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Summary 

The complexation of nalidixic acid and nine 7-piperazinylfluoroquinolone antimicrobials with magnesium and calcium ions was 

studied at room temperature (22 + 1°C) by spectrofluorometry. Scatchard plots were used to determined the stoichiometry of 

binding and the effects of pH were investigated to determine which Bjerrum species of the compounds bound most tightly to the 

metal ions. Multiple regression analysis was used to determine the relationship between the association constants and the binding 

to magnesium ions. The results of that analysis were then used to propose a structure for the 2: 2 complex of magnesium and 

lomefloxacin. 

Introduction 

Complexation with metal ions commonly found 
in antacids and vitamin preparations is known to 
reduce the oral bioavailability of fluoroquinolone 
antimicrobials (Flor et al., 1985, 1990; Hoffken et 
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al., 1985a,b, 1988; Frank et al., 1986; Lener et al., 
1987; Schentag et al., 1988; Frost et al., 1989a,b; 
Grasela et al;., 1989; Nix et al., 1989a,b; Polk, 
1989; Polk et al., 1989; Brouwers et al., 19901 as 
well as interfering with their antimicrobial activity 
in urine (Barbhaiya et al., 1982; Ratcliffe et al., 
1983; Pohlod et al., 1984; Kumada et al., 1985; 
Smith et al., 1985, 1988; Blaser et al., 1988; Gurdal 
et al., 1990; Perez-Giraldo et al., 1990). In a 
recent paper, Ross and Riley (1992b) have 
demonstrated the relationship between the na- 
ture of the metal ion and the stability constants 
of the complexes formed between lomefloxacin 
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Fig. I. Structures of the quinolones studied. 

and Ca*+, Mg2+, Fe3+, Bi3+ and A13+. The pres- 
ent study was concerned with the elucidating the 
effects of quinolone structure on the complexa- 
tion with two representative metal ions, Mg*+ 
and Ca2+. Because Ca 2+ had been reported to 
affect bioavailability only at elevated pH values 
(Frost et al., 1989a,b) and because the activity of 
various quinolones in the presence of Mg*+ var- 
ied with pH in vitro (Smith and Ratcliffe, 1985; 
Perez-Giraldo et al., 1990) it was of interest to 
study the effect of pH on the formation of drug- 
metal ion complexes with both Ca2+ and Mg2+. 
Therefore, the complexation of Ca2+ with lome- 
floxacin and the complexation of Mg2+ with sev- 
eral quinolones (Fig. 1) was studied as a function 
of pH. 

In the previous investigation (Ross and Riley, 
1992b), solubility was found to be a convenient 
method to study the complexation of all the met- 
als ions of interest with lomefloxacin. In the pres- 
ent investigation, fluorescence was found to be 
the most convenient analytical method because 
the addition of CaZf or Mg2+ to lomefloxacin 

solutions resulted in 
fluorescence intensity. 

a substantial increase in 

Theory 

The fluorescence (F) of a solution containing 
the drug and a metal ion is the sum of the 
individual fluorescent species: 

F = 2.34,w4~1 + 4s~~sLwl) (1) 

where I, is the intensity of the exciting light, I 
denotes the optical pathlength, $s and $sL are 
the relative fluorescence quantum yields, and es 
and es,_ represent the molar absorptivities of the 
relevant species. The ligand ions (Ca*+ or Mg2+) 
were not fluorescent and their concentrations 
were not included in eqn 1. In the absence of 
ligand, but in the presence of the same total 
concentration of the substrate (drug), the fluores- 
cence intensity is: 

FO = KS, (2) 

For simplicity, here and later in the text, the (2.3 
l,l&e,) term has been combined into a propor- 
tionality constant, K, followed by the subscript 
describing the species involved (S for substrate, L 
for ligand and SL for the complex). Combining 
and rearranging Eqns 1 and 2 results in Eqn 3 
that relates the change in fluorescence intensity 
and the ligand concentration to the binding con- 
stant, K,,: 

F 1 + ws,/~s)~,,[Ll -= 
Fo 1 + &,[Ll (3) 

The assumption that [Ll = [Ll, was been made for 
all fluorescence calculations because [Ll z+ [S]. 
Eqn 3 may be transformed into its linear 
Scatchard form for the purpose of plotting the 
data: 

(F/F,) - I 

WI (4) 



Materials and Methods 

Materials 
All the quinolones were supplied by their re- 

spective manufacturers: amifloxacin (Sterling- 
Winthrop, Rensselaer, NY), ciprofloxacin HCl 
(Miles Laboratories, West Haven, CT), difloxacin 
HCl (Abbott Laboratories, North Chicago, IL), 
enoxacin (Warner-Lambert Co., Ann Arbor, MI), 
fleroxacin (Hoffmann-LaRoche Inc., Nutley, NJ), 
lomefloxacin mesylate and lomefloxacin HCl 
(G.D. Searle and Co., Skokie, IL), ofloxacin (Or- 
tho Laboratories, Raritan, NJ), norfloxacin 
(Merck, Sharp, and Dohme, West Point, PA), 
and temafloxacin HCl (Abbott Laboratories). 
Nalidixic acid was purchased from Sigma Chemi- 
cal Co (St. Louis, MO). Tris was gold Label 
(99.9 + %), purchased from Aldrich Chemical Co 
(Milwaukee, WI). All solvents were HPLC grade 
and obtained from commercial sources. All buffer 
components, magnesium chloride and calcium 
chloride were ACS reagent grade or better and 
obtained from commercial sources. All other 
chemicals were reagent grade obtained from 
commercial sources. Water was purified in a 
Mini-Q Water System (Millipore Corp., Bedford, 
MA) and stored in glass containers until use. 
Glassware was washed with nitric acid and rinsed 
with metal-free water before use to eliminate any 
trace metal contaminants and all buffers were 
checked for the presence of heavy metal ions 
using the dithizone test (Stout and Arnon, 1939). 

Apparatus 
All pH measurements were made using an 

Orion SA 520 pH meter (Orion Research, Inc., 
Boston, MA) and a Tiny Combination pH elec- 
trode (Microelectrodes, Inc., Londonderry, NH) 
or a calomel pH combination glass electrode 
(Markson, Phoenix, AZ). Fluorescence measure- 
ments were made using an SLM Aminco 4800 
Spectrofluorometer (SLM Instruments, Inc., Ur- 
bana, IL) with a rhodamine B reference standard. 

Complexation studies 
The binding of calcium and magnesium ions to 

lomefloxacin was studied fluorophotometrically at 
ambient temperature (22 + 1’0 Fluorescence in- 
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tensity measurements were made at excitation 
and emission wavelengths of 282 and 420 nm, 
respectively. Linearity of fluorescence with re- 
spect to concentration, up to the concentrations 
used in these studies, was established at each pH 
value in the relevant buffer (acetate pH 5, 0.15 
M; Tris pH 7 and 9, 0.1 M: p = 0.35 with NaCl). 
A series of solutions was prepared with a con- 
stant drug concentration and increasing metal-ion 
concentrations. The change in fluorescence with 
metal-ion concentration was then monitored. At 
each pH value, two drug concentrations which 
varied by at least 50% were studied. All fluo- 
rophotometric measurements were made at least 
in triplicate. 

Results and Discussion 

Scatchard plots 
The Scatchard plots obtained by analysis of 

the data according to equation 4 were linear in all 
cases indicating formation 1: 1 complexes of the 
fluoroquinolones studied (Fig. 1) and calcium or 
magnesium. A representative Scatchard plot is 
shown in Fig. 2. These results, along with the fact 
that no significant change in K,, resulted when 
the substrate concentration was increased by 50%, 
indicated that no higher order complexes were 
present. Although previous FAB-MS analysis 
(Ross and Riley, 1992b) had indicated the pres- 
ence of 2 : 1 (drug: Mg2+) complexes, the ratio of 
drug : Mg2+ in the MS studies was only 4 : 1. In 

_- 3oo1 

Fig. 2. Scatchard plot of temafloxacin HCI (8.09~ 10V6 M) 

and MgZf at pH 9 (CL = 0.35). The value of the binding 

constant determined from the equation of the line was 602 

M-1. 
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the fluorescence studies, the Mg2+ concentra- 
tions were lOOO-times higher than the drug con- 
centrations and therefore the probability of 2: 1 
(drug: metal) complexes being formed was ex- 
pected to be very low. Furthermore, Miller (1989) 
has indicated that stoichiometries of metal-ion 
complexes determined by FAB-MS should be 
treated with caution because of artifacts and re- 
actions occurring in the radiation-damaged ma- 
trix. Using an MINSQ curve-fitting algorithm, the 
experimental data were fitted to Eqn 3. A repre- 
sentative plot of experimental data and theoreti- 
cal curve shown in Fig. 3. The value for r2 was 
greater than 0.999 in all cases. 

Effects of pH on complexation 
The complexation of an ionizable drug with a 

metal ion may vary with pH because each Bjer- 
rum species would have its own unique stability 
constant with a given metal. Therefore, the ob- 
served binding constant at any pH would simply 
be the sum of the individual contributions: 

K,, =~,l,,,fH*o++ ~llHQ+fHQf+ hJfo- (5) 

Furthermore, pH-dependent metal ion binding is 
particularly likely if the binding site is also the 
site of protonation because the metal will com- 
pete with the proton. As expected, the binding 
constants for the fluoroquinolones were found to 
vary significantly as a function of pH (Tables 1 
and 2). The results of these studies indicate that 
for Ca2+ and Mg’+, the affinity of the metal for 
the anion > zwitterion XP cation. In the case of 

L-----J 
0 0000 0 0025 0 0050 0 0075 0 0100 

Wsl CM) 

Fig. 3. Change of fluorescence as a function of Mg*+ concen- 
tration for temafloxacin HCI: 8.09 X lo-” M (0) and 4.05 X 

10m6 M (0) at pH 9 (p = 0.35 with NaCl). Calculated cuxves 
generated using Eqn 3 and binding constants from Table 1. 

TABLE 1 

The binding constants of Ca2+ with lomefloxacin studied as a 
function of pH and drug concentration determined by fluores- 
cence 

PH Drug concentration 

(M) (X 10’) 

K,, *SD. CM-‘) 

4.96 4.01 5f 1 
4.99 2.01 17_+ 4 

7.04 7.77 120+ 9 

7.06 3.88 43+ 6 

7.15 4.00 43+ 7 
9.18 9.19 79+11 

9.17 4.01 156+ 17 

Ca2+, the cation did not bind the metal. These 
results are consistent with the clinical studies of 
Frost et al. (1989b) which suggested that com- 
plexation of ciprofloxacin with calcium occurred 
only at elevated pH values. 

The binding constants at each pH value stud- 
ied for each of the drugs with Mg2+ are reported 
in Table 2. Cole et al. (1984) reported the binding 
constant of nalidixic acid and Mg2+ determined 
potentiometrically to be 1122 at 37°C at p = 0.15. 
Timmers and Sternglanz (1978) used spectropho- 
tometric methods at pH 7.5 to determine a bind- 
ing constant of 1000 between nalidixic acid and 
Mg2+ and a binding constant of 158 between 
nalidixic acid and Ca2+. Both these groups re- 
ported finding only 1: 1 binding between nalidixic 
acid and these divalent cations. Although the 
stoichiometry they found is consistent with the 
results of the studies reported here, the binding 
constants reported by both groups was higher 
than the values reported in the present study (pH 
7, K,, (Mg2+-nalidixic acid) = 606, K,, (Ca2+- 
lomefloxacin) = 63). Behrens and Mendoza Diaz 
(1986) reported the formation of 2: 1 (drug: 
metal) complexes between nalidixic acid and both 
Mg2+ and Ca2+, again finding higher order solid 
complexes than observed in our fluorescence 
studies as the predominant species in solution. 
The presence of 2 : 1 (drug : metal) complexes was 
indicated for Mg 2+-lomefloxacin by mass spec- 
troscopy at a drug : metal ratio of 4 : 1 (Ross and 
Riley, 1992b) and therefore, the absence of evi- 
dence of 2 : 1 (drug : metal) complexes in the fluo- 



rescence studies may be due to the excess of 
metal ion present. 

To determine if differences in the structures of 
the quinolones had any effect on the binding 
constants, the complexation of Mg2+ with nine 
fluoroquinolones was studied. Because binding of 
Mg2+ to the quinolones varied with pH, the 
effect of pH on the binding constant was also 
studied for each quinolone-Mg2+ complex (Table 
2). 

In all cases, the binding of the drug to Mg2+ 
increased with pH. As with Ca2+, no binding to 
the cationic species occurred with any of the 

TABLE 2 
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drugs studied. The failure of the cationic species 
to bind Mg2+ may be indicative of involvement of 
the carboxylic acid moiety in the coordination site 
with the affinity of the metal ion being insuffi- 
cient to displace the carboxylic acid proton; how- 
ever, the failure of the cationic species to bind 
with Mg2+ could also involve repulsive forces 
between the positively charged drug molecule 
and Mg2+. Once the carboxylic acid proton was 
dissociated, binding to Mg2+ occurred with the 
binding constant associated with the anion being 
larger in all cases than that associated with the 
zwitterionic or neutral species. A simple explana- 

Binding constants of Mg2 + with the quinolone compounds as a function of pH 

Compound PH Concentration 

(/.M 

K,, k S.D. 

&-‘I 

Compound PH Concentration K,, + S.D. 

(PM) (M-‘1 

Amifloxacin 

Ciprofloxacin 

Difloxacin 

Enoxacin 

Fleroxacin 

6.14 8.13 418 + 15 

6.13 4.08 348 f 21 

6.96 8.29 672+ 11 

6.96 4.15 641 + 11 

8.93 8.49 718 k 2.5 

8.94 4.25 748 f 23 

8.97 9.23 743 * 21 

8.97 4.62 727 f 18 

5.00 3.90 50+ 6 

5.00 1.56 50+ 4 

6.92 7.93 710 * 30 

6.93 3.97 672 + 14 

8.94 8.22 888 + 16 

8.95 4.11 918 k 22 

5.04 3.96 46k 6 

5.03 1.58 63k 6 

6.93 7.95 519* 11 

6.94 3.98 469 f 16 

8.95 7.97 726 f 26 

8.97 3.99 610 f 22 

5.01 3.20 39 + 10 
5.01 1.60 53 f 15 
6.93 8.29 650 + 22 
6.93 4.15 693 f 28 

8.94 8.50 1008k49 

8.94 4.25 988 + 66 

5.32 6.13 134* 0 
5.34 3.07 159+ 4 
6.90 7.92 465 + 11 
6.90 3.65 357 f 21 
8.94 8.28 600 + 20 
8.94 4.14 623 rt 15 

Lomefloxacin 

Nalidixic 

acid 

Norfloxacin 

Ofloxacin 

Temafloxacin 

5.01 3.80 71+ 11 

5.03 1.52 82k 11 

6.91 7.92 470 f 42 

6.93 3.96 395 + 49 

8.89 7.79 615 f 61 

8.91 3.90 496 & 60 

5.33 8.09 51 f 12 

5.34 4.05 114 * 12 

6.89 8.91 605 k 16 

6.91 4.46 607 f 26 

8.92 9.42 556 & 9 

8.93 4.71 599 k 24 

5.02 3.87 4k 6 

5.01 1.55 22k 6 

6.88 8.12 751 f 16 

6.89 4.06 689 + 23 

8.95 8.24 1115+40 

8.95 4.12 1177 + 66 

5.02 6.00 53+ 2 
5.02 3.00 54* 3 

6.91 7.53 416 & 47 

6.92 3.77 567 f 79 

8.95 7.74 676 + 18 

8.95 3.87 686 * 21 

5.33 6.20 118+ 2 

5.34 3.10 123+ 2 
6.95 7.82 412 k 10 
6.96 3.91 402 + 11 
8.96 8.09 605 * 13 

8.97 4.05 532 * 13 
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tion for this phenomenon was that as the pH 
increased, the binding constant continued to in- 
crease because of a decrease in electrostatic re- 
pulsion, i.e., the positive charges on the zwitteri- 
ons made it harder for the Mg*+ to approach the 
binding site. When the anion is the predominant 
species, the maximal binding could occur because 
there was no longer any protonated carboxylate 
species and there was no electrostatic repulsion 
due to the protonated piperazinyl species. An- 
other possible explanation for the increased bind- 
ing of the anionic species was that the piperazinyl 
nitrogen was participating in the coordination 
with the metal ion. 

Relationship between structure and co~~lexatio~ 
To understand further the differences in the 

binding constants resulting from changes in the 
structure of the various drugs, multiple-regression 
analysis was performed looking at several struc- 
tural features which varied between the different 
drugs. The structural features which were found 
to affect the K,, value included the number of 
fluorines, the presence or absence of a 4’-N- 
methyl piperazinyl substituent, and the presence 
or absence of a 3’-methyl substituent on the 
piperazinyl ring. Because the number of fluorines 
did not account for differences in the electron- 
withdrawing effect due to the distance between 
the fluorine atom and the carboxylic acid site 
(Ross and Riley, 1992a), the p& was used in 
the multiple regression as an indicator of the 
electron density of the carboxylic acid moiety. 
The general regression equation resulting from 
analysis correlating the effects of the pK,,, the 
presence (1) or absence (0) of a 4’-N-methyl sub- 
stituent (m), the presence (1) or absence (0) of a 
3’-methyl piperaziny~ function (3’m), and the pH 
with the log K,, value was: 

log K,, = l.S( kO.20) + 0.068( +O.O07)pH 

+ 0.14( +O.O31)pK,, 

- 0.17( f0_025)3’m 

- 0.12( *O.O17)m (6) 

R= = 0.90, p = 0.0001 

Observed log K, , 

Fig. 4. Results of a multiple regression analysis for K,, values 
for Mg2+ (Table 2) and the various fluoroquinolones. Com- 
pounds are identified by the numbers corresponding to the 
structures in Fig. 1. The predicted log K,, was calculated 
from the regression equation determined to be: log K,, = 1.5 
+O.68 pHi0.14 pK,, -0.17 (absence (0) or presence (1) of a 
3’-methyl substituent) -0.12 (absence (0) or presence (1) of a 
4’-N-methyl substituent). The regression iine is shown by the 
solid line and fits the equation: y = 0.28 +0.90x. The coeffi- 
cient of correlation (R) is 0.95. The dashed line represents the 

theoretical line of unit slope and zero intercept. 

Fig. 4 is a graphical representation of the regres- 
sion results (Eqn 6). Nalidixic acid was not in- 
cluded in this evaluation because it did not con- 
tain a piperazinyl function. 

The regression model (Eqn 6) demonstrated 
that an increase in the pf(,, value resulted in an 
increase in the binding constant. The change in 
the dissociation constant was an indicator of the 
electron density near the protonation site. As the 
electron density near the protonation site in- 
creased, the anionic form was less stable than the 
protonated form which resulted in an increase in 
the pK, value. An increase in electron density 
would be expected to increase the attraction of 
the metal ion for the drug molecule resulting in 
an increased binding constant. 

The changes in the K,, values seen in those 
compounds containing the 3’-methyl or 4’S 
methyl substituents could only be explained if the 
4’-piperazinyl nitrogen participated in the com- 
plexation. If a 4’&methyl substituent was pres- 
ent, the amine was tertiary and the resulting K,, 
values may be lower than with secondary amines 
because of steric hindrance from the methyl sub- 
stituent resulting in less interaction between the 
nitrogen and metal ion. The presence of a 3’- 
methyl substituent again may interfere with the 
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Fig. 5. Proposed structure of a 2 : 2 complex 
and lomefloxacin. 

behveen Mg2+ 

interaction between the nitrogen and metal ion 
due to steric hindrance; therefore, the presence 
of a 3’-methyl substituent resulted in a decrease 
in the binding constant. The fact that the pK,, 
and the presence of the 3’-methyl and 4’-N-methyl 
substituent both affect the binding constant sug- 
gests that both the carboxylic acid moiety and the 
piperazinyl nitrogen may participate in the com- 
plexation with magnesium. In order for this to 
occur, adjacent molecules would have to interact 
resulting in a 2 : 2 complex. Because the presence 
of a 3’-methyl or a 4’-N-methyl results in only a 
small decrease in the binding constant, it is likely 
that the piperazinyl nitrogen serves to stabilize 
the complex but could not be considered the 
primary binding site. 

Possible structure of the magnesium-lomefloxacin 
complex 

Fig. 5 shows the proposed structure of the 2 : 2 
complex between lomefloxacin and the magne- 
sium ion. The proposed 2:2 complex is quite 
consistent with the Scatchard plots (e.g., Fig. 2) 
which simply indicates that the ratio of 
drug : metal in the complex was 1: 1, 2 : 2, etc. For 
a given ligand, the geometry of the complex, as 
well as the stability and the type of atom involved 
(0, N, etc.) in the coordination sphere of the 
complex may vary with the metal ion. For exam- 
ple, complexes with Mg2+ and Ca2+ form primar- 
ily with oxygen ligands (Cotton et al., 1980). Al- 
though complexation with nitrogen ligands occurs 
in the solid state, it is fairly weak and generally 

dissociation of the complex occurs in aqueous 
solution. However, MgZf complexes with te- 
trapyrrole systems, such as the chlorophylls, form- 
ing a five-coordinate square pyramidal complex. 
Both Ca*+ and Mg2+ form stable five-coordinate 
complexes with oxygen ligands as well. Complex 
formation between EDTA and Ca*+ occurs in 
alkaline solution and results in formation of a 
1: 1 complex. The antibiotic, A23187, which is a 
monocarboxylic acid, is a tridentate (N, 0, 0) 
ligand and forms a seven-coordinate Ca*+ com- 
plex (Cotton and Wilkinson, 1980). 

Although participation of the aromatic ring 
nitrogen (1-N) cannot be discounted with the 
quinolones, the 3,4 P-diketone moiety appears to 
be the most likely primary site of complexation 
with Ca2+ and Mg 2+ The fact that neither of . 
these metals bind to the cationic form of the drug 
and that binding increased with increasing elec- 
tron density near the carboxylic acid function was 
a good indication that the carboxylic acid site was 
involved and that the affinity of the metal was not 
strong enough to displace the carboxylic acid 
proton. Since the carboxylic acid proton was hy- 
drogen bonded to the 4-keto functionality, it was 
reasonable to postulate that the 4-keto moiety 
may also be involved in the binding of drug to the 
metal ions. Further, in a study conducted by 
Bailey et al. (19841, the Mg2+ binding of two 
analogs of nalidixic acid, i.e., 1-ethyl-1,4-dihydro- 
7-methoxy-4-oxoquinoline-3-carboxylic acid 
(MQC) and its corresponding homologous acid, 
2-(l-ethyl-l,4-dihydro-7-methoxy-4-oxoquinol-3- 
yllethanoic acid (MQE), was determined. Using a 
computer simulation, the distribution of MQE 
and MQC in plasma was modeled. The Mg2+0- 
MQC complex involved 65.3% of the total MQC 
in plasma while the Mg2+-MQE complex only 
involved 14.1% of the total MQE in plasma. The 
differences in binding was consistent with in- 
volvement of the 3,4 /3-diketone in the coordina- 
tion site. The introduction of a methylene group 
between the aromatic ring and the carboxylic acid 
in MQE resulted in a decreased binding which 
can be attributed to the relative instability of a 
seven-membered chelate ring as compared to the 
six-membered chelate ring formed with the MQC 
compound (Bailey et al., 1984). 
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Conclusions 

Linear Scatchard plots indicated that the stoi- 
chiometry of complexation of the fluoro- 
quinolones with calcium and magnesium was 1: 1. 
The effects of pH on the complexation indicated 
that the affinity of magnesium or calcium for the 
anion > zwitterion > cation, suggesting that the 
primary binding site was the carboxylic acid. This 
hypothesis was supported by multiple regression 
analysis, which showed that the association con- 
stant was related to the ionization constant, and 
thus the electron density, of the carboxylic acid 
moiety. However, the regression analysis indi- 
cated that the association constant was also re- 
lated to the presence of C3’- and N4’-methyl 
groups on the piperazine ring, implicating the 
4’-nitrogen in the complexation. Based on these 
results a 2: 2 stoichiometry for the magnesium 
(and calcium) complexes of the 7_piperazinylflu- 
oroquinolones was proposed involving coordina- 
tion at the carboxylic acid, the adjacent 4-keto 
group and the 4’-nitrogen of the piperazine ring. 
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