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Abstract

Pefloxacin at low concentration (1074 mol 1-'") and high [cation]y/[quinolone], ratios forms 1:1 and 1:2
(drug:cation) complexes with magnesium or calcium cation, at pH 7.4. The binding sites are, first, the carbonyl and
carboxyl groups, then, the N-4' piperazinyl atom, as shown by the investigation of the pefloxacin ethyl ester/magne-
sium interaction. As expected, the apparent affinity constants are larger for magnesium than for calcium. When the
pefloxacin concentration increases to 103 mol 17!, the affinity of this drug for magnesium becomes much larger.
That is due to the formation of a 2:2 complex, what enhances the stacking of this fluoroquinolone.
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1. Introduction

Fluoroquinolones such as pefloxacin are an-
timicrobial agents with an excellent activity
against various bacteria. However, complexation
with metal ions such as aluminium, magnesium or
calcium, commonly found in antacids and muiti-
vitamin preparations, reduce their bioavailability
(Ross and Riley, 1993 and references therein). The
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antibacterial activity of these drugs depends
mainly on two factors: their uptake by the cell
and their activity against their target enzyme
DNA gyrase. The interaction of fluoroquinolones
with magnesium reduces, by at least 50%, their
accumulation in bacteria such as Escherichia coli
or Staphylococcus aureus (Lecomte et al., 1994).
Furthermore, magnesium seems to be involved in
the binding of these drugs to DNA (Tornaletti
and Pedrini, 1988; Maxwell, 1992; Palu et al.,
1992; Bazile-Pham Khac and Moreau, 1994).
Therefore, for a better understanding of the dif-
ferent interactions between fluoroquinolones,
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DNA and magnesium, we have investigated them
by NMR spectroscopy (Lecomte, 1995).

In a previous paper (Lecomte et al., 1994), we
have reported the affinity constants of some
fluoroquinolones for magnesium. In this first
study, the [cation]y/[drug], ratio was limited to
100. However the magnesium concentration in
cells can be up to 0.1 mol 17! (Snavely, 1990).
Therefore we have investigated again, by 'F and
3C NMR, the pefloxacin/magnesium interaction
for high [cation],/[drug], ratios and extended this
study to the pefloxacin/calcium complexes.

Various stoichiometries for the quinolone/
cation complexes have been reported in the litera-
ture. Their inconsistency comes partly from the
different concentration ranges used. For nalidixic
acid/magnesium, Timmers and Sternglanz (1978),
and lately Ross and Riley (1993), reported a 1:1
quinolone/cation complex. However, for this
same interaction, Cole et al. (1984) proposed both
1:1 and 2:1 stoichiometries. For norfloxacin and
lomefloxacin, these same 1:1 and 2:1 stoi-
chiometries were reported by Okabayashi et al.
(1992), while Palu et al. (1992) proposed only a
1:1 complex for norfloxacin/magnesium. Finally,
Ross and Riley (1993) reported a 2:2 stoichiome-
try for the magnesium (and calcium) complex of
the 7-piperazinylfluoroquinolones involving coor-
dination at the carboxylic acid, the adjacent 4-
keto group and the 4'-nitrogen of the piperazine
ring, despite the fact that the concentration of
these quinolones were in the umol 17! ranges.
For nalidixic acid/calcium, only a 1:1 complex
was reported (Timmers and Sternglanz, 1978;
Ross and Riley, 1993). Our study aimed to clarify
these discrepancies. Two concentrations of
pefloxacin were used, 10~* mol 1-! (where
pefloxacin is monomeric at pH 7.4 (Lecomte et
al., 1996)) and 1072 mol 1~', and the [cation]y/
[drug], ratios were up to 800.

2. Materials and methods
2.1. Materials
Pefloxacin mesylate and its ethyl ester were a

gift from Rhone Poulenc Rorer (Vitry sur Seine,
France) (Fig. 1)

Pefloxacin ethyl ester was first dissolved (102
mol 171) in ethylene glycol to make it soluble in
aqueous solutions. Both compounds were dis-
solved in buffer containing 2 x 10-2 mol 17!
MOPS (pH 7.4) and 2 x 102 mol 1~ ! KCL The
aqueous solutions contained 20% v/v D,O for the
field-frequency lock of the NMR spectrometer.
Therefore, the pH meter reading was adjusted to
7.32, using ul additions of HCl or KOH solu-
tions, in order to take into account the change in
the glass electrode potential induced by D,O
(Glasoe and Long, 1960). All buffer components,
magnesium chloride and calcium chloride were
purchased from Sigma Chemical Co. All solutions
were prepared with deionized distilled water
purified by a Milli-Q Water System (Millipore
Corp., Bedford, MA).

2.2. NMR studies

The ®C and "F spectra were recorded on a
Bruker AM-300 spectrometer. The digital resolu-
tion for these '*C and '°F spectra was 0.012 and
0.001 ppm, respectively. Carbon shifts are refer-
enced to DSS. The fluorine chemical shifts of
pefloxacin and its ethyl ester (10~* mol 17! in
buffer MOPS, pH 7.4, 283 K) are —48.700 and
—47.371 ppm, respectively, from trifluoroacetic
acid (external reference). To prevent any satura-
tion of the fluorine signals, the recycle time was
adjusted to 1.2 s for a flip angle ca. 52°. In order
to slow down the exchange between the several
species involved in the interaction between
fluoroquinolones and magnesium (or calcium) the
temperature was lowered to 283 K.

| 2CH3SO3,H

Fig. 1. Structure of pefloxacin mesylate.
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3. Results and discussion
3.1. Pefloxacin (10=* mol 1= ')/cation interaction

In our previous study (Lecomte et al., 1994),
the pefloxacin concentration was 10~% mol 171,
and the pH hold at 7.4. At these concentrations
and pH, pefloxacin is monomeric (Lecomte et al.,
1996). The percentages of the Bjerrum species are
anionic 26%, zwitterionic 59%, neutral 4% and
cationic 11% (Lecomte et al., 1996), taking into
account the 20% v/v of D,0O added to the solution
for locking the spectrometer.

For low [Mg?*],/[quinolone], ratio ( < 25), the
pefloxacin °F spectra obtained at 282 MHz and
283 K showed two broad lines assigned to the free
and bound species in slow exchange. Their per-
centages, obtained first by integration, then by
bandshape analysis (Stephenson and Binsch,
1978), were consistent with the formation of a 1:1
complex. However, when the [cation],/[drug], ra-
tio is increased from 100 to 700, the 'F line
assigned to the bound species narrows by 20 Hz,
and shifts by 0.088 ppm. These variations do not
depend on the ionic strength of the solutions since
they have been observed whether this ionic
strength is hold constant (0.2 mol 1~') or not
(maximum 0.35 mol 17 1).

These chemical shift and linewidth variations
for high magnesium concentrations can be ex-
plained by the existence, at [Mg?*],/[drug], = 100,
of several bound forms in fast exchange on the
1F NMR time scale. Increasing the concentration
of magnesium could favor the formation of only
one complex characterized by a narrow line. This
implies two exchange rates for the various species
involved in the pefloxacin/magnesium interaction,
a slow exchange between the free species and the
bound ones, and a fast exchange between the free
species on one hand, and the bound species on the
other hand.

In order to check this assumption, we have
investigated the interaction of pefloxacin with an-
other cation. Calcium was chosen since it is in-
volved, like magnesium, in some antiacids
formulations, which reduce the bioavailabilty of
fluoroquinolones (Ross and Riley, 1993 and refer-
ences therein); furthermore, its interaction with
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Fig. 2. '°F spectra (282.38 MHz) of pefloxacin (10 =4 mol 1!
in buffer MOPS) for several ratios of cation (A magnesium, B
calcium) to drug, at pH 7.4 and temperature 283 K (line
broadening 10 Hz).

the quinolones could explain some toxicity prob-
lems (Kato et al., 1995; Stahlmann et al., 1995).
Finally, since the charge density is smaller for
calcium than for magnesium (Demitras et al,
1972), the variations of the '"F chemical shifts
between the free and bound species were expected
to be smaller, inducing a fast exchange rate be-
tween these species whatever the calcium concen-
tration. As a matter of fact, the spectra '"F
obtained with calcium are different from those
with magnesium, for the same concentration and
temperature conditions (Fig. 2).

For calcium, only one line is observed, and its
integration corresponds to the total pefloxacin
concentration. This indicates that the exchange
rates are, as expected, faster when calcium is
involved instead of magnesium. When the {CaZ*]y/
[pefloxacin], ratio increases from 0 to 700, the '°F
chemical shift increases by 0.354 ppm and the
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F linewidth decreases by 13 Hz (Fig. 3). For
magnesium, the corresponding data are 1.281
ppm and 15 Hz, respectively. Since the exchange
rate between all the free and bound species is fast
for the whole calcium concentration range, that
allows one to test, more easily than for magne-
sium solution data, several stoichiometries for the
complexes.

The 1:1 stoichiometry which has seemed to fit
our data for low [magnesium],/[pefloxacin], ratios
is not valid. As expected from the excess of cation
(B) with respect to quinolone (A), the A,B model
did not fit the data, neither the AB + A,B nor
AB + A,B, models. In fact, only the AB + AB,
model yields a good fit (Fig. 4) of the observed
F chemical shifts for the full range of calcium
concentration studied (from 0-7 x 10~2 mol
1=h.

When referenced to the chemical shift of the
free species A, the observed fluroquinolone chemi-
cal shift Ad,, is given by:

Ad,ps = ([ABJAGAB + [AB,]AG AB,)/[A], (1)
Ad,,. = (K,[BJAS AB + K, K,[BPAS AB,)
x /(1 + K,[B] + K, K,[BF) 2

with K, =[ABJ/[A][B] and K, =[AB,}/[AB][B}.
For calcium solutions, [B], is always larger than
[A], and we have assumed [B]=[B],. However,
this approximation is not valid for all the magne-
sium solutions and [B] has been calculated by

ALW 19F (Hz)
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Fig. 3. Variations of the '"F linewidth (282.38 MHz) of
pefloxacin (10~ * mol 1~! in buffer MOPS) vs. calcium con-
centration at pH 7.4 and temperature 283 K. The linewidth is
referenced to its value without calcium.
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Fig. 4. Variations of the '°F chemical shift (282.38 MHz) of
pefloxacin (10~ % mol 1~ ! in buffer MOPS) vs. calcium con-
centration, at pH 7.4 and temperature 283 K. The chemical
shift is referenced to its value without calcium. The solid curve
represents the best least squares fit using Eq. (2).

K\ K[BF + (K, K>(2[A], — [Bo) + K))[BF?
+ (1 + Ky ([Al, — [Blo)[B] — [B], =0 ()

AJAB and AJAB, are the chemical shift of the
1:1 and 1:2 (drug:cation) complexes respectively,
referenced to that of the free species A. A least
squares fit of the curves Adobs vs. [B], allows to
calculate K;, K,, A0AB and AJAB,.

Formation of an AB, complex is consistent
with the fact that, at pH 7.4, pefloxacin has two
protonation sites, the carboxylic and the N-4'
amine functions (Lecomte et al., 1996). Therefore,
by analogy with protonation, the second site of
binding of magnesium could be N-4'. In fact,
Martin (1990) measured affinity constants of mag-
nesium for amines. Furthermore, such a site was
also proposed by Ross and Riley (1993) for 7-
piperazinylfluoroquinolones  for very  high
[cation],/[drug], ratios (ca. 1000). In order to
confirm without ambiguity this second site, we
have studied the interaction of the ethyl ester of
pefloxacin with magnesium. For increasing con-
centrations of magnesium, the '°F chemical shift
first clearly decreases, then increases (Fig. 5A).
This decrease indicates that the first site of inter-
action with magnesium is N-4' since protonation
of this same atom induces a negative '°F chemical
shift (Lecomte et al., 1996). Afterwards, the for-
mation of an AB, complex with both the carbonyl
and the hindered carboxyl groups induces a posi-
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tive '°F chemical shift which overrides the effect
of the first interaction. Cation binding involving
first N-4’ then the carbonyl and carboxyl groups
is confirmed by the variations of the '°F linewidth
vs. magnesium concentration. By analogy with
protonation, the characteristic chemical shift of
these AB and AB, complexes is expected to be
small and large, respectively. As a matter of fact,
the line broadens only when some AB, complexes
begin to be formed (Fig. 5B). It is possible to fit
the chemical shift variations on the basis of AB +
AB, interactions. However, the values of the com-
plexation parameters (K; and AJAB;) thus
obtained are meaningless since there are not
enough complexes formed (Deranleau, 1969),
as indicated by the absence of saturation of
the curve for the high [magnesium]y/[fluoro-
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Fig. 5. Variations of the '°F chemical shift (A) and linewidth
(B) (282.38 MHz) of pefloxacin ethyl ester (10 ™% mol 1! in
buffer MOPS) vs. magnesium concentration, at pH 7.4 and
temperature 283 K. The chemical shift and linewidth are
referenced to their values without magnesium.

MNZC0CH |
it
| Nz coom | [ NzmcooH |
o N A\
[z coom | [ Nmoo0- ] N 22 000H |
N\ 7N s
MNz 000" | NH %000 |
i
NH 2 cooM |

Fig. 6. Scheme of the equilibria involved in the interactions
between pefloxacin (N=COOH) and magnesium (or calcium)
(M).

quinolone], ratios.

It is important to note that this simple AB +
AB, model yields only apparent complexation
parameters. At pH 7.4, each Bjerrum species of
free pefloxacin (see the above percentages) has its
own affinity constants for a given cation. But the
interaction equilibria that should be considered
(Fig. 6) are too numerous to be taken into ac-
count in the fitting of our data, since we need to
calculate not only the affinity constants but also
the chemical shift characteristic of each complex.

The best fit of the variation of '"F chemical
shift vs. calcium total concentration (Fig. 4) is
obtained with K, = 180 + 20 mol ~' |, K, = 145 +
20 mol™' I, AJAB=0.394+0.02 ppm, and
ASAB, =0.350 + 0.007 ppm. The close values for
the chemical shift of the complexes explain why
only one line is observed for the fluorine spectra
whatever the calcium concentration.

The same model has been used to analyze mag-
nesium solution data. Since at low magnesium
concentrations the fluorine spectra have two lines
(Fig. 2), the percentages of free [A] and bound
(IAB] +[AB,]) species have been determined by
band shape analysis. A regression analysis of
these percentages, using more data than in our
previous paper (Lecomte et al., 1994), yields K|
and K, values, 1600 + 50 mol ! 1 and 650 + 50
mol ! 1, respectively. Then these values have been
used to calculate the chemical shift of the com-
plexes in the concentration range where the
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amount of [A] is negligible, i.e. for [Mg®*]y/
[pefloxacin], > 100. These chemical shift values
are A6AB=1.07+0.05 ppm, and AJAB,=
1.319 £ 0.005 ppm.

The K,(Mg?*)/K,(Ca®*) ratio is 8.8. This
value is larger than that obtained by Timmers and
Sternglanz (1978) for oxolinic acid (7.9) and
nalidixic acid (6.3), and by Okabayashi et al.
(1992) for norfloxacin (5) and lomefloxacin (5).
For both calcium and magnesium, the K, affinity
constant is smaller that the K, constant, which
reflects the constraints of binding two cations to
the same pefloxacin molecule. The ratio of these
constants is larger for calcium (0.8 4 0.1) than for
magnesium (0.41 + 0.06). On the other hand, the
ratio of the chemical shifts of the bound species,
ASAB,/A6AB, is smaller for calcium (0.9) than
for magnesium (1.23). These discrepancies can be
partially due to the simplicity of the model used.
This model, as already emphasized, yields only
apparent parameter values and does not take into
account the several AB complexes (Fig. 6) which
can have different percentages for calcium and
magnesium. Furthermore, the chemical shifts of
the bound species depend on both the electronic
and steric effects of each cation; there is no reason
that the result of these two effects be similar for
calcium and magnesium.

3.2, Pefloxacin (10~ 7 mol I~ )/magnesium
interaction

The increase of pefloxacin concentration from
10~* to 1073 mol 1 ! induces large changes in its
fluorine spectra obtained at the same pH and
temperature (compare Figs. 2 and 7). Only one
broad ( =~ 350 Hz) line is observed with a shoulder
first at high frequencies for low [Mg?*],/[drug],
ratios, then at low frequencies for high [Mg?*],/
[drug], ratios, corresponding to the bound and
free species respectively. That can be explained by
an exchange rate between these species slightly
larger than for pefloxacin solutions ten times
more diluted.

Furthermore, it is obvious that the affinity con-
stants are larger. For the ratio [Mg®*]y/
[pefloxacin], ~ 0.6, there are approximately 50%
of bound species while, for pefloxacin concentra-

tion which is ten times smaller, a ratio of 5 is
needed to obtain this same percentage. The in-
crease in affinity constants could reflect the for-
mation of a new complex (A,B, type) with
magnesium, which will enhance the stacking of
pefloxacin evaluated, in absence of magnesium, at
only 2% at these 10~3 mol 1~ ! concentration and
7.4 pH (Lecomte et al., 1996).

In order to confirm this hypothesis, a 2.67 x
102 mol 17! solution of pefloxacin, at pH 12,
has been studied by carbon-13 NMR. At this
concentration and pH, and without magnesium,
the stacking of pefloxacin is ca. 20% (Lecomte et
al., 1996). While it is not possible to increase the
[Mg?*]o/[pefloxacin], ratio above 0.56 without
getting a precipitate, it is possible to assume from
the spectra obtained for pefloxacin at 10~* and
10~ 3 mol 1-! (Figs. 2 and 7) that, at this 2.67 x
1072 mol 1! drug concentration and 0.56

[Mg ] /[peﬂoxacm] 1
30
os A‘

600 400 200 -200 Hz

Fig. 7. '°F spectra (282.38 MHz) of pefloxacin (10 ~3 mol 1 !
in buffer MOPS) for several ratios of magnesium to drug, at
pH 7.4 and temperature 283 K (line broadening 10 Hz).
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Fig. 8. Variations of '3C chemical shifts vs. the effect of (a) magnesium concentration 1.52 x 1072 mol 17!, at pefloxacin
concentration 2.67 x 102 mol 1~ ! and pH 12; (b) protonation (pH 2-13), at pefloxacin concentration 3 10~2 mol 1 ', without
magnesium; (c) pefloxacin concentration (0.7-3 x 10~* mol 1= "), at pH 13, without magnesium.

[Mg? *]o/[drug], ratio, this quinolone is predomi-
nantly complexed.

The formation of an A,B, complex can be
inferred from the comparison of the effect of
such a complexation with those of protonation
of pefloxacin at 3 x 1072 mol 1~', and stacking
(Fig. 8). The stacking effect induced by magne-
sium binding is clearly confirmed by the varia-
tions of C-6, C-8a, and particularly C-8, three
carbons that have their chemical shift sensitive
mainly to stacking and not to protonation. Fur-
thermore, adding magnesium induces significant
linewidth broadenings, the largest (10 Hz) being
observed for C-3, some noticeable ones (5-4 Hz)
for C-2, C-5, and C-8, and some smaller pertur-
bations (3-2 Hz) for C-4, C-4a, C-11 and C-
3',5'. Their similarity with the line broadenings
observed for the concentration effect of
pefloxacin at pH 2 (pH where this stacking is
maximum) indicates that they reflect the increase
of the rotational correlation time of the com-
pound due to the stacking rather than an ex-
change effect. However, this last effect is
probably the major factor for C-3 line broaden-

ing. Its large chemical shift variation (- 11.60
ppm) under protonation suggests that a signifi-
cant decrease also happens in the complexation
of pefloxacin with magnesium.

By infrared spectroscopy (Lecomte et al.,
1994), we have observed that, at low [Mg>*],/
[pefloxacin], ratio, magnesium is localized be-
tween the carbonyl and carboxyl groups.
Therefore, it is not surprising that the C-3, C-4a
and C-11 chemical shifts, which are very sensitive
to protonation, are also the ones which are the
more sensitive to complexation with magnesium.
This complexation effect is smaller than the pro-
tonation one since binding of magnesium affects
the electronic structure of the ring less than pro-
tonation that induces an intramolecular bonding
C-11(0)OH-0C-4.

The variations observed for the chemical shifts
of the piperazinyl carbons when magnesium is
added confirm the formation of an A,B, complex
with N-4' as second site of binding of magnesium
since they are consistent with both a complexa-
tion effect smaller, as expected, than the proto-
nation effect, and a stacking effect (Fig. 8).
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4. Conclusion

Pefloxacin at low concentration (10 =% mol 1—1)
and high [cation]y/[quinolone], ratios forms 1:1
and 1:2 (drug:cation) complexes with magnesium
or calcium cation at pH 7.4. The binding sites are,
first, the carbonyl and carboxyl groups, then, the
N-4' piperazinyl atom as shown by the investiga-
tion of the interaction between magnesium and
pefloxacin ethyl ester. As expected, the affinity
constants are larger for magnesium than for cal-
cium.

When the pefloxacin concentration increases to
10~ 3 mol 1~ 1, the affinity of this drug for magne-
sium becomes much larger. That is due to the
formation of a 2:2 complex that enhances the
stacking of this fluoroquinolone.
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