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By using infrared and 19F nuclear magnetic resonance spectroscopies, we localized the binding site and
measured the affinity of magnesium for six fluoroquinolones. It was proven that magnesium is situated between
the ketone and the carboxylate groups. We determined the binding constants for the 1:1 Mg2e-drug complex
in solution. Sparfloxacin and pefloxacin, with affinity constants (K.) of (10.1 + 0.6) x 102 M1 and (21 1)
x 102 M-', respectively, were the least and the most bound, respectively. The trend of the affinities of the
assayed fluoroquinolones for magnesium was correlated with their antimicrobial activities against four
bacteria and with their accumulation by these bacteria. The reference strain, Escherichia coli KL16, and two
resistant mutants, NalA (gyrase mutation) and NalB (uptake defect), plus Staphylococcus aureus 209P were
used. It appeared that, in every case, an impairment of accumulation is responsible for the increase in the
MICs observed upon the addition of magnesium.

The advantages of fluoroquinolone antibiotics include their
excellent activity against various bacteria, a low frequency of
adverse effects, and good absorption on oral administration.
However, different studies (5, 11, 14, 22) have shown that some
cations, such as magnesium and aluminum, cause malabsorp-
tion of most fluoroquinolones, which may result in therapeutic
failure. Moreover, the MIC of an antibacterial agent is the
result of two steps: the entry of the molecule into the bacterial
cell and its interaction with its target within the cell. The rate
of penetration of fluoroquinolones across the bacterial cell
envelope depends on various physical properties of the drug (6,
12, 18, 20), with its hydrophobicity (3) and the presence of
magnesium (7, 13) being major factors. While conflicting
reports have been accumulating in the literature on the way in
which quinolone antibacterial agents inhibit DNA gyrase-
catalyzed supercoiling (17, 24, 25, 32, 34), magnesium is also
implicated in the binding of the drug to DNA (17, 21, 33). To
better understand the role of magnesium in these various
features of quinolone activity, we aimed to determine the site
of the binding and to measure the affinity of this ion for some
fluoroquinolones. Our approach includes infrared (IR) and '9F
nuclear magnetic resonance (NMR) spectroscopies, which
have never been used for this purpose, and a comparative study
of the effect of magnesium concentration on the in vitro
activities of the assayed fluoroquinolones and on their uptake
by four bacterial strains.

(This work was presented in part at the 32nd Interscience
Conference on Antimicrobial Agents and Chemotherapy,
Anaheim, Calif., 11 to 14 October 1992 [16a].)

MATERLALS AND METHODS

Chemicals and strains. The fluoroquinolones were kindly
provided by their manufacturers; ciprofloxacin was a gift from
Bayer France (Puteaux, France), ofloxacin was from Diamant
(Puteaux, France), norfloxacin, pefloxacin, and sparfloxacin
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were from Rhone-Poulenc Rorer (Vitry sur Seine), and BMY
40062 (7[(1R,4R)-2,5-diazobicyclo[2.2.1]heptan-2-yl]-1-(1,1-di-
methyl-ethyl)-1,4-dihydro-6-fluoro-4-oxo-1.8 naphthyridine-3-
carboxylic acid) (4) was from Bristol-Myers Squibb France
(Marne la Vall6e, France). Nalidixic acid was from Sigma. The
structures of pefloxacin and sparfloxacin are given in Fig. 1.
Three Escherichia coli strains were provided by J. T. Smith

(London, United Kingdom): KL16 (thy' his' trp+ stre, pro-
totroph, fluoroquinolone susceptible) and two resistant mu-
tants, NalA and NalB, which have a gyrA mutation and a
defect in permeability, respectively (15, 26). Staphylococcus
aureus 209P was from our laboratory collection.

Silicone oils DC 550 and DC 556 were from Touzart et
Matignon, Vitry sur Seine, France. Oil with a density of 1.043
was made by mixing three parts of DC 550 and seven parts of
DC 556.
IR spectra. The solutions of pefloxacin (1 mM) and spar-

floxacin (5 mM) were prepared from 10 mM stock solutions
either in 100% D20 or in buffered D20 [20 mM 3-(N-
morpholino)propanesulfonic acid (MOPS), 20 mM KCl) at pD
7.4. Because the spectra were differential spectra (the buffer
was subtracted), their qualities may vary with the compound,
and in order to ensure better-quality spectra, the concentration
of sparfloxacin had to be increased to 5 mM. The pH meter
reading was adjusted by DCl or KOD at 0.4 unit less than the
required value in order to take into account the change in the
glass electrode potential because of D20 (13). The MgCl2
concentration was 30 mM. IR spectra were recorded on a
Perkin-Elmer FT 1720X instrument. They were obtained with
CaF2 cells (50 ,um) for the solutions and on suspension in
fluorolube between CaF2 plates for the solids.
NMR spectra. The solutions of fluoroquinolones (0.1 mM)

were prepared in the same buffer used for the solutions for the
IR spectra, with 80% (vol/vol) H20 and 20% (vol/vol) D20
used for the field frequency lock. The concentration of MgCl2
varied from 0 to 15 mM, which doubled the ionic strength; a
control on pefloxacin showed that it did not affect the results.
Proton-decoupled '9F NMR spectra were recorded at 282.4
MHz on a Bruker AM-300 spectrometer under the following
conditions: flip angle, ca. 520; recycle time, 1.2 s (to prevent any
saturation of the signal); digital resolution, 1.22 Hz per point.
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FIG. 1. Structures of pefloxacin and sparfloxacin.

The number of scans was up to 5 x 104, depending on the
concentrations of the free and bound species. The temperature
was lowered to 283 K in order to slow down the exchange
between these species. Theoretical line shapes were calculated
on a VAX 750 computer by using a program written by
Stephenson and Binsch (29).
MIC determinations. The MICs of the fluoroquinolones for

the four strains were determined by a microdilution method in
96-well microdilution plates, with Mueller-Hinton broth, after
18 h of incubation at 37°C. Final inocula of 106 CFU/ml were
used, and the maximum concentration of the fluoroquinolones
was 20 ,ug/ml. Several series of microdilutions were carried out,
each with a different magnesium diacetate [Mg(OAc)2]/
fluoroquinolone ratio, from 0 to 2 x 104 (wt/wt). This ratio was
kept constant for a specific series. The values are the means of
three determinations. Controls with magnesium alone were
carried out and showed that bacterial growth was normal,
whatever the magnesium concentration.

Intracellular accumulation of quinolones. The method de-
scribed by Bazile et al. (3) was used, with minor modifications,
to measure the intracellular accumulation of the quinolones.
Cells were grown in Mueller-Hinton broth to 180 Klett units
(blue filter), washed with phosphate-buffered saline (PBS; 80
mM KH2PO4 and 77 mM NaCl [pH 7.2]), and resuspended in
the same medium to an A530 of 25. Accumulation was assayed
at 37°C in PBS upon the addition of 10 ,g of the drug per ml.
At 15 min, a 500-,u sample was placed onto the surface of 500
,ul of ice-cold silicone oil (density, 1.043) in a 1.5-ml conical
plastic tube, and the mixture was centrifuged at 10,000 x g for
2 min by using a 5415C Eppendorf centrifuge. The tubes were
frozen and cut in the middle of the oil layer and were then
inverted to eliminate excess oil from the pellet. The pellet was
suspended in 1 ml of PBS, boiled for 7 min, and centrifuged at
10,000 x g for 5 min. Norfloxacin (Xex = 273 nm, Xem = 415
nm) and ciprofloxacin (Xex = 273 nm, Xem = 418 nm) levels in
the supernatant were estimated by fluorimetry. For pefloxacin
and sparfloxacin, a 14C-labeled product (5 ,uCi/mg) was used,
and the quinolone concentration was estimated by liquid

TABLE 1. IR frequencies of some characteristic bands of
quinolones in the solid state

IR frequency (cm-')
Compound

vCO ketone vCO carboxylic acid vOH

Nalidixic acid 1618 1714 3200
Pefloxacin 1630 1712 3340
Sparfloxacin 1642 1716 3462

scintillation counting. Series of uptake experiments (three
measures for each point) were carried out for each compound
and each bacterium at four Mg(OAc)2/fluoroquinolone ratios:
0, 3,000, 5,000, and 10,000 (wt/wt).

RESULTS AND DISCUSSION

Structure of COOH group and site of drug-magnesium
interaction. Nakano et al. (19) and Timmers and Stemglanz
(31) had suggested, on the basis of UV data, that the site of
interaction between quinolones and magnesium involves the
4-keto oxygen and the ionized 3-carboxylic acid group. It was
important to confirm this localization by a technique that was
able to probe these groups directly: IR spectroscopy.
The frequencies and assignments of the stretching vibrations

of the carbonyl groups are summarized in Table 1 for nalidixic
acid, pefloxacin, and sparfloxacin in the solid state and in Table
2 for the solutions of pefloxacin and sparfloxacin without and
with magnesium. Some spectra are given in Fig. 2.
An X-ray study of nalidixic acid (9) showed that there is a

TABLE 2. Stretching frequencies of the carbonyl groups of
pefloxacin and sparfloxacin in D20'

IR frequency (cm-') at the following pD and
the indicated Mg2' concn (M)b:

Compound and

group 4 7.4 12

0 3 x 10-2 0 3 x 10-2 0 3 x 10-2

Pefloxacin
COOH speciesc
vCO ketone 1631 1632 1632
vCO carboxylic 1698 1700 1698

acid
COO- species'
vCO ketone 1622 1632 1622 1632
VaCOO 1580 1590 1580 1590
vrCOO- 1400 1409 1400 1410

Sparfloxacin, COO-
speciesd

vCO ketone NSe NS 1632 1638 1631 1642
VaCOO- NS NS 1583 1583 1582 1582
vsCOO- NS NS 1424 1438 1424 1439

a Pefloxacin was used at 1 X 10-3 M, and sparfloxacin was used at 5 x 10-3
M.

Blank spaces indicate that there are no species of that group.
c The COOH species includes the cationic and neutral forms.
d The COO- species includes the zwitterionic and anionic forms.
e NS, not soluble.

0 NH2 0
F COOH F COOH

K'N~ INI
I--,

K HN F A

PEFLOXACIN SPARFLOXACIN
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FIG. 2. IR spectra of pefloxacin (A) (1 mM) and sparfloxacin (B)
(5 mM) in buffered D20 (pD 7.4): curves a, no magnesium; curves b,
with 30 mM magnesium.

strong intramolecular hydrogen bond between the COketone
and the OH of the COOH group. The same structural feature
holds for pefloxacin and sparfloxacin since the data in Table 1
show that, for the three compounds, the VCOcarboxylic frequen-
cies were similar and the vOH frequencies were low. The
frequencies for vCO and vOH for a free carboxylic acid are

1,740 and 3,600 cm-1, respectively. However, vOH for pefloxa-
cin, higher than for nalidixic acid, implies a weaker hydrogen
bond. This bond is even weaker for sparfloxacin, as indicated
by the still higher vOH, which is in line with the involvement of
the COketone group in a double intramolecular interaction with
both the OH and the NH2 groups, as has been seen by X ray
for 5-aminooxolinic acid (16). For pefloxacin in acid solution,
a 10-fold dilution (from 10 to 1 mM) did not change either the
intensities or the frequencies of the carbonyl bands (data not
shown). Therefore, there is no intermolecular hydrogen bond-
ing in acid solution and the internal chelation observed in the
solid state remains in acid solution. As a matter of fact, the
VCOketone frequencies were the same for the solid state and the
acid solution, and the -14 cm-' shift of the VCOcarboxylic from
solid to solution could be explained by the solvation by water
molecules.
At pD 4, the addition of magnesium to pefloxacin did not

affect its carbonyl vibrations. At pD 12, the carboxylic functions
of pefloxacin and sparfioxacin were deprotonated, and as

expected, the carboxylate vibrations (antisymmetric VaCOO
and symmetric v,COO-) were observed. Upon the addition of
magnesium to pefloxacin solution, a similar increase of 10
cm-1 was observed for the VCOketone, Va, and v COO- modes
(Table 2). For sparfloxacin, the addition of Mg1+ induced the
same shift on the VCOketone mode, but vaCOO- remained
unchanged, while v,COO- was increased by 15 cm-'. At pD

7.4, pefloxacin and sparfloxacin spectra showed features dif-
ferent from each other. The pefloxacin spectrum indicated the
presence of both carboxylic and carboxylate groups. A band
analysis allowed us to evaluate the percentages of these two
groups; these were found to be ca. 20% for the COOH species
and 80% for the COO- species, which was in very good
agreement with the results obtained by potentiometry (30), i.e.,
56% zwitterionic and 26% anionic forms (COO- species) and
15% neutral and 3% cationic forms (COOH species). Upon
the addition of magnesium, the bands corresponding to the
COOH species disappeared and the carbonyl bands of the
COO- species underwent the same shift (10 cm-1) as they did
at pD 12. The sparfloxacin spectrum at pD 7.4 displayed only
the bands of the COO- species. Upon the addition of magne-
sium, the carboxylate shifts were similar to those observed at
pD 12, but the shift of VCOketone was smaller (Table 2).
The shift of -10 cm-1 for the VCOketone of both pefloxacin

and sparfloxacin, from acid to basic solutions (Tables 1 and 2),
reflects the disappearance of the intramolecular hydrogen
bond because of the deprotonation of the carboxylic function.
Upon the addition of magnesium to the pefloxacin solutions

at pD 7.4 and 12, the frequency increase in all the carbon-
yl vibrations in the COO- species indicates that both the
COketone and COO- groups interact with Mg2+. This is in
agreement with the bathochromic shifts (4 and 6 nm) of the
two lower-energy transitions that we observed by UV analysis
(data not shown), which implies that complexation by Mg2+
increases the electronic density on both the ketone and the
carboxylate groups. The fact that the bands corresponding to
the COOH species at pD 7.4 disappeared upon the addition of
magnesium reflects the shift of the equilibrium COOH <*
COO- toward COO- because of the complexation of the
COO- species with magnesium. No spectral change occurs at
pD 4, which indicates no Mg2+ complexation with the COOH
species.

For sparfloxacin, the addition of magnesium in a basic
solution induced on the VCOketone mode an effect similar to
that observed for pefloxacin. However, the different shifts of
the vaCOO- and vSCOO- modes indicate that the COO-
group is involved in the complex with a different geometry. At
pD 7.4, the smaller shift of the VCOketone vibration is probably
due to a specific change in the electronic density of the ketone
group, which is induced by the nearby amino group positively
charged at this pD (Fig. 1).

It is noteworthy that, for both fluoroquinolones, the in-
tramolecular hydrogen bond and the interaction with magne-
sium induce similar perturbations of the ketone group. This
similarity had already been observed for nalidixic and oxolinic
acids (19, 31).

Affinity constant. The affinity constants (Ka) of quinolones
for magnesium were determined by NMR. The fluorine nu-
cleus was chosen for its large range of chemical shifts, which
makes it very sensitive to weak interactions. Furthermore, its
large gyromagnetic ratio and 100% natural abundance allowed
us to study dilute solutions (0.1 mM). The "9F chemical shifts,
with respect to trifluoroacetic acid, were -49.30, -49.10,
-48.71, -48.63, and -46.62 ppm for ciprofloxacin, norfloxa-
cin, pefloxacin, BMY 40062, and ofloxacin, respectively. The
two fluorine resonances F6 and F8 of sparfloxacin were assigned,
by proton-selective decoupling, at -73.01 and -67.40 ppm,
respectively. Some spectra for pefloxacin and sparfloxacin are
given in Fig. 3.
They show that, at the frequency and temperature used, the

F6 signals for the free and bound species were in the slow
exchange limit on the NMR time scale. One can observe the
peak for the free drug at 0 mM Mg2+, the peak for the bound
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FIG. 3. 19F NMR spectra of pefloxacin (A) and sparfloxacin (B) (0.1 mM) with different concentrations of magnesium: curves a, no magnesium;
curves b, 0.5 mM magnesium; curve c, 10 mM magnesium; curve d, 15 mM magnesium.

drug at 10 mM Mg2+ for pefloxacin and 15 mM for sparfloxa-
cin, and both peaks in the intermediate situation (0.5 mM).
Therefore, the populations of these two species were evaluated
by integration and refined by a band shape analysis in order to
calculate the affinity constants. Data obtained for different
ratios of [MgCl2]/[drug], from 0 to 150, were fitted with two
stoichiometries (1:1 and 2:1) for the drug-ion complex. Only
the 1:1 stoichiometry yielded coherent values for Ka. The
affinity constants were similar for sparfloxacin and ofloxacin,
(10.1 0.6) x 102 M-1, and then increased for ciprofloxacin
[(13.0 0.5) x 102 M-1], norfloxacin [(13 ± 1) x 102 M-1],
BMY 40062 [(17.0 ± 0.8) x 102 M-'], and pefloxacin [(21
1) x 102 M-1].
There are only a few reports in the literature on the Kas of

quinolones for magnesium. Timmers and Sternglanz (31) fitted
their UV data for nalidixic acid on the basis of a 1:1 complex.

Cole et al. (8) and Bailey et al. (1) assumed both 1:1 and 2:1
stoichiometries to explain their UV data for nalidixic acid and
their potentiometric titration data for methoxyquinolones. The
2:1 stoichiometry was the only one considered by Ross and
Riley (23) in their study of very concentrated solutions of
lomefloxacin with a ratio of [drug]/[Mg2+] equal to 4. The Ka
values (1:1) determined in the studies described above (from
400 to 1,000 M1) are similar to those that we calculated for
the fluoroquinolones. Very recently, Palu et al. (21) have
determined, from fluorescence measurements, a Ka of 990
36 M` for a 1:1 norfloxacin-magnesium complex.

Influence on antimicrobial activity. The Ka values indicated
that the binding of magnesium increases from sparfloxacin to
ciprofloxacin, norfloxacin, and pefloxacin, with pefloxacin be-
ing bound twice as much as sparfloxacin. Besides, the hydro-
phobicities of these compounds, measured as the distribution

TABLE 3. Some physicochemical and antibacterial properties of four fluoroquinolones

KL16 NalA NalB 209P
Drug Ka Hydrophobicity MED gyrase(M-1, 102)b (log D)C (mg/liter)' MIC Uptake MIC Uptake MIC Uptake MIC Uptake

(mg/liter)' (mg/liter) (mg/liter) (mg/liter) (mg/liter) (mg/liter) (mg/liter) (mg/liter)
Spfx 10.1 ± 0.6 0.08 0.2 0.032 70 0.064 55 0.032 35 0.075 180
Cflx 13.0 ± 0.5 -0.70 0.1 0.016 80 0.128 75 0.016 70 0.15 130
Nflx 13 ± 1 -0.60 1.4 0.04 80 0.313 65 0.04 75 0.62 125
Pflx 21 ± 1 0.25 1.0 0.08 55 0.62 55 0.08 45 0.31 150
a Spfx, sparfloxacin; Cflx, ciprofloxacin; Nflx, norfloxacin; Pflx, pefloxacin.
b Affinity constant for Mg2+.
c From reference 3.
d MED E. coli gyrase for the susceptible strain KL16 taken from reference 3.
'The values are the means of three determinations and varied by no more than 10%.
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FIG. 4. Enhancement factors of the MICs for bacterial strains KL16 (A), NalA (B), NalB (C), and 209P (D) versus the magnesium/drug ratio(0, 3,000, 5,000, 10,000, and 20,000 [wt/wt], indicated by the bars from left to right, respectively). The Mg2+/drug ratio of 20,000 was used only forstrain KL16. *, no greater MIC was observed because of limitations in drug concentrations (20 ,ug/ml). spfx, sparfloxacin; cflx, ciprofloxacin; nflx,norfloxacin; pflx, pefloxacin.

coefficient (D) between n-octanol and phosphate buffer (pH
7.2) (3), increased from ciprofloxacin to norfloxacin, sparfloxa-
cin, and pefloxacin (Table 3). Finally, it is important to note
that, under the experimental conditions used, the magnesium
concentration within the cell does not vary (10, 28), and
therefore cannot affect the affinities of quinolones for internal
targets.
The MICs of sparfloxacin, ciprofloxacin, norfloxacin, and

pefloxacin for the four assayed strains are given in Table 3
together with their levels of accumulation. The activity of the
drug on gyrase is expressed as the minimal effective dose
(MED; the minimum amount of drug required to cause E. coli
gyrase-catalyzed DNA supercoiling inhibition) (3).
Upon the addition of magnesium, the variations in the MICs

for each strain are shown in Fig. 4, and the variations in uptake
are shown in Fig. 5. We chose to use a fixed Mg2+/drug ratio
rather than fixed Mg2+ concentrations, as did Smith and
Ratcliffe (27), in order to compare all the quinolones at the
same Mg2+/drug ratio, irrespective of the MICs of the quino-
lones.
The variations in the MICs observed upon the addition of

Mg2+ prompted us to examine the uptake of the assayed
quinolones by bacterial cells. It is now established that for
gram-negative organisms, the more hydrophilic a drug, the
more it enters the cell via the porin pathway (3). The hydro-
phobic quinolones also use the so-called self-promoted path-
way in which they need to chelate outer membrane-bound
magnesium to diffuse across the exposed lipid domains of the
outer membrane (7). The observed effect of Mg2+ on the
uptake of quinolone by E. coli strains confirms this fact;
pefloxacin, which is both most bound and most hydrophobic,
accumulates least in the presence of Mg2+ (10% of the
accumulation without Mg2+ when a 3,000 Mg2+/drug ratio was
used). The relatively high degree of hydrophobicity of spar-
floxacin can explain why it surpasses ciprofloxacin and nor-
floxacin in its susceptibility to magnesium (Fig. 5).

The MICs should reflect both the uptake in the cell and the
activities of quinolones on the DNA gyrase. As expected, the
addition of magnesium increased the MICs, depending on the
strain and the drug. Because sparfloxacin is more active than
pefloxacin against DNA gyrase (Table 3), impairment of its
accumulation was not very deleterious to its antimicrobial
activity, whereas it dramatically affected the activity of pefloxa-
cin. For KL16, the degree of susceptibility of sparfloxacin to
Mg2+ was higher than those of ciprofloxacin and norfloxacin,
although its Ka was the lowest. Thus, at a Mg2+/drug ratio of
10,000, the MICs of sparfloxacin, ciprofloxacin, norfloxacin,
and pefloxacin were multiplied by 4, 1, 2, and 512, respectively,whereas at a ratio of 20,000, the multiplying factors were 128,
4, 8, and >1,024, respectively (Fig. 4). For the ratio of >1,024,
the higher MIC of sparfloxacin that was obtained, in compar-ison with those of ciprofloxacin and norfloxacin, may be
correlated to sparfloxacin's lower level of uptake because of its
higher degree of hydrophobicity.
For both mutant E. coli strains and for the Mg2+/drug ratios

studied (-10,000), the increase in the MIC upon the addition
of magnesium (Fig. 4) was correlated with the affinities of the
drugs for this ion, as calculated by NMR, and the decrease in
uptake (Table 3 and Fig. 5). For the NalA strain, the effect of
added magnesium on the MICs, although impairing the up-take, was more obvious. This large influence may be explainedby the resistance produced by the gyrA mutation, which
requires a higher concentration of fluoroquinolone within the
cell in order to lead to bacterial death. The addition of
magnesium increased the MICs more for the NalB mutant
than for the susceptible KL16 strain, in spite of the same MICs
in the absence of magnesium. This could have been due to the
enhancement, by the drug-Mg2+ interaction, of the defect in
uptake inherent to this mutant.
For S. aureus, the effect of magnesium on the MICs was

correlated with the affinity of this ion for the drug. Figure 5
shows that this effect is due to a defect in accumulation. In
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FIG. 5. Variations in uptake by bacterial strains KL16 (A), NalA (B), NaiB (C), and 209P (D) versuls the magnesium/drug ratio (0, 3,000, 5,000,
10,000, and 20,000 [wt/wt], indicated by the bars from left to right, respectively). The Mg2+/drug ratio of 20,000 was used only for KL16. spfx,
sparfloxacin; cflx, ciprofloxacin; nflx, norfioxacin; pflx, pefloxacin.

order to explain this phenomenon, we suggest that teichoic
acids may play, for the chelation of Mg2+, a role similar to that
of lipopolysaccharides in gram-negative strains.

In conclusion, the interaction of magnesium with the
COketone and the COO- groups of fluoroquinolones has been
proved without ambiguity, and Kas were determined. The
affinities of the quinolones for magnesium are very consistent
with the impairment of uptake of the drugs by the cell and with
the resulting antimicrobial properties. The role of hydropho-
bicity is very important for the susceptible E. coli strain, since
hydrophobic drugs (pefloxacin, sparfloxacin) are more suscep-
tible to the effects of magnesium. This supports very well the
existence of a self-promoted transport for hydrophobic drugs
(7).
The intracellular concentration of Mg2+ in E. coli was

recently found to be about 100 mM (28). With an intracellular
quinolone concentration of about 0.1 mM (evaluated from the
data in Table 3) and taking into account the Kas that we
measured, we can assume that in the cell, the quinolones
studied are totally associated with Mg2+. Therefore, they
interact as the complex quinolone-Mg2+ with their target: the
DNA-gyrase complex. This is in good agreement with the
results of Willmott and Maxwell (33), Palu et al. (21), and
Bazile and Moreau (2), which suggest an interaction of such a
quinolone-Mg2+ complex with DNA and gyrase and not a
direct interaction of free quinolones with DNA (25).
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