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AbstractÐThe interaction of a number of novel 6-substituted quinolone derivatives with DNA in the presence/absence

of magnesium ions has been investigated by ¯uorometric techniques. The drug-single-stranded nucleic acid interaction
is invariantly mediated by the metal ion. In all cases optimal complex formation is found at physiological Mg2+ con-
centration. From titrations at di�erent [Mg2+] the binding constant for the ternary drug±DNA±Mg2+ complex (KT) has
been evaluated. Interestingly, a good relationship is found between KT and gyrase poisoning activity of the test quino-

lones (IC50), which con®rms that DNA-a�nity of the quinolone, modulated by Mg2+, plays an important role in poi-
soning the cleavable gyrase±DNA complex and, consequently, in eliciting antibacterial activity in this family of drugs.
The results obtained with di�erent 6-substituted compounds supports the idea that position 6 of the drug, besides playing

a pharmacokinetic role, is involved in recognition of the enzyme pocket. Our data do not support a mechanism of action
based upon quinolone intercalation into B-DNA. # 1998 Elsevier Science Ltd. All rights reserved.

Introduction

Quinolones are an exceedingly interesting class of anti-

bacterial drugs.1 The impressive spectrum of activity
and the relatively easy route to their chemical synthesis
has recently led to a very large number of compounds

available in this family. Structure±activity relationships
investigations have shown that some key substitutions
at the quinolone ring are required for an active com-

pound.2,3 Among them, the presence of a ¯uorine atom
at position C-6 appears to be necessary to grant high
antimicrobial responses, although its pharmacological

role is poorly understood.4

In contrast, it was recently shown that an appropriate
balance of substitutions, in particular at position C-8,

would allow replacement of the ¯uorine atom, without
impairing biological activity.5±7 Obviously, this fact
would open the gate to a new class of quinolones, pos-

sibly devoid of undesired side e�ects, such as photo-
toxicity, that seem to be related to the presence of the
halogenated substituent.8

Indeed, it was shown that the biological response is
remarkably high when the introduction of an amino

group at position C-6 is associated to the presence of a
methyl group at position C-8.9,10 It was further
con®rmed that, similarly to ¯uoroquinolones, the new

derivatives are able to interfere with the enzyme DNA-
gyrase. Classical quinolones poison the catalytic activity
of the bacterial gyrase likely by a sterically e�ective

localization in the DNA±enzyme pocket. In fact a key
property of this class of compounds rests in the ability
of binding to single-stranded DNA.11,12 Connected to
that is the important role played by magnesium ions. In

fact, not only quinolones are able to complex this ion,
but magnesium is fundamental to make the interaction
drug±DNA e�cient. Although the detailed structure of

this ternary complex is not completely clari®ed,13,14 its
relevance to the biological activity appears to be proven.
In fact, only in the presence of the metal ion, quinolones

are able to interact e�ciently with gyrase or the gyrase±
DNA complex.15,16
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In the present work we decided to investigate in detail
the DNA-binding properties of new 6-des¯uoro quino-

lones, bearing either the amino group (1 and 2) or a
hydrogen (3) in the place of ¯uorine, and to compare
them to classical 6-¯uoro derivatives (4 and 5) in the

presence/absence of Mg2+ ions. In addition, given the
enhancement e�ects observed in the biological activity
tests, a methyl function was introduced at C-8 in all

compounds except 5 which, together with cipro¯oxacin
(6, also included in this study), represents the unsub-
stituted reference compound. Finally, all new tested
derivatives bear a N-methylpiperazine function at C7,

which is eventually replaced by the more hydrophobic
1,2,3,4-tetrahydroisoquinolinyl group in 2 (see Fig. 1).
Indeed, this latter substitution proved to be very e�ective

in increasing activity against gram-positive bacteria.10

Results

Quinolones bind e�ciently to magnesium ions

As previously suggested,13 the a�nity of quinolones for
magnesium can play a role in the mechanism of drug
action. All test compounds showed a dramatic mod-

i®cation of the ¯uorescence emission quantum yield
upon addition of Mg2+, characteristic for the formation
of a complex with the metal ion.11,17 In agreement with

other quinolones previously investigated, 6 showed an
almost twofold increase in ¯uorometric response in the
presence of the metal ion. Similar modi®cations occur

for 3, 4, and 5 (Fig. 2A). Instead, in the case of amino-
quinolones 1 and 2, a drop in ¯uorescence emission

occurs upon complexation with Mg2+ (Fig. 2B). In all
cases, saturation of the signal was reached, which
allowed us to determine the binding isotherm (Fig. 3).

The corresponding binding constants (KMg) assuming a
1:1 complex11,18 are reported in Table 1. Other possible
stoichiometries (1:2 or 2:2) suggested in the litera-

ture17,18 can be safely ruled out in our case due to the
very low (sub-micromolar) drug concentrations and the
very high (>103) metal ion:drug ratios employed. In
fact, all curve ®ttings gave substantially better results

using the 1:1 rather than any other ratio. Incidentally,
the conditions we used are close to physiological. All
tested compounds showed KMg values in the same range

as the reference compound and in agreement with values
previously obtained for nor¯oxacin. Only 2 was able to
bind Mg2+ with a remarkably higher a�nity.

Quinolone binding to single-stranded (ss) DNA is Mg2+-

mediated

The binding properties of the test quinolones to ss-DNA
were investigated in the presence of di�erent Mg2+

Figure 2. Fluorescence emission changes of selected quinolones

upon addition of Mg2+ in Tris 10mM, NaCl 20mM, pH 7.0,

25 �C. Plot A refers to compound 4 (8.14�10ÿ7M,

lexc=332nm), plot B to compound 1 (2.40�10ÿ6M,

lexc=363nm). (1=free drug; 2=Mg2+-complexed drug.)Figure 1. Chemical structure of the test quinolones.
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concentrations. It is worth to note that in the absence of
metal ions in solution none of the drugs showed sig-

ni®cant modi®cations of the spectroscopic properties
even upon addition of a large ss-DNA excess. The same
behavior was observed in the presence of a Mg2+ con-

centration higher than 20±30mM. Binding e�ects were
instead detectable at intermediate concentrations of the
metal ion (0.5±15mM), as previously found for nor-

¯oxacin.11 Addition of DNA to the quinolone at a given
Mg2+ in the above concentration range causes dramatic
changes in the ¯uorescence emission of the quinolone.

This is clearly evident in Figure 4, where the emission
intensities in the presence/absence of the nucleic acid are
plotted as a function of Mg2+ concentration. From the
¯uorescence changes it is possible to obtain the fraction

of quinolone bound to DNA and to elaborate the data
in terms of Scatchard plot.17 The binding constants, Ki,
at di�erent Mg2+ concentrations are reported in

Table 2. Clearly, the concentration of the metal ion
plays a critical role in terms of quinolone a�nity for the
single-stranded nucleic acid, as practically no a�nity is

exhibited by any of the drugs for the DNA counterpart
in the absence of metal ion or in excess of it. In relative

terms, the ¯uoro derivative 5 exhibits the highest overall

a�nity for the nucleic acid at each Mg2+ concentration
tested, followed by the des¯uoro derivative 3 and, in a
decreasing order of binding e�ciency, by 6 and 4. On

the other hand, the amino derivatives 1 and 2 show a
remarkably lower Ki value. The changes in a�nity for
the nucleic acid as a function of Mg2+ are described by

a bell-shaped curve (Fig. 5), as it was previously found
for nor¯oxacin.11 Invariantly, the maximum is centered
around 1mM metal ion. This clearly indicates the par-
ticipation of magnesium in the complex (i.e. the forma-

tion of a ternary complex involving drug, ss-DNA, and
Mg2+).11

The relevant equilibria in solution are the following
(corresponding binding constants in parentheses), where
Q, M and QM were previously de®ned, D is the nucleic

acid, DM is the DNA±Mg2+ complex and T is the
ternary complex:

Q � M � QM KMg

ÿ �
D � M � DM KD� �

QM �D � T K1� �
Q �DM � T K2� �

with the overall ternary complex formation:

Q � M �D � T KT� �

Considering that KT � KMgK1 � KDK2, and rearran-
ging the equations previously reported using the same set

Figure 3. Binding isotherm at 25 �C for the 4±Mg2+ complex in

Tris 10mM, NaCl 20mM, pH 7.0. Figure 4. Modi®cations of 4 ¯uorescence emission as a func-

tion of Mg2+ concentration in Tris 10mM, NaCl 20mM, pH

7.0, 25 �C. * in the absence of ss-DNA, & in the presence of

1.8mM (base residue) ss-DNA.
Table 1. Formation constant for the 1:1 quinolone Mg2+

complex at 25 �C and pH 7.0

Drug KMg (Mÿ1)

1 870�50

2 1620�90

3 530�40

4 800�40

5 530�40

6 720�20
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of equilibria,11 it is possible to calculate the relationship
between the quinolone binding constant at a given
Mg2+ concentration (Ki in Table 2) and the overall

binding constant KT.

In fact, we obtain:

Ki

KT
� M� � 1ÿ 2d� �2

1ÿ KMg M� �ÿ �
1ÿ d2
ÿ � �1�

where

d � 1

2
1ÿ 1�������������������������

1� 4KD M� �p
� �

Therefore, by the best ®t of eq (1) as a function of the
magnesium concentration (Fig. 5) the value of KT can

be obtained as reported in Table 3. The value for 2 is
inferred from one Ki value only, due to the rather low
binding a�nity at high Mg2+ concentrations. Hence, it

can be a�ected by considerable error. All tested drugs
exhibit KT values in the 107Mÿ2 range, which points to
the e�ciency of the metal-ion-mediated DNA-binding

process. 5 appears to be the most e�ective in the recog-
nition of ss-DNA, followed by 3, 6, and 4. The amino
derivatives 1 and 2 show remarkably lower a�nity

values.

Quinolone binding to ds-DNA is not signi®cant at

physiological conditions

To evaluate whether the observed binding to DNA is
peculiar to the single-stranded form, all derivatives were

additionally tested for their ability to bind to ds-DNA
in the classical B-form. Con®rming previous results on
nor¯oxacin,11 in the presence of 1±25mm Mg2+ none of

them showed any signi®cant modi®cation of the ¯uoro-
metric properties even upon adding a large excess of
nucleic acid. In the absence of metal ion, only 6 and 5

showed a modest a�nity for B-DNA, which totally

vanished upon increasing salt concentration (Na+ or
Mg2+) to physiological values (Fig. 6). Hence, this type

Table 2. Binding constants of the test quinolones to ss-DNA

at 25 �C, pH 7.0, and various Mg2+ concentrations

[Mg2+]

(mM)

Ki (M
ÿ1)

1 2 3 4 5

0 &0 &0 &0 &0 &0

1 2180�120 1440�130 6860�300 6100�200 6190�10

3 1480�60 n.d. 5400�90 4590�10 4370�80

10 820�50 n.d. 2000�70 2180�70 1870�30

25 &0 n.d. 375�29 295�43 380�34

n.d.=not determined.

Figure 6. E�ect of ds-DNA addition on the ¯uorescence emis-

sion properties of 5 (1.69�10ÿ7M, lexc=330nm), at 25 �C in

Tris 10mM, NaCl 150mM, EDTA 1mM, pH 7.0. (1=in the

absence of ds-DNA; 2=in the presence of a large excess

(&2mM) of ds-DNA.)

Table 3. Ternary complex formation constants (KT) for the

test compounds at 25 �C and pH 7.0

Drug KT � 10ÿ7 (Mÿ2)

1 1.05�0.26

2 1.00�0.50

3 4.35�1.73

4 2.15�0.39

5 5.74�0.73

6 3.62�0.16

Figure 5. Dependence of the ss-DNA binding constant Ki on

Mg2+ concentration. The full line represents the best ®t of eq (1)

(see text) for the experimental set of data.
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of binding is essentially due to electrostatic interactions,
most likely involving the C7 basic substituent in the

protonated form and the negatively charged
polymicleotide backbone.

Discussion

The results presented here show that the structural
modi®cations introduced in the test quinolones mod-
ulate both Mg2+ and DNA binding. As it could be
expected, all derivatives bind Mg2+ e�ciently. In fact,

each one possesses the carbonyl and carboxyl moieties
comprising the coordination site for the metal ion.13,18

According to the data reported in Table 1, it appears

that N-methylation of the piperazinyl group at C-7 leads
to less e�ective complexation probably due to a change
in the amine pKa and hence in the protonation equilibria

(6 versus 5). Methylation at C-8 increases the a�nity for
the metal ion (5 versus 4) by possibly increasing the
electron density at the coordination sites. As far as sub-

stitution at C-6, ¯uorine or amino groups favor complex
formation to a comparable extent (4 versus 1), while the
reverse occurs when hydrogen is present (4 versus 3). A
special case is represented by 2, as it exhibits the highest

KMg value. This is clearly ascribable to the presence of
an uncharged tetrahydroisoquinolinyl group at C-7. In
fact, while all other compounds are zwitterionic at neu-

tral pH and do not bear a net charge,19,20 2 is in the
anionic (carboxylate) form at the same conditions. A
negatively charged compound will likely bind to the

metal ion more e�ciently than the globally neutral
congeners. Comparing the KMg data with the IC50

values found for the inhibition of DNA-gyrase for the
test drugs,10 a poor correlation can be found (Fig. 7A).

Indeed, even not including 3, which lies clearly out of
the expected range, a linear regression analysis gives
unsatisfactory r2 values of about 0.3. Thus, magne-

sium binding to the drug does not appear to represent
per se a key parameter to unveil structure±activity
relationships.

On the other hand, the presence of an appropriate con-
centration of Mg2+ is a fundamental requirement to

confer a signi®cant a�nity for ss-DNA to all test drugs
(and the other classical quinolones so far tested).13,15

Considering the physiological presence of magnesium
ions in the cell nucleus, this points to the biological

relevance of a ternary quinolone±DNA±Mg2+ complex.
In addition, independently of the structural modi®ca-
tions introduced, optimal complex formation is always

occurring around 1mm [Mg2+], very close to the con-
ditions found in bacterial cells.11

The ternary complex formation constants, KT, obtained
from eq (1), take into an account both the e�ects of the

quinolone per se and the in¯uence of Mg2+ on the ss-
DNA binding properties (Table 3). The C-6 ¯uorinated

compounds exhibit high binding a�nity, 5 being most
e�ective. In this series, methylation at C-8 slightly dis-
favors complexation, whereas the reverse is true for N-

methylation at the C-7 pyperazinyl residue. The latter
fact is possibly ascribable to small changes in protona-
tion equilibria (a tertiary amine is generally more basic

than a secondary amine) as suggested above when dis-
cussing the metal ion complexation properties. Amine
substitution at position 6 disfavors the ternary com-

plexation process (see KT data for 1 and 2).

On the contrary, and interestingly, the C-6 unsub-
stituted derivative 3 shows the highest propensity for ss-

DNA binding among the C-8 methylated quinolones we
have studied. Since both F- and NH2- residues tend to
increase the electron density on the quinolone moiety,

this might represent the reason for a lesser interaction of
this portion of the drug with the electron-rich nucleic
acid backbone. In any event, it is worth emphasizing

that the Mg2+-mediated binding for ss-DNA remains
e�ective for all tested compounds.

Figure 7. Plot of E. coli DNA-gyrase 50% inhibitory concentra-

tion (IC50)
vs. KMg (plot A) or KT (plot B) for the test quinolones.

C. Sissi et al./Bioorg. Med. Chem. 6 (1998) 1555±1561 1559



To probe the pharmacological signi®cance of the
quinolone±DNA±Mg2+ tertiary complex it is useful to

plot the a�nity constant KT (Table 3) as a function of
the DNA-gyrase inhibition data.10 The results are pre-
sented in Figure 7B. With the notable exception of 3, all

piperazinyl quinolones show a satisfactory correlation
between KT and IC50 values (r

2 of the plot=0.85). This
con®rms that (magnesium-mediated) ss-DNA-a�nity of

the quinolone plays an important role in a�ecting gyrase
inhibition by this family of drugs. Supporting a
mechanism of action originally proposed by us and fur-
ther elaborated by other groups,11±13 this is also sug-

gestive that poisoning of the cleavable complex, which is
normally caused by the formation of a ternary drug±
DNA±enzyme adduct for other known inhibitors,

would be originated by a quaternary system, including
Mg2+ in the case of quinolones.

The ®nding that 3 is an outlier deserves some further
comment. In fact, substitution of F with NH2 at C-6
preserves gyrase inhibition e�ciency of the new com-

pounds.10 On the contrary, when H is present at the
same position enzyme poisoning occurs at exceedingly
high concentrations of the quinolone. This fact points to
speci®c (perhaps hydrogen bonding) contacts between

the drug and DNA-gyrase at C-6. Clearly, lack of this
type of interactions when using 3 renders recognition of
the cleavable complex by the quinolone remarkably less

e�ective even in the presence of an elevated a�nity for
DNA. Therefore, besides a�ecting pharmacokinetic
properties such as bioavailability and cell penetration,1

the introduction of a ¯uorine atom at C-6 appears to
play a pharmacodynamic role too. Although other 6-H
quinolones should be examined to fully con®rm, this
conclusion, our data agree with a recent SAR study

suggesting an interaction between the ¯uorine at posi-
tion 6 and the quinolone resistance determining region
of the gyrase.4

A ®nal property that the new derivatives share with
clinically relevant quinolones, such as nor¯oxacin or

cipro¯oxacin, is their keen preference for ss-DNA as
compared to ds-DNA. Experimental evidence was
recently presented that quinobenzoxazines, a class of

cytotoxic compounds structurally related to quinolones,
are able to intercalate into the DNA double helix in the
presence of Mg2+.12 From these data, the above-
mentioned SAR study proposes that one of the impor-

tant parameters to describe the quinolone mode of
action is represented by drug intercalation into double-
stranded DNA in the presence of magnesium.4 How-

ever, quinobenzoxazines exhibit a much more extended
planar ring system than quinolones do. Hence, the for-
mer will exhibit substantially more e�cient stacking

interactions with DNA base-pairs when intercalated,
and the energy gained in the stacking process will com-

pare favorably with the energy spent in unwinding DNA
to allow intercalation. Conversely, classical antibacterial

quinolones, producing poorer stacking, will need to be
`helped' for their binding to the nucleic acid and require
a local disruption (unwinding) of the double helix to be

able to interact. Hence, only a remarkably distorted
(unwound) form of B-DNA appears to represent a sui-
table binding site for the quinolone family. We have

already shown that, unlike linear double-stranded
DNA, covalently closed circular DNA does indeed pos-
sess a small number of quinolone binding regions in the
presence of physiological Mg2+ concentrations, which

presumably correspond to unwound nucleotide sequen-
ces.11 Hence, in general agreement with the mechanistic
information thus far available, the biologically relevant

DNA target must possess a single-stranded (or a single-
stranded-like) structure, rather than a double helical
conformation, even in the presence of Mg2+. Clearly, a

gyrase-unwound duplex DNA would ful®ll the above
requirements.

Conclusions

Our data con®rm the importance of Mg2+-mediated
interactions in the mechanism of action of antibacterial
quinolones. Indeed, the metal ion is required for e�ec-

tive DNA-binding, and the equilibrium constant for
ternary DNA±drug±Mg2+ complex formation is well
related to quinolone ability to inhibit DNA-gyrase.

These ®ndings should be considered in the future
design of novel DNA-gyrase-directed chemotherapeutic
agents.

Experimental

Drugs and DNAs

The tested quinolones were prepared as previously

described.9,10 Stock solutions (1mg/mL) were made in
DMSO and diluted to the working concentration in the
desired bu�er. Cipro¯oxacin was a kind gift of Glaxo

Wellcome Ltd. (S.p.A.). Stock solutions were made in
water and diluted to the working concentration in the
desired bu�er. Double-stranded calf thymus DNA (ds-
DNA) was from Sigma Chemical Company and was

used without further puri®cation. Single-stranded calf
lung DNA (ss-DNA) of average molecular weight
30,000 was kindly provided by Crinos S.p.A., Como,

Italy. DNA stock solutions were made in the desired
bu�er and concentrations were evaluated by measuring
the absorbance at 260 nm using a molar extinction

coe�cient of 6600Mÿ1 cmÿ1 for ds-DNA and of
8300Mÿ1 cmÿ1 for ss-DNA.
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Magnesium binding

The binding process between the tested quinolones and
Mg2+ ions was investigated by ¯uorometric titrations
performed on a Perkin±Elmer LS 50 instrument. The

¯uorescence intensity of a quinolone solution in Tris
10mM, NaCl 20mM, pH 7.0, 25 �C was measured fol-
lowing addition of known (small) amounts of a 0.3M

solution of Mg(ClO4)2 in the same bu�er. Each solution
was ®ltered through a 0.45m ®lter before use to elim-
inate any particulate material that would interfere with
the ¯uorescence response. Due to the large excesses of

Mg2+ (millimolar range) compared to the quinolone
(micromolar range) only the presence of the 1:1 equili-
brium was taken into account. The related association

constant KMg for this equilibrium is de®ned by the
equation:

KMg � QM� �
Q� �M� �

where Q is the quinolone, M is the magnesium ion and
QM represents the complex between quinolone and
magnesium. Considering that at any Mg2+ concentra-
tion the observed ¯uorescence emission signal F is:

FCt � Fo Q� � � F1 QM� �

where Fo is the ¯uorescence of the quinolone in the
absence of magnesium, F1 its ¯uorescence when bound
to magnesium ions, and Ct is the total quinolone con-

centration, de®ned as:

Ct � Q� � � QM� �

At every [Mg2+] we can therefore calculate the fraction
of binary complex quinolone-magnesium �, de®ned as
QM� �=Ct:

� � Fÿ Fo

F1 ÿ Fo

Assuming that M� � is essentially the total magnesium
concentration (the amount of complex formed is micro-

molar or less, whereas the total metal ion is in the mil-
limolar range), it was then possible to calculate the
association constants KMg for the binary complex for-
mation from a best ®tting of the curve � versus [Mg2+].

DNA binding

Fluorometric titrations at constant quinolone con-
centration and ionic strength were performed by adding
known amounts of DNA in the presence or absence of

®xed concentrations of Mg2+. The excitation wave-
lengths used were above 300 nm to avoid quenching of

the quinolone ¯uorescence signal due to DNA absorp-
tion. In addition, calibration curves in the absence of
drug were built to take into an account any minor con-

tribution arising from solvent and/or DNA. As pre-
viously described, the amount of free (Cf) and bound
(Cb) drug were directly calculated from the ¯uorescence

emission intensity at ®xed wavelength. The binding
constant Ki was then calculated using the McGhee and
Von Hippel neighbor exclusion model.21 The exclusion
parameter with ss-DNA was always close to 2.
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