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Quinolones such as nalidixic are known to inhibit the 14 M 16
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action of bacterial type Il topoisomerases (e.g., gyrase ¢ N

topoisomerase V) that alter the topological state of super o U M 7 -solvent
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tion through a transient double-stranded DNA break :
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however, relatively little is known about the mechanism by ﬂxd
which quinolones stimulate DNA cleavage or block their

overall catalytic activitieSAlthough early studiésfocused oMo o
mainly on DNA gyrase rather than DNA as the potential tar- fm M +H* )~ - soivent
get of quinolones because of strong electrostatic repulsio e Ny reduction HiC N
between the anionic drug and highly negatively chargec Hac™ "2 oo
DNA at physiological pH, they failed to find the binding site reduced trinuciear form ionized binuclear form
of the drugs. Recently, it was proposed that quinolones bin el “
preferentially to single-stranded DNA region that is revealec o Mmg?*
. . o O
when gyrase cleaves DNA during turnoveand the qui- A J\/\flj/gg
nolone-stabilized conformational state of the DNA-gyrase e SN ‘N|
complex is responsible for the gyrase inhibition indicating hoo O o CHa
. .. 3!

tha}t DNA ck.eav.age is the result rat.her thgn a pre—reqwsn_e € tarchotated tinuclear form etatbound binuclear form
guinolone binding. Furthermore, direct binding of the qui- ] )

trinuclear forms binuclear forms

nolones to plasmid DNA by Mg mediatiof and to syn-
thetic double-stranded DNA by even without metal ion Scheme 1
mediatiorf were also reported.

These conflicting results and the structural properties obf quinolones and the variability of structural entities of qui-
nalidixic acid as discussed below led us to consider that lackolones depending on variable environmental conditions,
of attention to the polymorphism of quinolones dependingthat is sought in the present study, will be important for the
on variable conditions in cells and change of action mode iminderstanding of the multiple mechanisms of inhibitory
response to the polymorphism can somehow be ascribable &xtion and clarifying confusions concerning the action
the confusion in the understanding of the inhibitory actionmechanism of quinolones.
mechanism of quinolones. From the studies of structure-
activity relationship$, the 4-oxo-3-carboxylic acid moiety Experimental Section
has been proved to be essential to exert antibacterial activity.

This carboxylic acid group has relatively high pKa value Examination of the interaction of nalidixic acid with the
(6~7). This can be interpreted as due to the formation oénvironmental factors was performed at 25 by UV/VIS spec-
intramolecular hydrogen-bonding (H-bonding) between thetrophotometric titrations using Uvicon 860 (Kontron) spec-
4-keto oxygen and the 3-carboxylic hydro§es shown in  trophotometer.

Scheme 1. And an X-ray crystallographic study also has

shown that the unionized nalidixic acid adopts the trinuclear Results and Discussion
form having planar geometry by the intramolecular H-bond-
ing of the 4-oxo-3-carboxylic acid moié®/In addition, the Effects of pH on the Multiple Structural Forms of

local microenvironments of cells can influence the possibil-Nalidixic Acid. The distinctive UV absorption band of nali-
ity of polymorphism of quinolones via participation of cellu- dixic acid ranging between 300 and 350 nm consists of
lar factors such as metal ioh, local polarity of cellular closely overlapped two subpeaks (Figure 1A). In the exami-
fluid, and pH as well as the action of reductive enzymesnation of solvent effects on spectra (Figure 1A), the blue-
Thus, elucidation of the possible multiple molecular formsshift of the right subpeaki(, longer wavelength) between
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0224 0210 — equilibrium depending on the dissociation of 3-carboxylic
(A) (B) £ acid, the spectral shapes below pH 6.0 reveal that the other
& equilibrium arises judging from the appearance of asymmet-
2 rical band shapes by the continuous increase of absorption at

As. These spectral changes at low pH can be caused by the
two factors: First, by the formation of the protonated cat-
ionic form at N8 nitrogen (pKa < 5). Second, by the forma-
tion of the intramolecular H-bonding of 4-keto and 3-
carboxylic acid groups. However, as shown in Figure 1B
inset, the profile of absorbance at 313 mspH has an
inflection point at pH 6.0 reflecting the pKa value of nalid-

Q120
Q105

%aooo , L 0000, ) , ixic acid, but the contribution to the spectral changes of the
£ opdi 20 B 30 360 2% 30 35 30 protonated form at N8 nitrogen which may exist below pH 5
§ © s (D) is negligible. Further, the spectroscopic titration was carried
¢ 3 out in methanol (Figure 1C) and ethanol (Figure 1D) with
a4 E varying pH to compare with the data of Figure 1B. In this
data, the absorption ratio a§ to A. (Axs/ Ax) was gradu-
ally increased as decreasing pH in both solvents, which is
0145 0095+ . . . .y .
well consistent with the spectral changes in acidic pH of Fig-
ure 1B.

Taken together with the results of solvent effects, these
pH-dependent spectral changes may suggest that three struc-
tural forms (e.g., unionized trinuclear, unionized binuclear,
and ionized binuclear form) of nalidixic acid are in equilib-

0,000 . . . 0,000} , , > . . : .
270 295 30 345 30 265 i 320 5i0 35 ria, and the promotion of the trinuclear-form formation by

intramolecular H-bonding upon pH decrease (Scheme 1) as

: .. suggested by the increase of absorptiots.at
Figure 1. Effects of organic solvents and pH on the nalidixic acid ng?ects of )I/Dros ective Cellular Fgcgbrs on the Struc-
spectra. A: UV absorption spectra were obtained at constant pectiv u u

concentratin of nalidixic acid (1@M) in (a) 1,4-dioxane, (b) ture of Nalidixic Acid. In terms of molecular mechanism
methanol, (c) ethanol, (d) N,N,-dimethylformamide, and (gp.H of the drug action of quinolones, the ionized anionic mole-
For the pH titration, nalidixic acid solution (3M) was titrated  cules at physiological pH may have difficulty in binding to
with HCl in H,O (B), methanol (C), and ethanol (D). B: (a) 8.0, (b) polyanionic DNA because of electrostatic repulsion. How-
7.0,(0) 6.0, (d) 5.2, (€) 4.9, (f) 3.4. C: (@) 5.3, (b) 5.1, () 4.2, (d)gygr, if the anionic quinolones form metal complexes with
2.9, (e) 0.4.D: (a) 7.9, (b) 7.4, (c), 6.7, (d) 5.3, (e) 2.3. ) . .

cellular metal ions such as alkali earth metal ions (e.g.,
Mg?*, C&") or bivalent transition metal ions (e.g.,%Fe
the two subpeaks is observed in amphiprotic solvents (e.gGuw?*, etc.), the binding interactions would become favorable
methanol and ethanol) in contrast to the case of aprotic sobecause of increased electrostatic attraction as well as
vents (e.g., N,Nddimethylformamide and 1,4-dioxane), increased hydrophobic interactions. We previously con-
whereas the left subpeaks( shorter wavelength) indepen- firmed the formation of 1 : 1 metal chelate complexes of ion-
dently to the solvent species stays nearly in the same posi-
tion. Generally, the n miCitype electronic transitions exhibit
the blue-shifts of absorption bands when the solvent i
changed from aprotic solvents to polar hydoxylic solvents
because of the increased stability of the ground state con
pared with the excited state of the molecule mainly due to H

Wavelength (nm)

0300 Q260

(B)

[=1=ga]

(]
bonding of the lone-pair electrons with hydroxylic sohént. §
Thus, these two subpeaks can be regarded as reflecting § 45 01257
equilibrium of intermolecular H-bonding of nalidixic acid §

with solvent and intramolecular H-bonding of 4-keto and 3-
carboxylic acid groups.

The UV spectrum of nalidixic acid is very susceptible to
pH changes as shown in Figure 1B, this pH dependenc Qoog'o T T 0Q°°2°7'O T
showed a clear band separation in the wavelength of 30( Wavelength (nm)
%Sr(r)n2malnndtj\)mta\ivevssr;?l?ftzzn}fsaoggIZn?I:r? :t]eplt-lwg E?c?r:(?zcéga‘:igurg 2. .Effe(;ts of mgtal ions on the nalidixic acid speptra/JIﬂD

! of nalidixic acid was titrated with Cu(A) and Mg* (B) in HO.

form) to 313 nm at pH 3.4 (unionized form) with an isos- The concentrations of @uwere (a) zero, (b) 0.1 mM, (c) 0.4 mM,
bestic point at 325 nm with decreasing pH. In addition to theand (d) 1 mM, and of M@* are (a) zero, (b) 0.4 mM, and (c) 1 mM.
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Table 1 Overlap populations, calculated by EHT MO method, in Q180 m 0440
the ring formation by H-bonding and"Mchelation (B)
- Overlap population
M"* O(16) M O(14) g o200l =
Cw* 0.3790 0.3578 g
£ 0080
Mg?* 0.0033 -0.0119 S
<
. ) ) 0000[
ized quinolones by fluorescedgaand UV-Vis differenc¥
spectroscopic method. Here we compared*Mglidixate 0000
and Cdé*-nalidixate complexes in their spectral differences = | . . . . '
(Figure 2). When Cli was added to the nalidixate solution, 265 295 30 315 310 283 30 355
the Amax Was shifted to 313 nm with overall absorbance Wavelength (nm)

increase. In case of Mg however, the absorbance of the gigyre 4. Effects of reducing agents on the nalidixic acid spectra.
nalidixate solution was slightly increased without significant20 uM of nalidixic acid was treated with 50 mM of ascorbic acid
spectral changes upon addition of Mdrhis data may indi- (A) in 10 mM acetate buffer (pH 5.0) and of DTT (B) in 10 mM
cate that the ionized nalidixic acid interacts differently with Tris buffer (pH 7.5): (a) intact nalidixic acid and (b) nalidixic acid
different metal ions and Gunalidixate complex can form (reated with reducing agent.
the trinuclear form by chelation to the 4-oxo-3-carboxylic
acid moiety (Scheme 1), and may coincides with our previof nalidixic acid treated with reducing agents have shown
ous data of molecular orbital (MO) overlap-populations, cal-positive results by exhibiting the similar characteristic pro-
culated by EHT MO metho#,in the ring formation by H- files of trinuclear form observed in other cases.
bonding and M chelation (Table 1). In summary, the data here show that the trinuclear molecu-
Solvent polarity of biological fluid at local microenviron- lar form in equilibrium with the binuclear form can be
ments of cells can be an important parameter in bindindormed by intramolecular hydrogen bonding of unionized
interaction of quinolones to DNA. As shown in Figure 3, forms at low pH and of reduced molecules even at high pH
with the decrease of the dielectric constant by increasinge.g., at pH 8.5) and also by chelation of such transition
1,4-dioxane content or acetonitrile;sfdy. was gradually metal ions as Ctibut not by alkaline earth metal ion such as
increased in similar manner to the data of Figure 1C and 1DMg?*. The formation of the trinuclear molecular form can be
Thus, solvent polarity also influences the equilibriwia,, favored by organic solvents of lower dielectric constant.
lower dielectric constants shift the equilibrium to the forma-From the data, we can infer that various environmental fac-
tion of trinuclear form. In addition, the possibility of the for- tors may play important roles on the possibility of quinolone
mation of the trinuclear form at physiological pH by polymorphism, which might be related to the multiple mech-
enzymatic reduction of 4-keto to 4-hydroxyl group in cells anism of action of quinolones.
was probed in the presence of reducing agents such as DTT
(1,4-dithiothreitol) and ascorbic acid (Figure 4). The spectra References
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