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Transition metals tested, Cu?*, and Ni**, were found effective in the induction of the cytotoxicity of the quinolones
tested, nalidixic acid, oxolinic acid, and pipemidic acid, against L1210 leukemia cells in vilro, whereas the alkaline
earth metal, Mg?*, was not. The differential effect of the metals on the quinolone cytotoxicity can be explained by
their different mode of interaction with the quinolones. Our present difference spectroscopic titration data suggest
that the transition metals can form DNA-intercalating agents, with the quinolones, which can cause the cytotoxicity.

Introduction

Although the intermediation of certain metal ions in the
quinolone interaction with DNA is obvious based on previous
reports' that 4-oxo-3-carboxylic acid moiety is essential for
significant antibacterial activity and that quinolone drugs can
act as chelating agents of certain divalent cations?, discrimi-
natory chelating behavior of the quinolones toward the metal
ions or differential effect of metal ions on the functional
activity of quinolones has not yet been extensively investi-
gated.

Previously from our data of competitive binding experime-
nts using ethidium bromide® demonstrating intercalative bin-
ding of nalidixate to calf thymus DNA zia metal chelate com-
plex formation with Cu®*, we proposed that a trinuclear aro-
matic chromophore produced from the binding of the nalidi-
xate anion to the metal ion by the 4-oxo and 3-carboxylate
groups, will be an intercalating agent with respect to DNA.
The trinuclear form of the metal-quinolone complex can have
a geometry better suited for the intercalative binding to the
DNA double helix than the binuclear free quinolone anion.
Through the formation of the metal-drug complex, the qui-
nolone drugs may become competent intercalating agents
having a flat aromatic chromophore closer to the size of a
base pair and increased positive charge®. Divalent transition

metal mediated intercalative binding of quinolone to DNA
could be further ascertained previously by our observation
that the viscosity of calf thymus DNA solution is increased
with increasing concentrations of bound metal-quinolone
complexes until the saturation limit binding at a ratio of
~0.22 metal ions per DNA phosphate groups®.

On the other hand, DNA intercalating drugs can be inhibi-
tors of DNA topoisomerases® and can induce both DNA si-
ngle-strand breaks and DNA double-strand breaks in mam-
malian cells¥”. Furthermore there has been a substantial
body of evidence indicating that certain classes of intercala-
ting agents cause topoisomerase-mediated DNA breaks and
thereby can act as antitumor agents® ™,

We were, thereupon, tempted to examine metal-dependent
cytotoxicity of quinolones to eukaryotic cells, metal-mediated
intercalation reactivity of quinolones to DNA, and stability
constant of the metal chelate complexes of the quinolone
and the relationship of these metal-dependent properties of
quinolones. Here we used L1210 leukemia cells for cytotox-
icity test and report that Mg?*, which does not form a stable
chelate complex with the quinolone drugs tested, neither
induce intercalation reactivity of quinolones to DNA, nor cy-
totoxicity of quinolones against L1210 cells in vitro, whereas
the alkaline earth metals, Cu®*, which form stable metal-che-
late complex with quinolones, induced the intercalating reac-
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Table 1. Apparent Stability Constants of Quinolone Antibacte-
vials Complexed (1:1) with Cu®*, Ni**, and Mg**, respectively.

Stability constant

Drugs

Cut Nz Mgz+
Nalidixic acid 5X10* 3X10¢ 1X1¢°
Oxolinic acid 3X10° 4X 1P
Pipemidic acid 1104 1X10t

tivity and the cytotoxicity of the quinolones,
Experimental Section

Calf thymus DNA (type I : sodium salt, highly polymerized)
and quinolone drugs purchased from Sigma Chemical Com-
pany were used without further purification. DNA concentra-
tions are stated in terms of nucleotide phosphorus by using
the extinction coefficient €x=6600 M icm™.

Examination of the interaction of the quinolones (nalidixic
acid, oxolinic acid, pipemidic acid) with metal ions (Cu?*,
Ni**, and Mg?" respectively) was performed at 25 C by dif-
ference UV/VIS spectrophotometric titration in 0.1 M NaCl
and 0.05 M Tris-HCI, pH 7.5 using double compartment cu-
vette and UVICON 860 Spectrophotometer, and spectrofluo-
rometric titration with JASCO FP770 Spectrofluorometer.
The titration spectra data obtained were analyzed to estimate
the molar ratio of metal/quinolone and the stability constant
of the metal-quinolone complex as described previously®.
Binding of metal-quinolone (Mg**-nalidixate and Cu?*-nali-
dixate respectively) to DNA was estimated at 25 T by asses-
sing the competitive inhibition of ethidium bromide binding
to the DNA by the metal-quinolone in the 0.05 M Tris-HCI
buffer, pH 7.5, containing 0.1 M NaCl, following the methods
described previsouly™, The fluorescence Scatchard plots for
the binding of ethidium bromide to calf thymus DNA in the
presence of various eoncentrations of metal-quinolone were
constructed. The wavelength of the excitation was 540 nm
and the wavelength of the emission was 590 nm,

L1210 leukemia provided by the Korea Research Institute
of Chemical Technolog was grown in Fischer’s medium in
accordance with the conditions and protocols described pre-
viously™ to be tested for the in vitro inhibition of the leuke-
mia cell growth by the metal-quinolone systems. For the
growth studies, tubes were seeded with 50 m/ of cells (ap-
proximately 5X10* cells/m!} and then the compounds prepa-
red in whole medium were added under a final volume of
0.1 ml. Tubes were incubated at 37 T for 2 days, and cell
numbers were then determined with a hemacytometer. To
express the drug effect, the values of EDg, (median effective
dose) were obtained according to the protocols described
by the National Cancer Institute (1972)V.

Results and Discussion

In the metal-quinolone complex formation, M?*+ Q-2
M**Q", where Lewis acid is the metal ion (M?**)} and the
Lewis base is the quinolone anion ligand (Q~), the equilib-
rium constant Kuq (=[M?**Q"1/[M**][(Q"], known as sta-
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Figure 1. Difference spectra of nalidixic acid in various concen-
tration of Cu®**. Nalidixic acid at constant concentration of 2X
107 M was titrated with Cu®* of varying concentrations: (a)
zero M, (b) 1X10° M, (c) 2X10™°> M, (d) 3X10°° M.
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Figure 2. Difference spectra of oxolic acid in various concentra-

tion of Cu?*. Oxolinic acid at constant concentration of 2X 1075

M was titrated with Cu®* of varying concentrations: (a) zero
M, (b) 3X107° M, (c) 4X10™* M, (d) 1X10™° M.

bility constant (see Hartley e¢f al.,, 1980)*® and the compositio-
nal molar ratio of metal : quinolone (=1:1) estimated from
the difference spectra of the spectrophotometric titrations
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Figure 3. Difference spectra of pipemic acid in various concen-
tration of Cu®*. Pipemidic acid at constant concentration of 2X
1075 M was titrated with Cu®** of varying concentrations: (a)
zero M, (b) 1X1073 M, (©) 2X10°% M, (d) 3X10™° M.
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Figure 4. Difference spectra of nalidic acid in various concen-
tration of Ni**, Nalidixic acid at constant concentration of 1X
1075 M was titrated with Ni** of varying concentrations: (a) zero
M, (b} 1X10™% M, {c} 2X107* M, {(d) 8X10~* M.

in accordance with the method described previously® are lis-
ted in Table 1. Figures (Figure 1 to Figure 6) show the
difference spectra of the titration of the quinolones (nalidixic
acid, oxolinic acid, and pipemidic acid} with Cu®* and Ni**
respectively. Figure 7 and Figure 8 show the absorption spe-
ctra of nalidixic acid at constant concentration of 2X10°3
M titrated with various concentrations of Cu?* and Mg®*
respectively. Figures (Figure 9 to Figure 14) show the varia-
tions of the fractional saturation (@) of the quinolone ie.,
the proportion of total quinolone that is metal-chelated, with
metal concentration (each plot of the figures are constituted
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Figure 5. Difference spectra of oxolinic acid in various concen-
tration of Ni?*. Oxolinic acid at constant concentration of 2X 1075
M was titrated with Ni2* of varving concentrations: (2) zero M,
(b) 4X107¢ M, (c) 4X10° M, (d) 4X10°% M,
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Figure 6. Difference spectra of pipemidic acid in various con-
centration of Ni#*. Pipemidic acid at constant concentration of
1X10-5 M was titrated with Ni?* of varying concentrations: (a)
241075 M, (b) 8X10°% M, (©) 2X107* M, (d) 1X107* M.

from the spectra data of corresponding each figure of Figure
1-Figure 6).

From the values of the stability constant of the metal-qui-
nolone complexes listed in Table 1, we can notice that both
Cu®* and Ni** which are positioned side by side in Irving-
William series have similar stability constants which are
much greater than those of Mgt*.

On examination of Figure 7 and Figure 8, which exhibit
UV-VIS absorption spectra of nalidixic acid in various con-
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Figure 7. UV-Visible ahsorption spectra of nalidixic acid in var-
ious concentration of Cu?*. Nalidixic acid at constant concentra-
tion of 2X10°° M was titrated with Mg?* of various concentra-
tions: (a) zero M, (b) 1X107* M, (¢} 2X107* M, (d} 4X10°*
M, (e) 1X10* M.
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Figure 8. UV-Visible absorption spectra of nalidixic acid in var-
ious concentration of Mg®*. Nalidixic acid at constant concentra-
tion of 2X107* M was titrated with Mg?* of various concentra-
tions: (@) zero M, (b) 1X10°* M, () 2X107* M, (d) 4X10~*
M, (&) 1X107% M.

centrations of Cu** and Mg®* respectively, we can notice
that the absorption peak of nalidixic acid at 330 nm wavele-
ngth has a shoulder at the left side of the peak. In Figure
7, as the concentration of Cu®* is increased, the shoulder
grows up and outweighs the 330 nm original major peak.
The spectra of nalidixic acid are more distinctively characte-
rized by the two absorption subpeaks in the wavelength ra-
nge 310-330 nm in organic solvents {(unpublished data but
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Figure 9. Variation of fraction change (8) in absorbance at 340
am of nalidixic acid with concentration of Cu®*.
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Figure 10. Variation of fractional change () in absorbance at
260 nm of oxolinic acid with concentration of Cu®*.

presented at the 67th Korean Chemical Society Meeting).
The structural species corresponding to the left subpeak {f.e.,
of shorter wavelength) and the right subpeak (i.c., of longer
wavelength) were postulated previously” to be binuclear
form of free quinolone anion and trinuclear form of Cu®*
-chelate complex of the quinolone, respectively in equilib-
rium as shown in Scheme 1.

In Figure 8 we can notice that Mg>* has not significant
effect on nalidixic acid spectra in contrast with Cu?** which
has significant effect as shown in Figure 7. In another res-
pect the effects of Mg?* and Cu?* are different : the increase
of Mg?* concentration does not cause the growth of left-side
shoulder over the peak, ie., the overall original peak shape
is maintained even at very high Mg?* concentration {cf. Fig-
ure 7 and Figure B). In view of these spectroscopic observa-
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Figure 11. Variation of fractional change (8) in absorbance at
275 nm of pipemidic acid with concentration of Cu?*.
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Figure 12. Variation of fractional change (8) in absorbance at
340 nm of nalidixic acid with concentration of Ni*.
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Figure 13. Variation of fractional change (8) in absorbance at
265 nm of oxolinic acid with concentration of Ni**.
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Figure 14, Variation of fractional change (8) in absorbance at
275 nm of pipemidic acid with concentration of Ni**.

Nalidixate Ion
(Free)

Cu?*-palidixate

Complex
Scheme 1. Through Cu?* coordination to the 4-oxo-3-carboxy-
late moiety, the quinolone drug will take on a positively charged
flat trinuclear chromophore of approximately base-pair size, ca-
pable of intercalation to DNA double helix.

tions, one may expect that Mg®* does not coordinate with
the nalidixate to form the trinuclear chelate complex as Cu?*
does. Thus free nalidixate anion in binuclear form can be
transformed into a DNA-intercalating form of trinuclear aro-
matic chromophore vig Cu?* chelation as explained in Intro-
duction, whereas the nalidixate anion can not be transformed
into the corresponding DNA-intercalating agent in the pres-
ence of Mg>*. Here the binding of the (Cu®’, nalidixate)
and the (Mg**, nalidixate) system respectively with the calf
thymus DNA was tested by the competition of the (metal,
quinolone) system with ethidium bromide for binding sites
on calf thymus DNA. The fluorescence Scatchard plots for
the binding of ethidium bromide to calf thymus DNA in the
presence of (Cu®*, nalidixate) system and (Mg**, nalidixate)
system, respectively, are shown in Figure 15. As seen from
Figure 15, the effective number of binding site n. remains
the same (0.24) but the effective dissociation constant,
K., is increased from 69X 1077 in the absence of the (metal,
quinolone) system to 1X107¢ in the presence of (Cu?*, nali-
dixate) system e, (Cu®*, nalidixate} system acts as competi-
tive inhibitor for the intercalative binding of ethidium bro-
mide to the DNA. This observation of the competitive inhibi-
tion of ethidium bromide binding to the DNA by the Cu’*-
nalidixate complex demonstrates that Cu®*-nalidixate comp-
lex also binds to DNA in an intercalative mode with the
same value of #=024. In contranst, the fluorescence Scat-
chard plot for the binding of ethium bromide to the DNA
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Figure 15. Fluorescence Scatchard plot of ethidium bromide
binding to calf thymus DNA under the following conditions: (@)
in the absence of (metal quinolone); (O) on the presence of 5X
10~5 M Cu?*-nalidixate; (O) in the presence of 5X 107 M (Mg**,
nalidixate); (©) in the presence of 5X107% M Cu**.; (M) in the
presence of 5X107° M Mg?*; (@) in the presence of 5X1075
M nalidixate. The nucleotide concentration was 3.33%107% M
and the concentration of ethidium bromide added was varied
from 1X10°7 M to 5X 1077 M. Where » is the ratio of bound
ethidium bromide per nucleotide phosphate, ¢ is the free ethi-
dium bromide concentration.

Table 2. Effect of Metal Ion Species on the Induction of Cytoto-
xicity #n vitro of Quinolones for L1210 Cells

EDso(ug/imy)
Quinolone species
None Mg Ni#*  Cu?*
Naliixic acid Not Not 116 143
cytotoxic cytotoxic
Oxolinic acid Not Not 293 3190
cytotoxic cytotoxic
Pipemidic acid  Not Not 162 140
cytotoxic cytotoxic

Remarks; at the concentrations and under the conditions the
metal quinclone complexes were tested, the free metal ions were
not cytotoxic.

is not affected by the presence of (Mg?*, nalidixaté) system,
nor by free metal ions (Cu®** and Mg?*, respectively) and
free nalidixate anion as shown in Figure 15. These data of
the fluorescence studies are consistent with the UV-Vis ab-
sorption spectroscopic data in that the quinolones form stable
DNA-intercalating agents with Cu®* but not with Mg?*. Al-
though here the fluorescence studies of the intercalative bin-
ding of metat-quinolone chelate complexes to DNA have been
done only on Cu?*-palidixate system, the established data
make other divalent transition metal-quinolone systems also
interesting as potential intercalators of DNA. It has been
established that different anionic quinolones act similarly as
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ligand {(chelate} of divalent transition metals to form the tri-
nuclear aromatic chromophore of the metal complex.

In view of recent demonstration with eukaryotic (especially
mammalian) cells that protein-associated DNA breaks result
from topoisomerase [I-mediated action of intercalating agents
and that the DNA breaks correlates with cytoxicity and anti-
tumor activity of the intercalating agents (see the commen-
tary of Ross, 1985 and references therein)®, it must be ra-
tional to expect that the capability of quinolones to form me-
tal-mediated DNA-intercalators will be linked to metal-me-
diated cytotoxicity of quinolones toward eukaryotic cells.

Table 2 shows the effect of metals on the cytotoxicity of
the quinolone antibacterials against L1210 cells i vitro. At
the concentrations of the free constituent metal cations (Cu®*
and Ni** respectively), where they alone (without quinolone)
don’t have significant cytotoxicity to the cells, can endow
quinolones with cytotoxicity, as seen in the Table 2. How-
ever, alkaline earth metal Mg?*, which has been observed
to be incompetent for the formation of stable DNA-intercala-
ting metal-chelate complex with the quinoclones, is not effec-
tive on the induction of cytotoxicity of quinolones for the
L1210 cells én witro.

The present data demonstrate that quinolones which have
shown remarkable antibacterial effects®® can also be en-
dowed with cytotoxicity against L1210 cells in vitro, vig the
formation of divalent transition-metal chelate-complex, which
can intercalate to DNA double helix, whereas alkaline earth
metal, Mg**, can not have such functions. Similar cytotoxicity
of metal-chelate-quinolone complexes against other eukaryo-
tic cells too is expected. Recently there has heen reported
new kind of quinolones such as CP-115, 953 to be highly
active against eukaryotic topoisomerase Il in vitro and disp-
lay potent toxicity against mammalian cells in culture®~%,
However, in their studies, possibility of the formation of
DNA-intercalating metal-chelate complexes with environmen-
tal metals has not been eliminated.
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The Synthetic Utilization of 2-Hydroxymethyl-2,5-dihydrothiophene
1,1-Dioxide in the Intramolecular Diels-Alder Reaction
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2-Hydroxymethyl-2,5-dihydrothiophene 1,1-dioxide (1) was prepared from thiophene-2-carboxylic acid by consecutive
reactions involving the Birch reduction, esterification, reduction with lithium aluminum hydride, and oxidation with
Oxone®. The esterification of alcohol 1 with various unsaturated carboxylic acids provided the precursors 8 for the
intramolecular Diels-Alder reaction. The cheletropic expulsion of sulfur dioxide from the esters 8 followed by intramo-
lecular Diels-Alder reaction furnished bicyclic y- and &-lactones.

Introduction

The intramolecular Diels-Alder reaction provides a six-
membered ring with a fused or a bridged ring of various
sizes and has become very useful in organic synthesis.!? How-
ever, one of its limiting factors in the synthetic application
is the development of method for the preparation of trienes.
As a part of synthetic efforts toward cyclohexyl fragment
of tetronasin? we became interested in the intramolecular
Diels-Alder reaction that could lead to bicyclic 8-lactones,
In order to carry out the intramolecular Diels-Alder reaction,
we had to prepare s-frans-penta-2,4-dien-1-0l as a diene for
the Diels-Alder reaction. Although several methods for the
preparation of s-frans-penta-2,4-dien-1-ol were reported in
the literatures employing the use of Knoevenagel reaction,*
sodium acetylide®® and dihydropyran® we found most of
them impractical because of difficulties in distillation or stor-
age of product due to its polymerization or decomposition.
This fact inspired us to prepare a precursor of 13-diene
and investigate its application in the intramolecular Diels-Al-
der reaction.

2,5-Dihydrothiophene 1,1-dioxides (3-sulfolenes) have been
utilized as synthetic equivalents of 1,3-dienes because the
cheletropic expulsion of sulfur dioxide from those compounds
furnishes 1,3-dienes. However, so far there has been no re-
port on the preparation of 2-hydroxymethyl-2,5-dihydrothio-
phene 1,1-dioxide (1). Herein we would like to report the
preparation of 1 and its application to the intramolecular
Diels-Alder reaction.

@—CHZOH =

o? o

//_\\—CHZOH

1

Results and Discussion

Lithiation of 25-dihydrothiophene 1,1-dioxides (3-sulfole-
nes) had been known to furnish 2- and 3-lithio derivatives
under the kinetic and thermodynamic reaction conditions,
respectively.” The lithiation reaction of sulfolene 2 at —110C
was expected to give 2- or 3-lithiosulfolene. After quenching



