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Zinc mononuclear complexes with the second-generation quinolone antibacterial drug enrofloxacin in
the absence or presence of a nitrogen donor heterocyclic ligand 1,10-phenanthroline or 2,20-bipyridine
have been synthesized and characterized. Enrofloxacin is on deprotonated mode acting as a bidentate
ligand coordinated to zinc ion through the ketone and a carboxylato oxygen atoms. The crystal structure
of bis(enrofloxacinato)(1,10-phenanthroline)zinc(II), 2, has been determined by X-ray crystallography.
The biological activity of the complexes has been evaluated by examining their ability to bind to calf-thy-
mus DNA (CT DNA) with UV and fluorescence spectroscopies. UV studies of the interaction of the com-
plexes with DNA have shown that they can bind to CT DNA and the DNA binding constants have been
calculated. Competitive studies with ethidium bromide (EB) have shown that the complexes exhibit
the ability to displace the DNA-bound EB indicating that they bind to DNA in strong competition with
EB for the intercalative binding site. The complexes exhibit good binding propensity to human and bovine
serum albumin proteins having relatively high binding constant values.

� 2010 Elsevier Ltd. All rights reserved.
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Figure 1. Enrofloxacin (Herx = 1-cyclopropyl-7-(4-ethyl-piperazin-1-yl)-6-fluoro-
4-oxo-1,4-dihydro-quinoline-3-carboxylic acid).
1. Introduction

Zinc has an important role in various biological systems,1 since
it is critical for numerous cell processes and is a major regulatory
ion in the metabolism of cells.2 In the literature, diverse zinc com-
plexes with biological activity are reported. More specifically, crys-
tal structures of zinc complexes with drugs used for the treatment
of Alzheimer disease3 or presenting anticonvulsant,4 antidiabetic,5

anti-inflammatory,6 antimicrobial,7 antiproliferative and/or antitu-
mor8–10 and bactericidal11 activity are now available.

Enrofloxacin (=Herx, Fig. 1), a typical second-generation quino-
lone antimicrobial drug12 with a broad spectrum of activity against
a wide range of Gram-negative and Gram-positive bacteria, includ-
ing those resistant to b-lactam antibiotics and sulfonamides,13 is
the first fluoroquinolone developed for veterinary application and
is potentially available for the treatment of some urinary tract,
respiratory tract and skin infectious diseases in pets and live-
stock.14 Quinolones (quinolonecarboxylic acids or 4-quinolones)
are commonly used as treatment for many infections12 since they
can act as antibacterial drugs that effectively inhibit DNA replica-
tion. Enrofloxacin is also used for the treatment of urinary tract
infections, pyelonephritis, sexually transmitted diseases, prostati-
ll rights reserved.

: +30 2310997738.
ssoglou).
tis, skin and tissue infections, urethral and cervical gonococcal
infections.15,16 A thorough survey of the literature has revealed
that only a Zn(II)17 and three Cu(II) enrofloxacin complexes18,19

have been structurally characterized.
We have initiated the study of zinc(II) complexes with quinolone

antimicrobial agents.17,20 In this context, the synthesis, the charac-
terization and the DNA or albumin binding properties of the novel
neutral mononuclear zinc complexes with enrofloxacin in the ab-
sence or presence of the N,N0-donor heterocyclic ligands 1,10-phe-
nanthroline (=phen) or 2,20-bipyridine (=bipy) are presented. The
crystal structure of [Zn(erx)2(phen)]�4MeOH, 2�4MeOH, has been
determined by X-ray crystallography. The ability of the complexes
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mailto:kessisog@chem.auth.gr
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc


Figure 2. A drawing of the molecular structure of 2 with only the heteroatoms
labeling.

Table 1
Selected bond distances and angles for complex 2

Bond (Å)
Zn(1)–N(1) 2.155(3) C(1)–O(1) 1.256(5)
Zn(1)–O(1) 2.060(3) C(1)–O(2) 1.248(6)
Zn(1)–O(3) 2.121(3) C(3)–O(3) 1.262(5)

Angles (�)
N(11)–Zn(1)–O(1) 88.4(1) O(1)–Zn(1)–O(3) 84.8(1)
N(11)–Zn(1)–O(3) 169.0(1) O(1)–Zn(1)–O(1)’ 172.1(2)
N(11)–Zn(1)–N(11)’ 77.4(2) O(1)0–Zn(1)–O(3) 89.8(1)
N(11)0–Zn(1)–O(3) 94.9(1) O(3)–Zn(1)–O(3)0 93.7(2)
N(11)0–Zn(1)–O(1) 97.8(1)

A. Tarushi et al. / Bioorg. Med. Chem. 18 (2010) 2678–2685 2679
to bind to CT (calf-thymus) DNA has been investigated by UV spec-
troscopic titration and their intrinsic binding constants, Kb, with CT
DNA have been determined. Competitive binding titration with
ethidium bromide (EB), one of the most widely used intercalative
agents and fluorescence probes for DNA structure, have been em-
ployed in the study of the interaction of the complexes with CT
DNA in order to investigate a potential intercalative binding mode.
The affinity of Herx and its complexes for human (HSA) and bovine
(BSA) serum albumin, proteins responsible for the transport of
drugs in the body, has been investigated by fluorescence
spectroscopy.

2. Results and discussion

2.1. Synthesis and spectroscopic study of the complexes

The synthesis of complexes was achieved via the reaction of
enrofloxacin, deprotonated with KOH, in the absence (Eq. 1 for 1)
or presence of a N-donor ligand for example, 1,10-phenanthroline
(Eq. 2) for 2, with ZnCl2 under air, according to the equations:

ZnCl2 þ 2C18H21FN3O—COOHþ 2KOH
! ½ZnðC18H21FN3O—COOÞ2ðH2OÞ2� þ 2KCl ð1Þ

ZnCl2 þ 2C18H21FN3O—COOHþ 2KOHþ C12H8N2

! ½ZnðC18H21FN3O—COOÞ2ðC12H8N2Þ� þ 2KClþ 2H2O ð2Þ

In the IR spectra of the complexes, the observed absorption
bands at 3442(br,m) cm�1, 1736(s) cm�1 and 1254(s) cm�1 attrib-
uted to the stretching vibrations m(H–O), m(C@O)carboxyl, m(C–O)car-

boxyl, respectively, of the carboxylic group (–COOH) of the Herx
molecule, have been replaced by two very strong characteristic
bands in the range of 1580–1615 cm�1 and 1375–1380 cm�1 as-
signed as antisymmetric, masym(C@O), and symmetric, msym(C@O),
stretching vibrations, respectively. The difference D
[=masym(C@O) � msym(C@O)], a useful characteristic tool for deter-
mining the coordination mode of the carboxylato ligands, gives a
D value falling in the range 200–240 cm�1 indicating a monoden-
tate coordination mode.21 The vibration m(C@O)ketone is slightly
shifted from 1627 cm�1 up to 1638 cm�1 upon bonding. The overall
changes of the IR spectra suggest that enrofloxacinato ligand is
coordinated to the metal via the ketone oxygen and a carboxylate
oxygen.17,18

2.2. Crystal structure of [Zn(erx)2(phen)]�4MeOH, 2�4MeOH

A drawing of the molecular structure of 2 (Fig. 2) and selected
bond distances and angles are listed in Table 1.

The complex is mononuclear and the enrofloxacinato ligands
behave as deprotonated bidentate ligands coordinated to zinc ion
via the ketone oxygen and a carboxylate oxygen. There are four
methanol solvate molecules. The quinolone ligands in the structur-
ally characterized zinc–quinolone complexes reported so far, act as
either neutral22,23 or deprotonated11,23–25 bidentate ligands coordi-
nated through the ketone oxygen and a carboxylato oxygen atom,
as protonated counter cations,26 and as deprotonated tridentate li-
gands bound to zinc through the ketone oxygen, a carboxylate oxy-
gen and the piperazine nitrogen atom.22

In 2, the zinc atom is in a distorted octahedral environment
formed by two nitrogen atoms from the 1,10-phenanthroline li-
gand and four oxygen atoms from two enrofloxacinato ligands.
The arrangement of two enrofloxacinato ligands is such that the
two ketone oxygen atoms [O(3)–Zn(1)–O(3)0 = 93.7(2)�] are in a
cis and the two carboxylato oxygen atoms [O(1)–Zn(1)–
O(1)0 = 172.1(2)�] are in a trans arrangement. On the contrary, in
the crystal structure of [Zn(oxolinato)2(phen)],20 a Zn(II)–quino-
lone complex that we have previously reported, the two carboxy-
lato oxygen atoms are in a cis arrangement. The Zn–Ocarb

distances of oxygen atoms in trans position [Zn(1)–O(1) =
2.060(3) Å] are shorter than the Zn–Oket ones [Zn(1)–O(3) =
2.121(3) Å] occupying cis positions. The N(11)–Zn(1)–N(11)0 angle
of 77.4(2)� is similar to reported values of other chelating polycy-
clic diimines.20,27,28 The 1,10-phenanthroline ligand is planar with
the zinc atom lying in this plane.

Due to the poor quality of the crystals of [Zn(erx)2(bipy)], 3, the
X-ray diffraction data are not discussed in details but only the geo-
metrical characteristics and the bond connectivities are given.
From this experiment the isostructural nature of 2 and 3 was con-
firmed. The complex is mononuclear with the enrofloxacinato li-
gands behaving as deprotonated bidentate ligands bound to zinc
ion via the ketone oxygen and a carboxylato oxygen (Fig. 3). The
zinc atom is in a distorted octahedral environment formed by
two nitrogen atoms from the 2,20-bipyridine ligand and four oxy-
gen atoms from two enrofloxacinato ligands. The two carboxylato
oxygen atoms are in trans and the two ketone oxygen atoms are in
cis arrangement.

The complex [Zn(erx)2(H2O)2], 1 is mononuclear with the
enrofloxacinato ligands behaving as deprotonated bidentate li-
gands bound to zinc ion via the ketone oxygen and a carboxylato
oxygen. The zinc atom is expected to be in a distorted octahedral
environment formed by six oxygen atoms provided by two water
and two enrofloxacinato ligands. Concerning the position of two
water molecules in the octahedron we suggest trans arrangement



280 300 320 340 360 380
0.0

0.2

0.4

0.6

0.8

1 2 3 4 5 6
2.4

2.7

3.0

3.3

A

λ (nm)

λ (nm)

A

B

C

[D
N

A
]/

(ε
a-ε

f) 
x1

08 , (
M

2 cm
)

[DNA]x104, (M)

300 320 340 360 380
0.0

0.4

0.8

1.2

1.6

2.0

0.0 0.5 1.0 1.5 2.0 2.5
-3

-2

-1

0

A

[DNA]x104, (M)

[D
N

A
]/

(ε
a-ε

f) 
x1

08 , (
M

2  c
m

)

6cm
)

Figure 3. A drawing of the molecular structure of 3 with only the heteroatoms
labeling.
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similar with that observed in a similar zinc complex, [Zn(erx)2(-
py)2], reported earlier.17

2.3. DNA binding study by UV spectroscopy

The study of the interaction of quinolones and their complexes
with DNA is of great importance since their activity as antibacterial
drugs is focused on the inhibition of DNA replication29 by targeting
essential type II bacterial topoisomerases such as DNA gyrase and
topoisomerase IV.16 DNA can provide three distinctive binding
sites for quinolone metal complexes (groove binding, electrostatic
binding to phosphate group and intercalation).30–32

The changes observed in the UV spectra upon titration may give
evidence of the existing interaction mode, since a hypochromism
due to p?p* stacking interactions may appear in the case of the
intercalative binding mode,33 while red-shift (bathochromism)
may be observed when the DNA duplex is stabilized.34

The UV spectra have been recorded for a constant CT DNA con-
centration in different [compound]/[DNA] mixing ratios (r). UV
spectra of CT DNA in the presence of a complex derived for diverse
r values are shown representatively for 2 in Figure 4. The intensity
at kmax = 258 nm remains almost stable and is accompanied by a
red-shift of the kmax up to 266 nm for all complexes, indicating that
their interaction with CT DNA results in the direct formation of a
new complex with double-helical CT DNA. The observed red-shift
is an evidence of the stabilization of the CT DNA duplex.33 The
interaction of Herx with CT DNA studied has exhibited a red-shift
the band kmax = 258 nm up to 267 nm.17

In Figure 5, the changes occurred in the spectrum of a 10�5 M
solution of 1–3 upon addition of CT DNA in diverse r values can
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Figure 4. UV spectra of CT DNA in buffer solution (150 mM NaCl and 15 mM
trisodium citrate at pH 7.0) in the absence or presence of [Zn(erx)2(phen)]�4MeOH,
2�4MeOH. The arrows show the changes upon increasing amounts of complex.
be observed. In the UV region, the intense absorption bands ob-
served in the spectra of Herx and the complexes are attributed to
the intra-ligand p?p* transition of the coordinated groups of
enrofloxacinato ligands.17,18 Any interaction between each com-
plex and CT DNA could perturb the intra-ligand centred spectral
transitions.20,35,36

In the UV spectrum of 1, the band centered at 326 nm exhibits a
hyperchromism (Fig. 5A) accompanied with a blue-shift of 2 nm
(up to 324 nm). The observed hyperchromic effect suggests bind-
ing to CT DNA attributed either to external contact (electrostatic
or groove binding) or to the fact that 1 could uncoil the helix struc-
ture of DNA resulting in a destabilization of the DNA duplex.37
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In the UV spectrum of 2, the band centered at 328 nm exhibits a
significant hypochromism of 30% (Fig. 5B) suggesting tight binding
to CT DNA, maybe by intercalation. A distinct isosbestic point at
�300 nm appears upon addition of CT DNA.

For complex 3, the band centered at 328 nm exhibits a less pro-
nounced hypochromism of �10% upon addition of CT DNA accom-
panied with a red-shift of 4 nm up 332 nm (Fig. 5C) indicative of
DNA-stabilization and tight binding possibly by intercalation.

The results derived from the UV titration experiments suggest
that all complexes can bind tightly to CT DNA. The possibility of
intercalation for 2 and 3 cannot be ruled out and, especially for
2, is enhanced due to the co-existence in the molecule of the inter-
calating agent phenanthroline.20

The intrinsic binding constant Kb can be obtained by monitoring
the changes in the absorbance at the corresponding kmax with
increasing concentrations of CT DNA and is given by the ratio of
slope to the y intercept in plots ½DNA�

ðea�ef Þ
versus [DNA] (insets in

Fig. 4), according to the following equation:33

½DNA�
ðea � ef Þ

¼ ½DNA�
ðeb � ef Þ

þ 1
Kbðeb � efÞ

ð3Þ

where [DNA] is the concentration of DNA in base pairs, ea = Aobsd/
[complex], ef = the extinction coefficient for the free complex and
eb = the extinction coefficient for the complex in the fully bound
form, respectively. The calculated Kb values for Herx and complexes
are cited in Table 2. The Kb values suggest a relatively moderate
binding of Herx and 1–3 to CT DNA. The Kb value obtained for 2
(=8.03(±0.06) � 104 M�1) is much higher than the other com-
pounds. This can be attributed to the co-existence of a phenanthro-
line ligand, which is capable to intercalate to the DNA bases. The Kb

values for Herx, 1 and 3 are of lower magnitude than that of the typ-
ical indicator of intercalation EB, while the Kb of 2 is relatively close
to the EB binding affinity for CT DNA, (Kb = 1.23(±0.07) � 105 M�1),
suggesting that electrostatic and/or intercalative interaction may
affect EB displacement from the EB–DNA complex.38

2.4. Competitive studies with ethidium bromide

The ability of the compounds to displace EB (=3,8-diamino-5-
ethyl-6-phenyl-phenanthridinium bromide) from its EB–DNA
complex can be examined through a competitive EB binding study
with fluorescence experiments.20 EB is a phenanthridine fluores-
cence dye and is a typical indicator of intercalation, forming solu-
ble complexes with nucleic acids and emitting intense fluorescence
in the presence of CT DNA due to the intercalation of the planar
phenanthridinium ring between adjacent base pairs on the double
helix.39 The changes observed in the spectra of EB on its binding to
CT DNA are often used for the interaction study between DNA and
other compounds, such as metal complexes.40

Herx and complexes 1–3 show no fluorescence at room temper-
ature in solution or in the presence of CT DNA, and their binding to
DNA cannot be directly predicted through the emission spectra and
competitive EB binding studies are performed in order to further
investigate the binding of each compound with DNA. EB does not
show any appreciable emission in buffer solution due to fluores-
Table 2
The DNA binding constants (Kb) and the Stern–Volmer constants (KSV) of Herx and
complexes 1–3

Compound Kb (M�1) KSV (M�1)

Herx17 1.69(±0.04) � 103 1.91(±0.07) � 105

[Zn(erx)2(H2O)2], 1 9.32(±0.32) � 102 2.33(±0.09) � 105

[Zn(erx)2(phen)]�4MeOH, 2�4MeOH 8.03(±0.06) � 104 4.31(±0.20) � 105

[Zn(erx)2(bipy)], 3 2.61(±0.20) � 104 5.88(±0.19) � 105
cence quenching of the free EB by the solvent molecules.41 Upon
addition of Herx or complexes 1–3 to a solution containing EB, nei-
ther quenching of free EB fluorescence has been observed nor new
peaks in the spectra appear. EB fluorescence intensity is highly en-
hanced upon addition of CT DNA, due to its strong intercalation be-
tween the adjacent DNA base pairs.41 Addition of a second
molecule, which can bind to DNA more strongly than EB results
in a decrease the DNA-induced EB emission due to the replacement
of EB, and/or electron transfer.42

The emission spectra of EB bound to CT DNA in the absence and
presence of each compound have been recorded for [EB] =
2 � 10�5 M, [DNA] = 2.5 � 10�5 M for increasing amounts of each
compound. The addition of Herx and complexes 1–3 results in a
decrease of the intensity of the emission band at 592 nm of the
DNA–EB system upon addition of each compound at diverse r val-
ues (Fig. 6A) (up to 64% of the initial EB–DNA fluorescence inten-
sity for Herx, 56% for 1, 40% for 2 and 35% for 3) indicating the
competition of the compounds with EB in binding to DNA. The ob-
served quenching of DNA–EB fluorescence especially for complexes
2 and 3 suggests that they displace EB from the DNA–EB complex
and they can interact with CT DNA probably by the intercalative
mode.35,43–45According to linear Stern–Volmer equation:20,46

Io
I
¼ 1þ KSV½Q � ð4Þ

where Io and I are the emission intensities in the absence and the
presence of the quencher, respectively, [Q] is the concentration of
the quencher (Herx or complexes 1–3) and KSV is the Stern–Volmer
constant which can be obtained by the slope of the diagram Io

I vs [Q]
(Fig. 6B) and is often used to evaluate the quenching efficiency for
0 1 2 3 4
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[Compound]x106, (M)

Figure 6. (A) Plot of % EB relative fluorescence intensity at kem = 592 nm (%) versus r
(r = [compound]/[DNA]) for Herx and complexes 1–3 in buffer solution (150 mM
NaCl and 15 mM trisodium citrate at pH 7.0). (B) Stern–Volmer plot for Herx and
complexes 1–3 in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH
7.0).
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pH 7.0).
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each compound. The Stern–Volmer plot illustrates that the quench-
ing of EB bound to DNA by Herx or complex 1–3 is in good agree-
ment (R = 0.99) with (Eq. 4), which proves that the partial
replacement of EB bound to DNA results in a decrease in the fluores-
cence intensity.44,45 The relatively high KSV values (Table 2) of the
complexes show that they can displace EB and bind to the
DNA.17,20,35,36,44

2.5. Binding of serum albumins

Serum albumins are proteins involved in the transport of metal
ions and metal complexes with drugs through the blood stream.
The interaction of Herx and complexes 1–3 with HSA and BSA
has been studied from tryptophan emission-quenching
experiments.

HSA contains 585 amino acid residues with only one tryptophan
located at position 214 along the chain, in subdomain IIA.47 HSA
binds reversibly to a large number of endogenous and exogenous
compounds. HSA solutions when excited at 295 nm show a strong
fluorescence emission with a peak at 351 nm due to the single
tryptophan residue.48 Herx and complexes 1–3 in buffer solutions
exhibit a maximum emission at 410 nm under the same experi-
mental conditions and the SA fluorescence spectra have been cor-
rected before the experimental data processing. The changes in the
emission spectra of tryptophan in HSA are primarily due to
changes in protein conformation, subunit association, substrate
binding or denaturation.49 Addition of Herx or complexes 1–3 to
HSA leads to a decrease of the fluorescence signal at 351 nm with
the simultaneous appearance of an isoemissive point at 379 nm
(Fig. 7A). The quenching provoked by Herx and the complexes
(Fig. 7B) is significant (up to 54% of the initial fluorescence inten-
sity for Herx, 62% for 1, 45% for 2 and 39% for 3) because of possible
changes in protein secondary structure leading to changes in tryp-
tophan environment of HSA.50 These results clearly indicate the
binding of Herx or each complex to HSA, which quenches the
intrinsic fluorescence of the single tryptophan in HSA. The Stern–
Volmer and Scatchard graphs may be used in order to study the
interaction of a quencher in presence of serum albumins. Accord-
ing to Stern–Volmer quenching equation:47

Io
I
¼ 1þ kqt0½Q � ¼ 1þ KSV½Q � ð5Þ

where Io = the initial tryptophan fluorescence intensity of SA, I = the
tryptophan fluorescence intensity of SA after the addition of the
quencher, kq = the quenching rate constants SA, KSV = the dynamic
quenching constant, so = the average lifetime of SA without the
quencher, [Q] = the concentration of the quencher and KSV = kqso.
Taking as fluorescence lifetime (so) of tryptophan in SA at around
10�8 s,51 the dynamic quenching constant (KSV, M�1) can be
obtained by the slope of the diagram Io

I versus [Q] (Fig. S1)), and
subsequently the approximate quenching constant (kq, M�1 s�1)
may be calculated. The calculated values for the interaction of Herx
and complexes 1–3 with HSA are given in Table 3 and indicate good
HSA binding propensity of the complexes. The kq values increase in
the order 1 < Herx < 2 < 3 with complex 3 exhibiting the strongest
protein-binding ability. The kq values (>1012 M�1 s�1) are higher
than diverse kinds of quenchers for biopolymers fluorescence
(2.0 � 1010 M�1 s�1) indicating that a static quenching mechanism
may be operative.52 Using the Scatchard equation:

DI
Io

½Q � ¼ nK � K
DI
Io

ð6Þ

where n is the number of binding sites per albumin and K is the
association binding constant, K (M�1) may be calculated from the
slope in plots

DI
Io
½Q � versus DI

Io (Fig. S2) and n is given by the ratio of y
intercept to the slope.52 It is obvious that Herx (Table 4) exhibits
the highest K value, suggesting that the coordination of Herx to
Zn(II) results in a decreased affinity for HSA. On the other hand,
the n value of Herx increases when it is coordinated to Zn(II) in
complexes 1–3.

BSA is the most extensively studied serum albumin, due to its
structural homology with HSA.47 BSA has two tryptophans, Trp-
134 and Trp-212, embedded in the first subdomain IB and subdo-
main IIA, respectively. BSA solutions exhibit a strong fluorescence
emission with a peak at 343 nm due to the tryptophan residues,
when excited at 295 nm.48 Addition of Herx or complexes 1–3 to
BSA (Fig. 7C) results in a fluorescence quenching (up to 37% of
the initial fluorescence intensity of BSA for Herx, 38% for 1, 29%
for 2 and 39% for 3) due to possible changes in protein secondary



Table 3
The HSA binding constants and parameters derived for Herx and complexes 1–3

Compound KSV (M�1) kq (M�1 s�1) K (M�1) n

Herx 3.56(±0.11) � 104 3.56(±0.11) � 1012 7.63(±0.23) � 104 0.71
[Zn(erx)2(H2O)2], 1 2.27(±0.13) � 104 2.27(±0.13) � 1012 3.73(±0.18) � 104 0.82
[Zn(erx)2(phen)] �4MeOH, 2�4MeOH 5.66(±0.40) � 104 5.66(±0.40) � 1012 3.38(±0.11) � 104 1.29
[Zn(erx)2(bipy)], 3 6.94(±0.33) � 104 6.94(±0.33) � 1012 3.39(±0.20) � 104 1.39

Table 4
The BSA binding constants and parameters derived for Herx and complexes 1–3

Compound KSV (M�1) kq (M�1 s�1) K (M�1) n

Herx 4.48(±0.40) � 104 4.48(±0.40) � 1012 1.82(±0.15) � 104 1.14
[Zn(erx)2(H2O)2], 1 6.98(±0.23) � 104 6.98(±0.23) � 1012 2.78(±0.18) � 104 1.63
[Zn(erx)2(phen)]�4MeOH, 2�4MeOH 6.29(±0.29) � 104 6.29(±0.29) � 1012 2.09(±0.11) � 104 2.20
[Zn(erx)2(bipy)], 3 6.82(±0.26) � 104 6.82(±0.26) � 1012 3.89(±0.22) � 104 1.32

A. Tarushi et al. / Bioorg. Med. Chem. 18 (2010) 2678–2685 2683
structure of BSA indicating the binding of Herx or each complex to
BSA.51 An isoemissive point appears at 380 nm (Fig. S3).

The Stern–Volmer equation applied for the interaction with BSA
(Fig. S4) shows that the curves have fine linear relationships
(r = 0.99) according to Eq. 5. The calculated values of Ksv and kq

for the interaction of Herx and complexes 1–3 with BSA as given
in Table 4 indicate good BSA binding propensity of the complexes.
The kq value of Herx increases upon coordination to Zn(II) with 1
exhibiting the strongest protein-binding ability.

From the Scatchard graph (Fig. S5) and Eq. 6, the association
binding constant of each compound has been calculated (Table 4).
The K value of Herx is relatively high and increases slightly when it
is bound to Zn(II) as found for complexes 1–3 with complex 3
exhibiting the highest K value. The n value of Herx increases
when it is coordinated to Zn(II) either in the absence or in the pres-
ence of the N-donor ligands (Table 4) with 2 exhibiting the highest
value.

Comparing the affinity of the compounds for HSA and BSA, it is
evident that Herx, 1 and 2 show higher affinity for HSA than BSA,
while 3 exhibits similar binding constant for BSA and HSA.

3. Conclusions

The synthesis and characterization of the neutral mononuclear
zinc complexes with the second-generation quinolone antibacte-
rial drug enrofloxacin in the absence or presence of the N,N0-donor
heterocyclic ligands 1,10-phenanthroline or 2,20-bipyridine has
been realized. In these complexes, the enrofloxacinato ligands are
bound to zinc(II) via the ketone oxygen and a carboxylato oxygen.
The crystal structure of the complex Zn(erx)2(phen) has been
determined by X-ray crystallography revealing a distorted octahe-
dral geometry for Zn(II).

The interaction of these complexes with CT DNA has been stud-
ied with UV spectroscopy revealing their ability to bind to DNA. UV
spectroscopic titrations have been used in order to calculate the
binding constant Kb of the complexes with CT DNA. [Zn(erx)2

(phen)] exhibits the highest Kb value among all the compounds
examined, which is comparable to the Kb value of EB.

Competitive binding studies with EB have been performed with
fluorescence spectroscopy, showing that the interaction between
DNA–EB complex and the complexes releases EB from its DNA
complex, indicating that the complexes can bind to DNA probably
via the intercalative mode.

Enrofloxacin and its Zn(II) complexes show good binding affin-
ity to BSA and HSA proteins giving relatively high binding con-
stants. Especially, Herx and complexes 1–2 exhibit higher affinity
for HSA than BSA.
4. Experimental

4.1. Materials—instrumentation—physical measurements

Enrofloxacin, CT DNA, BSA, HSA and EB were purchased from
Sigma, NaCl and all solvents were purchased from Merck, triso-
dium citrate was purchased from Riedel-de Haen and ZnCl2, bipy,
phen and KOH were purchased from Aldrich Co. All the chemicals
and solvents were reagent grade and were used as purchased.

DNA stock solution was prepared by dilution of CT DNA to buffer
(containing 150 mM NaCl and 15 mM trisodium citrate at pH 7.0)
followed by exhaustive stirring at 4 �C for three days, and kept at
4 �C for no longer than a week. The stock solution of CT DNA gave
a ratio of UV absorbance at 260 and 280 nm (A260/A280) of 1.89, indi-
cating that the DNA was sufficiently free of protein contamina-
tion.53 The DNA concentration was determined by the UV
absorbance at 260 nm after 1:20 dilution using e =
6600 M�1 cm�1.54

Infrared (IR) spectra (400–4000 cm�1) were recorded on a Nico-
let FT-IR 6700 spectrometer with samples prepared as KBr pellets.
UV–vis (UV–vis) spectra were recorded as nujol mulls and in solu-
tion at concentrations in the range 10�5–10�3 M on a Hitachi U-
2001 dual beam spectrophotometer. C, H and N elemental analysis
were performed on a Perkin–Elmer 240B elemental analyzer.
Molecular conductivity measurements were carried out with a Cri-
son Basic 30 conductometer. Fluorescence spectra were recorded
in solution on a Hitachi F-7000 fluorescence spectrophotometer.

4.2. Synthesis of the complexes

4.2.1. [Zn(erx)2(H2O)2], 1
Complex 1 was prepared by the addition of a methanolic solu-

tion (15 mL) of enrofloxacin (0.4 mmol, 144 mg), deprotonated
with KOH (0.4 mmol, 22 mg), to a methanolic solution (10 mL) of
ZnCl2 (0.2 mmol, 28 mg). The reaction mixture was refluxed for
1 h. The solution was filtered and left for slow evaporation. After
a few days a pale yellow microcrystalline solid was deposited
and collected with filtration. Yield: 115 mg, 65%. Anal. Calcd for
[Zn(erx)2(H2O)2] (C38H46F2N6O8Zn) (MW = 818.20): C, 55.78; H,
5.67; N, 10.27. Found: C, 55.41; H, 5.83; N, 10.13. IR: mmax/cm�1

m(C@O)ket 1629(vs); masym(CO2): 1581(vs); msym(CO2): 1380(vs);
D = masym(CO2) � msym(CO2): 201 cm�1 (KBr pellet); The complex
is soluble in DMSO and DMF and is non-electrolyte.

4.2.2. [Zn(erx)2(phen)]�4MeOH, 2�4MeOH
A methanolic solution (15 mL) of enrofloxacin (0.4 mmol,

144 mg), deprotonated with KOH (0.4 mmol, 22 mg), and a metha-



Table 5
Crystallographic data for complex 2�4MeOH

2�4MeOH

Formula C54H66F2N8O10Zn
Fw 1090.52
T (K) 298
Crystal system Monoclinic
Space group C2c
a 15.714(9)
b 33.227(9)
c 10.608(2)
a 90.00
b 99.853(9)
c 90.00
Volume 5457(4)
Z 4
D(calc) (Mg/m3) 1.327
Abs. coef., l (mm�1) 0.521
F(0 0 0) 2296
h range 2.24–25.00
GOF on F2 1.040
R1 0.0626a

wR2 0.1653a

a 3118 Reflections with I > 2r(I).
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nolic solution of phen (0.2 mmol, 36 mg) were added simulta-
neously and slowly to a methanolic solution (10 mL) of ZnCl2

(0.2 mmol, 28 mg). The resulting reaction mixture was stirred for
2 h, reduced in volume and left for slow evaporation. Pale yellow
crystals of [Zn(erx)2(phen)]�4MeOH, 2�4MeOH, suitable for X-ray
structure determination were deposited over two days. Yield:
135 mg, 65%. Anal. Calcd for [Zn(erx)2(phen)]�4MeOH
(C54H66F2N8O10Zn) (MW = 1090.54): C, 59.47; H, 6.10; N, 10.27.
Found: C, 59.75; H, 5.95; N, 10.22. IR: mmax/cm�1 m(C@O)ket

1637(vs); masym(CO2): 1616(vs); msym(CO2): 1376(vs); D = masym(-
CO2) � msym(CO2): 240 cm�1 (KBr pellet); The complex is soluble
in dmso and dmf, partially in H2O and ethanol and is non-
electrolyte.

4.2.3. [Zn(erx)2(bipy)], 3
Complex 3 was prepared in a similar way. Bipy (0.2 mmol,

31 mg) was used instead. Pale yellow crystalline product of
[Zn(erx)2(bipy)], 3, was deposited over eight days. Yield: 130 mg,
70%. Anal. Calcd for [Zn(erx)2(bipy)] (C48H50F2N8O6Zn)
(MW = 938.35): C, 61.44; H, 5.37; N, 11.94. Found: C, 61.30; H,
5.29; N, 11.59. IR: mmax/cm�1 m(C@O)ket 1636(vs); masym(CO2):
1612(vs); msym(CO2): 1375(vs); D = masym(CO2) � msym(CO2):
237 cm�1 (KBr pellet); The complex is soluble in dmf and dmso,
partially in H2O and ethanol and is non-electrolyte.

4.3. DNA binding studies

The interaction of complexes 1–3 with CT DNA has been studied
with UV spectroscopy in order to investigate the possible binding
modes to CT DNA and to calculate the binding constants to CT
DNA (Kb). In UV titration experiments, the spectra of CT DNA in
the presence of each complex have been recorded for a constant
CT DNA concentration in diverse [complex]/[CT DNA] mixing ratios
(r).

The competitive studies of each compound with EB have been
investigated with fluorescence spectroscopy in order to examine
whether the compound is able to displace EB from its CT DNA–
EB complex. The CT DNA–EB complex was prepared by adding
20 lM EB and 26 lM CT DNA in buffer (150 mM NaCl and
15 mM trisodium citrate at pH 7.0). The intercalating effect of com-
plexes 1–3 with the DNA–EB complex was studied by adding a cer-
tain amount of a solution of the compound step by step into the
solution of the DNA–EB complex. The influence of the addition of
each compound to the DNA–EB complex solution has been ob-
tained by recording the variation of fluorescence emission spectra.
The influence of the addition of each compound to the DNA–EB
complex solution has been obtained by recording the variation of
fluorescence emission spectra.

4.4. Serum albumin (SA) binding studies

The protein binding study was performed by tryptophan fluo-
rescence quenching experiments using human (HSA, 3 lM) or bo-
vine (BSA, 3 lM) serum albumin in buffer (containing 15 mM
trisodium citrate and 150 mM NaCl at pH 7.0). The quenching of
the emission intensity of tryptophan residues of HSA at 351 nm
or BSA at 343 nm was monitored using Herx or complexes 1–3
as quenchers with increasing concentration.47,48 Fluorescence
spectra were recorded from 300 to 500 nm at an excitation wave-
length of 296 nm. The fluorescence spectra of Herx and complexes
1–3 in buffer solutions were recorded under the same experimen-
tal conditions and exhibited a maximum emission at 410 nm.
Therefore, the quantitative studies of the serum albumin fluores-
cence spectra were performed after their correction by subtracting
the spectra of the compounds.
4.5. X-ray crystal structure determination

Slow crystallization from methanol yielded colorless prismatic
crystals of 2�4MeOH. A crystal with approximate dimensions
0.15 � 0.15 � 0.75 mm was mounted in capillary. Diffraction mea-
surements were made on a Crystal Logic Dual Goniometer diffrac-
tometer using graphite monochromated Mo radiation. Unit cell
dimensions were determined and refined by using the angular set-
tings of 25 automatically centered reflections in the range
11 < 2h < 23� and they appear in Table 5. Intensity data were re-
corded using a h � 2h scan. Three standard reflections monitored
every 97 reflections showed less than 3% variation and no decay.
Lorentz, polarization corrections were applied using Crystal Logic
software. The crystals of 3 were very small in size, showed poor
diffraction ability and very weak intensities only at lower theta
values. Repeating efforts to improve the quality and size of the
crystals proved unsuccessful, thus only the gross structure was
established. A colorless crystal of 3 (0.07 � 0.09 � 0.26 mm) was
taken directly from the mother liquor and immediately cooled to
�93 �C. Diffraction measurements were made on a Rigaku R-AXIS
SPIDER Image Plate diffractometer using graphite monochromated
Cu Ka (Mo Ka) radiation. Data collection (x-scans) and processing
(cell refinement, data reduction and Empirical absorption correc-
tion) were performed using the CRYSTALCLEAR program package.55

The structures were solved by direct methods using56
SHELXS-97

and refined by full-matrix least-squares techniques on F2 with
SHELXL-97.57 Further experimental crystallographic details for
2�4MeOH: 2hmax = 50�; reflections collected/unique/used, 5093/
4817 [Rint = 0.0161]/4817; 442 parameters refined; (D/
r)max = 0.000; (Dq)max/(Dq)min = 0.468/�0.239 e/Å3; R1/wR2 (for
all data), 0.1077/0.1946. All hydrogen atoms were located by dif-
ference maps and were refined isotropically, except those on C18
which were introduced at calculated positions as riding on bonded
atoms. All non-hydrogen atoms were refined anisotropically. Fur-
ther experimental crystallographic details for 3�0.5MeOH�3H2O:
C48.5H58F2N8O9.5Zn, fw = 1008.40, a = 15.3734(9), b = 32.736(2),
c = 10.5630(6) Å, b = 99.507(1)�, V = 5243.0(5) Å3, Z = 4, space
group C2/c, 2hmax = 48�; reflections collected/unique/used,
17542/4069 [Rint = 0.0709]/4069; 325 parameters refined;
(Dr)max = 0.003; (Dq)max/(Dq)min = 1.092/�0.562 e/Å3; R/Rw

(3234 reflections with I > 2r(I)), 0.0948/0.2678; R/Rw (for all data),
0.1096/0.2813. All hydrogen atoms were introduced at calculated



A. Tarushi et al. / Bioorg. Med. Chem. 18 (2010) 2678–2685 2685
positions as riding on bonded atoms; all non-H atoms were refined
anisotropically.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmc.2010.02.021.
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