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Abstract Molecular electrostatic potential (MEP) maps of some fluoroquinolones having varying de-
grees of activity against the bacterium Staphylococcus Aureus have been studied using  the optimized
hybridization displacement charges (HDC) combined with Löwdin charges obtained by the AM1 method.
The roles of different substitutions at the N1-position in  the parent quinolone ring have been studied.
The conformation of the carboxylic group attached to the quinolone ring was shown to be such that
there is an intramolecular hydrogen bonding between the hydrogen atom of this group and the oxygen
atom of the  carbonyl group of the quinolone moiety.  The carbonyl oxygen atom of the quinolone
moiety, hydroxyl oxygen atom of the carboxylic group and the terminal nitrogen atom of the piperazin
ring attached to the quinolone ring appear to be involved in the action of the drugs through electrostatic
interactions while the N1-alkyl substituents seem to be involved in the same through hydrophobic
interactions.
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Introduction

Pharmaceutical research on fluoroquinolones has made a
considerable progress in the recent years [1-10]. Several of
these drugs possess a broad spectrum anti-bacterial activity
and a high degree of potency against gram-positive and gram-
negative bacteria and are, therefore, in common clinical use
[1-10]. Quinolones are also active as anti-tumor, anti-ma-
larial and anti-viral agents [11-15]. Quinolones inhibit the
bacterial DNA gyrase enzyme, a type II topoisomerase [10].

The activity of the enzyme is essential for DNA replication
[16]. The molecular mechanism of action of quinolones has
been studied by Shen et. al [17-21]. According to the model
due to these authours [17-21], quinolones bind to DNA
gyrase-induced specific site on relaxed DNA. A detailed
analysis of effects of structural variations on the biological
activity of quinolones was given by Chu et. al [10,22,23].
They observed that modification of every position except
the groups attached to the C3 and C4 sites (Figure 1) in the
parent quinolone molecule by using different substitutions
led to large changes in potency [10,22,23]. According to
them, the foremost requirement for a high anti-bacterial ac-
tivity of these molecules is the presence of a 3-carboxylic
acid group and a 4-keto group [10,22,23]. Another neces-



sity for anti-bacterial activity of these molecules is that the
substituent at the N1-position should be lipophilic [1,10]. This
study suggested that antibacterial potency of these molecules
is strongly influenced by the steric bulk of the N1-alkyl
substituent (Figure 1), the size of an ethyl group being opti-
mum [10]. Fujita [24] studied stucture-activity relationship
(SAR) for a set of N1-alkyl derivatives of quinolones quanti-
tatively and suggested that an optimum length for the N1-
alkyl substituent is 4.2 A, that of an ethyl group being 4.1 A.
Most of the marketed quinolones such as nalidixic acid,
oxonilic acid, norfloxacin and pefloxacin have an ethyl group
at the N1-position each. However, one of the most active
molecules of this group which is in common clinical use to-
day is ciprofloxacin which has a cyclopropyl substitution at
the N1-position. It has been suggested that in addition to the
steric bulk of the N1-alkyl substituent, other factors such as
electronic π-donation or conjugation ability, may also have
influence on biological activity of the drugs [22,23,25]. It
has been noted that presence of a fluorine substituent at the
C6 site and a basic substituent at the C7 site (Figure 1) en-
hance transport of the drugs through the cell membrane, re-
sulting in their enhanced anti-bacterial activity [10,26-28].

We have studied molecular electrostatic potential (MEP)
maps of some 6-fluoro, C7-piperazin substituted quinolones
with varying substitutions at the N1-position and examined
the correlation between the computed MEP values and ac-
tivities of the drugs against a gram-positive bacterium called
Staphylococcus Aureus which produces a toxin and thereby
causes one of the most common types of bacterial food poi-
soning [29]. MEP mapping is a valuable tool to study struc-

ture-activity relationships of molecules in particular where
electrostatic interactions play the dominant role [30-38]. It is
proposed that the mechanism of action of the quinolones in-
volves electrostatic interactions i.e. hydrogen bonding, with
the bacterial DNA nucleotides [17-21], and therefore, a MEP
mapping study of the problem appears to be desirable. We
used the Hybridization Displacement Charge (HDC)-based
method, the reliability of which to study MEP maps has been
established earlier [39-45]. MEP maps can also be computed
to varying degrees of accuracy using certain other approxi-
mate methods, e.g. (a) the asymptotic density model [46],
(b) the bond increment method [47], and (c) the cumulative
atomic multipole moments method [48]. Several review arti-
cles dealing with properties, computational methodologies
and applications of MEP maps have been published [49]. The
areas in which MEP mapping has been shown to be useful
include quantitative structure-activity relationship (QSAR),
hydrogen bonding, biomolecular recognition, chemical re-
actions and catalysis [44,49-55].

Method of calculation

The molecular electrostatic potential V(r ) at a point r is de-
fined as
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where Zi is the charge on nucleus i located at R and ρ(r´ ) is
the molecular electron density at a point r´  near the given
molecule. To improve the accuracy of MEP calculations with
respect to the commonly used point charge model, the elec-
tronic charges are considered to be distributed spherically
symmetrically in three dimension on each atomic and HDC
site according to the form of the square of the corresponding
valence Slater ns (n=principal quantum number 1,2,3 etc.)
atomic orbital [39-45]. The hybridization displacement charge
(HDC) Q associated with a non-hydrogen atom is defined as

Q R
h= µ (2)

where µh is the total hybridization dipole moment of the atom
under consideration arising due to displacement of the charge
Q to a distance R from the atom. We know
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where µa
h (a = x,y,z) are the hybridization dipole moment

components arising due to mixing of the 2s and 2pa atomic
orbitals, and are given by
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Figure 1 Structures of fluoroquinolones and atomic num-
bering  scheme
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and Qi is given by the (2s,2pa ) density matrix element, with
a - sign, i.e.
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= −2 2 2
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From the eqs. (2-5), we get
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The displacement of the hybridization displacement charge
Q with respect to the atom under consideration would take
place along the direction given by
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Equation (4) can also be written as
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Where K is an adjustable parameter which controls the amount
of the charge (Q'i) and the distance (D'a) of HDC from the
atom under consideration. K and Slater exponents (ζ) of HDC
have been treated as adjustable parameters in the HDC-based
method to compute MEP maps as discussed earlier [39-45].
Further, these parameters (K and ζ) have been optimized for
different types of atoms so as to reproduce ab inito MEP
features using charge distributions obtained by the semi-em-
pirical AM1 and MNDO methods [39-45]. Here, we have
used the AM1 method as it gives somewhat better results
than the MNDO method [45]. The constants K and ζ are avail-
able in the literature [42-45].

Results and discussion

Ground state geometry

Ground state geometries of the fluoroquinolones (1-10) (Fig-
ure 1) were optimized using the AM1 method [56]. Further,
the geometries of the four conformers (a), (b), (c) and (d)
(Figure 2) obtained by considering the different orientations
of the C=0 and OH bonds of the carboxylic group attached to
the C3 atom of the quinolone ring were fully optimized in
each case. The relative total energies of the four conformers
in the different cases as obtained by the AM1 calculations
are presented in Table 1. The AM1 method predicts the
quinolone conformer (a) to be most stable in all the cases
(Table 1). The intramolecular hydrogen bonding between the
hydrogen atom of the OH group attached to the C3 atom and
the O4 oxygen atom (Figure 2) appears to be mainly respon-
sible for the higher stability of the conformer (a) over those
of other three conformers in the different cases. In order to
further examine the relative stabilities of the four conform-
ers (a) to (d) of the fluoroquinolones (Figure 2), we carried
out ab initio gas phase and water-solvation calculations on
molecules obtained by replacing the N1- alkyl substituent and
the C7-substituent (i.e. the piperazin ring) by a hydrogen atom
each but keeping the fluorine substituent at C6, using their
AM1 optimized geometries, polarized continuum model
[57,58], 3-21G basis set and the Gaussian 94 (Windows ver-
sion) program [59]. These calculations yielded the following
information: (i) The relative total energies of the conformers
(a) to (d) (Figure 2) in gas phase as obtained by the ab initio
calculations were found to be 0.0, 0.22, 0.19 and 0.98 eV
respectively, and (ii) Among the four conformers, the con-
former (a) was stabilised most and the conformers (b), (c)
and (d) were less stabilised than the conformer (a) by 0.138,
0.126 and 0.104 eV respectively on solvation in water. Thus
the relative total energies of the water-solvated conformers
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Figure 2 Four conformers of fluoroquinolone obtained by
rotation of  the COOH group attached to the C3 atom, de-
noted  as  (a), (b), (c) and (d). P stands for piperazin moiety
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(a) to (d) were found to be 0.0, 0.358, 0.316 and 1.084 eV
respectively. These results suggest that the conformer (a) of
the fluoroquinolones is most stable both in gas phase and in
the solution environment and we should preferably consider
it to explain the antibacterial activities of the molecules. Shen
et. al [17-20] considered the conformer (c) of the molecules
to explain their antibacterial activity. It may be mentioned
that in some active 2-3 bridged quinolones, an intramolecu-
lar hydrogen bonding as that in conformer (a) has been sug-
gested [60].

Molecular electrostatic potential maps

In order to examine the possible importance of electrostatic
interactions in the mechanism of action of quinolones in gen-
eral, we considered certain quinolone ring analogues present
in several popular antibacterial agents, which are shown in
Figure 3. The computed minimum MEP values near the oxy-
gen atom O4 of the carbonyl group of these molecules are
presented in Table 2. The following information is available
in the literature [61-65] regarding the relative activities of
the drugs containing these ring systems (Figure3): (i) When
the N1H1 group in the norfloxacin ring (Figure 3(b)) is re-
placed by a CH2 group resulting in the molecule 1-oxo, 1,4-
dihydronaphthalene (Figure 3(d)), the molecule becomes in-
active [61], (ii) Quinolone drugs with additional 1,8 bridged
six-membered rings e.g. ofloxacin, flumequine and rufloxacin
are usually more active than those without this additional
ring, (iii) Rufloxacin analogues appear to have higher activ-
ity than those of ofloxacin [62,63], and (iv) A significant re-
duction in activity occurs in going from norfloxacin to
cinoxacin [64,65], this change in activity occurring due to
the presence of the nitrogen atom at the 2-position in the
latter molecule (Figure 3(c)) [21]. The above variation in
activities of the drugs is qualitatively similar to that in the
magnitudes of the minimum MEP values near the oxygen
atom of the carbonyl group (O4). Thus we find that the oxy-
gen atom of the carbonyl group is likely to be involved in

electrostatic interactions relating to the DNA gyraze inhibi-
tory activity of the drugs derived from these ring systems
(Figure 3).

In order to evaluate the roles of the different alkyl groups
substituted at the N1-position, we calculated MEP values near
the O4 atom of the different N1-alkyl substituted molecules
after replacing the carboxyl group at C3, the flourine atom at
C6 and the piperazin ring at C7 by a hydrogen atom each and
full geometry optimization (Figure 1). The minimum MEP
values so obtained near the O4 atom are presented in Table 3.
We find that as the size of the alkyl chain changes, the MEP
value near the O4 atom also changes, but by a small amount
in each case. Potencies of the drugs have been measured in
terms of molar inhibition concentration (MIC) in µg/ml. It
has been reported that inhibitory concentrations for 50% in-

Molecule [e] N1-alkyl Conformer [f]

substituent (a) (b) (c) (d)

1 CH3 0.0 7.40 9.42 48.73

2 C2H5 0.0 7.37 9.62 49.16

3 CH=CH2 0.0 7.00 8.70 47.44

4 CH2CH2F 0.0 8.80 9.29 48.40
5 CH2CH2OH 0.0 7.23 9.29 48.40

6 NHCH 0.0 7.71 10.56 26.26

7 n-C3H7 0.0 6.97 9.50 49.60

8 CH(CH3)2 0.0 7.87 10.07 49.60

9 C(CH3)3 0.0 8.03 11.81 55.07

10 0.0 9.62 14.93 48.39

[e]   For structures, see Fig-
ure 1
[f]   The atomic arrangements
in the four conformers are
shown in Figure 2

Table 1 Relative total ener-
gies (kJ·mol-1) of the four
conformers of  the quinolones
obtained by full geometry op-
timization using the AM1
method
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Figure 3 Basic ring systems of the quinolones. The rings
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hibition (IC50) of the activity of Staphylococcus Aureus cor-
relate well with the MIC values [66]. The activities of the
drugs expressed as -log (MIC x 10-6) (Tables 3,4) vary with

the N1-alkyl substituent as follows: C(CH3)3 >  > C2H5 >

CH(CH3)2 > n-C3H7 > CH3. The variation of MEP values near
O4 is not paralleled quantitatively by this variation in the
activities of the drugs against the gram-positive bacterium
Staphylococcus Aureus. Therefore, it appears that the inhibi-
tory activities of the drugs against Staphylococcus Aureus
involve hydrophobic interactions of the alkyl groups as sug-
gested earlier [10]. Further, in this context, the optimum size

of the N1-alkyl substutents appears to be around that of
C(CH3)3, the sizes of C2H5 and cyclopropyl groups also be-
ing similar. The methyl group seems to fall short of the ap-
propriate size drastically as the methyl substituted molecule
has a poor activity (Table 3).

Now let us consider the activities of the ten molecules
studied here with all the relevant substitutions shown in Fig-
ure1. These molecules possess five regions of MEP minima,
one each near O4, O3, O3', N4' and F (Figure 1). We computed
linear correlation coefficients between the minimum MEP
values in these five regions of all the molecules studied here
and their potencies. Since the minimum MEP values near O3'

Figure 4 (a) Molecular elec-
trostatic potential map
(kJ·mol-1) obtained in the ring
plane of molecule 9 and (b)
Molecular electrostatic po-
tential map (kJ·mol-1) ob-
tained in the ring plane of
molecule 10
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and F did not show any correlation with the activities of the
drugs, they are not presented here and only the MEP values
near O4, O3 and N4' are presented in Table 4. As discussed
earlier, the hydrophobic interactions of the different N1-alkyl
substituents are very important in controlling activities of
these drugs [10]. Therefore, although the O4 site is likely to
be involved in electrostatic interactions as discussed earlier,
we do not expect any strong correlation between the mini-
mum MEP values in this region and the activities of the drugs
having different N1-alkyl substitutions. If we consider the four
similar N1-alkyl substitutions C2H5, CH(CH3)2, C(CH3)3 and

 (cyclopropyl group) and the corresponding minimum

MEP values near their O3 sites, the correlation coefficient

between the MEP values and the activities of these four mol-
ecules (2, 8, 9, 10) is found to be 0.96. Further, use of the t-
test [67] showed that this correlation is significant at the level
of 5%. The correlation coefficient between the MEP values
near the O4 sites of the same four molecules (2, 8, 9, 10) and
their activities was found to be only 0.75 which is in accord-
ance with the above mentioned expectation for this site. These
results support the possibility that the O3 and O4 atoms of
this class of molecules (Figure 2) would serve as hydrogen
bond accepting sites. In the earlier work [17-21], O4 and the
oxygen atom of the C=O group of the carboxylic group were
suggested to be involved in hydrogen bonding. Thus the
present work suggests a modification in that model in the
sense of involvement of the oxygen atom of the OH group
rather than the oxygen atom of the carbonyl group of the
carboxylic group in hydrogen bonding. The MEP maps of
the molecules 9 and 10 in the ring plane are shown in Fig-
ure 4.

S.N. Ring system [a] Present MEP (kJ·mol-1)
in drug

1 4-oxo-1,4-dihydro Nalidixic acid -241.4
[1,8] naphthyridine

2 4-oxo-1,4-dihydroquinolone Norfloxacin -297.1

3 4-oxo-1,4-dihydroclinoline Cinoxacin -255.2

4 7-oxo-2,3-dihydro-7H Ofloxacin -292.9
 -pyrido-[1,2,3-de],4-benzoxazine

5 6,7-dihydro-4-oxo-1H, Flumequine -304.2
5H, benzo-[i,j]quinolizine

6 7-oxo-2,3-dihydro-7H-pyrido- Rufloxacin -376.6
[1,2,3-de]benzothiozine

7 1-oxo-1,4-dihydro-Naphthalene – -251.0[a] For structures, see Fig-
ure 3

Table 2 Minimum MEP val-
ues near the O4 site of ring
systems of some quinolone
analogues

Table 3 The minimum MEP values near the O4 site of the
quinolone moeity in molecules with different N1-alkyl substi-
tutions

N1-alkyl Activity [b] MEP (kJmol-1)
substituent [a]

CH3 0.75 -365.7
C2H5 6.22 -364.1
C3H7 5.44 -379.1
C(CH3 ) 3 6.94 -374.9

6.80 -367.4

[a] For structures, see Figure 1.
[b] Activity against the bacterium Staphylococcus Aureus is
given in MIC (Molar Inhibition Concentration) which is given
in µg/ml of the drugs [10]. Here activity is expressed as -log10
(MIC×10-6)

Figure 5 Variation of magnitudes of minimum MEP near
the N4' atom with the anti-bacterial activities of flouroquino-
lones (1-10) against Staphylococcus Aureus
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The linear correlation coefficient between the minimum
MEP values near the N4' site of all the ten molecules and the
activities of the drugs is found to be 0.94. The straight line
obtained by a least squares fitting of the minimum MEP val-
ues near the N4' site and the activities of the drugs is pre-
sented in Figure 5. The MEP maps of the molecules 9 and 10
drawn in planes above the quinolone ring plane which con-
tain the respective MEP minima, are shown in Figure 6. Use
of the t-test [67] showed that the above mentioned correla-
tion for the N4' site is significant at the level of 0.1%. How-
ever, it is noted from Figure 5 that this correlation is strongly
influenced by one of the data points, namely that correspond-
ing to the molecule 1 which has the lowest activity. Thus it

appears that the N4' site is involved electrostatically in the
action of the drugs against Staphylococcus Aureus. However,
N1-alkyl substitutions also seem to partly affect activity at
the N4' site. This is suggested by the fact that if the molecule
1 is excluded and only the molecules 2 to 10 which have
different N1-alkyl substituents are considered, the variation
of MEP at the N4' site with molecular activity does not re-
main strongly linear. It has been suggested earlier that the
role of the N4' site is to enhance the penetration of the drugs
into the bacterial cell wall [10]. In combination with that
proposal, our present results imply that the interaction of the
N4' site with the bacterial cell wall would be largely electro-
static in nature, e.g. one involving hydrogen bonding.

Figure 6 (a) Molecular elec-
trostatic potential map
(kJ·mol-1) drawn 0.6 Å above
the ring plane of molecule 9.
(b) Molecular electrostatic
potential map (kJ·mol-1)
drawn 0.25 Å above the ring
plane of molecule (10)
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Conclusion

The conclusions of this study are as follows: (i) The confor-
mation of the carboxylic group attached to the quinolone ring
at the C3 site is such that there is an intramolecular hydrogen
bonding between the hydrogen atom of this group and the O4
atom of the quinolone moiety, (ii) The O3 and O4 sites of the
drugs appear to be involved in electrostatic interactions e.g.
hydrogen bonding with the receptor, (iii) The N1-alkyl sub-
stituents appear to be involved in hydrophobic interactions
with the receptor, and (iv) The N4' site of the molecules is
involved electrostatically in their drug action which accord-
ing to an earlier suggestion is related to their penetration
through the bacterial cell wall.
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