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Article history: Four novel DNA metalloinsertors having imino-oxalato mixed-ligands, of the composition [ML(0x)]Cl, (where
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- ! were synthesized. They were fully characterized by microanalytical data, magnetic susceptibility values, molar
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conductivity measurements, UV-vis, IR, "H NMR, '*C NMR and EPR techniques. Their geometry was explored
and found to have square-planar geometry. Electronic absorption spectroscopy, cyclic voltammetry and viscosity
measurements indicate that these mixed-ligand complexes strongly bind to calf thymus DNA, presumably via an
intercalation mechanism. Further, DNA cleavage efficacy of these complexes was investigated by gel electropho-
resis. The complexes were found to promote the cleavage of pBR322 DNA in the presence of the reluctant, ascor-
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pBR322 DNA bic acid. The ligand (L) and the mixed-ligand complexes were tested for their efficiency towards antimicrobial
MIC data activity and their MIC data reveal that all the complexes have strong activity in comparison to the free ligand
and standard drugs, ciprofloxacin and fluconazole.
© 2013 Elsevier B.V. All rights reserved.
Contents

Acknowledgments . . . . . . . .. ... ..
Supplementary material . . . . . . ... ... ... ..

Appendix A.
References

There is an increasing prominence and evergreen budding curiosity
in the field of metal-containing drugs, and medicinal inorganic chemis-
try covering wide applications of metals in therapeutics and diagnostics
[1]. A major advantage of these metal-based over organic-based drugs is
their ability to vary coordination number, geometry and redox states.
Metals can also alter the pharmacological properties of organic based
drugs by forming coordination compounds with them [2]. In topical
years, the metal complexes with chelating ligands bearing O, N type
donor atoms of alternative organic structures have attracted the chem-
ists owing to their interesting medicinal applications [3]. Their mixed-
ligand metal complexes are of special interest because of their variance
in ways in which they are bonded to metal ions [4]. Further, it is also
known that Schiff bases belong to a class of organic compounds
possessing anti-cancer potential as their activity can be increased
when they complex with metal ions [5,6].
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The interaction of metal complexes containing N, type Schiff base li-
gands has been thoroughly considered [7-9]. DNA binding is the critical
step for DNA activity. To design effective chemotherapeutic agents and
better anticancer drugs, it is essential to explore the interaction of metal
complexes with DNA. In recent years, attention has been devoted to the
mixed ligand complexes of transition metals containing nitrogen donors
[10-12] with potential applications as herbicidal [12-14], antibacterial
[15-17], antitumor [18,19], antiviral [20] and antifungal [21] agents.

Accordingly we intend to report herein, the synthesis of metal
complexes with nitrogen donor Schiff bases (p-substituted aldehyde
and o-phenylenediamine) as primary ligand and oxalic acid as co-
ligand. Besides the characterization of complexes was carried out by
physicochemical techniques like IR, UV-vis, NMR, EPR, elemental anal-
yses, magnetic susceptibility, conductance measurements and the role
of functional groups on the binding mode was evaluated (Scheme 1).

The Schiff base ligand and its mixed ligand complexes were pre-
pared by a typical procedure [22-28]. The materials and methods for
the newly synthesized mixed-ligand complexes and their characteriza-
tion were depicted as S1 and S2 (Supplementary files). We acquired the


http://crossmark.crossref.org/dialog/?doi=10.1016/j.inoche.2013.08.001&domain=f
http://dx.doi.org/10.1016/j.inoche.2013.08.001
mailto:drn_raman@yahoo.co.in
http://dx.doi.org/10.1016/j.inoche.2013.08.001
http://www.sciencedirect.com/science/journal/13877003

46 N. Pravin, N. Raman / Inorganic Chemistry Communications 36 (2013) 45-50

probable composition of complexes as [ML(0x)]|Cl, (where M =
Cu(lII), Co(II), Ni(1I) and Zn(II); ox = C,03~ and L = N,N’-bis(4-
chlorobenzylidene)benzene-1,2-diamine) which were confirmed
through elemental analyses, magnetic susceptibility, NMR, UV, IR, EPR
spectra and molar conductivity measurements since no single crystals
suitable for X-ray determination could be isolated.

The representative absorption spectra of Cu(Il) complex in presence
and absence of CT-DNA are shown in Fig. 1. The absorption spectra of
other complexes are given in supplementary file (Fig. S1 to S3). The
binding mode of complexes to CT-DNA helix has been followed through
absorption spectral titrations. With increasing concentration of CT-DNA
the absorption bands of the complexes were affected resulting in the
tendency of hypochromism and a minor red shift was observed in all
the complexes. Hyperchromic effect and hypochromic effect are the spec-
tral features of DNA concerning its double helix structure. Hypochromism
results from the contraction of DNA in the helix axis as well as from the
change in conformation on DNA while hyperchromism results from the

damage of the DNA double helix structure [29]. The absorption spectra
of Cu(lI), Co(II), Ni(Il) and Zn(Il) complexes exhibited intensive absorp-
tion bands at 376.2, 343.0, 310.8 and 399.8 nm respectively in 5 mM
Tris-HCl and 50 mM Nacl buffer solution (pH 7.2). On increasing the con-
centration of CT DNA resulted in the red shift in the range 3.1, 2.2, 1.9 and
1.3 nm and significant hypochromicity lying in the range 41.3%, 29.1%,
32.5% and 24.1%. The K}, values are shown in Table 1. The intrinsic binding
constant values (Kp) for the complexes Cu(Il), Co(II), Ni(I) and Zn(II) are
found to be 3.1 + 0.05 x 10°, 2.2 + 0.08 x 10°, 1.9 + 0.04 x 10° and
1.3 + 0.12 x 10° M~ ! respectively. These spectral characteristics may
suggest an intercalative mode of binding which involves a stacking inter-
action between the aromatic chromophore and the DNA base pairs. The
binding constant (K},) values of these complexes are lower in comparison
to those observed for typical intercalators, ethidium bromide and
[Ru(bpy),(dppz)[?* whose binding constants are in the order of
1.4 x 10%and >10° M~ [30,31]. The results suggest that the interaction
of four metal complexes with DNA is a moderate intercalative mode.
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Scheme 1. The schematic representation for the synthesis and structure of Schiff base (L) and its mixed-ligand metal complexes.
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Fig. 1. Absorption spectral changes on addition of CT DNA to the solution of [CuL(0x)]Cl, in
buffer pH = 7.2 at 25 °Cin the presence of increasing amount of DNA. Arrow indicates the
changes in absorbance upon increasing the DNA concentration.

The cyclic voltammograms of the copper complex in the absence and
presence of different amounts of DNA are shown in Fig. 2. In the absence
of CT DNA, the first redox cathodic peak appeared at —0.156 V for
Cu(Ill) — Cu(ll) (Ep, = 0426V, Ep. = —0.156 V, AEp = 0452V,
and E;; = 0.134 V). In the second redox couple, the cathodic peak
appeared at —0.408 V for Cu(ll) — Cu(l) (Ep, = 0.154V, Ep. =
—0.408 V, AEp = 0.507 V, and E,; = —0.149 V) and in the third
redox couple, the cathodic peak appeared at —0.836 V for
Cu(I) — Cu(0) (Ep, = 0.008 V, Ep. = —0.836 V, AEp = 0.554 V, and
Ei2 = —0.335 V). The Ip,/Ip, ratios for these three redox couples are
1.3, 1.4, and 1.1, respectively, which indicate that reaction of the complex
on the glassy carbon electrode surface is a quasi-reversible redox process.
During the incremental addition of CT DNA to the complex, the redox
couples caused a positive shift in E;, and decrease of AEp (Table 2).
The Ip./Ip. values were also decreased in the presence of DNA.

The cyclic voltammogram of [NiL(0x)]Cl, in the absence of CT-
DNA featured two anodic peaks (Ep, = 0.007 V, Ep,, = 0.272 V)
and two cathodic peaks (Ep.; = 0.411V, Ep., = —0.178 V). The
oxidation of peak Ep,; referred to Ni(I)/Ni(Il), and the reduction of
Ni(II) occurred at —0.411 V upon reversing the scan direction. The an-
odic and cathodic peak potentials were separated by 0.421 V, and the
ratio of the anodic to cathodic peak currents, Ip,/Ip. = 1.35, indicating
a quasi-reversible redox process. The oxidation of peak Ep, referred to
Ni(II)/Ni(III), and reduction of Ni(Il) occurred at —0.178 V upon revers-
ing the scan direction. The anodic and cathodic peak potentials were
separated by 0.453 V, and the ratio of the anodic to cathodic peak cur-
rents, Ip./Ip. = 1.08, indicating a quasi-reversible redox process. The
formal potentials E; , taken as the average of Ep, and Ep,, are —0.202
and 0.094 V. For Co(lll) — Co(ll), the redox couple cathodic peak
appeared at 0.105 in the absence of CT-DNA (Ep, = 0365V, Ep, =
0.123 V, AEp = 0.242 V, and E;, = —0.239 V). It was noted that the
ratio Ip,/Ip. was approximately unity. This indicates that the reaction
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Fig. 2. Cyclic voltammogram of [CuL(ox)]Cl, in the presence of increasing amount of DNA
in buffer pH = 7.2 at 25 °C. Arrow indicates the changes in voltammetric currents upon
increasing the DNA concentration.

of the complex on the glassy carbon electrode surface is a quasi-
reversible redox process. The incremental addition of CT-DNA to the
complex caused a positive shift in the formal potential (E; »), indicating
that [CoL(0x)]Cl, has bonded favorably with DNA via intercalation.

A quasi-reversible transfer process with the redox couple
[Zn(Il) — Zn(0)] was observed for the Zn(Il) complex. The cathodic
peak appeared at —0.532 V in the absence of DNA (Ep, = —0.065 V,
Ep. = —0.532V, AEp = 0504 V, and E;, = —0.158 V). The Ip,/Ip.
ratio is 0.93. This indicates the quasi-reversible redox process of the
metal complex. Incremental addition of DNA to the Zn(II) complex
resulted in a slight decrease in the current intensity and negative shift
of the oxidation peak potential. The resulting minor changes in the cur-
rent and potential are indicative of diffusion of the metal complexes
bound to the large, slowly diffusing DNA molecule [32]. Electrochemical
data for the Cu(Il), Co(Il), Ni(Il), and Zn(Il) complexes are shown in
Table 2.

Further clarification of the interaction mode between the copper
complex and DNA has been carried out by viscosity measurements. Hy-
drodynamic measurements that are sensitive to length change (i.e. vis-
cosity and sedimentation) are regarded as the least ambiguous and the
most critical tests of the binding mode in solution in the absence of crys-
tallographic structural data [33]. The electrostatic binding mode has no
obvious effect on the viscosity of DNA, while, a classical intercalation
mode will result in lengthening the DNA helix as the base pairs are sep-
arated to accommodate the bound intercalators, leading to the increase
of DNA viscosity [34]. The effect of the copper(Il) complex on the rela-
tive viscosity of DNA is shown in Fig. 3. The plots of (n/n°)* versus
[Complex] / [DNA] = R give a measure of the viscosity changes
(Fig. 3). For comparison, the free ligand on the relative viscosity of
DNA was also investigated. It was found that the free ligand was not

Table 2
Electrochemical parameters for the interaction of DNA with Cu(II), Co(II), Ni(II) and Zn(II)
complexes.

Table 1 Complex Redox couple E1p(V)? AEp(V)° Ipa/Ipc
Electronic absorption spectral properties of Cu(1I), Co(Il), Ni(II) and Zn(II) complexes. Free Bound Free Bound
Complex Nmax AN H%? Kp x 10° (M~ 1)P [Cul(ox)]Cl,  Cu(Ill) — Cu(II) 0.134 0.126 0452 0434 1.32
Free Bound (nm) Cu(Il) — Cu(l) —0.149 —0.121 0491 0.507 141
Cu(I) — Cu(0) —0335 —0336 0554 0551 1.12
[CuL(ox)]Cl, 376.2 377.8 16 413 3.1 4+ 0.05 [NiL(ox)]Cl,  Ni(Ill) — Ni(II) 0.096 0.075 0453 0.466 1.08
[CoL(0x)]Cl, 3430 345.5 25 29.1 2.2 4+ 0.08 Ni(Il) — Ni(I) —0.206 —0.189 0421 0405 1.35
[NiL(ox)]Cl, 310.8 313.1 23 325 1.9 + 0.04 [CoL(ox)]Cl,  Co(Il) — Co(l)  —0.239 0254 0241 0242 1.16
[ZnL(ox)]Cl, 351.5 3534 19 241 13 £ 0.12 [ZnL(ox)]Cl,  Zn(II) — Zn(0) —0.158 0176 0504 0527 0.93
? H% = [(Afree — Abound) / Afree] x 100%. ¢ Data from cyclic voltammetric measurements; E; , is calculated as average of anodic

b K, = Intrinsic DNA binding constant determined from the UV-vis absorption spectral
titration.

(Epa) and (Ep.) peak potential E;», = Ep, + Ep./ 2.
" AEp = Ep, — Epe.
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Fig. 3. Effect of increasing amounts of [CuL(ox)]CL, (m), [CoL(0x)]|CL (¢ ), [NiL(0x)]CL, (A ),
[ZnL(ox)]Cl, (@) on the viscosity of DNA and [EB] ().

an obvious influence on the relative viscosity of DNA, suggesting the ab-
sence of intercalation of between the two species. However, when the
copper(Il) complex was added, the relative viscosity of DNA increased
gradually, which is typical characteristic of intercalation. The classical
intercalators like ethidium bromide are known to increase the base
pair separation resulting in an increase in the relative viscosity of the
DNA. This effect of the metal(Il) complexes is far less than that observed
for an intercalator such as EB indicating that there exists a moderate
intercalative interaction between the complexes and CT DNA. These re-
sults also suggest that the coordination geometry has great impact on
the binding mode of the small molecules with DNA. Compared with
the free ligand, the copper complex has a larger rigid planar structure,
which is more favorable for intercalation into DNA. Meanwhile, the neg-
ative charge of the free ligand is neutralized by coordinating with Cu(II)
ion, reducing the electrostatic repulse of the molecule to DNA.

The presence of bioactive ligand and DNA binder in the metal(II)
complexes is essential for observing efficient DNA cleavage activity. All
the complexes are found to exhibit nuclease activity. Fig. 4 shows the re-
sult of gel electrophoretic separations of pPBR322 DNA induced by an ad-
dition of metal(Il) complexes in the presence of AH, (ascorbic acid).
Under the same conditions, free AH, produces no cleavage of pBR322
DNA. During electrophoresis, while scission occurs on one strand
(nicking), the supercoiled form relaxes to generate nicked form (Form
1) [35]. When cleavage occurs on both the strands, a linear form
(Form III) is generated which migrates between Forms I and II [36,37].
For this case, all supercoiled (Form I) DNAs are cleaved to form the mix-
ture of Form II with the addition of the complexes. Since the nuclease

<+—— Form II

<+—— Form I

Fig. 4. Gel electrophoresis diagram showing the cleavage of pBR322 DNA (10 pM) by
the Cu(II), Ni(II), Co(II) and Zn(II) complexes in a buffer containing 50 mM Tris-HCl
and 50 mM NaCl in the presence of ascorbic acid (AH,, 10 pM) and DMSO (4 pL) at
37 °C. Lane 1, DNA control; lane 2, DNA + ligand + AH, + DMSO (4 pL); lane 3,
DNA + AH, + [CuL(ox)|Cl, + DMSO (4 uL); lane 4, DNA + AH, + [NiL(ox)]
Cl, + DMSO (4 pL); lane 5, DNA + AH, + [CoL(ox)]Cl, + DMSO (4 pL); lane 6,
DNA + AH; + [ZnL(0x)]Cl, + DMSO (4 pL).

efficiency of complexes is usually dependent on activators [38], the
cleavage activity is significantly enhanced by the activator ascorbic
acid. These phenomena imply that Cu(II), Co(II), Ni(Il) and Zn(Il) com-
plexes induce intensively the cleavage of circular pBR322 DNA in the
presence of AH, (Fig. 4). In order to clarify the cleavage mechanism of
pBR322 DNA introduced by metal(Il) complexes, the investigation has
been carried out further on adding DMSO (hydroxyl radical scavenger).
It reveals that Cu(ll) and Zn(Il) complexes promote the cleavage of
pBR322 DNA more efficiently than Co(Il) and Ni(Il) complexes.

The synthesized ligand and its complexes have been tested for their
in vitro antimicrobial activity. They were tested against the bacteria
Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, Bacillus
subtilis, and Salmonella typhi by paper disc method. The antibacterial
activity of the newly synthesized compounds is presented in Table 3.
The results indicate that the ligand exhibits moderate antibacterial
activity with respect to the complexes against the same microorganisms
under identical experimental conditions. Further, the antibacterial
action of Schiff base ligand may be significantly enhanced on the pres-
ence of azomethine groups which have chelating properties. These
properties may be used in metal transport across the bacterial mem-
branes or to attach to the bacterial cells at a specific site from which it
can interfere with their growth. Ligand exhibited MIC in the range of
(16.7-15.4 pg/mL) against all the pathogens. The copper complex
showed better antibacterial activity (MIC, 1.7-2.8 pg/mL) against the
tested microorganisms than the other complexes which have MIC
values in the range 3.1-4.7 pg/mL. It may be attributed to the atomic ra-
dius and the electronegativity of Cu(Il) ion. Current studies reveal that
the high atomic radius and electronegative metal ions in their metal
complexes exhibit high antimicrobial activity. Higher electronegativity
and large atomic radius decrease the effective positive charges on the
metal complex molecules which facilitates their interaction with the
highly sensitive cellular membranes towards the charged particle [39].

The Schiff base and its metal complexes were screened for their an-
tifungal activity against Aspergillus niger, Fusarium solani, Curvularia
lunata, Rhizoctonia bataticola and Candida albicans. The minimum inhib-
itory concentration (MIC) values of the investigated compounds are
summarized in Table 4. A comparative study of MIC values of ligand
(11.6-15.8 ug/mL) and its complexes (2.0-6.7 pg/mL) against all the
fungi indicates that the metal complexes exhibit higher antifungal activ-
ity than the ligand. Such increased activity on metal chelation can be
explained on the basis of Tweedy's chelation theory [40]. Chelation re-
duces the polarity of the metal ion considerably because of the partial
sharing of its positive charge with the donor groups and also due to m-
electron delocalization on the whole chelating ring. The lipids and poly-
saccharides are some important constituents of the cell wall and mem-
branes which are preferred for metal ion interaction. Apart from this,
the cell wall also contains many phosphates, carbonyl and cystenyl
ligands which maintain the integrity of the membrane by acting as a
diffusion barrier and also provide suitable sites for binding. Further-
more, increased lipophilicity enhances the penetration of the complexes
into lipid membrane and blocking of the metal binding sites in the en-
zymes of microorganisms. These complexes also disturb the respiration
process of the cell and thus block the synthesis of the proteins which

Table 3

The in vitro antibacterial activity of Schiff base and its metal complexes (MIC in ug/mL).
Complex S. aureus P. aeruginosa E. coli B. subtilis S. typhi
[L] 16.7 15.4 16.3 15.7 14.6
[CuL(0x)]Cl, 1.7 24 23 2.6 2.8
[NiL(ox)]Cl, 32 3.6 29 31 34
[CoL(0x)]Cl, 37 33 39 42 46
[ZnL(0x)]Cl, 35 46 34 3.8 47
Ciprofloxacin® 1.7 19 2.0 1.8 24
DMF - - - - -

¢ Ciprofloxacin is used as the standard. MIC (ug/mL) minimum inhibitory concentration,
i.e. the lowest concentration to completely inhibit the bacterial growth.
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Table 4

The in vitro antifungal activity of Schiff base and its metal complexes MIC in ug/mL.
Complex A. niger F. solani C. lunata R. bataicola C. albicans
[L] 12.7 134 15.2 11.6 15.8
[CuL(ox)]Cl, 2.0 2.1 28 34 46
[NiL(0x)]Cl 43 36 47 45 54
[CoL(ox)ICl, 5.1 49 58 6.4 6.7
[ZnL(ox)|Cl, 5.4 63 66 62 6.5
Fluconazol® 1.0 13 12 1.1 1.6

DMF - - - - -

¢ Fluconazol is used as the standard. MIC (ug/mL) minimum inhibitory concentration,
i.e., the lowest concentration to completely inhibit the fungal growth.

restricts further growth of the organism. The data obtained from the
results of antibacterial and antifungal studies reveal that all the com-
plexes exhibit more biological activity against one or more bacterial
and/or fungal strains as compared to the parent ligand, hence showing
better results of bioactivities rather than their uncomplexed parent li-
gand [41].

In summary, the present work focuses on the synthesis and charac-
terization of four tetradentate mixed ligand metal complexes and their
interactions with DNA. Conductivity measurements show that all com-
plexes have electrolytic nature (1:1 type) and contain two Cl anions
out of the coordination sphere. Each metal has four-coordination and
hence, the geometry can be described as square-planar. The cyclic
voltammograms of the complexes recorded in DMF reveal quasi-
reversible waves attributed to redox couples, characteristic for each
metal complex. The DNA binding studies of the complexes using bio-
physical and spectroscopic techniques reveal that Cu(Il) complex ex-
hibits highest propensity for DNA binding and DNA binding mode is
essentially non-covalent via intercalation. Meanwhile, the nature of the
central metal ions also affects the intercalative ability order which is
Cu(Il) > Ni(Il) > Co(Il) > Zn(II). These results indicate that DNA might
also serve as the primary target of these compounds; in addition, they
should have many potential practical applications, just like the promising
therapeutic drug candidates. Efforts are on to prepare compounds with
this type of functionality and also to screen the compounds against few
plant pathogenic fungal strains for their broad spectrum of activities.
Based on the specific intercalation with DNA, efficient chemical nuclease
activity is also observed for the complexes under physiological reaction
conditions via oxidation damage pathway involving formation of active
oxygen in the presence of the reducing agent (ascorbic acid). The re-
search has led to the discovery of a series of compounds for further phar-
macological investigation.
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