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ABSTRACT

Fe(ll) complexes [Fe(mgs)(B)2](PFes)(1)-(3) of 2-thiol 4-methylquinoline and phenanthroline
bases (B), viz 1,10-Phenanthroline (phen in 1), Dipyrido[3,2-d:2',3'-f]quinoxaline (dpq in 2) and
Dipyrido[3,2-a:2',3’-c]phenazine (dppz in 3) have been prepared and characterized. The DNA-
binding behaviors of these three complexes were investigated by absorption spectra, viscosity
measurements and thermal denaturation studies. The DNA-binding constants for complexes 1, 2
and 3 were determined to 2.4 x10*, 1.3 x 10 and 4.2 x10°> M™, respectively. The experimental
results suggest that these complexes interact with DNA through groove binding mode. The photo
induced cleavage studies shows that the complexes possess photonuclease property against
pUC19 DNA under UV-Visible irradiation via a mechanistic pathway involving formation of
singlet oxygen as the reactive species. Antibacterial PDT for E. coli strain, the control group
showed a significantly higher (p<0.05) bacterial growth (1.5 x 108 CFU/mL), while the complex
(3) group presented no significant reduction (p>0.05) in the CFU counts. The complex (3)/Light
group presented a significant decrease in the CFU counts (p<0.05) compared with the control
group (71.64% for E. coli).

Keywords: groove binding; metal complexes; singlet oxygen; photonuclease activity;
antibacterial PDT.

*Corresponding Author Email: hsb_naik@rediffmail.com
Received 18 January 2014, Accepted 24 January 2014

Please cite this article in press as: Naik B et al., Synthesis, DNA Binding, Photo Nuclease and
Antibacterial PDT of Iron Complexes of Phenanthroline Based Photosensitizers. American Journal of
PharmTech Research 2014.



mailto:hsb_naik@rediffmail.com
http://www.ajptr.com/

Naik et. al., Am. J. PharmTech Res. 2014; 4(1) ISSN: 2249-3387

INTRODUCTION

The interaction of metal complexes with DNA is a center of research interest in bioinorganic
chemistry. The development of artificial nucleases is an important aspect in the areas of
biotechnology, drug design and molecular biology* ™. For this purposes tranisition metal
complexes have been employed, becuase of their versatile electronic and structural features, but
also due to the fact that the DNA binding and cleavage ability of metal complexes can be tuned
by changing the coordination environment® . There is already a considerable literature involving
the practical use of transition metal complexes as chemical nucleases. However, most of these
complexes contain only transitional metal complexes of 1, 10-phenanthroline and their modified
variants are widely employed for studies of DNA in view of their utility in several research
areas, including bioinorganic and biomedicinal chemistries”°.

Further, selenium-containing heterocyclic compounds shows have remarkable reactivities and
chemical properties, as well as pharmaceutical applications. Despite the high toxicity of many
selenium compounds, organic derivatives of selenium have been synthesized as anticancer agents
and for other medicinal applications. They also play key role in decreasing oxidative stress in
HIV-infected cells and possibly suppressing the rate of HIV replication. The development of
organoselenium compounds with higher anticarcinogenic efficacy but better tolerance continues
to be a priority in chemotherapy research. From a chemical point of view, selenium (Se)
resembles sulfur (S) in many of its properties, thus, Se and S may be considered to be isosteric**”
13.

Earlier reports on iron complexes are mainly intended to model the structural and functional
properties of glycopeptide antitumor, antibiotics and bleomycins (BLMs)** *. Iron complexes
extensively been used to cleave DNA and such complexes are used for DNA foot printing

purposes™*’. Iron polypyridyl complexes, which known may cleave DNA by generating

Reactive Oxygen Species in vitro, could be potential anticancer drugs by killing cancer cells*®%°.
Photodynamic therapy (PDT) has historically been used as a means to treat cancerous tumors but
has recently been used to Kill bacterial cells through the use of targeted photosensitizers. This
therapy is defined as an oxygen-dependent photochemical reaction that occurs upon light
mediated activation of a photosensitizing compound leading to the generation of cytotoxic
reactive oxygen species, predominantly singlet oxygen?’. This photodynamic approach could be
a useful alternative to systemic medications in treating localized infections, thus avoiding the

development of microbial resistance to systemic drugs. Photodynamic antimicrobial
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chemotherapy signifies an alternate antibacterial, antifungal, and antiviral treatment against drug
resistant organisms?.

This work presents a new approach to designing iron-based photonucleases and explore the
photosensitizing effect of Iron complexes containing se and N,N donor heterocyclic bases by
investigate the effect on antibacterial PDT.

MATERIALS AND METHOD

All reagents and solvents required in this study were of AR grade, purchased from Himedia
(India). The solvents were purified and used. The FeSO47H,0, 1,10-Phenanthroline and Tris-
HCI were purchased from Merck (India), calf thymus (ds)DNA and supercoiled (SC) pUC19
DNA were purchased from Bangalore Genie (India) and Agarose (molecular biology grade)
ethidium bromide were purchased from Himedia (India). Tris-HCI buffer solution used for
binding was prepared using deionized double-distilled water.

Elemental analyses were done on Perkin-Elmer (Waltham, MA, USA) Model 240-C CHN
analyzer. The molar conductivities of the complexes in dimethyl formamide (DMF) solution
(103 M) at room temperature were measured using an Equip- Tronic (India) Digital conductivity
meter model No. EQ-660A. Magnetic susceptibilities of the solid complexes were measured
employing Gouy balance at room temperature (28 + 2 °C ). The electronic spectra of the
complexes were measured using Shimadzu spectrometer model UV-1650 PC double beam
spectrophotometer. Viscosity measurements were carried out at 25+ °C) using semi
microdilution capillary viscometer at room temperature. Infrared (IR) spectra were recorded in
4000250 cm* region using KBr pellets on Shimadzu (Kyoto, Japan) FTIR-8400S. The DNA
binding experiments were carried out in Tris-HCI buffer (Tris-HCI buffer containing 50 mM
NaCl, pH 7.2) in absorption and viscosity measurements and phosphate buffer (1 mM Phosphate,
pH 7, 2 mM NaCl) was used for thermal denaturation. The calf thymus(ds) DNA in the buffer
medium gave a ratio of UV absorbance at 260 and 280 nm of ca. 1.9:1, suggesting the DNA are
apparently free from protein. The concentration of DNA was estimated from its absorption
intensity at 260 nm with a known molar absorption coefficient value of 6600 dm® mol™* cm™%.
Diode laser (660 nm, 100 mW) was used as light source for antibacterial PDT.

Absorption titration experiments were performed by varying the concentration of the CT DNA
with the metal complex concentration. The absorption data were analyzed for an evaluation of
the intrinsic binding constant Ky using reported procedure®. Viscosity measurements were

carried out using a semi microdilution capillary viscometer at room temperature. Each
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experiment was performed three times and an average flow time was calculated. Data were
presented as (1|no) Vs binding ratio, where 1 is the viscosity of DNA in the presence of complex
and mo IS the viscosity of DNA alone. Thermal denaturation experiments were carried out by
monitoring the absorption of CT DNA in 50 M concentrations for the nucleotides at 260 nm
with different temperatures in the presence (10 x«M complex) and the absence of each complex.
The melting temperature (Tm, the temperature at which 50% of double-stranded DNA becomes
single stranded) and the curve width (o7), the temperature range between which 10% and 90% of
the absorption increases occurred) were recorded.

The cleavage of DNA was monitored using agarose gel electrophoresis. Supercoiled
pUC19DNA (0.5 ug) in Tris-HCI buffer (50 xM) with 50 M NaCl (pH 7.2) was treated with
metal complex (40 and 60 xM) followed by dilution with Tris- HCI buffer to a total volume of 20
ul. The samples were incubated for 1 h at 37 °C. A loading buffer containing 25% bromophenol
blue, 0.25% xylene cyanol and 30% glycerol were added and electrophoresis was performed at
50 V for 3 h in TBE buffer using 0.8% agarose gel containing 1.0 x«g/ml ethidium bromide. The
samples were irradiated for 60 min inside the sample chamber. Bands were visualized using UV
light and photographed. The cleavage efficiency was measured by determining the ability of the
complex to convert the SC DNA to nicked circular form (NC) and linear form (LC).

Bacterial strains and growth conditions

Escherichia coli 25922, was grown aerobically overnight in LB broth (1% tryptone, 0.5% yeast
extract, 0.5% NaCl w/v) at 37 °C.

PDT protocol

Bacterial cultures were diluted in fresh LB broth to obtain a cell density of 1.5 x 10° cfu/ml and,
were separated into 3 groups for further studies. All groups were mixed for volume
homogenization. The Control group (tube 1) contained E. coli strain, but no dye or light was
applied. The Dye group (tube 2) contained E. coli strain and appropriate concentration of the
complex 3 under investigation, incubated in foil-covered tubes to avoid accidental exposure to
the light, which was left for 5 min, but no light was applied; The Complex 3 /Light group (tube
3) contained E. coli strain and appropriate concentration of the complex 3; illumination with the
500W halogen-tungsten lamp source at a distance of 20 cm was performed, characterizing the
PDT protocol. In tube 3, the inoculum was left in contact with complex 3 for 5 min without
shaking (pre-irradiation time) to allow greater absorption of dye by the bacteria.

All groups at 1.5 x 10 CFU/mL concentration were mixed and subjected to serial dilutions in 10

mL tubes containing LB broth until reaching dilutions of 10° CFU/mL (final concentration of
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1.5x 10° CFU/mL). Diluted tube mixtures were seeded onto Petri dishes containing 20 mL of LB
agar medium according to the Pourplate method and were incubated at 37°C for 48 h. visual
counting of CFUs was done under optical microscopy using pencil marks on dishes. Data were
analyzed by one-way ANOVA and Tukey’s HSD test at 5% significance level.

Synthesis and Characterization

The compound (mgs) 2-seleno 4- mehtylquinoline,®?® dpq ligand (dipyrido[3,2-d:2’,3"-
flquinoxaline) and dppz ligand dipyrido[3,2-a:2',3'-c] phenazine were prepared by reported
procedure *"%°. Synthesis of iron(11) complexes containing 2-seleno 4-mehtylquinoline and as
ligands are described subsequently.

Synthesis of complexes [Fe(mqgs)(B)2](PFs) (1)-(3): mgs: 2-seleno 4- mehtylquinoline and B =
phen, 1; dpq, 2, dppz ,3

The complexes were synthesized by following the same general procedure. Solution of
ammonium ferrous sulfate (1 mmol, 0.404 g) and solution of the mgs (1 mmol, 0.222 g) was
stirred for 30 min. To the above reaction mixture, 1 mmol of 10 ml methanolic solution of
heterocylclic base was added and the stirring was continued for 15 min more. Thus obtained
solution was treated with a methanolic solution of NH4PFs to precipitate a red solid that was
isolated by filtration and washed with cold methanol followed by diethyl ether and finally dried.
[Fe(mas)(phen)2]PFe(1).

Yield 78%, C, Anal. Calc. for CssH24FsFeNs PSe(%): C, 52.20; H, 3.09; N, 8.95. found (%): C,
52.24; H, 3.10; N, 8.90. IR (KBr) cm - 2492, 1621, 843, 438, 372 UV-Visible. Amax (nm): 282,
335, 520. pet = 2.81 B.M. Qp =170 mhos cm?mol™

[Fe(mas)(dpa)2]PFe(2).

Yield 71%, Anal. Calc. for C34Ho4FsFeNgPSe (%): C, 51.49; H, 2.73; N, 14.22. found (%): C, C,
51.47; H, 2.75; N, 14.22. IR (KBr) cm ' 2488, 1629, 845, 446, 374. UV-Visible. Amax (nm):
255,292, 320, 355, 420 516. Hefr = 2.77 B.M. Qy =155 mhos cm?mol™
[Fe(mas)(dppz)2]PFe(3).

Yield 69%, Anal. Calc. for CysHasFsFeNg PSe(%): C, 56.00; H, 2.86; N, 12.78. found (%): C,
56.03; H, 2.88; N, 12.73. IR (KBr) cm & 2491, 1634, 847, 448, 380. UV-Visible. Amax (nm):
248, 279, 331,368, 422, 522, Hefr = 2.81B.M. Q=159 mhos cm’mol™

The complexes are soluble in dimethylformamide (DMF), dimethyl sulfoxide (DMSOQO) and

buffer solution. The complexes are sufficiently stable in the solid and solution phases.
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RESULTS AND DISCUSSION

Characterization of metal complexes

The ligand and complexes employed in this work have been characterized by elemental analysis,
UV/Visible, IR and magnetic susceptibility; these are summarized in the experimental section.
The formula of the complexes [Fe(mqgs)(phen);](PFs)(1), [Fe(maqt)(dpq)2](PFs)(2) and
[Fe(mat)(dppz).](PFe)(3) respectively. These new complexes are soluble in DMF, DMSO and in
buffer (pH 7.2) solution and stable in the solid as well as in a solution phase. The molar
conductance values of the complexes in DMF solutions fall in the range 155-170 ohm™ cm?
mol™, demonstrating their electrolytic nature.

The UV-Visible spectra of the ligands and its complexes were recorded in DMF at 10° M
concentration. The electronic spectrum for complexes 1, 2 and 3 shows a prominent broad band
at 520 nm, 516 nm and 522 nm respectively ascribed to the d-d transition, which are followed by
a strong bands in the UV region assigned to ligand to metal charge transfer (LMCT) transitions.
The dpq and dppz complexes show a moderately strong band near 422 nm possibly due to n-z*
transition involving the quinoxaline or phenazine moieties of the ligands and this band is not
observed in the phen complexes.

The important IR spectral assignments of Fe(ll) complexes of mgs ligand show absorption
bands in the region 1621-1634 cm™* and 2488-2492 cm *, which can be assigned to v(C=N) and
v(C-SeH) vibrations, respectively. In IR spectra of the complexes, the band due to v(C-SeH)
shifted to a lower frequency to the extent of 25-38 cm * indicating the involvement of selenium
atom of the ligand in bonding with metal ion through deprotonation. The band due to v(C=N)
also suffers a negative shift by 25-35 cm™ suggested the involvement of nitrogen in the
coordination with the Fe(ll) ion. The complexes show low-frequency bands in the region 438-
448 cm* and 372-380 cm !, which are assigned to v(M-N) and v(M-Se) bonds,respectively.,* In
addition, the IR spectrum of the PFg salt of each complex showed a strong band in the region
843-847 cm ', ascribable to the counter anion®.

DNA Binding Experiments

Electronic Absorption Titrations

The binding interaction of the Fe(ll) complexes with CT-DNA was monitored by UV-Visible
spectroscopy. The absorption spectra of the complexes in the absence and presence of calf
thymus DNA are shown in Figure. 1(a) and 1(b). Generally, hypochromism and bathochromism

with increasing CT-DNA concentration. The binding results show that the bathochromic shift of
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2-3 nm along with significant hypochromicity 30% of observed in of DNA to complex solution
representing appreciable groove binding propensity of the complexes to the CT DNA. In order to
compare the binding strength of the complexes, their intrinsic binding constants (Kp) with CT-
DNA have been determined from the decay of the absorbance. The intrinsic binding constant
(Ky) values are in the range of 2.4 x10*— 4.2 x10° M follows the order (3) > (2) > (1). The dpq
and dppz showed significantly higher DNA binding possibly due to the presence of the
quinoxaline and phenazine rings favoring partial intercalation into the DNA bases through its
extended planar aromatic ring. The low value of s (~0.2) is indicative of more surface

aggregation and/or groove binding than any intercalation to the DNA base pairs *.
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Figure 1: Absorption spectra of complexes in Tris-HCI buffer upon addition of DNA.
[Complex] = 0.5 uM, [DNA] = (0-100 #M). Arrow shows the absorbance changing upon
increase of DNA concentration. The inner plot of [DNA]/es-&r vs [DNA] for the titration of
DNA with complex. (a) complex (1), (b) complex (2).

Viscosity Measurements

To further clarify the binding mode between the complex and the DNA, measurements were
carried out on CT-DNA by varying the concentration of the complexes. Hydrodynamic
measurements, which are sensitive to length change (i.e., viscosity, sedimentation), are regarded
as the least ambiguous and the most critical tests for the binding mode in solution in the absence
of crystallographic structural data. A classical intercalation mode could result in the lengthening
of the DNA helix as the base pairs are separated to accommodate the binding complex, leading
to an increase in DNA viscosity. In contrast, complexes binding to DNA grooves result in minor

variation or no variation in the viscosity of the DNA solution®® 3*.
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Our data show that there is marginal increase of the relative viscosity is observed on the addition
of the complexes to the DNA solution and the values of relative viscosity (1/no) (where n and 1
are the specific viscosities of DNA in the presence and absence of the complexes) are plotted
against [M]/[DNA] (Fig. 2), signifying the groove-binding nature of the complexes. This result
further suggested groove- binding mode of the complex with DNA and also parallel to the above
spectroscopic results. The values of relative viscosity (n/no) (where n and mo are the specific
viscosities of DNA in the presence and absence of the complexes) are plotted against [M]/
[DNA].
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Figure 2: Plot of relative viscosity vs [Complex]/[DNA]. Effect of Fe(ll) complexes on the
viscosity of CT-DNA at 25 °C. Complex = 0-100 pM, [DNA] = 50 pM.

DNA Melting Experiment

The DNA melting experiments were carried out by monitoring the absorption intensity of CT-
DNA at 260 nm at various temperatures both in the absence and presence of the complexes.
Thermal denaturation studies of DNA are useful in establishing the extent of binding®. It is well
known that when the temperature in the solution increases, the doublestranded DNA gradually
dissociates to single strands, and generates a hypochromic effect on the absorption spectra of
DNA bases(Amax = 260 nm)*®°. The melting temperature T, which is defined as the temperature
where half of the total base pairs are unbound, is usually introduced. It is determined from the
thermal denaturation curves of DNA by monitoring the changes of absorption spectra of DNA
bases (A = 260 nm).
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As shown in Fig. 3, the Tm DNA was found to be 60 under experimental conditions. Under the
same set of conditions, addition of Fe(ll) complexes a moderate positive shift in the DNA
melting temperature (ATm) ranging from 1.2 to 3.1 is observed on the addition of the Complexes
(2)-(3) to DNA. The low value of ATm primarily suggest the groove binding nature of the
complexes to DNA in preference over an intercalative mode of binding to DNA that normally

gives significantly high positive ATm values®’,
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Figure 3. Thermal denaturation of CT-DNA in the absence and presence of Fe(ll)
complexes. [DNA]=50 uM, [complex] = 10 [1 M, Buffer: Phosphate.

Photo-induced DNA cleavage activity

The photoinduced DNA cleavage activity of the Fe(ll) complexes is studied using SC pUC19
DNA (33.3 iM, 0.2 ig) in a medium of Tris-HCI/NaCl (50 mM, pH, 7.2) buffer on irradiation
with UV light of 365 nm and monitored by gel electrophoresis. The extent of DNA cleavage
from SC to the nicked circular (NC) form is shown in Fig. 4-6 (gel electrophoresis diagrams).
The DNA binder heterocyclic bases dpg and dppz have photoactivatable quinoxaline and
phenazine moieties with conjugated C=N bonds that could generate photoexcited 3(n-z*) or 3(z-
7*) state(s) effecting DNA cleavage following an oxidative pathway. The cleavage activity at
365 nm follows the order: 3> 2 >1.

The mechanistic aspects of the photo-induced DNA cleavage activity of the complexes at 360
nmwas examined by means of various additives. There is an inhibitory effect on the DNA
cleavage activity by the addition of singlet oxygen quenchers like sodium azide (NaN3). The
addition of deuterated water showed enhancement of the cleavage activity, thus signifying ;0?
generation plays a key role in photo cleavage of pUC 19 DNA. The hydroxyl radical scavengers

like DMSO has no apparent effect on the cleavage process, thus excluding the possibility of a
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type-I pathway forming hydroxyl radical (*OH). The mechanistic data suggest a photo-redox
pathway for the DNA cleavage reaction of complexes via hydroxyl radical as the DNA-cleavage-
active species. The type-Il pathway may involve the metal-bound thiol unit generating the ;0

upon irradiation with light in a photo-redox process .

NC (Form II)

SC (Form I)

lane 1 2 3 4 5
Figure 4: Gel electrophoresis diagram showing the photocleavage of SC pUC19 DNA (0.5
ng) by complex (1) (50 M) and other additives at 365 nm for an exposure time of 1 h. lane
1, DNA control; lane 2, DNA + (1); lane 3, DNA+ (1)+ DMSO (4 pL); lane 4, DNA+ (1)+
D,O (14 pL); lane 5, DNA+(1)+ NaNs (100 uM)

NC (Form II)

SCFom)I SR " '
lane 1 2 3 4 5
Figure 5: Gel electrophoresis diagram showing the photocleavage of SC pUC19 DNA (0.5
ng) by complex (2) (50 M) and other additives at 365 nm for an exposure time of 1 h. lane
1, DNA control; lane 2, DNA + (2); lane 3, DNA+ (2)+ DMSO (4 uL); lane 4, DNA+ (2)+
D,0O (14 pL); lane 5, DNA+(2)+ NaN3 (100 uM

NC (Form II)

SC (Form I)

lane 1 2 3 4 5
Figure 6: Gel electrophoresis diagram showing the photocleavage of SC pUC19 DNA (0.5
ng) by complex (3) (50 #M) and other additives at 365 nm for an exposure time of 1 h. lane
1, DNA control; lane 2, DNA + (3); lane 3, DNA+ (3)+ DMSO (4 pL); lane 4, DNA+ (3)+
D,0 (14 pL); lane 5, DNA+(3)+ NaN3 (100 uM)
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Figure 7: Cleavage of SC pUC19 DNA (50 uM) by complexes (1), (2) and (3) in the presence
of various additives upon photo irradiation at 365 nm in 50 mM Tris-HCI / NaCl buffer
(pH 7.2)

Antibacterial Photodynamic therapy (APDT)

Photodynamic therapy (PDT) is one of the greatest pledges to prevent infection progression. It
involves the use of light of specific wavelength to activate a nontoxic photosensitizing agent in
the presence of oxygen for eradication of target cells, and can be used for photokilling of
microorganisms®® “°. This study evaluated in vitro the photodynamic effect complex (3) in
combination with light source on Escherichia coli 25922. Suspension (2 mL) containing
Escherichia coli at 1.5 x 10® CFU/ mL concentration were prepared and divided into 3 groups:
Control group (no treatment), complex (3) group (inoculum and complex (3) for 5 min) and
complex (3) /Light group (inoculum, complex (3) for 5 min and light for 3 min). Aliquots of
undiluted and serially diluted treated and control cultures were plated on LB agar medium was
performed for subsequent visual counting of CFU/mL. Counting of all CFU of E. coli strain
remaining in the Control, complex (3) and complex (3) /Light groups was done to determine
effectiveness of PDT. For E. coli strain, the Control group (no treatment) showed a significantly
higher (p<0.05) bacterial growth (1.5 x 10° CFU/mL), while the complex (3) group presented no
statistically significant (p>0.05) bacteria reduction, indicating that the complex (3) alone seems

not to reduce bacterial viability. In the complex (3) /Light groups, however, both bacterial strains
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were sensitive to the PDT protocol, presenting a significantly less expressive CFU counts
(p<0.05) compared with the initial numbers recorded in both Control and complex (3) groups.
The results of PDT on E. coli in terms of CFU counts (%) after treatment can be seen in Figurel.
Statistical analysis for E. coli revealed a nonsignificant reduction (19.23%) of CFU counts
between the complex (3) and Control groups. However, a significant reduction (71.64%) of CFU
counts was observed for the complex (3)/Laser group compared with the Control group. Data
were analyzed by one-way ANOVA and Tukey’s HSD test at 5% significance level. It may be

concluded that complex (3) molecule can be promising antimicrobial photosensitizer for PDT.

100

30 4

60 -

percentage

LY

control complex (3)  complex (3)light

Figure 8: CFU reduction (%0) in E. coli after treatments
CONCLUSION

We report here the first iron-based, low molecular- weight complexes having N, S donor of
mqsH and N, N-donor heterocyclic base (B) are prepared and structurally characterized and that
shows efficient DNA binding and cleavage activity. Binding study investigated by using UV-
spectrophometeric, viscosity and thermal denaturation methods that shows a minor groove
binding nature of the Fe(ll) complexes with CT-DNA. Photoactive dpg and dppz ligands are
found to play an important role in the photoinduced DNA cleavage activity under UV light.
Mechanistic studies revealed direct involvement of singlet oxygen in the photo-cleavage process.
These results are of importance in designing new iron-based synthetic photonucleases and
making this molecule a very promising antibacterial photosensitizer. Our outcomes suggest that
complex (3) should improve the efficiency of photodynamic therapy against multi resistant

bacteria.
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