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The energies for the complex formation between the S- and R-enantiomers of ofloxacin with the 
[d(ATAGCGCTAT)] 2 were calculated using the molecular dynamics (MD) method. The 12 initial structures 
that were investigated in this work included were three ofloxacin: neutrals; zwitterions; and the protonated 
species, for both the S- and R-enantiomers, each with two starting positions intercalative and minor groove. The 
four final structures with the most favorable free energies from the MD calculations consisted of two categories 
namely, partial intercalative and the minor groove binding model. In the intercalative model that is found for 
the protonated species, the molecular plane of both the S- and R-ofloxacin is inserted between two GC base
pairs with the protonated piperazine ring and the methyl group of the oxazine ring is exposed to the minor 
groove. The binding energy of the S-ofloxacin in this model is slightly more favorable than R-ofloxacin. 
Conversely, even as it began with an initial intercalative structure, the neutral ofloxacin species is bound within 
the minor groove, whereby the molecular plane of ofloxacin tilts between 60-70° with respect to the DNA 
helical axis. Two hydrogen bonds are possible for this groove binding model. Finally, the free energy of the 
zwitterionic ofloxacin is less favorable than that obtained from neutral and protonated species.
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Introduction

Quinolone antibiotics exhibit antibacterial activity by 
inhibiting the action of Topoisomerase II.1 Interaction of 
norfloxacin and ofloxacin, representatives of the quinolone 
antibiotics, with DNA has been studied in order to under
stand the inhibition mechanism of these antibiotics2-15 since 
it was originally proposed to bind to DNA, not protein.14 
However, ciproxacin, one of the quinolone derivatives, was
known to aflHct the confirmation of DNA gyrase.16 In the
presence of Mg2+ ions, norfloxacin was suggested to form an 
adduct by ligating the carboxylic and carbonyl groups to 
Mg2+ ions, with two negatively charged DNA phosphate 
groups participating in the complex.6 Recently, it has been
shown by spectroscopic studies that norfloxacin can directly 
bind to DNA without Mg2+ ion mediation with a preference 
for single-stranded DNA rather than double-stranded. When 
norfloxacin associated with double-stranded DNA, guanine 
is the preferred base, suggesting that its amine group that 
protrudes into the minor groove plays an important role in 
the quinolone-DNA adduct formation in the absence of 
Mg2+ ions.10 The angle between the molecular plane of 
norfloxacin and the DNA helical axis was shown to be 67- 
80o when norfloxacin forms the complex with DNA, the 
complex between them in the absence of Mg2+ ion.6-11

Ofloxacin has a tricyclic ring structure with a methyl 
group at the C-3 position of the oxazine ring, which resulting 
in a chiral center. The S-ofloxacin was reported 8-128 times 
more potent than the R-isomer.17 The binding properties of 
the S- and R-enantiomers towards DNA were studied and it 

was found that the binding mode and base speci^city of S- 
ofloxacin to DNA was similar to those of norfloxacin, 
whereas the R-ofloxacin did not bind to DNA as effi- 
ciently.10,11 In order to elucidate the chiral selectivity in the 
complex formation between ofloxacin and DNA, the struc
ture of the ofloxacin-DNA complex was investigated by 
molecular modeling (MM) and molecular dynamics (MD).18 
In the complex, ofloxacin is located in the minor groove and 
forms two hydrogen bonds with two consecutive GC base 
pairs: one between the carbonyl group of ofloxacin and the 
amine group of guanine and the other between the fluorine 
of ofloxacin and the amine group of the next guanine at the 
opposite strand. The methyl group at the C-3 position of the 
oxazine ring is directed downward in the case of R-ofloxacin 
case, creating a closer distance to the phosphate backbone 
compared to the S-enantiomer whose methyl group is di
rected upward. This difference in the steric hindrance is the 
conceivable reason for the different binding affinities of 
these two stereoisomers toward DNA.

In the aqueous solution, quinolones, including ofloxacin, 
can have various protonation states (Figure 1). At a low pH, 
the nitrogen atom is protonated and the overall charge of 
ofloxacin is +1, while at intermediate pHs, ofloxacin is 
neutral which may be equilibrated with its zwitterion whose 
carboxylic moiety is deprotonated and piperazine ring is 
protonated. These three species of ofloxacin may be able to 
form an adduct with DNA. In this work, the bindings of 
these three species of S- and R-ofloxacin to DNA are studied 
by the molecular dynamic method. A high pH form at which 
carboxylic moiety may be deprotonated and the overall
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Figure 1. Chemical structures of (a) protonated ofloxacin; (b) 
neutral ofloxacin; and (c) zwitterionic ofloxacin.

charge of the molecule is -1 was not considered as it would 
not efficiently bind DNA due to repulsive forces between the 
negative charges of the ofloxacin and the DNA phosphate 
groups.

Methods

Modeling of the ofloxacin-DNA complexes. The six 
ofloxacin isomers were optimized using the HF/6-31G* 
basis set with the Gaussian 98 program package.19 The B- 
form, double-stranded decanucleotide, [d(ATAGCGCTAT)]2 

was used for the modeling. The structures of the decamer 
and DNA-ofloxacin complexes were constructed with the 
nucleic acid in the Hyperchem7.0 program.20

The starting structures of the ofloxacin-DNA complexes 
were built by considering experimental10,11 and theoretical 
evidences13,18 that suggest that both S- and R-ofloxacin may 
sit in the minor groove with the possibility of partial inter
calation when it forms a complex with DNA. Therefore, two 
starting structures namely, the partial intercalation and the 
minor groove binding mode, were considered for each forms 
of ofloxacin in this work. In the initial structures of the 
intercalation model, the molecular plane of the ofloxacin is 
parallel with the DNA base plane: the long molecular axis 
which connects the carbon atom of the carboxylic acid and 
nitrogen atom at the piperazine group angles 45 degrees with 
respect to the axis connecting phosphate groups of the 
opposite strands. In the initial structures of the minor groove 
binding model, the angle between the long molecular axis of 
ofloxacin and the DNA helical axis is 45 degrees with the 
carboxylic acid-fluorine side towards the DNA helix axis. 
Total starting structures had 12 models to account ibr 
ofloxacin conditions, binding modes, and isomers.

The nomenclature of the model structures is summarized 
in Table 1. The first characters, “s” and "r”，indicate the S
and R-conformations of ofloxacin. The second and third 
characters, “in” or "g”，indicate intercalation or minor groove 
binding. The final characters, “n”，“p”，and "z” represent the 
acidic state of the ofloxacin according to pH, denoting 
neutral, protonated, and zwitterionic, respectively.

Table 1. Nomenclature (in this work) for the ofloxacin-DNA com
plexes in the model structures

Binding mode States of ofloxacin R-ofloxacin S-ofloxacin

neutral rinn sinn
Intercalation zwitterion

mode
rinz sinz

protonated rinp sinp

Groove neutral rgn sgn
binding zwitterion rgz sgz
mode protonated rgp sgp

Force Field. Molecular dynamics were performed using 
the AMBER 7.0 program package,21 the Cornell et al. force 
field,22 and the parm99.dat parameter set.23 The generalized 
AMBER force field (GAFF) was used as the force field 
parameter of ofloxacin. The partial atomic charges for the 
ofloxacin molecules were calculated by the Gasteiger method. 
The Gasteiger approach,24 in the estimation of electrostatics 
state of the ligands and ofloxacin in the current case, 
provides a more accurate estimation for binding affinities of 
the zwitterions, with a narrower range of computed affinities 
than that estimated by the RESP-based charge calculations.

Molecular dynamics. The DNA starting model was 
neutralized with 18 Na+ ions and solvated with explicit water 
using the LEAP module of AMBER. The system was sol
vated with TIP3P water boxes requiring a 9.0 A solvent shell 
in all directions. The number of waters in the periodic box 
was 2993-3514. The long-range electrostatic interactions are 
considered by applying the Ewald’s particle mesh (PME) 
method.25,26 All energy minimizations and molecular dyna
mics simulations were performed using the SANDER 
module. In the first step, 1000 steps of the steepest descent 
minimization followed by 1000 steps of conjugate gradient 
minimization were conducted for the water molecules and 
sodium ions with 500 kcal/mol-A-2 restraints placed on the 
DNA duplex. In the second step, 2000 steps of the steepest 
descent minimization followed by 3000 steps of conjugate 
gradient minimization were carried out for the whole system 
without restraints. The SHAKE algorithm27 was applied to 
constrain all bonds involving hydrogen atoms with a toler
ance of 10-5 A, with a 2 fs time step in the dynamics simu
lations. The system was heated from 0 to 300 K over 100 ps 
with a 10 kcal/mol-A-2 restraint on the DNA at a constant 
volume, using the Berendsen coupling algorithm.28 Finally, 
simulation of the whole system was performed at atmos
pheric pressure and 300 K with a 1.0 ps coupling parameter 
for 3 ns. No constraint was applied to the complexes. Three
dimensional structures and trajectories were visually inspected 
using the computer graphics program VMD.29 Root mean
square deviations (RMSD) from the initial structures from 
the trajectories were calculated using the PTRAJ modules of 
AMBER 7.0. The backbone torsion angles of DNA were 
analyzed by the CURVES program.30 All calculations were 
carried out on an IBM p690 system in the supercomputer 
center of the Korea Institute of Science and Technology 
Information (KISTI, Daejon, South Korea).

Free energy analyses. The molecular mechanics Generali



Binding Mode of Ofloxacin to Oligonucleotide Bull. Korean Chem. Soc. 2008, Vol. 29, No. 11 2105

zed Born surface area (MM-GBSA) method in AMBER was 
employed for thermodynamic analyses. This method allows 
for the estimation of the electrostatic free energies salvation 
of diverse molecules and molecular ions. In the GB model, a 
molecule in solution is represented as a set of point charges, 
set in spherical cavities, and embedded in a polarizable 
dielectric continuum. MM-GBSA is then able to calculate 
the relative stabilities of different conformations by dividing 
the total free energy into its single contributions. The free 
energies were estimated by final structures with water mole
cules and counterions removed. In the total model, the free 
energy consists of the internal energy (Egas), the solvation 
free energy (Ggb + Gnonpoiar), and the entropic contribution of 
the free energy. Eint contains the contributions of the all 
internal energy (bonds, angles, dihedral angles) and non
bonded (van der Waals, electrostatic, 1,4-electrostatic) inter
actions. The solvation free energy (Gsoi) is divided into the 
electrostatic (Ggb) and nonpolar (Gnonpoiar) parts. The free 
energies for each ofloxacin complex bound with the DNA 
duplex was computed with the equation: Gtot = Egas + Gsoi - 
TS. The solute entropic contribution was investigated by 
normal mode analysis using the NMODE module31,32 in the 
AMBER package with the temperature set to 300 K. The 
binding free energies were calculated by the next following 
equation AGbinding = Gcomplex — (GDNA + Gligand).

Results and Discussion

Optimized structures of various ofloxacin isomer. The 
structures of the six ofloxacins that depends on the proto
nation states and the configuration were optimized by 
Gaussian program. As it is shown in Figure 2, the oxazine 
ring puckers from the molecular plane which contains the 
two aromatic rings. The piperazine ring rotates to be 
perpendicular with respect to the molecular plane. In the 
optimized model, the axial position of the methyl group, 
relative to the oxazine ring and containing the chiral center, 
resulted in lower energy by 1.1-5.6 kcal/mol compared to 
those of the equatorial position. This result of relative 
stability between the position of methyl group, i.e., equa
torial vs. axial, was previously already reported for the neutral 
ofloxacin species.18 The piperazine ring of all three proto

Table 2. The binding free energies of the ofloxacin-DNA complex 
(kcal/mol)

R-ofloxacin AG S-ofloxacin AG

neutral rinn -20.04 sinn .14.03
model r卽 42.35 sgn -21.26

zwitterion rinz -11.36 sinz -10.72
model rgz 3.22 sgz 14.52

protonated rinp -20.16 sinp -24.64
model rgP -0.49 sgP -7.35

nated isomers rotated from the molecular plane and was 
almost perpendicular to the molecular plane. However, that 
of the neutral species tilted slightly towards the oxazine ring 
with the angle between the piperazine ring and the molecular 
plane slightly less than 90 degrees.

Binding free energies of ofloxacin-DNA complex. The 
Root-mean square deviation (RMSD) is a good measure to 
judge whether the system reaches the equilibrium in the MD 
simulation. The system reached equilibrium within 200 ps 
for all complexes as it was judged by the RMSD (data not 
shown). The aforementioned, twelve initial complexes, two 
binding modes (intercalation vs minor groove binding) of 
the three species states for each enantiomer were construct
ed. The binding free energy, AG, was calculated using the 
MD simulation with the results are shown in Tables 2. The 
free energy ibr the binding of S-ofloxacin to the minor 
groove of DNA (the "sgn” initial structure) was the most 
favorable, being —21.26 kcal/mol among the neutral species. 
The intercalative binding mode of R-ofloxacin (the "rinn” 
initial structure) followed (—20.04 kcal/mol). In the case of 
the “rinn” initial structure, the MD dynamic calculation 
resulted in extrusion of the ofloxacin from the intercalation 
pocket into the minor groove. Although the favorable free 
energies were found for the zwitterionic ofloxacin for the 
“rinz” and "sinz” initial structures, the magnitude of the 
binding to DNA is significantly lower compared to the other 
ofloxacin conformations. The binding free energy for the 
“rinz” initial structure was —11.36 kcal/mol and that for the 
“sinz” was —10.72 kcal/mol. When the N-methyl group on 
the piperazine ring is protonated, the binding free energy is
negative for all four binding modes suggesting that all

Neutral model

Protonated mod이

Zwitterion model

R-ofloxacin 5-ofloxacin

Figure 2. Optimized structures for the three protonated states of ofloxacin.
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Table 3. Energy contributions (kcal/mol) of single trajectories. The 
contribution of DNA-free ofloxacin and ofloxacin-free DNA was 
subtracted from that of the complex

*T; 298 K

Energy rinn sgn rinp sinp

△Eeiec -992.93 -733.28 -708.26 -574.48
△Edw -31.30 -41.44 -34.38 -51.91
AEim 27.10 23.21 21.59 0.64
△Egas -980.24 -751.51 -721.04 -625.74
△Gnonpoiar -1.63 -1.56 -1.25 -1.27
AGgb 965.41 729.57 702.57 588.77
△Gsol 963.78 728.01 701.32 587.50
△Gt°t -18.46 -23.50 -19.72 -38.24
TA&疽 1.58 -2.24 0.44 -13.60

AGbinding -20.04 -21.26 -20.16 -24.64

structures are not impossible. The "sinp” and "rinp” models 
were calculated at -24.64 kcal/mol and -20.16 kcal/mol, 
respectively, which are the two models that exhibited 
significantly stable binding energies thus two structures are 
conceivable for the protonated ofloxacin.

The experimental results showed that (1) the binding 
constant are larger at a lower pH compared to those at a 
higher pH33, (2) both S- and R-ofloxacin can form a complex 
with GC-rich DNA10,11 although the binding of the R- 
enantiomer is significantly less effective. Based on these 
experimental results and the free energy calculated in this 
work for the ofloxacin-oligonucleotide complex formation, 
the intercalative neutral ofloxacin ("rinn” and "sinn” initial 
structures) cannot explain the enantio-selectivity of ofloxacin 
because the formation free energy of the S-ofloxacin-oligo- 
nucleotide appeared to be unfavorable. In the minor groove 
binding model case, the free energy of the S-ofloxacin- 
oligonucleotide complex formation is lower than that of the 
R-enantiomer. However, that of the latter isomer exhibited 
the largest positive free energy which is in contrast with the 
experimental results that R-ofloxacin can form a complex 
with GC-rich DNA (although it is less effective than the S- 
enantiomer). The magnitudes of the free energies for the 
binding of zwitterionic ofloxacins to DNA that resulted from 
the intercalative initial structure ("rinz” and "sinz”)are, in 
general, smaller than the other two forms of ofloxacin. 
Those for the groove binding model are small, but positive, 
relative to the experimental results. The intercalative initial 
binding model ("rinp” and "sinp”) of the protonated ofloxa
cin exhibited the most conceivable results in the sense that 
the free energy for both enantiomers are negative and that 
the magnitude of the S-enantiomer is larger than R, although 
the difference is small. The magnitude obtained from the 
initial groove binding model of the protonated species ("rgp” 
and "sgp”) are very small compared to intercalative model 
and therefore, its occurrence is not conceivable.

Table 3 shows the energy contributions of sin이e trajec
tories to the total binding free energy of the four represen
tative initial structures (that resulted in the large favorable 
free energy), from which the contribution from unbound

Figure 3. Backbone torsion angles for the oligonucleotide (black) 
and the final structures that resulted from the rinn (green), sgn 
(red), rinp (dark yellow), and sinp (blue) initial structures.

ofloxacin and DNA were subtracted. The main contribution, 
in comparison with other initial structures, for the lowest 
free energy of the "sinp” initial structure is the lowest 
solvation energy, although the Egas corresponding to non
bonded interactions of "sinp” model is noticeably high.

Structural analyses. Structural analysis was performed 
for the complexes "rinn”, "sgn”, "rinp”, and "sinp” and 
resulted in a large favorable free energy with the backbone 
angles for these models shown in Figure 3. Intercalation of 
protonated ofloxacin to DNA, the model resulting from the 
"rinp” and "sinp” initial structures, resulted in large devi
ations in the a, & % and Z angles near the intercalation 
pocket near the C5 and G16, and G6 and C15 base pairs, in 
comparison with DNA in the absence of ofloxacin. The 
small deviations in the x and 8 are observable in the whole 
region of DNA. As it was mentioned above, the MD calcu
lation for the "rinn” initial structure, in which R-ofloxacin is 
initially intercalated, resulted in extrusion of the ofloxacin 
from the intercalation pocket and is located in the minor 
groove of the final structure. The torsion angles near the 
binding site do not largely change from those of ofloxacin- 
free DNA, although a significant deviation was found at the 
end of one of the two double strands. No significant devi
ation in the backbone angle was noticed for the groove 
binding model that originated from the "sgn” initial struc
ture. In conclusion, the backbone angles for all four models 
remained as the overall B-form DNA.

Figure 4 and 5 depict the stereo-views of the final struc
tures of the two GC sequences near the ofloxacin binding 
site from which water, counter ions, and the three base pairs 
at both ends are omitted for clarity reason. In Figure 4, the 
ofloxacin molecule is neutral. For both started from inter- 
calative R-ofloxacin and minor groove binding S-ofloxacin, 
which resulted two lowest binding free energy with minor 
groove binding mode. In the final structure, the angle of the 
molecular plane of ofloxacin including the two aromatic
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Figure 4. Stereoview of the models that originated from the "rinn” 
(a) and "sgn” (b) final structures after molecular dynamics simu
lation. The blue and green colors indicate DNA and ofloxacin.

Figure 5. Stereoview of the models that originated from the "nnp” 
(a) and "sinp” (b) final structures after molecular dynamics simu
lation. The blue and green colors indicate DNA and ofloxacin.

rings are 60-70° relative to the DNA helical axis. As a result 
of the ofloxacin binding, the minor groove near the binding 
site becomes narrower and the DNA stem is bent, similar to 
previously reported results.18 In the final structure that 
originated f^om the "rinp” initial structure (Figure 5a), the 
aromatic ring moiety of the ofloxacin molecule is inserted 
between the GC base pairs. The methyl group and pipera
zine ring protrude into the minor groove due to the steric 
hindrance, with the distance between the base pairs larger 
and wider as a result of the intercalation, which is typical for 
drug intercalation. It was also found that the minor groove 
near the center of the ofloxacin binding site becomes more 
shallow and the length of DNA near the methyl group of 
ofloxacin increases resulting in the bending of the DNA. The 
final structure from the "sinp” initial structure, shown in 
Figure 5b, appeared to have a deeper minor groove and a 
larger intercalation pocket compared to that from the "rinp” 
initial structure. The extent of DNA bending of the S- 
ofloxacin-DNA complex is larger due to the right-handed-

Figure 6. Top views of the "rinn” (a) and the "sgn” models (b). The 
black arrows indicate possible hydrogen bonds between oxygen in 
the carboxylic moiety of ofloxacin and the hydrogen atom of the 
G16 guanine amine group, and between the fluorine and the 
hydrogen atom of the G6 guanine amine group. Red, green and 
blue colors indicate ofloxacin, guanine, and cytosine, respectively.

Figure 7. Top views of the "rinp” (a) and "sinp” (b) models. The 
color assignments are the same as in Figure 6.

ness of the DNA helix. The methyl group of the S-ofloxacin 
is directly right-upward which inducing a greater steric 
hindrance and in order to avoid this steric hindrance, larger 
bending in the DNA stem is expected for the S-ofloxacin- 
DNA complex.

The views from the top for the central two base pairs 
bound to which ofloxacin is bound are shown in the Figures 
6 and 7. The neutral R-ofloxacin and S-ofloxacin associates 
with DNA in the minor groove (Figure 6a and 6b), originat
ing f^om the intercalative "rinn” and minor groove binding 
“sgn” initial structures. It was noticed that the direction of 
the OH group of the carboxylic group is opposite in the final 
models. The two hydrogen bonds between the oxygen of the 
carboxylic moiety of ofloxacin and the hydrogen atom of the 
G16 guanine’s amine group, and between the fluorine and 
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the hydrogen atom of the G6 guanine’s amine group were 
found. The length of the two hydrogen bonds is 2.22 A and 
2.32 A in the "rinn” model, while those are short in the 
“sgn” model are 2.03 A and 1.85 A. The binding strength 
between ofloxacin and DNA is expected to be stronger in the 
“sgn” model compared to that in the "rinn” model as bond 
length is directly related to the binding strength. This obser
vation agrees with the experimental results that the binding 
of S-ofloxacin is more favorable than R-ofloxacin.11 Figure 
7a and 7b depict the top views of the final models construct
ed from the "rinp” and "sinp” initial structures, respectively, 
where in both models, it is clear that the aromatic rings of 
the both ofloxacin enantiomers is inserted between the GC 
base-pairs. The piperazine ring and methyl group of the 
oxazine ring are exposed in the minor groove. This result is 
in agreement with the recent NMR study that norfloxacin, 
another member of the quinolone antibiotics, is partially 
intercalated between DNA base pairs.15

Conclusion

Energetically favorable but different structures for the 
ofloxacin-DNA complex that depends on the protonated 
state of ofloxacin were observed in this work. The minor 
groove binding is preferred for the neutral ofloxacin while 
the partial intercalative models are more stable for the 
protonated species. The binding free energy of the zwitter 
ionic ofloxacin is less favorable compared to that of the 
neutral and protonated species. Of important note is the 
preferentiality in binding of the S-ofloxacin to DNA over the 
R-enantiomer and its significant in the neutral species and 
protonated model.
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