
hairpin with similar affinities, suggesting that the mode of in-
teraction with double-stranded DNA is less dependent on
quinolone structure and potency than the mode of interaction
with single-stranded DNA. Taken together, these data suggest
that quinolones bind to a single-stranded DNA within the
gyrase-DNA-quinolone complex.

The quinolone affinity for single- or double-stranded DNA
and the in vitro quinolone potency were compared to see if
there was a correlation. There did not appear to be a relation-
ship between double-stranded DNA affinity and quinolone po-
tency. However, when the single-stranded DNA affinity and
the IC,,s were compared, there appeared to be a meaningful
correlation; as the quinolone ICs, increased, the KPP also
increased. This suggests that drug binding to single-stranded
DNA within the gyrase-DNA complex correlates with the in-
hibition of gyrase supercoiling activity, i.e., the greater the
affinity for single-stranded DNA, the greater the potency.

The interaction with both single- and double-stranded DNA
is Mg®>* dependent, with an optimal MgCl, concentration of
0.5 to 1 mM. Surprisingly, when Mg>* was replaced by softer
Lewis acids for quinolone binding to single-stranded DNA, the
level of binding increased. The K,*PPs for ciprofloxacin and
oxolinic acid binding in the presence of Mg®*, Ca**, Mn*",
and Cd*" were calculated (Table 5). Mg®* is necessary for the
higher-affinity sequence-specific interaction, since Ca®" in-

—o— Mg

& —0— Ca®

g A M

& —A— Cd?
0 200 400 600

Ciprofloxacin concentration (uM)

FIG. 5. Ciprofloxacin binding to the 6-mer oligonucleotide (TGG
CCT). Experiments were performed with 1 mM MgCl,, CaCl,, MnCl,,
or CdCl,; and the data were fitted to a single-site binding equation.
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creased the K,*PP similarly to the increase after alteration of
the GpG sequence. The manner of binding with Mg®" and
Ca?" is likely to be similar since the binding stoichiometries
were very similar. Binding in the presence of softer metal ions
was less specific. Mn**, a softer Lewis acid than Mg®* and
Ca®*, showed an increased binding stoichiometry, while Cd**,
the softest Lewis acid tested, had a significantly higher binding
stoichiometry, indicating nonspecific binding. This suggests
that Mg®" is required for the higher-affinity sequence-specific
quinolone-single-stranded DNA interaction. Therefore, it may
mediate guanine-specific contacts by forming a bridge between
the quinolone and the DNA.

Substitution of the GpG step of the 990 site oligonucleotide
significantly affected the affinities of the quinolones for single-
stranded DNA, since all of the quinolones showed a signifi-
cantly reduced affinity for the altered sequence (TAACCT).
This is slightly surprising since GpG has been replaced by ApA
and indicates that the presence of guanines is important for the
higher-affinity interaction. We suggest that Mg>* may mediate
the sequence-dependent quinolone binding to the GpG step. It
is interesting that a recent double-stranded A-form DNA do-
decamer crystal structure shows a hydrated Mg?* bound to two
GpG sequences within ACCGGCCGGT (31). Three water
molecules of the hydrated Mg?* form hydrogen bonds to the
N-7 and O-6 groups of the two guanines. This mode of inter-
action is reminiscent of the quinolone-DNA model suggested
by Llorente et al. (21), in which Mg?* binding is coordinated
by the C-3 and C-4 groups of the drugs and the O-6 and N-7
groups of guanines.

We should point out that in the present study we have only
looked at a single gyrase cleavage site (the major gyrase cleav-
age site of plasmid pBR322) and made only limited changes,
and it is not certain that the conclusions with regard to se-
quence specificity would be generally applicable. Also, it is
important that drug potency be determined by the efficiency of
formation of cleavage complexes and subsequent replication
fork arrest, issues that we have not specifically addressed in this
work. Additionally, quinolones target topoisomerase IV in
some organisms, and it is not known whether quinolone-DNA
binding affects drug potency in the case of this enzyme. It is
also important to point out that the SPR experiments and the
enzyme assays described in this work were not carried out
under identical conditions (e.g., they were carried out at dif-
ferent temperatures) and that this might affect the correlations
that we have made.

In summary, we have found that there are various modes of
quinolone binding to DNA but that interaction with single-
stranded DNA, mediated by Mg, best correlates with drug
potency. We suggest that single-stranded DNA, revealed by
distortion of the bound DNA duplex in the gyrase active site,
forms part of the drug binding pocket.
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