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Abstract

The new complexes tetra-platinum(Il)-thiopyridylporphyrin 3 and tetra-
platinum(II)-thiopyridylporphyrinato Zn(II) 4 were obtained by coordination of the
peripheral thiopyridyl units of the free-base 5,10,15,20-tetrakis[2,3,5,6-tetrafluoro-4-(4-
pyridylsulfanyl)phenyl]porphyrin 1 or their corresponding zinc complex 2, respectively,
with four chloro(2,2’-bipyridine)platinum(II) [Pt(bpy)Cl]" units. Both compounds were
characterized by several spectroscopic techniques demonstrating a particular behaviour
in the emission spectra due to the absence or presence of zinc. The tetra-platinum(II)-
thiopyridylporphyrins exhibited an increase of the emission quantum yield when
compared with the starting thiopyridylporphyrins 1 and 2. Spectroscopic studies of both
platinum derivatives reveal the ability to interact unequivocally with DNA from calf
thymus and DNA of low molecular weight from salmon sperm, and also with the most
abundant protein in human blood plasma — human serum albumin (HSA). Herein, both
tetra-platinum(II)-thiopyridylporphyrins 3 and 4 exhibit electrostatic surface binding
with the negative phosphate groups of DNA. Remarkably to cationic-anionic binding
with DNA, tetra-platinum(II)-thiopyridylporphyrinato zinc(Il) demonstrates a particular
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binding intercalation mode with DNA. Photophysical studies demonstrated that both
porphyrins are photostable and able to generate singlet oxygen (‘O,) after light
irradiation.  Exposure of pMTI123 plasmid DNA to tetra-platinum(Il)-
thiopyridylporphyrins and irradiated with light leads to single-strand break formation as
determined by the conversion of the supercoiled form of the plasmid (form I) into the
nicked circular form (form II). The tetra-platinum(Il)-thiopyridylporphyrinato Zn(II)
demonstrates a particular intercalation binding mode with DNA and high ability to

cleavage DNA after photo-excitation.

Keywords: Photodynamic Therapy (PDT), Porphyrins, Platinum(Il) complexes,
Supramolecular Chemistry, Human serum albumin (HSA), Deoxyribonucleic acid

(DNA).

Introduction

The biological activity of platinum(Il) complexes was discovered by Rosenberg and co-
workers' showing the ability of cisplatin to interact non-covalently with nucleic acids.
Indeed, the study regarding the interaction of platinum(II) and related metal complexesz'
3 with biomolecules has emerged noticeably,”® pursuing not only the discovery of new
antitumoral drugs, but also the understanding of specific aspects of metal containing
proteins and nucleic acids.” Nowadays, there are several organometallic compounds
based on platinum units (e.g. cisplatin and its structural congeners), which have a key
role in several cancer treatment protocols. While the clinical application of platinum(II)
based compounds is Widespread,lo their efficacy has been hampered by mechanisms
related with cellular resistance (such as decreased uptake, increased inactivation by
thiol-containing proteins and increased DNA repair). Therefore, it is necessary to
develop new targeting platinum(II) based drugs. One way to achieve this goal has been
the incorporation of porphyrin macrocycles into platinum(II) based complexes.”"

Porphyrin macrocycles are highly conjugated aromatic systems with unequivocal
optical properties accomplishing an extensive multiplicity of functions in natural and

synthetic structures.'™™ They have been used as photosensitizers in cancer

15-17,27 18-22

chemical
18,27-29

photodynamic therapy (PDT), microbial photodynamic inactivation,

23-26

sensors owing to their emission and electrochemical features, gene therapy,

30-32

efficient components of light harvesting systems and also as a new generation of
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artificial enzymes in bio-mimetic chemistry.”>”* Amongst porphyrin derivatives,
cationic porphyrins are the most designed and studied compounds as DNA binding

339 The negative charge of the

agents performing a class of versatile building blocks.
backbone of nucleic acids promotes the interaction of DNA with cationic porphyrin
derivatives. In the case of cationic porphyrins, there are several studies reporting the
interaction of nucleic acids with tetrakis-(N-methylpyridinium-4-yl)porphyrin and its
metal complexes.*> 4"+

The binding ability of cationic porphyrins with DNA can be either intercalative,
external, and in special circumstances with self-stacking, depending on the porphyrin
charge distribution, absence/presence and type of the porphyrin central metal ion, and
the peripheral substituent.”>**4¢ After photo-activation, porphyrins in the presence of
molecular oxygen are able to generate reactive oxygen species (ROSs), such as singlet
oxygen ('0,), thus inducing cell death.*’ DNA is a valuable target on the development
of new compounds, since this biomolecule has important roles in ageing, tumours
development and gene regulation.”* The ability of porphyrins to interact with DNA and
their capability to generate ROS has been related with DNA strand breaks and cell death
mediated by cellular oxidative stress.*’

Porphyrin-platinum(II) conjugates have been synthesized,’** aiming to have on
the same molecule platinum-containing groups® and porphyrin systems useful for
cytostatic activity and photodynamic therapy promoted by the platinum and porphyrin
parts, respectively.” Herein, we aimed to synthesize a new series of Por-Pt(Il)
complexes (3 and 4, Scheme 1) with potential ability to bind biomolecules, specially
DNA. For that, the free-base 5,10,15,20-tetrakis[2,3,5,6-tetrafluoro-4-(4-
pyridylsulfanyl)phenyl]Jporphyrin 1°* and the corresponding zinc complex 2 were
functionalized with four [Pt(bpy)Cl]" moieties at the peripheral positions. The binding
ability of porphyrin derivatives 1-4 with biomolecules, such as human serum albumin
(HSA), DNA from salmon sperm (ssDNA) and DNA from calf-thymus (ctDNA) was
studied by UV-Vis and emission spectroscopy. The spectroscopic properties of the
resulting Pt(I)-porphyrinoid complexes 3 and 4, and the interaction of porphyrin—-DNA
assemblies were analysed. By transient absorption spectroscopy, tetra-platinum(Il)-
thiopyridylporphyrin 3 has electrostatic surface binding with DNA, while tetra-
platinum(II)-thiopyridylporphyrinato Zn(Il) 4 has a particular intercalation binding
mode with DNA. Additionally, we also demonstrate a high ability of porphyrin 4 to
generate 'O, and to photocleavage pMT123 plamid DNA after light irradiation.
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Synthesis and characterization of peripheral Pt(II)complexes

Considering the remarkable photochemical and photophysical properties of
porphyrins and excellent binding features of [Pt(bpy)Cl]" moieties with DNA, we
envisage a simple access to obtain innovative Por-Pt(II)bipyridine complexes. The new
complexes were synthesized via post-modification of tetra-substituted thiopyridyl
porphyrins 1°* and 2, playing with the number of equivalents of [Pt(bpy)CI]" units. The
reaction was carried out in dry N,N’-dimethylformamide (DMF) with a little excess of
cis-dichloro(2,2"-bipyridine)platinum(Il) [Pt(bpy)Cl,] per pyridyl group at 50 °C for 24

h and under nitrogen atmosphere (Scheme 1).

12 5]+

{3 2H L\ N N

4 7n \Pt\
Cl N
S |
‘X
F 1.4 £ SR i) [Pt(bpy)Cl2l, DMF, 50 °C, 24 h.

Scheme 1 Structures of porphyrin derivatives HyTPPF4(SPy)4 1, ZnTPPF,4(SPy)4 2,
H,TPPF,¢(SPyPt)s 3 and ZnTPPF4(SPyPt)s 4.

The reaction progress was monitored by UV-Vis absorption spectroscopy,
showing the absorption band of the [Pt(bpy)Cl]" moiety at 290-400 nm and the
porphyrin absorption Soret- and Q-bands at 410-419 nm and 504-633 nm, respectively.
At the end of the reactions, the reaction mixtures were concentrated under reduced
pressure until around 1 mL of DMF and then precipitated with a saturated aqueous
solution of NH4PF¢. After this, each solid product was filtrated and washed several
times with water, followed by crystallization in pure acetonitrile (CH3CN). The
obtained derivatives 3 and 4 exhibited dark-purple colour and yields above 85%. These
structures were characterized and confirmed by UV-Vis and emission spectroscopy
(Figures SI 1-3), 'H, COSY 2D 'H-'H and '°F NMR (Figures SI 5-12) and HRMS-ESI
mass spectrometry (Figures SI 13).
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Experimental Section
Materials

The reagents and solvents were of analytical grade. The cis-dichloro(2,2’-
bipyridine)platinum(IT) complex was synthesized according to the literature.”> Human
Serum Albumin (HSA), DNA from salmon sperm (ssDNA) and DNA from calf thymus
(ctDNA) were purchased from Sigma-Aldrich.

Physical measurements

'"H and ""F NMR spectra were recorded on a Bruker Avance-300 spectrometer at
300.13 and 282.38 MHz, respectively or on a Bruker Avance-500 at 500 MHz for 'H
NMR. DMSO-ds was used as solvent and TMS as internal reference. The chemical
shifts are expressed in d (ppm) and the coupling constants (J) in Hz. Unequivocal 'H
assignments were made with aid of 2D COSY (1H -IH).

Absorption and emission spectra were recorded using a Shimadzu UV-2501-PC
and FluoroMax3 (excitation wavelengths at 420 nm, slit 2 nm, emission range 600-800
nm), respectively. Analytical TLC was carried out on pre-coated silica gel sheets
(Merck, 60, 0.2 mm). HRMS-ESI were recorded on a APEXQe FT-ICR mass
spectrometer (Bruker Daltonics, Billerica, MA).

Porphyrin interaction with DNA and HSA were performed by spectral
measurements at room temperature in phosphate buffered saline (PBS) at pH 7.4. The
DNA pair base concentrations of low molecular weight DNA from salmon sperm
(ssDNA) and DNA from calf thymus (ctDNA) were determined by spectroscopy, using
the molar extinction coefficients 6600 and 13100 M™.cm™ (per base pair) at 260 nm,
respectively. Porphyrin solutions (2.0 uM) in PBS were titrated with increasing
concentrations of ssDNA or ctDNA (ranging from 0.0 to 8.0 pM). The absorption
spectra of porphyrins were acquired for the wavelength range of 300-900 nm.

The intrinsic binding constants of compounds 1-4 were calculated according to
the decay of the absorption Soret-band using the following equation,’®’

of [DNA]/ (e, — &) versus [DNA],

through a plot

[DNA]/ (€. — &) = [DNA] / (e — &) + 1/ Ky . (&b — &),
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where [DNA] is the concentration of DNA in the base pairs, &, the extinction coefficient
(Aobs/[porphyrin]), &, and grare the extinction coefficients of free and fully bound forms,
respectively. In plots of [DNA] / (g, — &) versus [DNA], K, is given by the ratio of the

slope to the interception.

The emission spectra of the interaction of the porphyrin derivatives with DNA
were acquired in the wavelength range at 600-800 nm upon excitation at 420 nm.

For the determination of porphyrin derivatives interaction with human serum
albumin (HSA, Sigma-Aldrich), 2.0 mL of HSA solution (2.0 uM in PBS) was titrated
with increasing concentrations of porphyrin derivatives (ranging from 0.0 to 8.0 puM).
The emission spectra of the HSA's tryptophan residues were acquired in the wavelength

range of 300-450 nm upon excitation at 280 nm.

Photostability and 0, generation

The photostability of the porphyrin derivatives was determined by measuring the
absorbance at 415 nm (1 and 3) or 425 nm (2 and 4) before and after white light
irradiation (400-800 nm) at a fluence rate of 50 mW.cm™.

For the determination of singlet oxygen production, solutions containing DPBF
(25 pM) with or without porphyrin derivatives at 0.25 pM were prepared in DMF/H,0O
(9:1 v/v) in a 1 x 1 cm quartz cuvette. The solutions were irradiated, at room
temperature and under gentle magnetic stirring, with a LED array system emitting red
light (A > 600 nm) at a fluence rate of 12 mW.cm™. The breakdown of DPBF was
monitored by measuring the decrease in absorbance at 415 nm at pre-established

irradiation intervals.

Photocleavage of circular plasmid DNA

Buffered solutions of pMT123 plasmid DNA (1 pg) with the porphyrin
derivatives (0, 1, 10 or 40 uM) were incubated in the dark for 1 h at room temperature.
The mixtures were then photoirradiated for 1 h with a LED array system emitting light
with two emission peaks at A = 450 + 20 nm and A = 550 + 50 nm (white light).”’

Immediately after the treatments, sample analysis was carried out by electrophoresis on
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1% (w/v) agarose gel (containing ethidium bromide stain) at 50 V for 90 min (Figure SI
4).

Results and Discussion

Compounds 1-4 were fully characterized by UV-Vis, NMR spectroscopy and ESI-
HRMS and elemental analysis. The "H NMR of compound 3 shows the internal proton
resonances at high fields (-3.11 ppm), while at low fields are located the other proton
resonances corresponding to the peripheral of the porphyrin. In case of the thiopyridyl
proton the resonances appears as multiplets at 8.07—8.12 and 8.92-9.01 ppm for the
ortho-H and at 8.50-8.55 and 8.60-8.66 ppm for the meta-H. On the other hand, the
multiplet resonances around 7.84, 8.41, 8.58, 9.49 and 9.61 ppm are attributed to the
[Pt(bpy)CI]" moieties. The '"H NMR of compound 4 shows the disappearance of the
resonances at high fields when metallated with zinc(II) ion, and the same profile was
observed for the proton resonances of the thiopyridylporphyrin groups and [Pt(bpy)C1]"

moieties.

Electronic absorption and emission assays

The electronic absorption spectra of the porphyrin Pt(I) complexes in acetonitrile
consist of an envelope of superimposed absorption bands in the range of 300-700 nm,
arising from the characteristic absorption properties of porphyrin and Pt(bpy)C1" entities
(Figure 1). H,TPPF,¢(SPyPt)4 3 and ZnTPPF,4(SPyPt)4 4 exhibited absorption bands at
307 nm (log € = 4.68) and 308 nm (log € = 4.62), respectively. Additionally, both
complexes exhibited absorption bands at the wavelength range of 360-390 nm (broad
shoulder) which can be ascribed to the Pt(dm) — bpy(pn*), while the peaks at 320 nm
(log € = 4.71 for 3) and 321 nm (log € = 4.67 for 4) are associated to the bpyr — n*
transitions.”®

The characteristic Soret-band is observed at 410 nm (log € = 5.32), and the Q-
bands at 504 (Qy-0), 536 (Qy-0), 580 (Qx-0)) and 633 nm (Qxe0) for 3. The
corresponding absorption bands for 4 are observed at 308 (log € = 4.62), 321, 396, and
419 nm (Soret-band, log € = 5.27), 552 and 625 nm (Q-bands), respectively (Table 1).
In spite of their similarities, it should be noted that the Soret-band is quite narrow for

the free-base porphyrin 3, when compared with the one of Zn(Il) complex 4 (shoulder at
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429 nm). This observation is consistent with a stronger electronic coupling between the
Zn(II) porphyrin and the platinum(II) complexes moieties.

In the case of H,TPPF,4(SPyPt)4 3, the absence of the metal ion in the porphyrin
core could result in a lower electronic interactions between the macrocycle core and

peripheral groups.

1,04

0,8+ H,TPPF, (SPy),(1)
0,6
0,4 HZTPPF"S(SPyPt)4 (3)
& 0,24
g 0,04 e —
s r
2 1,04
[=]
2 os8+
< 6] ZnTPPF,(SPy),(2)
0,4 ZnTPPF, (SPyPt), (4)
0,24
0'0 h T T T &l 1
300 400 500 600 700

Wavelength (nm)
Fig. 1. Absorption spectra of porphyrin derivatives 1-4 in acetonitrile.

The spectroscopic experiments show the emission spectra of porphyrins 3 and 4 in
CH;CN (excitation wavelength at 420 nm) and the emission spectral data are given in
Table 1. The spectra are shown in figure 2 and the emission quantum yield were
estimated from the emission and absorption spectra of the reference 5,10,15,20-
tetraphenylporphyrin  (H,TPP) by a comparative method..' The higher emission
quantum yields of porphyrins 3 and 4, comparing to their precursors 1 and 2,
respectively, must be related to their higher solubility in CH3CN due to the bipyridin
moieties and the PF4" contra ions.

The Q,0) and Q1) emission bands of porphyrin derivatives are in the region of
500-700 nm, respectively. Compared with emission bands of H,TPP (data not shown) in
CH;CN, the emission peaks of H,TPPF4(SPyPt), 3 and ZnTPPF;4(SPyPt), 4 shift to the
red region by 2-5 nm showing transference of energy between the porphyrin ring and
[Pt(bpy)C1]" moieties. The insertion of the Zn(II) metal ion into the macrocycle resulted
in a decrease of the emission intensity and quantum yield. The different values for the
quantum yields may be a clue concerning the electronic coupling between [Pt(bpy)Cl]"

unit and the porphyrin ring related with the presence or absence of the Zn(II) metal ion.

Page 8 of 22
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800+

7004 ZnTPPF,(SPy), (2)
600 ] H,TPPF, (SPyPt), (3)
#60 ZnTPPF, (SPyPt), (4)

1

B

o

o
1

1

5 300

Emission Intensity
a.u. (x10%)

200

100
t(bpy)CI2

T T T T 1
500 550 600 650 700 750
Wavelength (nm)

Fig. 2. Emission spectra of porphyrin derivatives 1-4 and [Pt(bpy)Cly] complex (Aexe=
420 nm) in acetonitrile.

Table 1. Electronic absorption and emission data of porphyrin derivatives 1-4 in
acetonitrile.

Compound Absorption bands / A, nm (log ) Emission bands/A, nm®  ®,”
1 415 (5.48); 507 (4.34); 581 (3.87) and 633 (3.59) 594, 647 0.060
2 422 (5.29): 552 (4.06) and 587 (2.59) 593, 647 0.030
307 (4.68); 320 (4.71); 360 (4.51); 410 (5.32); 504
3 (4.10); 536 (3.14); 580 (3.60) and 633 (2.59) AN I
) 308 (4.62): 321 (4.67); 396 (4.42); 419 (5.27); 552 646,702 0200

(4.03) and 625 (2.58)
Yexcited at 420 nm; b)using H,TPP as reference in DMF (@ = 0.11).54

Photostability and generation of singlet oxygen (102)

To evaluate the potentialities of porphyrin derivatives 3 and 4 to induce DNA
strand breaks by a mechanism dependent on their ability to generate ROS, mainly 'O,
their photostability and ability to generate 'O, upon photoexcitation were determined.
The photostability of 3 and 4 was studied by monitoring the decrease of the absorbance
of their Soret-bands, after different times of white light irradiation (400-800 nm)
delivered by an illumination system at a fluence rate of 50 mW.cm™.'>*° In PBS
solutions both compounds at 1.5 uM showed high photostability over the investigated
irradiation period (30 min; Table SI 1).

The ability to generate 'O, by 3 and 4 in DMF:H,0 (9:1 v/v) was determined by
a chemical method using 1,3-diphenylisobenzofuran (DPBF) as '0, scavenger.ls’39
Porphyrin derivatives 1 and 2 were used as references for 3 and 4, respectively.
Compounds 1-4 at 0.25 uM were able to photo-oxidize DPBF at 25 uM (Figure 3). The
porphyrins 3 and 4 demonstrated to be potent generators of 'O, and at 0.25 pM these

dyes decompose 46.8% and 72.0% of DPBF, respectively, after 20 min of light
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irradiation. Both dyes have shown higher ability to photo-oxidize DPBF when
compared to the corresponding references 1 and 2. The ability of these derivatives to
photo-oxidize DPBF decreases in the order ZnTPPF4(SPyPt)s 4 > ZnTPPF4(SPy)4 2 >
H,TPPF,,(SPyPt)s 3 > H,TPPF,c(SPy)s 1. The high photostability and ability to
generate 'O, of 3 and 4 after being exposed to light and oxygen, allowed us to envisage

them as potential PSs.

. v HTPPF15(SPYPt), (3)

e
N

ST S S ———
7 |}

oal .

% 3 4 T DPBF
2 x " m |}
<os + — m H;TPPF46(SPy)s (1)
9 A v ¥ ¥

A ZnTPPF5(SPy), (2

Nl } e b ; s 4 ZnTPPF5(SPy)4 (2)
© .

E

o
=z

+ ZnTPPF45(SPyPt)4 (4)

e
o

1'0 1‘5 2'0

Irradiation time (min)
Fig. 3. Photo-oxidation of DPBF (25 uM) in DMF/H,O (9:1, v/v) with or without
porphyrin derivatives 1-4 at 0.25 uM, after red light irradiation (LEDs array system) at
a potency of 12 mW.cm™. The DPBF absorbance was recorded at 415 nm.

o
o

Spectral properties of the interaction of the porphyrins with biomolecules
Interactions with DNA

The interaction of 3 and 4 with nucleic acids was studied by UV-Vis and emission
spectroscopy, since the interaction of the platinum(Il) porphyrins with DNA and ability
to cleavage this biomolecule upon photo-activation, opens a high potential for their
application as photosensitizers in cancer photodynamic therapy.”” It is commonly
accepted that platinum based drugs are able to promote cytotoxicity by targeting and
inducing damages in DNA.®® Additionally, the positive charged derivatives 3 and 4
should promote an electrostatic surface interaction with the negative charged phosphate
groups on DNA.*’

To compare the binding affinity of cationic porphyrins 3 and 4 with the
corresponding non-cationic precursors, additional studies with the corresponding
porphyrin precursors 1 and 2 were also performed. A series of DNA titrations were
carried out using solutions of porphyrins at constant concentration (2.0 pM in aqueous
buffered solution) with increasing concentrations of DNA of low molecular weight from

salmon sperm (ssDNA) and DNA from calf thymus (ctDNA). As an example, figure 4

10
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exhibits the overall changes in the absorption spectra of ZnTPPF,¢(SPyPt)4 4 with both
DNA. In the absence of DNA, compound 4 has a higher-energy of the absorption Soret-
band around 400 nm. The other DNA titration experiments with compounds 1-3 are

presented in supplementary information section (Figures SI 2).

a) ZnTPPF, (SPyPt), (4) + ssDNA b) znTPPF, (SPyPY), (4) + ctDNA
0.8+ 0.8+
8 o.s; 8os ﬁ\‘ l
£ £ b
S 0.4 S 0.4 E [
< =< A
0.2- 0.2 5’3 g
j"“
0.0 t'.’ T T Y 0.01= 7 o 7 v T d
700 800 90 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Fig. 4. Electronic UV-Vis absorption spectra of ZnTPPFs(SPyPt)s 4 (2.0 uM) with
increasing a) ssDNA and b) ctDNA concentrations ranging from 0.0 to 8.0 uM in PBS.

A general trend of hypochromism (the decrease in the absorbance of the Soret-
band) for all the porphyrins after addition of ssDNA or ctDNA solutions was observed.
The observed porphyrin hypochromicity on the UV-Vis spectra (Table 2) after addition
of solutions with increasing concentrations of DNA decreases in the order
ZnTPPF4(SPyPt)s 4 > HoTPPFc(SPyPt)s 3 > ZnTPPF,4(SPy)s 2 > HoTPPF¢(SPy)4 1.
Even though non-cationic compounds 1 and 2 lack the potential for cationic-anionic
electrostatic binding with the DNA phosphate groups, these porphyrins demonstrated a
general trend of hypochromicity of Soret-band absorption that was lower than for
complexes 3 and 4. In fact, previous studies have reported that non-cationic porphyrins
have activity against carcinogenic DNA replication.®’ The obtained hypochromicity
values for porphyrins 1 and 2 (around 20%) led us to suppose that these derivatives bind
to DNA by non-classical modes involving most probably the partial insertion of pyridyl
ring between adjacent base pairs on DNA. The partial interaction via pyridine ring into
the base pairs of DNA has been described for hexa-aza macrocyclic copper(Il)
complexes.62

To further clarify the DNA-binding, the intrinsic binding constants of compounds
1-4 were previously calculated as described in experimental section and summarized in
Table 2.

The intrinsic binding constants are comparable to that of meso-tetra-[(PtbpyCl)-

pyridyl]porphyrins,” indicating that H,TPPF4(SPyPt)s 3 and ZnTPPF,,(SPyPt), 4 can

11
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324  bind more tightly to ctDNA and/or ssDNA, following the decreasing order of
325  ctDNA(Kp): 4>2>3>1; and ssDNA (Kp): 4>3>2>1.
326

327  Table 2. Data for the interaction of compounds 1-4 with ssDNA, ctDNA and HSA.
328 Binding constant (Kp) and number of binding sites (n) of porphyrins 1-4.

Parameter 1 3 2 4
Hypochromicity (H, %)* 19.0 28.0 23.0 49.0
Red shift (AL, nm)” 0 0 0 15.0
ssDNA ; ¢
Quenching (Q, %) 22.0 40.0 24.0 36.0
K, M™% 10° 425 0.06) 14.5(x£0.17) 5.96(x0.03) 62.8 (£ 0.03)
Hypochromicity (H, %)* 19.0 27.0 23.0 33.0
Red shift (AA, nm)® 0 0 0 16.0
ctDNA . c
Quenching (Q, %) 36.0 44.0 39.0 40.0
K, (M)*x10° 3.98 (£0.08) 7.29(x048) 12.0(£0.63) 76.7 (x0.08)
HSA K, (MY)* 1.18x10* 6.97x10’ 2.87x10° 1.07x10’
n 0.88 1.40 0.67 1.27

‘H (%) = (AbS initialSoret-band - Abs finalSoret-hand)/(Abs initialSoret-hand) X 100; hA)" (nm) = )"final Soret-band ~
Minitial Soret-band; ' Q (%0) = (Max. initial emission - Max. final emission) / (Max. initial emission) x 100;
dBinding constant (Kh).s"’55

329

330 The hypochromicity effect for H,TPPF;s(SPyPt)s 3 was 1.50 higher than the
331  corresponding non-cationic precursor 1. An even greater hypochromicity for
332 ZnTPPF4(SPyPt)s 4 was observed in parallel with a 15.0 or 16.0 nm red shift
333  (bathochromic shift) in the absorbance of the Soret-band after addition of ssDNA or
334  ctDNA, respectively (Figure 4). Bathochromic shifts have been described as an
335 indicative of the intercalation to the double stranded oligonucleotides m-systems
336 stacking (between the C and G nucleobases).”” The isosbestic point observed in figure 4
337 suggests the formation of a well-defined porphyrin 4-DNA complex stabilized by
338 intercalation and also by cationic-anionic electrostatic interaction between porphyrin
339  and the phosphate groups located on DNA® (Table 2).

340 The effect of the addition of ctDNA and ssDNA on the porphyrins 1-4 was also
341  monitored by emission spectroscopy (Figures 5 and SI 3). Here, the porphyrin solutions
342  were titrated with increasing concentrations of DNA, where the porphyrin derivatives
343  emit between 600-800 nm after excitation at 420 nm, and the emission bands remain
344  constant but the intensity decreases (emission quenching, Table 2). The observed
345  emission quenching of the porphyrin derivatives after addition of DNA solutions
346  (Figure 5) decreases in the order ZnTPPF,s(SPyPt)s 4 =~ H,TPPFc(SPyPt)s 3 >
347  ZnTPPF4(SPy)s 2 = H,TPPF6(SPy)s 1.

12
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Fig. 5. Emission spectra of ZnTPPF,s(SPyPt)s 4 (2 uM) with increasing a) ssDNA and
b) ctDNA concentrations ranging from 0.0 to 8.0 uM in PBS (A¢xe = 420 nm).

The largest hypochromicity (without any bathochromic shift) and the observed
emission quenching for compound 3 after addition of DNA demonstrate that this
compound has a non-intercalation mode with DNA. Therefore the major mode of
interaction between porphyrin 3 and DNA seems to be a simple electrostatic surface
binding between the positive charged porphyrin and the negative phosphate groups of
DNA (Figure 6).

The bathochromic shift value resulting from the interaction between porphyrin 4
and DNA suggests that, in addition to electrostatic interaction, this porphyrin has
probably intercalation with DNA (Figure 6). According to the observed differences
between platinum(Il) complexes 3 and 4 it is expected some interaction between the
phosphate groups of DNA and the Zn(Il) centre of compound 4. The interaction
involving phosphate groups on DNA and Zn(II) on complex 4 promotes somehow the
insertion of porphyrin 4 into the DNA major and/or minor grooves. Previous studies
have reported that the Zn(Il) ion into the porphyrin macrocycle can promote interaction

with DNA by electrostatic and/or coordination binding with phosphate groups of DNA.*

Adenine = = = = { Thymine

Guanine EE z EEI Cytosine

@ = H,TPPF (SPyPY),, 3 () = phosphate

o,
= ZnTPPF4(SPyPt),, 4 D= pentose sugar

External binding of External binding and/or
H,TPPF14(SPyPt)4, 3 - DNA Intercalation ZnTPPF4(SPyPt),, 4 - DNA
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Fig. 6. Proposed possible binding modes of H,TPPF¢(SPyPt)s 3 and ZnTPPF4(SPyPt)4
4 with DNA.

Interaction with human serum albumin (HSA) by emission assays

Knowing that HSA is able to bind anticancer drugs and to deliver them to the
target organs, the interaction of porphyrins 1-4 with the abundant plasma protein HSA
was studied by emission quenching of tryptophan residues in HSA solutions, after
increasing addition of derivatives 1-4 at concentrations from 0.0 to 8.0 uM in PBS with
< 1.0% v/v DMSO.*°® HSA demonstrates a characteristic emission maximum band at
335 nm after excitation at 280 nm. The effects of DMSO on HSA emission quenching
were tested, since the stock solutions of the porphyrins were prepared in this organic
solvent. Over a concentration range of 0.0-1.0% v/v, DMSO did not quench HSA
emission (data not shown). The addition of porphyrin to HSA led to emission quenching
of tryptophan residues (Figure SI 1 and Table 2), which for porphyrins 1 and 2, when
compared respectively with porphyrin derivatives 3 and 4, was lower. The binding
constant (Kp) and the number of binding sites (n) of compounds 1-4 were determined as
described in the literature (Figure SI 1).°® The K, values of the porphyrins decrease in
the order H,TPPFs(SPyPt)s 3 > ZnTPPF,s(SPyPt)s 4 > H,TPPFc(SPy)s 1 >
ZnTPPF6(SPy)4 2 (Table 2). The number of binding sites indicates that there is only
one binding site for the porphyrins close to the tryptophan residues of HSA (Table 2).
The architecture of the porphyrin derivatives have a high flexibility comparatively with
the porphyrins synthesized by Toma and co-workers’ owing the presence of the
thiopyridyl-[Pt(bpy)C1]" moieties in the para-positions of the porphyrin, which

promotes a high binding constant.

Photocleavage of plasmid DNA

The ability to generate 'O, of the porphyrin derivatives 3 and 4 (Figure 3) and to
interact with DNA (Table 2) prompted us to test their ability to photodamage DNA.
Herein, the DNA cleavage activities of porphyrins 1-4 were determined by their
effectiveness in converting circular supercoiled DNA (form I) to circular relaxed DNA
(form II). Porphyrin derivatives 1-4 (1-40 uM) and pMT123 plasmid DNA (1 pg) were
incubated at room temperature for 1 h. After incubation of porphyrins with DNA, the

samples were irradiated using a LED array system with white light for 1 h. As a first
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approach, the effects of DMSO on DNA cleavage were tested, since the stock solutions
of the porphyrin derivatives were prepared in this solvent. DMSO (up to 0.2%) did not
have any effect on the DNA cleavage (Figure SI 4). No cleavage of DNA was observed,
if compounds 1-4 were mixed with DNA without illumination (Figure SI 4). In the
presence of light, porphyrin derivatives 1 and 2 were not able to cleave DNA (Figure SI
4). Otherwise, after photo-excitation, the porphyrin derivatives 3 and 4 at the
concentration of 40 uM were able to convert supercoiled DNA plasmid (form I) into
circular relaxed form (form II).

Comparing with porphyrin 3, their corresponding zinc complex 4 had the
strongest ability to cleave DNA. Therefore, the high ability of tetra-platinum(Il)-
thiopyridylporphyrinato Zn(II) 4 to cleave DNA can be related with its particular
intercalation binding mode (Table 2) and high ability to generate 'O, (Figure 3).

HZTPPFW(SPyPt) . (3) ZnTPPF (SPyPt), (4)
Lane 0 1 2 3 4 5 6 7
- . =  ——  S—— relaxed
. s & - B  S—  — - supercoiled

Fig. 7. Agarose gel electrophoresis (1%) of supercoiled pMT123 plasmid DNA (1 ng)
photosensitized with porphyrin derivatives 3 and 4 at different concentrations (0, 1, 10
and 40 pM) in 3 mM Tris-HCIL, 0.3 mM EDTA, pH 8.0. Lane 0 and 4:
DNA-+irradiation; lane 1: DNA+H,TPPFs(SPyPt)s 3 (1 puM)+irradiation; lane 2:
DNA+H,TPPF6(SPyPt)s 3 (10 pM)+irradiation; lane 3: DNA+H,TPPF,4(SPyPt)4 3 (40
pM)+irradiation; lane 5: DNA+ZnTPPF¢(SPyPt); 4 (1 pM)+irradiation; lane 6:
DNA+ZnTPPF4(SPyPt)4 4 (10 uM)+irradiation; lane 7: DNA+ZnTPPF,¢(SPyPt), 4 (40
pM)+irradiation.

Conclusions

Two new platinum(Il) porphyrin conjugates were synthesized, characterised and
their spectroscopic properties revealed that these compounds have an interesting affinity
behaviour with HSA, ctDNA and ssDNA, demonstrating at the same time distinct
binding modes with these biomolecules. Herein, the tetra-platinum(Il)-
thiopyridylporphyrin 3 revealed the typical electrostatic surface binding with DNA. In
addition  to  cationic-anionic  binding  with  DNA, tetra-platinum(Il)-
thiopyridylporphyrinato Zn(II) 4 also demonstrated a particular intercalation binding
mode, high ability to generate singlet oxygen and to cleavage DNA after photo-
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excitation. Further studies are warranted to elucidate the possible interaction mechanism
of 4 with DNA as well as to study its ability to induce photodamages in cellular DNA.
A strong pattern of interaction between DNA and the porphyrin derivative could be a

potential methodology to treat cancer cells using PDT.
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