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Dipeptide (Pro-Gly and Pro-Leu) Zinc(II) complexes 1 and 2 were designed and synthesized for potential
use as cancer chemotherapeutic agents. In order to augment the DNA recognition of metallonuclease
activity, zinc metal ion was tethered to peptide motif to carry out DNA site specific hydrolytic cleavage.
The structural formulation of the complexes 1 and 2 was done by elemental analysis, spectroscopic meth-
ods (IR, NMR, electronic) and molar conductance measurements. Their in vitro DNA binding profile was
investigated by UV–vis titrations, fluorescence titrations and circular dichroism which revealed that
these complexes bind to CT DNA by electrostatic interactions via groove binding mode. Zn(II) Pro-Gly
complex 1 showed greater binding affinity to CT DNA as compared to the Zn(II) Pro-Leu complex 2
due to steric constraints in the latter. The supercoiled pBR322 DNA cleavage activity of complex 1, ascer-
tained by gel electrophoresis demonstrated efficient DNA cleaving ability via hydrolytic mechanistic
pathway. Further, the molecular docking studies confirmed that complex 1 bind to the minor groove
of DNA having AT-rich sequences with relative binding energy of �196.72 kJ mol�1.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The design of small chemical entities that bind to DNA have
attracted much interest towards the development of artificial nuc-
leases [1], antitumor drugs [2] and sensitive chemical probes for
mapping nucleic acid structures [3]. Protein and peptide-based
artificial nuclease agents are specifically capable of recognizing
double-stranded DNA in a manner similar to transcription factors
and recognition enzymes [4]. Peptides play important roles as
hormones, enzyme inhibitors, neurotransmitters and immuno-
modulators in living systems and therefore, are expected to play
significant role in the treatment of many diseases viz., cancer, AIDS,
Alzheimer’s disease, malaria and as antimicrobials. Recently, it has
been reported that some peptide derivatives show antitumor
activity with little toxicity against non-malignant cells either by
triggering apoptosis [5] or by forming ion channels/pores [6].
Furthermore, some peptides were found to be cytotoxic against
MDR cancer cells [7,8]. Metal–peptide conjugate chemistry offers
novel design for the development of artificial nucleases as metal
ions can be tuned to cleave DNA in a site selective manner while
the peptide have potential to control specific gene expression
and is capable to permeate biomembrane easily and transport
biologically active component of drugs in vitro and in vivo, thereby
possessing good biological/pharmacological activity [9]. Earlier
studies have shown that tethering of small peptides to a metal
complex exhibit specific DNA binding capability which was gov-
erned by the appended peptide [10].

In lieu of above and in continuation of our previous work [11],
we report herein the synthesis and characterization of dipeptide
(Pro-Gly/Pro-Leu) Zn(II) complexes and their in vitro DNA binding
studies. The complex 1 has been developed as hydrolytic pBR322
DNA cleaving agent. Zinc is an ideal metal ion to be explored as a
hydrolytic catalyst owing to its unique chemistry (i) non-redox,
(ii) high Lewis acidity (exchange ligands very rapidly) and (iii)
plays an important role in phosphodiester cleavage [12].
2. Materials and methods

2.1. Materials

All reagents were of best commercial grade and were used
without further purification. L-proline, L-leucine, glycine, HOBT
(SRL), EDCI, ascorbic acid, zinc nitrate hexahydrate, (Merck),
H2O2, 3-mercaptopropionic acid, glutathione, methyl green, DAPI,
tertiary butyl alcohol, sodium azide, superoxide dismutase
(Sigma), 6X loading dye (Fermentas Life Science) and Supercoiled
plasmid pBR322 DNA (Genei) were utilized as received. CT DNA
was purchased from Sigma Chemical Co. and were stored at 4 �C.
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2.2. Characterization

The energy minimized 3-dimensional molecular structures of
complexes 1 and 2 are represented in Fig. 1. Infrared spectra were
recorded on Interspec 2020 FTIR spectrometer in KBr pellets from
400 to 4000 cm�1. The elemental analyses were performed on Car-
lo Erba analyzer model 1106. The NMR spectra were obtained on a
Bruker DRX-400 spectrometer operating at room temperature.
Electrospray mass spectra were recorded on Micromass Quattro
II triple quadrupol mass spectrometer. XRD were recorded on Rik-
agu mini Flex II Instrument. Electronic spectra were recorded on a
UV-1700 PharmaSpec UV-vis Spectrophotometer. Fluorescence
measurements were made on Hitachi F-2500 fluorescence spectro-
photometer. Molar conductance was measured at room tempera-
ture on Eutech con 510 electronic conductivity bridge. CD spectra
were recorded on Applied Photophysics Chirascan Circular Dichro-
ism Spectrometer with Stop Flow. While measuring the absorption
spectra an equal amount of DNA was added to both the compound
solution and the reference solution to eliminate the absorbance of
the CT DNA itself, and the CD contribution by the CT DNA and Tris
buffer was subtracted through base line correction.
2.3. DNA binding and cleavage experiments

DNA binding experiments which include absorption spectral
traces, emission spectroscopy and circular dichroism conformed
to the standard methods and practices previously adopted
[13–16]. DNA cleavage experiment has been performed by the
standard protocol [17,18].
2.4. Molecular docking studies

The rigid molecular docking studies were performed by using
HEX 6.3 software, [19] is an interactive molecular graphics
program to understand the drug–DNA interactions. The Structure
of the complex was sketched by CHEMSKETCH (http://www.acdl-
abs.com) and converted to pdb format from mol format by OPENB-
ABEL (http://www.vcclab.org/lab/babel/). The crystal structure of
the B-DNA dodecamer d(CGCGAATTCGCG)2 (PDB ID: 1BNA) was
downloaded from the protein data bank (http://www.rcsb.org./
pdb). All calculations were carried out on an Intel pentium4,
2.4 GHz based machine running MS Windows XP SP2 as operating
system. Visualization of the docked pose has been done by using
CHIMERA (http://www.cgl.ucsf.edu/chimera/) molecular graphics
program.
Fig. 1. The energy minimized cylindrical bonded 3-dimensional molecular structures of
grey) and carbon (grey). Hydrogen atoms have been omitted for clarity. (For interpretati
version of this article.)
2.5. Synthesis

2.5.1. Protection of terminal groups of amino acids
2.5.1.1. Protection of terminal amino group of amino acid
(Boc-protection of L-Gly/L-Leu). To a stirred solution of NaOH
(2.5 M) in H2O-dioxane (1:1) mixture, L-glycine (0.75 g,
10 mmol)/L-leucine (1.31 g, 10 mmol) was added. To this, Boc
anhydride (2.62 g, 10 mmol) was added drop wise and stirred
for 6 h at room temperature to give a white precipitate. Dioxane
was removed under reduced pressure, acidified with KHSO4 upto
pH 3 on ice bath. The organic layer was dried over anhydrous
Na2SO4 and evaporated under reduced pressure to give the crude
product which was finally purified by column chromatography.

2.5.1.2. Protection of terminal carboxyl of amino acid (Ester protection
of L-Pro): By esterification with MeOH/SOCl2. To a stirred solution of
L-proline (1.15 g, 10 mmol) in methanol (30 mL), SOCl2 (2.86 mL,
40 mmol) was added drop wise at 0 �C under inert atmosphere
and refluxed at 70 �C for 3–4 h. The progress of the reaction was
monitored by TLC. On completion of the reaction the solvent was
removed under reduced pressure to give yellow colored oil of
L-proline methyl ester hydrochloride.

2.5.2. Synthesis of dipeptide ligands, Pro-Gly and Pro-Leu
The dipeptide ligands were synthesised following the solution

phase peptide synthesis [20] (Scheme 1).
Dry dichloromethane (DCM, 20 mL) was added to Boc-gly-OH

(1.75 g, 10 mmol)/Boc-Leu-OH (2.31 g, 10 mmol) under inert atmo-
sphere. To this solution, EDCI (4.77 g, 25 mmol) was added at 0 �C
and the reaction mixture was stirred for 20 min. Pro-OMe (1.29 g,
10 mmol) was added followed by HOBT (2.74 g, 20 mmol) to the
above reaction mixture under stirring and the reaction was contin-
ued for 12 h. On completion of the reaction, it was monitored by
TLC using EtOAc. For detection a solution of ninhydrin was used.
The reaction mixture was filtered to remove white precipitate.
The residue was washed with DCM (30 mL) and added to the
filtrate. The filtrate was washed with 5% sodium bicarbonate and
saturated sodium chloride solutions. The organic layer was dried
over anhydrous Na2SO4, filtered and evaporated under reduced
pressure. The crude product was purified by column chromatogra-
phy (15% acetone and hexane mixture).

2.5.2.1. Pro-Gly. Yield: 62%, Anal. Calc. for C13H22N2O5 (%) C, 54.53;
H, 7.74; N, 9.78. Found: C, 54.78; H, 7.92; N, 10.12. Selected IR data
(KBr, cm�1); 2885 m(OAH)carbonyl, 1710 m(CO)pep amide I, 1654 mas

(COO), 1364 ms(COO). 1H NMR (300 MHz, CDCl3, d ppm): 5.4 (1H,
NHBoc), 4.5 (t, 1H, chiral pro CH), 3.9 (s, 2H, gly-CH2), 3.7 (s, 3H,
OACH3 ester H), 3.6 (t, 2H, pro-CH), 2.2–2.4 (m, 4H, pro-CH2), 1.4
complexes (a) 1 and (b) 2. Color scheme: Nitrogen (blue), oxygen (red) Zn(II) (dark
on of the references to color in this figure legend, the reader is referred to the web
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Scheme 1. Schematic representation of the synthesis of dipeptide ligands Pro-Gly and Pro-Leu.

Scheme 2. Synthesis of dipeptide Zn(II) complexes 1 and 2.
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(s, 9H, Boc protons). 13C NMR (300 MHz, CDCl3, d ppm): 172
(C@Opep carbonyl), 167 (C@O ester carbonyl), 155 (C@O, Boc car-
bonyl C), 58.8 (pro chiral C), 52.3 (ester C), 45.8 (2C, gly CH2),
42.9 (1C, pro-CH2), 28.9 (3C, Boc-C), 24 (2C, pro C). UV–vis
(10�4 M, MeOH, nm): 225.2, 283.2. [a]D (MeOH), �56.9. ESI
(m/z+), 287 [C13H22N2O5 + H+].
2.5.2.2. Pro-Leu. Yield: 58%, Anal. Calc. for C17H30N2O5 (%) C, 59.61;
H, 8.84; N, 8.18. Found: C, 59.86; H, 8.91; N, 8.79. Selected IR data
(KBr, cm�1); 2876 m(OAH)carbonyl 1705 m(CO)pep amide I, 1650 mas

(COO), 1366 ms(COO). 1H NMR (300 MHz, CDCl3, d ppm): 5.1 (1H,
NHBoc), 4.5 (t, 1H, pro chiral CH), 3.7 (m, chiral Leu CH2), 3.5 (t,
2H, pro-CH2), 3.6 (s, 3H, OACH3 ester H), 2.1 (m, 4H, pro-CH2),
1.7 (dd, 2H, Leu-CH2), 1.4 (s, 9H, Boc protons), 0.98 (6H, Leu
CH3). 13C NMR (300 MHz, CDCl3, d ppm): 172.4 (C@Opep carbonyl),
171.7 (C@O ester carbonyl), 155.6 (C@O, Boc carbonyl C), 58.6 (pro
chiral C), 52.09 (1C, Leu C), 50.21 (ester C), 46.6 (1C, pro CH2), 41.8
(1C, Leu CH2), 28.8 (3C, Boc-C), 24 (2C, pro C), 21–23 (2C Leu CH3
and 1C Leu CH). UV–vis (10�4 M, MeOH, nm): 226.6, 282.0. [a]D

(MeOH), �63.8. ESI (m/z+), 343 [C17H30N2O5 + H+].

2.5.3. Deprotection of terminal groups of amino acids
2.5.3.1. Deprotection of ester-protected amino acids: The methyl ester
group was removed by alkaline hydrolysis with LiOH. Dried THF:H2O
(1:1) was added to Boc-gly-pro-OMe (2.86 g, 10 mmol)/Boc-Leu-
pro-OMe (3.42 g, 10 mmol). To this, lithium hydroxide monohy-
drate (0.36 g, 15 mmol) was added at 0 �C and stirred for 4–5 h.
The product was isolated by adding water, acidifying upto pH 3
with KHSO4 and extracted with EtOAc (3 � 35 mL). The colorless
oil was dried under reduced pressure and dried over NaSO4.

2.5.3.2. Deprotection of Boc-protected amino acids: The Boc group was
removed by treatment with trifluoroacetic acid. To a stirred solution
of Boc-gly-pro-OH (2.72 g, 10 mmol)/Boc-Leu-pro-OH (3.28 g,
10 mmol) in anhydrous DCM, TFA was added slowly at 0 �C
(DCM: TFA = 5:1) under inert atmosphere and stirred for 2–3 h.
The unreacted TFA was removed under reduced pressure and
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resulting solution was diluted with DCM, neutralized with DIPEA
or ammonia solution.

2.5.4. Synthesis of Zn(II) complexes 1 and 2
To a stirred methanolic solution of deprotected Pro-Gly

(0.572 g, 2 mmol)/Pro-Leu (0.684 g, 2 mmol), Zn(NO3)2�6H2O
(0.297 g, 1 mmol) was added under dry conditions and the resul-
tant solution was stirred for 1 h. The complex precipitated as a
white product which was filtered, washed with petroleum ether
and dried in vacuo (Scheme 2).

2.5.4.1. [Zn(Pro-Gly)2], 1. Yield, 69%. Anal. Calc. for C14H22N4O6Zn
(%) C, 41.24; H, 5.44; N, 13.74. Found: C, 41.78; H, 5.67; N, 13.92.
Selected IR data (KBr, cm�1): 3208 mas(NH2), 3035 ms(NH2), 1673
mas(COO) + m(C@O) amide I, 1439 ms(COO), 1202 d(NH), 454
(Zn–N); 530 (Zn–O). 1H NMR (400 MHz, d, ppm): 4.33 (t, 2H,
chiral pro CH), 3.85 (s, 4H, gly-CH2), 3.6 (t, 4H, pro-CH),
2.02–2.33 (8H, pro-CH2). Molar Conductance, KM (10�3 M, DMSO):
12.0 X�1 cm2 mol�1 (non-electrolyte). [a]D (MeOH), �52.2. UV–vis
(10�4 M, DMSO, nm, e, L mol�1 cm�1): 227 (7800), 298 (4300).
ESI–MS (m/z+): 407 [C14H22N4O6Zn].

2.5.4.2. [Zn(Pro–Leu)2], 2. Yield, 71%. Anal. Calc. for C22H38N4O6Zn
(%) C, 50.94; H, 7.39; N, 10.81. Found: C, 51.26; H, 7.80; N, 11.04.
Selected IR data (KBr, cm�1): 3145 mas(NH2), 3032 ms(NH2), 1653
mas(COO) + m(C@O) amide I, 1400 ms(COO), 1198 d(NH), 461 (Zn–
N); 522 (Zn–O). 1H NMR (400 MHz, d, ppm): 4.32 (t, 2H, pro chiral
CH), 3.91 (m, chiral Leu CH2), 3.7 (t, 2H, pro-CH2), 2.11–2.34 (m,
8H, pro-CH2), 1.9 (dd, 4H, leu-CH2), 1.01 (6H, Leu CH3). Molar Con-
ductance, KM (10�3 M, DMSO): 17.0 X�1cm2 mol�1 (non-electro-
lyte). [a]D (MeOH), �61.1. UV–vis (10�4 M, DMSO, nm, e,
L mol�1 cm�1): 223 (10,200), 291 (7900). ESI–MS (m/z+): 519
[C22H38N4O6Zn].

3. Results and discussion

3.1. Characterization

3.1.1. IR spectroscopy
Non-coordinated peptides, in the IR spectra should exhibit

strong absorption bands assigned to m(NAH) in the range of
3288–3017 cm�1 [21] which were absent in free ligands as the
terminal amino group was Boc-protected. There was a substantial
lowering of the two absorption bands in the region 3204–
3030 cm�1 assigned to the antisymmetric and symmetric ANH2

stretching modes [22] indicating the coordination by amino group
to the metal ion. The magnitude of the mas(COO)Ams(COO) (Dv)
separation in the complexes 1 and 2 was in the range of 234–
253 cm–1 suggestive of coordination of the carboxylate group in a
monodendate fashion [23]. Further, in the free ligands, a medium
intensity band in the region of 2885–2961 cm�1 attributed to
m(OAH)carboxyl was disappeared in the spectra of Zn(II) complexes
1 and 2, suggesting the deprotonation of –COOH group upon com-
plexation [24].

3.1.2. NMR spectroscopy
The 1H NMR spectra of the ligands, Pro-Gly and Pro-Leu re-

vealed singlets of OACH3 ester protons and t-Boc protons at 3.6
and 1.4 ppm, respectively, which disappeared upon deprotection
of these groups and new signals emerged at 12.0–13.0 ppm corre-
sponding to ACOOH group which was absent in the complexes
indicating the coordination of carboxylic group to Zn(II) through
deprotonation [25]. The NH2 signal in the complexes could not
be resolved as it has possibly merged with the solvent peak at
4.8 ppm due to the rapid proton exchange with the solvent D2O
[26]. The signals at 2.2–2.4 (quintet), 3.5–3.6 (triplet) and 4.5–4.6
(triplet) ppm were attributed to proline moiety in the dipeptide
ligands and complexes [27]. While the signal at 3.91 ppm
corresponds to the glycine, and the signals at 1.7 (doublet) and
0.9–1.01 ppm were attributed the leucine moiety in the ligands
and complexes [25].

3.1.3. Mass spectrometry
The ESI–MS spectra of the ligands displayed prominent peaks at

m/z 287 and 343 corresponding to [C13H22N2O5 + H+] and [C17H30

N2O5 + H+], respectively. ESI–MS spectra of the complexes dis-
played prominent peaks corresponding to the molecular ion
fragment. The complexes 1 and 2 displayed prominent peak at
m/z 407.0 and 519.2 corresponding to [C14H22N4O6Zn] and
[C22H38N4O6Zn], respectively.

3.1.4. Electronic absorption spectroscopy
The absorption spectra of the ligands recorded in MeOH at room

temperature revealed n ? p� transitions at 225 nm [28]. The
complexes 1 and 2 exhibited (N ? M) LMCT transition bands at
223 and 227 nm, respectively. Other medium intensity bands at
298 and 291 nm for complexes 1 and 2, respectively attributed to
(COO�? M) charge transfer transitions and were well in agree-
ment with hexa-coordinated environment around the Zn(II) ion
[29].

3.1.5. X-ray diffraction analysis
To obtain further evidence about the crystalline nature of com-

plexes 1 and 2, XRPD studies were performed. The XRPD diffracto-
grams obtained for the complexes 1 and 2 depicted in Fig. 2,
indicated their crystalline nature.

3.2. DNA binding studies

DNA binding studies are important for the rational design and
construction of new and more efficient drugs targeted to DNA.
The biologically relevant B-form of DNA double helix is character-
ized by a shallow-wide major groove and deep-narrow minor
groove. A variety of small molecules interact reversibly with dou-
ble stranded DNA, primarily through three modes: (i) electrostatic
interactions with the negative charged nucleic sugar–phosphate
structure, which are along the external DNA double helix and do
not possess selectivity; (ii) binding interactions with two grooves
of DNA double helix and (iii) intercalation between the stacked
base pairs of native DNA [30].

3.2.1. UV–vis absorption titrations
With the increasing amount of CT DNA, the charge transfer

bands of the complexes 1 and 2 at �270–290 nm showed variation
in the intensity exhibiting hyperchromism with practically no
change in the position of the absorption bands; ruling out interca-
lative binding of the complexes to DNA (Fig. 3). These results were
suggestive of the possibility of groove binding for the complexes to
DNA [31]. Groove binders are another major class of molecules that
play an important role in drug development. The formation of a
DNA–peptide complex can induce changes in the spectral charac-
teristics of both or either of DNA or peptide [32]. Tethering of pep-
tides to metals augment DNA binding affinity. It is likely that the
complexes can form hydrogen bonds with N-3 of adenine or O-2
of thymine in the major groove of DNA via amine group of peptide
moiety, which may contribute to the hyperchromism observed in
the absorption spectra. The hydrophobic residues in peptides
increase the stability of the peptide–DNA complex [33] and it is
more likely that the hydrophobic interactions and the H-bonding
ability of the peptide moiety can be responsible for the DNA bind-
ing ability of complexes. In order to compare the binding strength



Fig. 2. The XRPD diffractograms of complexes (a) 1 and (b) 2 showing peaks at different scattering angles.

Fig. 3. Absorption spectral traces of complex (a) 1 and (b) 2 in 0.1 M Tris–HCl/10 M NaCl buffer at pH 7.2 upon the addition of CT DNA. Inset: plots of [DNA]/ea–ef (m2cm) vs.
[DNA] for the titration of CT DNA with complexes j, experimental data points; full lines, linear fitting of the data. [Complex] 10�5 M, [CT DNA] 0–4.66 � 10�5 M.

82 S. Parveen et al. / Journal of Photochemistry and Photobiology B: Biology 126 (2013) 78–86
of the complexes 1 and 2 with CT DNA, the intrinsic binding
constant (Kb) values of complexes 1 and 2 were calculated and
are represented in Table 1. The high Kb value for 1 as compared
to 2 is due to the fact that the latter has steric constraints caused



Table 1
The intrinsic binding constant (Kb), Scatchard binding constant (K) and Stern–Volmer
quenching constant (Ksv) values of dipeptide complexes 1 and 2 with CT DNA (mean
standard deviation).

Complex Kb (M�1) Monitored at (nm) % Hyperchromism

1 4.3 � 104 (±0.14) 274 52
2 2.1 � 104 (±0.12) 273 38

Table 2
The Scatchard binding constant (K) and Stern–Volmer quenching constant (Ksv) values
of dipeptide complexes 1 and 2 with CT DNA (mean standard deviation).

Complex K Monitored at (nm) Ksv

1 5.1 � 104 (±0.15) 390 2.60 (±0.09)
2 3.4 � 104 (±0.13) 390 1.92 (±0.08)
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by the bulky side chain of leucine containing methyl groups result-
ing in the relatively close stacking between the complex and the
DNA base pairs accounting for its lower binding propensity with
DNA.
3.2.2. Fluorescence titrations
The complexes 1 and 2 emit weak luminescence in Tris–HCl

buffer at ambient temperatures with a maxima appearing at
390 nm when excited at 260 nm. The fluorescence emission titra-
tion of the complexes 1 and 2 were carried out with CT DNA under
identical experimental conditions. Upon the addition of CT DNA
the emission intensity of complexes 1 and 2 increased with no
apparent change in the shape and position of the emission bands
(Fig. 4). The hydrophobic molecular structure of CT DNA could be
responsible for enhancing the fluorescence quantum yield of
complexes, leading to the higher fluorescence intensity with the
increase in concentration of the CT DNA [34]. The binding constant,
K values of the complexes 1 and 2 were calculated and are repre-
sented in Table 2 which were in good agreement with the intrinsic
binding constants as determined by UV–vis titrations.
3.2.3. Ethidium bromide displacement assay
To further investigate the mode of binding of the complexes 1

and 2, the ethidium bromide (EB) displacement assay was carried
out. On addition of complexes 1 and 2, to CT DNA pretreated with
EB, a decrease in emission intensity was observed. The emission
intensity in absence and presence of 1 and 2 with EB–DNA are de-
picted in Fig. 5. As there is incomplete quenching of the EB-induced
emission intensity, the intercalative binding mode for complexes
was ruled out. Further, the quenching constants of complex 1
and 2 were quantitatively evaluated by Stern–Volmer equation
and the Ksv values are represented in Table 2.
Fig. 4. Emission spectra of the complex (a) 1 and (b) 2 with increasing concentration of c
indicate change in intensity upon increasing concentration of CT DNA. Inset: Plots of r vs.
0.66–4.0 � 10�6 M.
3.2.4. Circular dichroism
Circular dichroism is a useful technique to assess whether nu-

cleic acids undergo conformational changes as a result of complex
formation or changes in the environment. A solution of CT DNA
exhibits a positive band (275 nm) from base stacking interactions
and a negative band (245 nm) from the right-handed helicity of
DNA. The CD spectrum of DNA exhibited change in both positive
and negative bands when the dipeptide complexes 1 and 2 were
incubated with CT DNA (Fig. 6). The complexes 1 and 2 exhibited
an increase in intensities of negative (ellipticity) while a decrease
in intensities of positive (helicity) bands revealing the binding of
complexes via non-intercalative mode of binding i.e. groove bind-
ing. The decrease in the positive band by these complexes sug-
gested that the complexes could unwind the DNA helix and lead
to loss of helicity [35] and also that upon the interaction with
the complexes 1 and 2, the B-DNA transforms into an A-like con-
formation [36].

3.3. DNA cleavage activity

Besides the above methods, interactions between the Zn(II)-
dipeptide complexes and DNA were also investigated by the cleav-
age assay of supercoiled pBr322 plasmid DNA. By incorporating
both the metal sites and peptide-based DNA binding elements into
a designed artificial nuclease, hydrolytically active metal ions may
be positioned such to be capable of cleaving DNA backbone [37].
The cleavage of the plasmid DNA was analyzed by monitoring
the conversion of supercoiled circular DNA (Form I) to nicked
DNA (Form II) and/or linear DNA (Form III).

Firstly, a concentration dependent DNA cleavage by the com-
plex 1 was performed. Fig. 7a shows that Form I plasmid DNA is
gradually converted into Form II without the formation of Form
III, suggesting single strand DNA cleavage by complex 1.

The nuclease efficiency of the metal complexes is known to de-
pend on the activators used for initiating the DNA cleavage [38].
omplexes in the absence and presence of CT DNA in Tris HCl buffer (pH 7.2). Arrows
r/CF for the titration of CT DNA with complexes. [Complex] 6.66 � 10�6 M, [CT DNA]



Fig. 5. Emission enhancement spectra of the complexes (a) 1 and (b) 2 with increasing concentration of complexes in presence of fixed concentration of EB–DNA in Tris HCl
buffer (0.01 M, pH 7.2). Arrow indicates change in intensity upon increasing concentration of complexes. [Complex] 0.66–4.66 � 10�5 M, [EB–DNA] 0.66 � 10�6 M.

Fig. 6. CD spectra of CT DNA alone (————), in presence of complex 1 (. . .. . .) and in
presence of complex 2 (––––). [Complex] 10�3 M, [CT DNA] 10�3 M.
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The DNA cleavage activity of complex 1 in presence of H2O2, 3-
mercaptopropionic acid (MPA), ascorbate (Asc) and glutathione
(GSH) was evaluated and the cleavage activity of complex 1 was
significantly enhanced by these activators where the activity
followed the order MPA >> H2O2 > Asc � GSH (Fig. 7b, Lanes 2–5).
Fig. 7. The cleavage patterns of the agarose gel electrophoresis diagram showing clea
incubation; (a) Lane 1, DNA control; Lane 2, 10 lM of complex + DNA; Lane 3: 20 lM of c
(b) in presence of different activating agents. Lane 1: DNA Control; Lane 2: 40 lM of com
40 lM of complex + ASc (0.4 M) + DNA; Lane 5: 40 lM of complex + GSH (0.4 M) + DNA;
(15 units) + DNA; Lane 8: 40 lM of complex + DMSO (0.4 M) + DNA; Lane 9: 40 lM of co
DNA control; Lane 2, 40 lM of complex + DNA + DAPI (8 lM); Lane 3, 40 lM of complex
The DNA cleavage mechanism by complex 1 was primarily
investigated in the presence of reactive oxygen species viz., hydro-
xyl radical scavengers (DMSO and EtOH), singlet oxygen quencher
(NaN3) and SOD as superoxide radical scavenger under identical
conditions. These species contain a photo or a redox active center,
which causes damage to the sugar and/or base [39]. As depicted in
Fig. 7b, insignificant inhibitions were observed in the presence of
DMSO and EtOH (Lanes 8 and 9), ruling out the possibility of
DNA cleavage by a hydroxyl radical. While, on the other hand,
addition of NaN3 (Lane 6) did not show any significant effect on
the DNA strand scission indicative of non-involvement of singlet
oxygen for DNA cleavage. However, superoxide dismutase SOD
(Lane 7) enhances the cleavage efficiency. This indicates that the
cleavage of DNA probably follows a discernable hydrolytic cleavage
mechanism.

To clarify the aspects of the mechanism, groove binders such as
DAPI (minor groove binder) and methyl green (major groove bin-
der) were used. As the dimensions of the two grooves are different,
targeting them requires vastly dissimilar and different shaped mol-
ecules. The addition of DNA cleavage was inhibited in the presence
of DAPI (Lane 2) suggesting the minor groove to be the preferred
interacting site of complex 1 (Fig. 7c). In general, Cu(II) complexes
typically bind GC regions of DNA by intercalation, but associate in
the grooves in AT regions [40], whereas, complexes with hexaden-
tate ions such as zinc(II), bind primarily to AT regions, in a non-
intercalative manner [41]. It is clear that metal complexes offer
great potential as structure-selective binding agents for nucleic
vage of pBR322 supercoiled DNA (300 ng) by complex 1 at 310 K after 45 min of
omplex + DNA; Lane 4: 30 lM of complex + DNA; Lane 5: 40 lM of complex + DNA,
plex + H2O2 (0.4 M) + DNA; Lane 3: 40 lM of complex + MPA (0.4 M) + DNA; Lane 4:
Lane 6: 40 lM of complex + NaN3 (0.4 M) + DNA; Lane 7: 40 lM of complex + SOD
mplex + EtOH (0.4 M) + DNA and (c) in presence of DNA recognition agents. Lane 1,
+ DNA + methyl green (2.5 lL of a 0.01 mg/ml solution).



Fig. 8. Agarose gel electrophoresis pattern for the ligation pBR322 plasmid DNA
linearized by complex 1: Lane 1: DNA control; Lane 2: pBR322 plasmid DNA cleaved
by complex 1; Lane 3: ligation of linearized pBR322 plasmid DNA by T4 DNA ligase.

Fig. 9. Molecular docked model of the most favorable binding site of complex 1
with DNA dodecamer duplex of sequence d(CGCGAATTCGCG)2 (PDB ID: 1BNA).
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acids. Incorporation of hydrogen-bond donors and acceptors and/
or van der Waals interaction recognition groups into metal com-
plexes may allow the extremely high selectivity required for the
metal complex to selectively bind a single nucleic acid site within
a cell.

3.4. T4 DNA ligase assay

Since, the DNA cleavage mechanism by complex 1 was demon-
strated to be hydrolytic in nature, we further investigated
whether this cleavage is completely proceeding via the same
hydrolytic mechanism as it is well documented for the DNA
cleavage by restriction enzymes. We performed DNA religation
experiments in which supercoiled pBR322 DNA was treated with
T4 DNA ligase enzyme and subjected to gel electrophoresis
(Fig. 8). It is well known that in DNA hydrolytic cleavage, the
30-OH and 50-OPO3 (50-OH and 30-phosphate) fragments can be
enzymatically ligated [42]. The complex 1 yielded linearized
DNA which was religated by using T4 DNA ligase enzyme. The
result after electrophoresis shows that the linear DNA fragments
cleaved by the complex 1 can be religated by T4 DNA ligase
enzyme.

3.5. Molecular docking studies

Molecular docking technique was further employed to under-
stand the interaction mode between complex 1 and DNA double
helix mainly in a non-covalent fashion [43]. The predicted top-
ranking pose with the lowest energy of complex 1 was applied to
predict the most stable and favorable orientation of complex inside
the DNA double helix, and the highest binding affinity to DNA. As
shown in Fig. 9, the complex reasonably binds with DNA sequence
d(ACCGACGTCGGT)2. The minimum energy docked structure ob-
tained, suggests the best possible conformation of the Zn(II)-pep-
tide complex interaction which is located within the central A–T
(�10.8 Å) rich regions of DNA in the minor groove as compared
to peripheral G–C (�13.2 Å) ones, due to enantioselectivity and
site-specificity of Zn(II) complexes towards A–T region and leads
to van der Waals interaction and hydrophobic contacts with DNA
functional groups which define the stability of groove. In general,
the deeper and narrower minor groove of AT-rich sequences, and
the absence of the protruding 2-amino group of guanine (G), is
optimal for accommodating the shape of the compound and for
maximizing the stabilized van der Waal’s contacts. Hydrogen
bonding between the groove floor base pairs and the linking
amides and electrostatic stabilizing interactions with the proton-
ated amines are primary contributors to the overall ligand–DNA
stability [44]. The proline ring of the Zn(II)-dipeptide complex 1
is arranged in a parallel fashion with respect to the deoxyribose
groove walls of the DNA and was stabilized by hydrogen bonding
between NH2 of glycine moiety and C-2 carbonyl oxygen of T8.
The resulting relative binding energy of docked complex 1 DNA
was found to be �196.72 kJ mol�1. This value is consistent with
the spectroscopic binding studies. Drugs such as netropsin and
distamycin bind to the minor grooves of DNA having AT-rich se-
quences [45].

4. Conclusions

Zn(II) complexes of dipeptide ligands (Pro-Gly/Pro-Leu) were
synthesised and well-characterized by various spectroscopic data
and elemental analysis. Their in vitro DNA binding interactions
with CT DNA were studied by UV absorption, fluorescence
spectroscopy and CD measurements. The results indicated that
both the complexes 1 and 2 bind to the DNA preferentially via
groove binding mode. The complex 1 was capable of cleaving
the plasmid pBR322 DNA efficiently via hydrolytic pathway
mechanism; validation was provided by T4 DNA ligase assay.
Moreover, complex 1 inhibited DNA cleavage in presence of DAPI,
suggesting the binding in the minor groove of the DNA helix.
These studies were validated by molecular docking experiments
of complex 1 with DNA, suggesting the binding of the complex
1 in the minor groove of DNA having AT-rich sequences. Our
findings may give a new application and open a new way in
the design of more effective and useful peptide-based complexes
for DNA hydrolysis.

5. Abbreviations
EDCI
 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride
HOBT
 N-hydroxybenzotriazole

UV–vis
 UV–visible

CT DNA
 Calf thymus DNA

Tris
 Tris(hydroxymethyl)aminomethane

EB
 Ethidium bromide

CD
 Circular dichroism
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