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A novel cationic porphyrin—quinoxaline conjugate 8 was prepared in good yield by the coupling of acti-
vated quinoxaline carboxylic acid 5 with an appropriate aminoporphyrin. The UV-vis spectra of conju-
gate 8 with the addition of ctDNA shows substantial hypochromicity (39%) and a red shift (12 nm) in
the Soret band indicating intercalation and self stacking along the surface. The binding constant of con-
jugate 8 with ctDNA was determined to be 1.26 x 10° M~!. The porphyrin-quinoxaline conjugate 8 dis-
played enhanced photocytotoxicity (ICso = 0.06 M) when compared to TMPyP against A549 cancer cells.

© 2013 Elsevier Ltd. All rights reserved.

Photodynamic therapy (PDT) is now an established clinical
therapy for treatment of cancer.! PDT requires a combination of
photosensitizer, light, and oxygen to promote the destruction of
localized neoplastic lesions.>® Though PDT is employed in most
of the countries with good effect, the selectivity and side effects
of commercially available PDT agents for tumor tissues offers scope
for further improvement. The increase in dosage of the photosensi-
tizer to attain the desired clinical effect lacks selectivity as well as
causes tumors in sensitive areas over the body parts during the
course of treatment.* The majority of reports have been focused
on meso-tetra(4-N-methylpyridyl) porphyrin (TMPyP) and its me-
tal complexes as DNA photocleaving agents studied through vari-
ous spectroscopic methods. The cationic TMPyP shows a high
DNA binding affinity with binding constants in the range of 10°-
10’ M~! towards the negatively charged DNA strands.’~’ The
DNA binding mechanism is dependent on both the sequence of
the DNA strands and the structure perturbation of the porphyrin
molecules.®® Additionally, the ionic strength of the solution is also
known to influence the binding modes.!®!" The interest in this
field and the need for new molecules with improved characteris-
tics are always high owing to diverse therapeutic applications. Sev-
eral porphyrin derivatives containing delocalized positive charge
substituents have been synthesized and some of these compounds
were found to be efficient DNA intercalators. Porphyrins conju-
gated with different heterocycles such as acridine,'? phenyl piper-
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azine,'® peptides'* and natural products such as p-carboline!® have
been synthesized and evaluated for their biological properties. On
the other hand, porphyrin-peptide conjugates bearing specific
organelle targeting peptide sequences have also been synthesized
and investigated for mitochondrial localization (MLS)!6-18
although the use of MLS has not yet been fully exploited as a tar-
geting strategy for porphyrin-based sensitizers. In order to achieve
the most efficient photosensitizing effect on tumor cells, the sensi-
tizer must enter the cell and become closely associated with the
subcellular structures. Photosensitizers may enter cells either di-
rectly through the plasma membrane or by endocytosis. Moreover,
uptake over the plasma membrane may occur by simple or facili-
tated diffusion or by an active transport mechanism. The incuba-
tion parameters and mode of delivery as well as the chemical
nature of the photosensitizer (molecular size, charge, water lipid
partition coefficient and concentration), the type and physiological
state of the cell, the environmental conditions and the nature of
the carrier can all influence subcellular localization, creating a
number of potential targets for photodamage.'®

The quinoxaline is a useful key structural subunit in many natu-
ral and biological active molecules with various activities including
anti-virus, anti-diabetic, anti-HIV, anti-fungal, anti-parasitic, anti-
cancer, anti-bacterial and anti-tuberculosis.2>? The quinoxaline
ring is also part of the structures in many antibiotics including acti-
nomycin, echinomycin, lomacin and actinolite, known preventer
agents for growing of gram-positive bacteria and inhibit different
migratory tumors. Recently, it has been demonstrated that quinox-
aline with a highly conjugated C=N bond acts as a DNA intercalating
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agent and causes light-induced DNA strand scission (500 uM) by
generating photo-excited 3(n-m*) and/or 3(n-m*) state(s).?> In our
continuing design and investigation of porphyrin-based photo-
sensitizers with improved efficacy and specific targeting properties,
we report herein the synthesis of cationic porphyrin—quinoxaline
conjugates 6-8 and studied their cytotoxicity and cell viability
against A549 lung cancer cell line.

The synthesis of porphyrin-quinoxaline conjugates 6 and 8 was
carried out as outlined in Scheme 1. The key intermediates trip-
henylporphyrinylamine 3 and tripyridylporphyrinylamine 4 were
prepared using the reported protocols.?4?> The nitroporphyrins 1
and 2 were reduced by using stannous chloride in 6 N HCI to afford
corresponding aminoporphyrins 3 and 4 in quantitative yields. On
the other hand, quinoxaline-2-carboxylic acid 5 was achieved from
the reaction of o-phenylenediamine with p-fructose in acetic acid
to generate tetrahydroxybutyl quinoxaline which in turn was oxi-
dized with 30% hydrogen peroxide.? In situ activation of quinoxa-
line-2-carboxylic acid 5 with ethylchloroformate in presence of
triethylamine followed by the addition of porphyrins 3 and 4 fur-
nished conjugates 6 and 7 in 89% and 76% yields, respectively.
The N-methylation of porphyrin-quinoxaline conjugate 7 with ex-
cess of methyl iodide (120 equiv) in dimethylformamide resulted
in cationic porphyrin-quinoxaline conjugate 8 in 87% yield. The
structures of both the conjugates were confirmed by their UV, IR,
NMR ('H and '3C) and MALDI-TOF spectral data.?” For cationic por-
phyrin 8 resonance due to N-methyl protons was found at ¢
4.84 ppm, and internal pyrrolic NH protons were found in the up-
field region at 5 —2.98 ppm. The '3C NMR of conjugate 8 displayed
a characteristic amide carbon 162.82 ppm. The MALDI-TOF mass
spectrum of cationic porphyrin—quinoxaline conjugate 8 displayed
expected molecular ion peak [M*] at m/z 833.3415.

The interactions of porphyrins 6-8 with calf thymus DNA
(ctDNA) were investigated by UV-vis absorption titrations and
fluorescence spectra. The spectral measurements were performed
at 25 °Cin a buffer (5 mM Tris-HCI, 0.1 M NaCl, pH 7.4). Stock solu-
tions for porphyrins 6, 7 and 8 were prepared in dimethyl sulfox-
ide. The ctDNA was procured from Merck specialities as sodium
salt and its stock solutions were prepared in 0.5 mM Tris-HCI buf-
fer and 0.1 M NaCl; dimethyl sulfoxide was less than 5% in final
experimental solutions. In cationic porphyrins, the intercalative

binding is reported to occur predominantly at GC-rich regions,
groove binding at AT-rich regions and outside binding at both
GC-rich and AT-rich regions.?® These different binding modes are
distinguishable by monitoring porphyrin absorbance in the Soret
region. The intercalated porphyrin species can be characterized
by a large red shift of the Soret band (>15 nm) and a substantial
hypochromicity (>35%), whereas the groove binding results in a
small red shift in the Soret band (<8 nm) along with little hypo-
chromicity or hyperchromicity of the Soret maximum.?9-3!

The results of absorbance and emission titrations with ctDNA
for porphyrin conjugate 8 are shown in Figures 1 and 2. The
absorption spectra of conjugate 8 with the successive addition of
ctDNA exhibited a red shift of 12nm in the Soret region
(422 nm) along with a substantial hypochromicity (39%). However,
no dimerization or aggregation was observed without ctDNA in the
UV spectra. As shown in Figure 2, the fluorescence spectra of con-
jugate 8 displayed a broad dual-band pattern in the range of 600-
800 nm. The fluorescence intensities of conjugate 8 were decreased
upon the addition of a small amount of ctDNA. However, further
addition of ctDNA led to slightly enhanced intensity along with a
small blue shift (5 nm). The spectral changes in terms of batho-
chromic shift and hypochromicity appeared quite similar in
absorption and emission spectra. Observed spectral changes and
a distinct set of isosbestic points inclined to intercalation bind-
ing.3?> However, initial decrease and further increase in fluores-
cence intensity at higher concentrations of ctDNA indicated that
the porphyrin conjugate 8 adopt an intercalation binding or a com-
bination of self-stacking with intercalation mode. Further, the cor-
responding association constants of porphyrin conjugates 6
(1.98 x 10°) and 8 (1.26 x 10° M™!) are comparable to that of
TMPyP (2.5 x 105 M)

The synthesized porphyrins 6, 7 and 8 were treated with plas-
mid DNA (pBR322) to evaluate their DNA cleaving properties at
various concentrations. The cleavage of super coiled plasmid DNA
was determined quantitatively by the effective conversion of super
coiled form (form I) to nicked circular form (form II) as shown in
Figures 3 and 4 at different porphyrin concentrations. Surprisingly,
porphyrin 6 showed complete cleavage at 50 UM concentration in
UV irradiation at a time interval of 30 and 60 min, whereas no
phenomenal cleavage was observed in presence of visible light

Scheme 1. Reagents and conditions: (a) SnCl,-2H,0, 6 N HCI (70%); (b) CICOOEt, TEA, DCM (76%); (c) CHsl, DMF (87%).
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Figure 1. Absorption spectra of porphyrin 8. [Porphyrin] = 2 uM, in 0.5 m Tris—HCI

buffer, 0.1 M NaCl, pH —7.4. (|, T) Arrow indicate the change in intensity with
increase in ctDNA concentrations.
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Figure 2. Fluorescence spectra of porphyrin 8. [Porphyrin]=2uM, in 0.5M
Tris—HCl buffer, 0.1 M NaCl, pH —7.4. (|, T) Arrow indicate the change in intensity
with increase in ctDNA concentrations. (Jexc —422 nm).
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Figure 3. Photoinduced DNA cleavage by 6. pBR322 supercoiled DNA (0.5 pg) was
incubated with 6 (50 uM) in 20 pl of Tris-HCl (20 mM, pH 7.6) containing NaCl
(20 mM) and DMSO (5 vol %) at ambient temperature in the dark for 30 min, and
exposed to either UV (310-390 nm) or visible-light (>400 nm) for 0-60 min. The
samples were analyzed by 1% agarose gel electrophoresis. Lanes 1-4, UV-irradiated;
lanes 5-8, visible-light-irradiated.

(Figure 3). The cleavage in UV irradiation was expected due to the
presence of quinoxalinein porphyrin 6.2 Moreover, porphyrin-
quinoxaline conjugate 8 showed only moderate cleavage in UV as
well as in visible light (Figure 4).
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Figure 4. Photoinduced DNA cleavage by 8. pBR322 supercoiled DNA (0.5 pg) was
incubated with 8 (50 uM) in 20 pl of Tris-HCl (20 mM, pH 7.6) containing NaCl
(20 mM) and DMSO (5 vol %) at ambient temperature in the dark for 30 min, and
exposed to either UV (310-390 nm) or visible-light (>400 nm) for 0-60 min. The
samples were analyzed by 1% agarose gel electrophoresis. Lanes 1-4, UV-irradiated;
lanes 5-8, visible-light-irradiated.

To verify the phototoxic effects of porphyrins 6, 7 and 8 towards
A549 lung carcinoma cells, we evaluated cell viability by using the
WST method. A549 cells were incubated with the porphyrins for
24 h at 37 °C, washed with PBS and then exposed to UV as well
as visible light for 10 min. Further, they were incubated for 24 h
and their cell viability was determined (Figure 5). Cytotoxicity
was expressed as ICso values as shown in Table 1.

Comparing the effects of porphyrin 8 in the tumor cell line with
TMPyP under visible light (see Supplementary data), it was found
that porphyrin 8 has shown lower ICsq value of 60 nM, whereas
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Figure 5. Viability of A549 lung cancer cells incubated with various concentrations
of (@) 6, (M) 7, (4) 8 and (x) H,TPP after (upper) UV light irradiation (365 nm) or
(lower) visible light (>400 nm) irradiation for 10 min. Values represent the mean SD
of the four separate experiments.
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Table 1
Cytotoxicity of the porphyrins against A549 cells in vitro

Compound Cytotoxicity (ICso, M)

Porphyrin uv Visible
H,TPP >20 >20

6 >20 >20

7 0.17 0.18

8 0.16 0.06
TMPyP 1.24 0.30

Tetraphenylporphyrin(H,TPP); tetra(4-N-methylpyridyl)porphyrin(TMPyP).

that of TMPyP is 0.30 uM. Similar results were also displayed in
presence of UV light showing porphyrin 8 has shown higher photo-
toxicity (ICsg = 0.16 uM) than TMPyP (ICsg = 1.24 uM). The cytotox-
icity could be arising through localization of porphyrin-quinoxaine
conjugate 8 either in the cell membrane or mitochondria.

In summary, we have synthesized novel porphyrin-quinoxaline
conjugates 6, 7 and 8 and characterized. Their interactions with
ctDNA showed two distinct binding modes suggesting intercala-
tion followed by self-stacking along the DNA surface. The photocy-
totoxicity of conjugate 8 (ICso = 0.06 M) against A549 cancer cells
showed fivefold more potency than the standard TMPyP
(ICs0 = 0.30 uM), and thus leading to be a potential candidate in
developing a potent photocytotoxic agent for PDT. Further struc-
ture-activity relationship studies of these conjugates are in
progress.
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