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ABSTRACT. We investigated the self-association and protonation state of norfloxacin, a member of qui-

nolone antibiotics, using electric absorption and potentiometric titration. Both nitrogen at the

piperazine ring

and carboxylic acid were protonated at a low pH (cationic norfloxacin}, and deprotonated at a high pH {anionic

norfioxacin). In the intermediate pH range, a neutral species was dominant with the possibility of forming a

switter ion. We also observed that nortloxacin molecules ¢

The equilibrium constant of the norfloxacin-DNA complex formation. whi

method, increases

an be stacked to form a dimer at an intermediate pH.
ch was measured by Stemn-Volmer

as the pH of the system is lowered. This observation indicates that it is the cationic nor-

floxacin that forms a complex with DNA among various norfloxacin species in aqueous solution.

INTRODUCTION

Quinolones are a group of well known antibiotics. A
large amount of biological data indicates that the func-
tional target of these drugs is DNA gyrase, which cata-
lyzes the conversion of relaxed superceiled DNA into a
negatively supercoiled form. However, it was found that
norfloxacin, one of the most potent DNA gyrase inhib-
itors of the quinolone family. does not directly bind to

DNA gyrase but binds to DNA itself.’ Subsequent stud-
ies by the same group™ proposed a cooperative qui-
nolone-DNA binding model in the inhibitdon site of
DNA gyrase in the presence of ATP. In this mexdel, the
norfloxacin molecules were bound in the specific single-
stranded DNA pocket that was induced by gyrase and
were stabilized by 7-1 stacking of the norfloxacin nngs
and tail to tail hydrophobic interactions. In contrast, in
the presence of an appropriate amount Mg® ions, nor-
floxacin binds to plasmid DNA in such @ manner that the
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Mg™ ion acts as a bridge between the phosphate groups
of the nucleic acids and the carbonyl and carboxyl moie-
ty of norfloxacin.® Qur study on the base (sequence)
specificity and binding geometry of the DNA-norflosa-
cin complex using fluorescence and linear dichroism
speciroscopy demonstrated that nortloxacin binds pref-
erentially to G-C base pairs, and that the molecular plane
of the norfloxacin is nearly perpendicular to the DNA
helix axis.™™ 1t has also been recently demonstrated that
quinebenzoxazine. a quinvlone family. forms a binary
complex with Mg™ and a tertiary complex with Mg™
and DNA”"

The behavior of norfloxacin in an agueous solution.
viz., the protonation state and self stacking properties.
was reporied by few investigators.'™'* It is possible for
norfloxacin to have various protonated states, since there
are at least two possible protonation sites. The pK, values
for the carboxylic acid and the nitrogen atom at pipera-
zine ring were reported to be 6.3 and 8.5. respectively.”
Therefore. at least four differently protonated norfloxa-
cin species can exist at pH 7.0. Norfloxacin (and quino-
lones in general} is a poiycyclic aromatic hydrocarbon
that consists of a drug-enzyme interaction domain, a
DNA-hydrogen bonding domain, and a drug-drug self-
assembly domain. Polycyclic aromatic hydrocarbons
have a tendency to associate by themselves in an aque-
ous solution. In addition, norfloxacin contains functional
moieties—namely. carbonyl and a carboxylic acid group
n the DNA-hydrogen bonding domain—- to which a pro-
ton —mediated self-association 15 possible. Therefore. nor-
floxacin can form a higher order self-associated form in
an aguecus sotution by stacking between the polycyclic
aromatic part and the association between the carboxylic
acid in addition to various protonated states.

The questions addressed in this work include how nor-
floxacin is protonated and whether (and how) it is self-
associated in an agueous solution. In addition, we exam-
ined how. if norfloxacin is self-associated. do the dimer
and higher associated forms of norfloxacin afiect the
binding of norfloxacin o DNA. and which protonated
species forms a complex with DNA.

EXPERIMENTAL

Materials. Calf thymus DNA (referred to as DNA)
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was purchased from Sigma and dissolved in a 3 mM
cacodylate buffer at pH 7.0 containing 100 mM NaCl
and 1 mM EDTA. The solution was then centrifuged at
10,000 rpm for one hour to remove any inscluble solids
that may have been present. NaCl and EDTA were
removed by dialyzing against 5 mM cacodylate buffer at
pH 7.0, utilizing a Sigma dialyzing bag with a 10.000
molecular weight cutoff. The butfer was changed every
five hours for a total of five times. All processes were
performed at 4°C. The nortloxacin was purchased from
Sigma and used without further purification. The con-
cemtrations of DNA and norfloxacin were determined
spectrophotometrically using the extinction coefficients
€1=37.500 cm™'M™' for notfloxacin and €asm=56,700
e 'M™' for DNA. All absorption spectra were recorded
either on a Jasco V-550 or a Hewlett Packard 8452A
diode array spectrophotormeter. The cells with 0.1, 1.0,
10.0 cm path lengths were used for absorption measure-
ments as necessary.

Measuring the equilibrium constant using the Stern-
Volmer method. The equilibrium constant of norfloxacin
with DNA was measured using the well-known Stern-
Volmer method:"

FulF=1+K [DNA)

where F,, and F denote the fluorescence intensity of the
given fluorophore in the absence and presence of a
quencher. Two mechanisms, the dynamic and static pro-
cesses. may explain the simple tluorescence quenching
process.'” In the dynamic quenching mechanism, the
energy of the excited fluorophore transfers to the
quencher when they collide. As the temperature of the
system increases, the quenching rate is increased because
the number of collisions increases. and the absorption
spectrum of the fluorophore is not changed because the
quencher interacts only with the excited fluorophore. In
the static quenching mechanism. the fluorescence is
quenched by forming a ground state non-fluorescent flu-
arophore-quencher complex. hence a decreasing temper-
ature results in an enhancement in the quenching
efficiency, because the complex is usuaily stable at low
temperatures. The absorption spectrum of the fluoro-
phore is changed upon adding the quencher in the static
quenching mechanism. The fluorescence spectra were
obtained by a Perkin Elmer LS 50B fluorometer. For all



SRR - R - BERL - U -

fluorescence quenching measurement, the samples were
excited at 323 nm and the intensities were measured at
415 nm. Slit widths were 4 and 7 nm for excitation and
emission window.

Potentiometric titration. The potentiometric titration
was performed for norfloxacin (0.068 m mol/100 mL) at
30"C following the method of Martell ef @' A
3.28x 1077 M KOH and 3.28x10~* M HCI solution was
used as the standard solution.

RESULT

pH dependence of the absorption spectra of nor-
floxacin and pH ftitration. pH dependence of the
absorption spectra of norfloxacin and pH titration. The
absorption spectra of DNA-tree norfloxacin at various
pH are depicted in Fig. 1. Our result is in agreement with
already reported changes in absorption spectrum of nor-
fioxacin upon the pH change.'"" The absorption band at
272 am at pH 7.0 gradually red-shifts and exhibits
hyperchromism as the pH of the solution decreases. At
pH 4.0 this band has shifted to 276 nm. In contrast, both
bands above 300 nm exhibit a hypochromism, blue-shitt,
and broadening with a decreasing pH. Three isosbestic
points. at 272 nm, 318 nm and 344 nm, were found. indi-
cating that two major light-absorbing norfloxacin species
were present in the solution between pH 4.0 10 7.0. As
the pH increases to 8.0, the absorption pattern is similar
1o that at pH 7.0). These observations ensure that the pro-
tonated state of the norfloxacin can affect the absorption
pattern.

Two pK, values. 6.3 and 8.5. were found for norflox-

pH7.8

Absorbance
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Fig. 1. Absorption spectrum of norfloxacin (20 mM) at var-
ious pH.
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Scheme 1.

acin from the acid-base titration experiment (data not
shown) and these values are in agreement with reported
ones.'”” At a pH value higher than 103, the carboxylic
acid moiety of all norfloxacin is probably deprotonated
and the nitrogen atom at the end of the piperazine ring
mono-protonated (Scheme 1). The charge of the whole
molecule is -1 in this pH range. This species may not
bind o DNA because only electrically positively charged
or neutral drugs preferentially bind to DNA. In fact, the
binding of norfloxacin to DNA was negligible at a high
pH(see below). Consequently. this species will not be
discussed further. At the pH range lower than 4.5, the
carboxylic acid is mono-protonated and the nitrogen
atoms at the end of the piperazine ring are di-protonated,
resulting in a total charge of +I|. Four species may co-
exist in the intermediate pH range. including the species
in which both protonation sites are mono-protonated
(neutral species) and the zwitter ionic form of this spe-
cies. The zwitter ion form is dominant at pH 7.0."

Dependence of norfloxacin abserption spectrum on
the polarity of the solution and the concentration. The
concentration-dependent norfloxacin  absorption spec-
trum is depicted in Fig. 2. The spectra are shown for
concentrations of 3.06 uM, 30.6 pM, and 306 pM. The
absorption spectrum of the highest concentration was
collected using a 1 mm cell and multiplied by ten. All
the spectra were then normalized to the highest concen-
tration for easy comparison. Interestingly, we found that
the concentration-dependent absorption changes are sim-
ilar to the pH-dependent absorption changes (Figs. | and
2}, The absorption spectrum measured at the low con-
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Fig. 2. Absorption spectrum of norfloxacin at various con-
centrations in agueous solution {3.06 pM: dashed curve. 30.6
uM: dashed-dotted curve, and 306 pM: solid curve). The
ahsorption spectrum at the highest concentration was recorded
using a | mm path length and multiplied by ten. All spectra
were then normalized to the highest concentration.

ceniration was similar to that obtained at a low pH. and
that at the high concentration resembled the high pH.
suggesting that the absorption pattern at the low concen-
tration represent the monomeric norfloxacin and that at
the high concentration denotes the dimer. The formation
of higher order complexes can be disregarded based on
the observation of two isosbestic points at 316 nm and
341 nm; hence. only the monomer vs. dimer will be dis-
cussed.

Two forms of the diiner are possible in the nortloxacin
case —a stacked dimer or a dimer connected via the elec-
trostatic interaction of the carboxylic acids (which may
be bridged by hydrogen). In the former, the dimers are
stacked vertically and stabilized by the interaction
between the m electrons in the aromatic rings. In the lat-
ter, norfloxacin can be associated by forming hydrogen
bonds between the carboxylic acids of the neighboring
molecules. If the norfloxacin molecules are stacked to
form a dimer, it is stabilized as the environmental polar-
ity increases. However, if the dimer is formed by elec-
trostatic interaction, enhancement in the environmental
polarity would result in destabilization of the dimer. The
absorption patterns of nortloxacin in ethanol and water
are compared in Fig. 3. The absorption spectrum in
water resembles that at a high pH and high concentra-
tion. That recorded in ethanol is similar to the absorption
pattern obtained from the low concentration, indicating
that the dimers are dominant in & polar solution. Since

2000 Vo, 34, Moo, §
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Fig. 3. The absorption spectrum of norfloxacin (25 pM) in

water (dotted curve) and in ethanol {solid curve) in § mM

cacodylate bufter at pH 7.0,

the dimer is more stable in a polar solution, norfloxacin
may form the dimer in a stacked manner. The long
wavelengh region of the absorption spectrum of norflox-
acin was remained to be unchanged upon adding urea
(up to 5 M), supporting this conclusion (data not shown).

pH dependent equilibrium constants for norfloxa-
¢in-DNA complex formation. The fluorescence intensity
of the nortloxacin decreased as the DNA concentration
increased. An example is given in Fig. 4a. Fucthermore.
the fluorescence intensity in the presence of highly con-
centrated DNA was negligible, allowing us to measure
the Stem-Volmer constant directly from decreases in the
fluorescence intensity. We observed both changes in the

300
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Fig. 4, {a) Change in fluorescence emission spectrum of not-
floxacin with increasing DNA concentration. From top, DNA
concentrations are 0. 25. 50. 75 und 100 uM. Norfloxacin
was excited at 323 nm and the silt widths are 3 nm and 7 nrn
for excitation and emission windows. [norfloxacin]=1.0 pM.
(b) pH dependent Stem-Volmer plot of norfloxacin in the
presence of DINA.
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Tuble 1. Stem-Volmer quenching constants for norfloxacin-
DNA comptex formation at various pH

pH Koo (M)
40 EOXIO?
5.0 1.9x 0y
6.0 9.0x10y
7.0 3.0x10°
8.0 1.3x10°

absorption spectrum of norfloxacin in the presence of
DNA" and a reduced quenching rate at higher tempera-
tures (data not shown), ensuring that quenching occurs
via the static mechanism. The Stern-Volmer quenching
constant, K. therefore, can be understood as the equi-
librium constant for norfloxacin-DNA complexation. As
discussed earlier, the fluorescence of the norfloxacin is
quenched by forming a non-fluorescent ground state
compiex. Since several forms of norfloxacin, in terms of
protonation state as well as stacking. can exist in an
aquecus solution, identifying the norfloxacin species that
bind most efficiently to DNA is of interest. Equilibrium
constants for the norfloxacin-DNA complex were mea-
sured at various pH using the Stem-Volmer methed (Fig.
4b and Table 1). The equilibrium constant at pH 8.0, at
which the deprotonated (negatively charged) species and
neutral species of norfloxacin are dominant, was quite
low. at 1.3x10° M"'. indicating that these species do not
efficiently bind to DNA. The slope in the Stern-Volmer
plot become stiffer as the pH of the system decreases
from 8.0 10 5.0. The equilibrium constant at pH 5.0 is
larger than that at pH 8.0 by a factor of about 14. The
equilibrium constant reaches its highest value a1 pH 5.0
then, surprisingly. decreases as the pH is further lowered
to 4.0, indicating that another mechanism besides the cat-
ionic monomer-zwitter jonic dimer scheme (and deproto-
nation-protonation scheme) contributes to the equilibrium
state at a Jow pH.

DISCUSSION

Behavior of norfloxacin in an agueous solution. A
pH dependent norfloxacin strcture appears in Scheme 1.
As the pH increases from 4.0 1o 7.0, the proton, which is
located at the carboxylic group, is removed and the
mono-cationic norfloxacin molecule becomes electri-
cally neutral. At a neutral pH. transfer of the proton from

piperazine ring to the carboxylic acids to form a zwitter
ionic isomer is possible. The shape of the absorption pat-
tern at pH 7.0 coincident with that of highly concentated
norfloxactn und that at a low pH cortesponds to the
absorption pattern at 4 low concentration. indicating that
selt-association of norfloxacin occurs at a neutral pH
(Figs. 1 and 2). Furthermore. it can be assurmed trom the
existence of the isosbestic points that the system consists
of two species at neutral pH—monomer and dimer: con-
sequently, a higher order self-association can be disregard-
ed. The difference in the absorption spectrum between the
monomer and dimer is probably due to perturbation
between the polycyclic part of the neutral norfloxacin.
This assumption is based on the facts that (1) norfloxacin
exhibits a light-absorbing pattern similar to that of &
monomer in ethanol and a dimer in water (£ig. 3.) and
(2) the observation that increasing the urea concentration
did not alter the absorption spectrum of norfloxacin (data
not shown). The polarity of ethanol is lower than water
and therefore inhibits the interaction of m electrons
between the stacked norfloxacin.

A molecular modeling study
stacking orientations for the enantiomers of neutral

0,21

analyzing possible

ofloxacin (a member of quinolone. with a molecular
structure similar to nortloxacin) reported that the shortest
distance between two molecular plane was 3.5 A. this is
the distance of the ©-x interaction. when stacking occurs
with both the piperazine and oxazine ring toward the
outside of the stacked plane and the plane of the piper-
azine ring perpendicular to the plane of the polycyclic
part of the ofloxacin molecule.

Binding species of norfloxacin to polynucleotides, It
is reasonable to assume that four forms of norfloxacin
co-exist in the aqueous solution at neutral pH~ a mono-
cationic. a neutral (and its zwitter ion), and a mono-
anionic species {which would not bind to DNA, there-
fore it will not be discussed). The dimer is probably
formed through stacking of the aromatic part of the nor-
floxacin. The absorption spectrum and pH titration indi-
cates that the population of the monc-protonated monomer
clearly increases when the pH is lowered. Correlating
this observation and the fact that the equilibrium constant
tor the norfloxacin-DNA complex formation increases as
pH is lowered, we can conclude that the DNA binding
norfloxacin species is a cationic monomer in which the

Journal of the Korean Chemical Sociery
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nitrogen at the end of the piperazine ing is probably pro-
tonated (Scheme 1).

We know that the cytosine base is protonated at pH
4.0. Abnormal behavior in the pH dependence of the
equilibrium constant may be explained by this factor.
When the cationic norfloxacin molecule interacts with
the GC region of DNA, the repulsion between the pos-
itive charge of norfloxacin and the cytosine disturbs the
complex formation, resuiting in a lowering of the equi-
librium constant. The norfloxacin must bind selectively to
the GC base pairs for this effect to be significant. In fact,
we observed in the previous study’ that the equilibrium
constants of norfloxacin-poly{d{G-C):] and poiv(dG)(dC)
were larger (Ks,=6.0~7.0x10° M™') than the norfloxacin
complexation with DNA (Kw=2.8%10° M""). poly[d(A-
T} and poiv(dAMAT) (Ka=0.6~0.7x10" M™"), indicat-
ing that norfloxacin binds to the GC rich region of DNA.

CONCLUSION

We concluded that the cationic form of norfloxacin
present under acidic condition is the DNA-binding spe-
cies. Norfloxacin forms dimers at neutral to basic con-
ditions but are monomeric in acidic solutions.

REFERENCE

1. Shen, L. L.: Pemet, A. G. Proc. Nutl. Acad. Sci. U.S.A.
1985. 82, 307.

2. Shen, L. L.. Baranowski. J.: Pernet, A. G. Biochemistry
1989, 28, 3879.

3. Shen. L. L.; Kohlbrenner, W. E.; Weigl, D.; Baranowsji.
). J. Biol. Chem. 1989, 264, 2973,

4. Shen, L. L.: Mitscher, L. A.; Sharma. P. N.; ODonnel,
T. J.; Chu, D. W. T.; Cooper. C. S.; Rosen. T Pernet,
A. G, Biochemisiry 1989. 28. 3886.

5. Pal. G.: Valisena, S.; Ciarrocehi, G.: Garto, B.; Palumbo,
M. Proc. Narl. Acad. Sci. US.A. 1992, 89, 9671,

a.Son, G. S.. Yeo, L-A: Kim. M.-S.; Kim, S. K.
Holmén, A.; Akerman, B.; Nordén, B. J. Am. Chem.
Soc. 1998, 120, 6451,

7.Son, G. S.; Yeo, J.-A.: Kim, J.-M.; Kim, S. K,; Mooan,
H. R.: Nam. W. Biophys. Chem. 1998, 74, 225.

8. Yeo, J.-A.; Cho, T-5.; Kim, S, K.; Moon, H. R.; Jhon,
G. ). Num, W. Bulf. Kor Chem. Soc. 1998. 19, 449,

9. Yu, H.: Huriey. LH.: Kerwin, S.M. J. Am. Chem. Soc.
1996, 11§, 7040.

10. Fan, J.-Y.: Sun, D.; Yu, H.; Kerwin S.M.; Hurley, L. H.
J. Med. Chem. 1995, 38, 408.

11. Ross. D. L.: Riley, C. M. fne. J. Pharm. 1993, 93, [21.

12. Takdcs-Novdk, K.; Noszil, B.; Hermecz. [.; Kereszuiri,
G.; Podinyi, B. B.: Szasz. G. J. Pharm. Sci. 1990, 79.
1023,

13. Sortino, S.; De Guidi, G.; Giuffrida, S.; Monti, S.;
Velardita, A. Photochem. Photobiol. 1998, 67, 167.
{4, Bilski, P; Martinez, L. J.; Koker. E. B.: Chignell. C. F.

Photochent. Photobiol. 1996. 64. 496,

15. Lakowicz. J. R. Principles of Fluorescence Speciros-
copy; Plenum Press: New York, 1983: p.257.

16.Ma, R.. Welch. M. J; Reibenspies, J.; Martell, AE.
fnorg. Chim, Acta. 1995, 236, 75.

17. Eniksson. S.: Kim. S. K.: Kubista, M.; Nordén. B. Bio-
cherisiry 1993, 32, 2987.

{8. Kim, H.-K.: Kim, I.-M.; Kim. S. K.; Rodger, A.: Nor-
dén. B. Biochemistry 1996, 35, |187.

19, Meon, J.-H.; Kim, S. K.; Sehlstedt, U.; Rodger, A..
Nordén, B. Biopofymers 1996, 38, 593.

20. Shen. L.L. Quinolone-DNA interaction, in Quinolone
Antimicrobial Agents 2nd edn: Am. Soc. Microbio.
Press: Washington. D.C., 1993, p.77.

21. Shen, L. L.; Bures, M. G.: Chu, D. T. W.; Plattner, I. 1.
Quinolone-DNA Interacrion: how a small drug maole-
cule ucquires high DNA binding affinity and specificity,
in Melecular Basis of Specificity in Nucleic Acid-Drug
Interaction: Kluwer Acad. Pub: Daordrecht. 1990; p.497.

2000, Vil 44, No. f



