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ABSTRACT: We investigated with spectroscopic techniques
the noncovalent interaction of a bimetallic water-soluble (Zn"/
Pt") porphyrazine hexacation, [(PtCl,)(CH;)sLZn]®, and its
octacationic analogue [(CH;)sLZn]®*", lacking the cis-platin-
like functionality, with a 21-mer double strand (ds) S'-
d[GGG(TTAGGG),]-3'/3'-d[CCC(AATCCC),]-S’, as
model for B-DNA. Both hexacation and octacation tend to
aggregate in water. The structure as well as the ground and
excited-state electronic properties of the Zn"/Pt" hexacation
[(PtCl,)(CH;)sLZn]® in water solution were investigated

using density functional theory (DFT) and time-dependent DFT (TDDFT) methods. TDDFT calculations of the lowest excited
states of [(PtCl,)(CH,;)¢LZn]® in water provided an accurate description of the Q-band spectral region. In particular, the
calculated optical spectra were in agreement with the experimental ones, obtained in the presence of micelles favoring complete
disruption of the aggregates. The model for dsDNA binding that emerges from the analysis of UV—vis absorption and time-
resolved fluorescence data shows the presence of complexes of 1 dsSDNA molecule with 1, 2, and 4 macrocycles. Comparing the
results for the hexacation [(PtCl,)(CH;)¢LZn]®" with those for the [(CH;)sLZn]* octacation, we observed a higher degree of

monomerization for the [(PtCl,)(CH;)4LZn]*" derivative.

B INTRODUCTION

Multimodal therapy based on the synergic action of different
drugs or treatments is commonly used to combat various
diseases including cancer.! However, the combination of
different drugs or treatments has to occur with an intricate
balance of dosage and timing to guarantee the positive
therapeutic outcome. A lot of efforts are nowadays concen-
trated on the design of single therapeutic agents allowing one to
implement multiple treatment modalities.” In this frame, we
reported recently on the synthesis of a water-soluble Zn(II)
pyrazinoporphyrazine hexacation, [(PtCl,)(CH;)sLZn]%, bear-
ing an exocyclic Ny, PtCl, coordination site (Figure 1A).> We
showed that this Zn"/Pt" hexacation behaves as an efficient
photosensitizer in DMF solution generating singlet oxygen,
'0,, a highly cytotoxic species.” The very good quantum yield
of 'O, production (®, = 0.46) makes it an interesting agent for
application in photodynamic therapy (PDT).* The hexacation
also proved to interact with the single-stranded telomeric DNA
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guanine-rich sequence 5’-d[AGGG(TTAGGG),]-3/, present as
a G-quadruplex-type structure (G4) in K* or Na* 0.1 M water
solutions.” The binding of the hexacation influences the
conformational equilibrium of the G4 structure in 0.1 M K*
solution, yielding very stable complexes with G4 mainly in
parallel conformation. This observation represents a second
important outcome for the present heterobimetallic cation as
potential agent for multimodal anticancer therapy. In fact,
ligands that bind in solution to G-quadruplex DNA, stabilizing
the structure, can also interfere with the biological processes
involving guanine-rich sequences, present both in telomeres
and in promoter regions of some oncogenes.”” With these
biological processes being crucial for cancer cell survival and
replication, guanine-rich sequences have become a very
promising target for the development of new anticancer
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Figure 1. (A) The hexacation [(PtCL)(CH;)LZn]®; (B) the octacation [(CH;)sLZn]* (L = tetrakis-2,3-[5,6-di(2-pyridyl)pyrazino]-
porphyrazinato dianion). Both cationic porphyrazines are neutralized by I~ ions.>'°

drugs and attracted a lot of research interest during the past
decade.”®

Furthermore, the exocyclic Ny, PtCl, coordination site in
[(PtCl,)(CH;)4LZn]* (Figure 1A) closely resembles cis-
platin, (NH;),PtCl,, an extensively used chemotherapeutic
anticancer drug.” Because the presence of the cis-platin-like
functionality for the hexacation [(PtCl,)(CH;)sLZn]® might
represent a third potential cancer treatment modality, we
investigated the noncovalent interaction of the Zn'l /Pt
hexacation with the 21-mer double-strand (ds) 5'-d[GGG-
(TTAGGG),]-3'/3’-d[CCC(AATCCC),]-S/, as model for B-
DNA. For comparison, a parallel investigation was carried out
for the related octacation [(CH;)sLZn]®*" lacking the cis-Pt
functionality (Figure 1B). The study of the binding was
performed monitoring absorption, fluorescence, and circular
dichroism (CD) and was accompanied by the theoretical
investigation of structural features and optical absorption
properties of the Zn"/Pt" hexacation, useful for an under-
standing of the solution spectra of this molecule. The overall
findings allow one to envisage for the hexacation three-modal
therapeutic anticancer potentialities.

B EXPERIMENTAL AND COMPUTATIONAL SECTION
The charged macrocycles [(PtCl,)(CH;)sLZn]* and [(CH,)sLZn]*

in the form of the iodide salt-like species were prepared as reported
previously.>'® The possible presence of impurities due to incomplete
quaternization and/or multigle platination in the sample is not
believed to be significant.>'’ The telomeric sequence 5'-d[GGG-
(TTAGGG);]-3' (21-mer) and its complementary strand were
prepared by automated synthesis according to standard procedures.

Quantum Chemical Calculations on the Hexacation [(PtCl,)-
(CH;)6LZN]®". Density functional theory (DFT) and time-dependent
DFT (TDDFT) calculations were performed with the Amsterdam
Density Functional (ADF) program package, release 2012.01,'""
employing the scalar relativistic zeroth-order regular approximation
(ZORA) formalism®® and the all-electron ZORA/TZP basis set.'* The
ground-state molecular structure of [(PtCl,)(CH,;)sLZn]®" was fully
optimized (without constraints) in water solution (¢ = 78.39) using
the BP86" exchange-correlation functional. The optimized structure
was verified to be a true minimum by frequency calculations. The
vertical absorption energies and oscillator strengths of the lowest
singlet excited states were computed at TDDFT level using the hybrid
B3LYP'® functional. Solvation effects on the ground-state molecular
and electronic structure and on the excited states were modeled
through a dielectric continuum model, which was chosen to be the
COSMO model."” The calculated excitation energies contain, apart
from the altered “solvated” orbitals (slow term), also the contributions
from the “fast” solvent response term.'®
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Sample Preparation for Solution Studies. The buffer for the
spectroscopic measurements contained 10 mM Tris and 100 mM KCL
Excess of K" mimics physiological conditions of cellular compartments
where K* is abundant. pH was corrected to a value of 7.4 with aliquots
of HCI 3 N. Solutions of the two complementary single strand
sequences were prepared, and the concentrations were determined
spectrophotometrically. Equimolar aliquots of both solutions were
mixed and heated at 90 °C for 15 min and then cooled to room
temperature before use. The iodide salt of [(PtCl,)(CH;)4LZn]® was
dissolved up to a concentration of 1.2 X 1075 M in the buffer. Aliquots
of the charged macrocycle solution and of DNA duplex solution in the
same buffer were mixed to obtain the desired molar ratio. Water was
purified by passage through a Millipore Milli-Q system (Millipore SpA,
Milan, Italy).

Photophysical Measurements. UV—visible absorption spectra
were recorded on a Perkin-Elmer A 650 spectrophotometer.
Fluorescence spectra were obtained on a Spex Fluorolog 111A
spectrofluorimeter. Right angle detection was used. CD spectra were
obtained with a Jasco J-715 spectropolarimeter. Each CD spectrum
was registered accumulating 4 scans with integration time of 1 s; scan
rate was S0 nm/min for the whole nm range. All of the measurements
were carried out at 295 K in quartz cuvets with path length of 2.0 cm
and 0.5 and 0.2 cm for the UVB.

Titration experiments with detection of absorption, CD, and
fluorescence were performed at constant ligand and varying duplex
DNA concentrations. The best complexation model and the related
association constants were determined by global analysis of multi-
wavelength data sets corresponding to 10 absorption spectra of
different mixtures in the S00—680 nm range, using the commercially
available program SPECFIT/32 (version 3.0.40, TgK Scientific)."
The multivariate optimization procedure is based on singular value
decomposition (SVD) and non linear regression modeling by the
Levenberg—Marquardt algorithm. The deviations of the calculated
absorbance from the experimental values were minimized in a
completely numerical procedure. See the Supporting Information for
further details.

Fluorescence lifetimes were measured in air-equilibrated solutions
with a time correlated single photon counting system (IBH
Consultants Ltd.). A nanosecond LED source at 373 nm was used
for excitation, and the emission was collected at right angle at 670 nm
using a long pass cutoff filter at 645 nm. The software package for the
analysis of the emission decays was provided by IBH Consultants Ltd.
Decay profiles were fitted using a multiexponential function and
deconvolution of the instrumental response.

1(t) = Za, X exp(~t/7) (1)

f=(ax75)/%(a; X 7)) (2)
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Figure 2. Absorption (line) and corrected fluorescence excitation (dotted) spectra of 1 X 107° M solutions of [(PtCL,)(CH;)¢LZn]®" (a) and
[(CH;)sLZn]% (b) in pure water (black) and in water with 20 mM SDS (red); d = 1.0 cm, 22 °C. Excitation spectra were measured at emission
wavelength of 690 nm for solutions absorbing less than 0.1 in the explored range.

Global analysis of the decay profiles was performed for the
porphyrazines in the presence of three different concentrations of
DNA.

B RESULTS AND DISCUSSION

Structure and UV—-Visible Absorption Properties. The
hexacationic Zn"/Pt" macrocycle, [(PtCl,)(CH;)sLZn]%, and
its related octacation, [(CH;)3LZn]®, exhibit in organic aprotic
solvents (DMSO, pyridine, and DMF) a UV—visible spectrum
characterized by a narrow sharp Q-band at ca. 665 nm expected
for a monomeric species. Both charged species show moderate
solubility in water, and in this medium they show two intense
absorptions in the Q-band region with maxima of comparable
intensity at ca. 625 and ca. 655 nm attributable, as was widely
illustrated before,>'**° to the presence of a dimer—monomer
equilibrium, with the peak at lower energy (655 nm) assigned
to the monomeric species. In Figure 2 the absorption spectra of
the porphyrazines in pure water are compared to those
recorded in the presence of sodium dodecylsulfate (SDS)
micelles. The latter spectra (4,,,, = 660 nm) clearly indicate that
the dimer—monomer equilibrium is completely shifted toward
the formation of the monomer (4, = 665 nm), due most
likely to association of both macrocycles to the negatively
charged micelle surface. Because the absorption spectrum of the
monomeric species is crucial for the interpretation of the
absorption titration data of the present work, we further
support the relationship between structural and optical
properties for the monomeric hexacation [(PtCl,)-
(CH;)4LZn]*" with accurate DFT and TDDFT calculations.

Unconstrained geometry optimization of the heterobimetallic
hexacationic complex in water solution afforded the C,
symmetry structure displayed in Figure 3. [(PtCl,)-
(CH;)¢LZn]* is characterized by a nearly planar Zn(II)
pyrazinoporphyrazine macrocycle with a mean value of the
Zn—N, (N, = pyrrolic nitrogen) of 2.0131 A. The appended N-
methylated pyridine rings are tilted with respect to the
pertinent pyrazine ring by ~57°, with the vicinal methyl
groups (the methyl substituents residing on the same pyrazine
subunit) assuming a ud (u = up; d = down) orientation.
Structures with a uu or dd orientation of the vicinal methyl
groups were also theoretically explored and resulted less stable
than the C, structure of Figure 3. In the exocyclic Ny, PtCl,
coordination site, the metal center displays a slightly distorted
square-planar geometry with mean Pt—N and Pt—CIl bond
lengths of 2.034 and 2.340 A, respectively. The PtCl, unit is
slightly bent toward the macrocycle with a dihedral angle
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Figure 3. Top and edge-on views of the DFT-ZORA/BP86/COSMO-
optimized structure of [(PtCl,)(CH;)sLZn]®" in water solution.

between the pyrazine ring and the plane through the N,PtCl,
unit of 84.6°. The pyridine rings coordinated to the Pt(II)
center assume a nearly orthogonal orientation, forming a
dihedral angle of 84.6°. The structural parameters theoretically
predicted for the exocyclic Ny, PtCl, coordination site in
[(PtCl,)(CH;)¢LZn]®" are very similar to those found in the X-
ray structure of [(CN),Py,PyzPtCl,].*'

The highest occupied and lowest unoccupied ground-state
one-electron levels computed for the water solvated hexaca-
tionic complex are shown in Figure 4a. The HOMO and the
two nearly degenerate LUMOs are basically # MOs of the
pyrazinoporphyrazine macrocycle, as apparent from the plots of
these orbitals also displayed in Figure 4a. Notably, in these
MOs one may recognize the well-known Gouterman MOs of
Pcs (Pc = phthalocyanine), with the contribution of the Cq,-
2p, of the benzo rings being replaced by the N, ,-2p. of the
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Figure 4. (a) DFT-ZORA/B3LYP/COSMO frontier orbitals of [(PtCl,)(CH;)sLZn]®" in water solution. Also shown are isodensity surface plots of
the Gouterman MOs. (b) The excitation energies and oscillator strengths computed for the lowest excited states of [(PtCl,)(CH;)sLZn]*" in water
solution are compared to the experimental (this work) absorption spectrum of the complex in water/SDS solution.

pyrazine rings. Immediately below the HOMO, there is a set of
four MOs with Pt—ClI #-antibonding character.

The excitation energies and oscillator strengths calculated for
the singlet excited states of [(PtCl,)(CH;)sLZn]® up to 450
nm, in water solution, indicate that in the Q-band region there
are only two intense, close-lying, excited states, the 1'A and
2'A, originating from the HOMO—LUMO and HOMO—
LUMO-+1 transitions, respectively. These states, computed at
660 and 648 nm and with oscillator strength of 1.064 and
1.020, unambiguously account for the Q(0,0) band peaking at
660 nm in the UV—vis spectrum of the hexacationic complex
taken in water/SDS solution (see Figure 4b). In the spectral
range 650—450 nm, TDDFT calculations predict eight
extremely weak excited states involving transitions from the
set of Pt—Cl z-antibonding MOs into the LUMO and LUMO
+1.

Solution Studies. In the present study, all of the
spectroscopic titrations in water solution were performed
keeping the porphyrazine concentration constant. To properly
analyze the spectroscopic data, the self-association behavior of
[(PtClL,)(CH;)¢LZn]® and [(CH;)sLZn]* in aqueous sol-
ution has been investigated. As we have mentioned above, this
process mainly relies on the formation of dimers that are
disrupted in SDS micellar medium (see Figure 2). In the
hypothesis that in the presence of SDS the monomerization is
complete, we calculated the molar absorption coefficient for the
monomer of both macrocycles at its peak wavelength, (4.,
The obtained values of 1.4 X 10° and 2.1 X 10° M™! cm™ for
[(PtCl,)(CH;)LZn]® and [(CH;)sLZn]*, respectively, are in
excellent a§reement with the corresponding values in organic
solvents.””” Figure 2 also reports the corrected fluorescence
excitation spectra measured at 4., = 690 nm in the presence of
SDS micelles. They are similar to the absorption spectra and
indicate the emission comes from monomeric [(PtCl,)-
(CH;)¢LZn]*" and [(CH;)sLZn]*". The corrected fluorescence
excitation spectra of the macrocyles alone in pure water assume
the same morphology as those in the presence of SDS, apart
from a slight red shift of S nm in the latter, due to the
interaction with the micellar surface. We reasonably conclude
that the steady-state emission of [(PtCl,)(CH;)sLZn]® and
[(CH,)sLZn]% in pure water is mainly due to their monomeric
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species. We used the excitation spectra in the 500—680 nm
range to calculate the molar absorption coefficient £(1) of the
monomers in water and used this information as constraint to
analyze the concentration dependence of the absorption spectra
of the macrocycles in water (see paragraph S1 in the
Supporting Information for more details). Dimerization
constants (K;/M™') with log value of 699 + 0.02 for
[(PtCL)(CH;)(LZn]®" and 7.12 + 0.04 for [(CH,),LZn]*
were determined. In Figure Sc and d, the spectra for the
monomer and dimer of both macrocycles are reported. The
present log Ky values represent a revision of the previously
reported values of 5.8 and 6.6 for [(PtCl,)(CH,)4LZn]®" and
[(CH;)sLZn]%, respectively.>*° Actually, the former analysis of
the dimerization equilibria did not include the monomer
spectra as constraints, so lower dimerization constants and
different spectra for the monomeric and dimeric species were
obtained. We are confident that the present analysis has higher
reliability because the spectrum assigned to the monomer in
water is very similar to that in organic solvents and in aqueous
SDS solution and is further supported by the TDDFT
calculations.

With the information on the dimerization equilibria in water,
we were able to interpret the absorption spectra for titration of
both [(PtCl,)(CH,)4LZn]®" and [(CH,)sLZn]® with ds 21-
mer, shown in Figure 5a and b. At first inspection, the spectral
changes indicate that association to dsDNA induces monomer-
ization of [(PtCl,)(CH,)¢LZn]®, whereas it maintains
[CH,)gLZn]* in dimeric form.”> We globally analyzed each
set of spectra with a binding model involving three DNA
complexes; we introduced the porphyrazine monomer—dimer
equilibrium in the calculations with fixed constant and fixed
absorption spectra of monomeric and dimeric species; we also
fixed the absorption spectrum of the 1:1 complex.

The latter was obtained from the qualitative profile of the
fluorescence excitation spectrum taken at 4., = 690 nm in a
solution of [(PtCl,)(CH,){LZn]*" or [CH,)sLZn]®* in the
presence of an excess of dsDNA; this profile (see inset in Figure
Sa and b) clearly shows that a monomeric ligand is responsible
for the emission in the complexed form. We attributed to the
complexed monomer the absolute molar absorption coeflicients
of the free monomer, corrected for the larger width of the

dx.doi.org/10.1021/ic3020755 | Inorg. Chem. 2013, 52, 321-328



Inorganic Chemistry

04=r T T T T T T T T T T 0,0 r‘|r|r1_!‘|r|-|
350 400 450 500 550 600 650 700 750 800 850 b 350 400 450 500 550 600 650 700 750 800 850
i/nm ./ nm
——ds DNA
12000041 ——monomer ~——ds DNA
dimer 160000 4 monomer
11 ——dimer
i —_—1
—_21 A
< 800001 ___ 44 - 1200004 5,
c :
e -
= = 80000
- —-—
“ 40000 w
40000 4
| ——= -"'/’- . o il
= T T T T - R | % s e o ey | T T T T T
& 500 520 540 560 580 600 620 640 660 681 d 500 520 540 560 580 600 620 640 660 680
W nm A nm
v v
- v v ¥
= , - " v
T 2x10° - * monomer o ¥ « monomer
& L E s 11
F} k . 2 = . v 21
G v 41 % 41
§ 1x10°4 * > dimer g 1x10°4 * »  dimer
&£, v o, v
., = 3 . a . ., 1 a &
D':!.,' s 3 o . F - 2 ollls |3 a g a ; a_ a
00  50x10° 1,0x10° 1,5%x10° 2,0x10° 2,5x10° 00  50x10° 1,0x10° 1,5x10° 2,0x10° 25x10°
" -1
e [ds DNA],/ mol I f [ds DNA],/ mol |

Figure 5. (a) Absorption spectra of a 6 X 107¢ M [(PtCl,)(CH;)4LZn]*" solution with increasing dsDNA concentration (range 0.1—2.4) X 107> M
in Tris 10 mM buffer, 0.1 M KCl, pH 7.4, d = 1.0 cm, 22 °C. (b) Absorption spectra of a 6.0 X 107° M [(CH;)sLZn]** solution with increasing
dsDNA concentration (range 0.1-2.4) X 10~ M in Tris 10 mM buffer, 0.1 M KCl, pH 7.4, d = 1.0 cm, 22 °C. Note: Absorption spectra of
[(PtCl,)(CH;)¢LZn]* and [(CH,;)sLZn]®" alone are in black. Inset shows the corrected excitation spectrum measured at 690 nm of
[(PtCl,)(CH;)¢LZn]* and [(CH,;)sLZn]® in the presence of a 4-fold excess of DNA. (c) Calculated absorption spectra () in correspondence of
the Q-band of monomeric and dimeric [(PtCl,)(CH;)sLZn]® and the hexacation:dsDNA complexes, log(K;;/M™) = 5.85 + 0.03, log(K,;/M™?) =
13.96 + 0.05, and log(K,,/M™) = 27.53 + 0.15. (d) Calculated absorption spectra (¢) of monomeric and dimeric [(CH;)sLZn]* and the
octacation:dsDNA complexes, log(K;,/M™") = 5.84 + 0.08, log(K,;/M™?) = 14.30 + 0.14, and log(K,;/M™*) = 28.18 + 0.35.

complex emission band (we adopted a Gaussian profile). With
the mentioned constraints, the global fitting afforded
stoichiometry, binding constants, and individual absorption
spectra of the other DNA complexes (see S2 of the Supporting
Information for more information). The experimental data of
Figure Sa were best reproduced with complexes of 1:1, 2:1, and
4:1 [(PtCl,)(CH;)¢LZn]%":dsDNA stoichiometry, in equili-
brium with the free components. The optimized binding
constants were log(K;;/M™") = 5.85 + 0.03, log(K,,;/M™?) =
13.96 + 0.0S, and log(K,/M™*) = 27.53 + 0.15. For
[CH,)sLZn]®, the data in Figure Sb were best reproduced
with the same complexation model, and the optimized binding
constants were log(K;;/M™") = 5.84 + 0.08, log(K,;/M?) =
14.30 + 0.14, and log(K,;/M™*) = 28.18 + 0.35. The formation
of complexes with only three types of stoichiometry may be a
simplified representation of the binding equilibria in the
system; however, the global fitting did not attain convergence
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with any other binding model. Thus, we are confident our
analysis enlightened the main features of the complexation
process.

Comparing the results for [(PtCl,)(CH;)¢LZn]®* and
[CH,)sLZn]%, one can notice both similarities and differences.
The binding constants are of the same order in both systems;
the spectra of the complexed species (Figure Sc and d) exhibit a
typical red shift as well as a hypochromic effect as compared to
those of the free ligands; the absorption profiles of the 1:1 and
2:1 complexes are similar in both compounds; on the contrary,
the absorption spectrum of the 4:1 complex is different,
showing in the case of [(PtCl,)(CH;)sLZn]®" a more intense
peak at the red side of the Q-band. Likely in the 4:1 complexes,
the macrocyle is associated both as dimer and as monomer at
different sites of the dsDNA, and the relative weight of the two
forms is different for the two compounds, with the monomeric
form favored over the dimeric form in the 4:1 complex of the

dx.doi.org/10.1021/ic3020755 | Inorg. Chem. 2013, 52, 321-328



Inorganic Chemistry

2x10°

1x10°

fluorescence intensity / au

0 T T T T T
675 700 725 750 775

./ nm

800

3x10°

2x10°

fluorescence intensity / au

675 700 725
L/ nm

750 775 800

Figure 6. Titration of a 6 X 107° M [(PtCL,)(CH;)sLZn]®" (left) or [(CH;)sLZn]®" (right) solution with increasing dsDNA concentration (range
0.06—2) X 10~ M in Tris 10 mM buffer with KCI 0.1 M, pH 7.4 monitoring fluorescence spectra upon excitation at 595 nm.

hexacation. Finally, it is worth noticing that the binding
behavior in the presence of dsDNA is different from that in the
presence of G4-DNA for both [(PtCl,)(CH;)¢LZn]®* and
[CH,)eLZn]%.>* Indeed, both compounds in the same
experimental conditions as in the present study proved able
to bind mainly as monomers to the parallel G-quadruplex
structure. Apparently the smaller surface of the top and bottom
base pairs as compared to that of a G-quartet is not favoring top
and/or bottom binding in monomeric form.

Figure 6 shows the corrected fluorescence spectra for
titration of [(PtCl,)(CH;)4LZn]® and [CH;)sLZn]** with
dsDNA. All of the solutions have absorbances lower than 0.1 at
the excitation wavelength. The corrected excitation spectra
measured at A, = 690 nm of [(PtCl,)(CH,),LZn]*" and
[(CH,)4LZn]® solutions are attributable to monomeric
species, either free or complexed (Figures 2ab, Sab).
Inspection of Figure 6 shows a very important decrease of
the emission intensity at high excess of porphyrazine over
DNA, while a partial recovery of the intensity, accompanied by
a ca. 10 nm red shift of A, occurs on increasing the dsDNA
concentration. These changes are consistent with negligible
fluorescence from higher order DNA complexes (4:1 and 2:1).
This is confirmed by singular value decomposition of the
spectral data in Figure 6 indicating the presence of only two
species with differentiated spectra, thereby supporting that free
monomer and complexed monomer exclusively contribute to
the total steady-state emission. Unfortunately, global fitting of
the emission intensity titration data was not successful applying
either the model used for absorption data or a different model.
Thus, to achieve more insights into the nature of the
fluorescent species in both systems, we also measured the
fluorescence decay upon excitation at 373 nm in the absence
and presence of various concentrations of dsDNA. The results
are resumed in Table 1. The decay of the free ligands needs to
be fitted with biexponential functions and exhibits one short-
lived component of ca. 7; & 0.3—0.4 ns, close to the resolution
limit of the apparatus, and one long-lived component of 7, &
2.3—2.5 ns. Considering that the product a; X 7; is proportional
to the intensity contribution of the i component in the steady-
state spectrum at the observation wavelength, the long lifetime
reasonably belongs to the monomeric species, while the short
lifetime may be related to aggregated species negligibly
contributing to the steady-state emission. For mixtures
containing DNA at various concentrations, global analysis
with a three exponential model afforded satisfactory results. A
component with a markedly longer lifetime 73 & 8—9 ns adds to
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Table 1. Results for Global Analysis with a Triexponential
Function of the Fluorescence Decays of 3 X 10~ M Solution
of [(PtCl,)(CH;)4LZn]*" and [(CH;)¢LZn]*" with Different
Concentrations of dsDNA

a 7,/ns a, 7,/ns a, 73/ns

[(ptCL,) . 0.030 033 0053 234
(CH;)¢LZn]%*

+ dSDNA,6 0.12 0.32 0.023 2.20 0.001 8.90
1X100°M

+ dsDNA,6 0.14 0.32 0.019 2.20 0.001S5 8.90
3X100°M

+ dsDNA,G 0.13 0.32 0.020 2.20 0.003 8.90
9X 107" M

[(CH,){LZn]** 0010 037 0056 252

+ dsDNA,6 0.078 0.42 0.029 2.30 0.002 7.71
1X100°M

+ dsDNA,6 0.092 0.42 0.022 2.30 0.003 7.71
3X100°M

+ CISDNA,6 0.085 0.42 0.023 2.30 0.005 7.71
9X107° M

two other components that are similar to those found in the
free ligands. Considering that each pre-exponential factor is
affected by the concentration of the respective emitting species,
a positive correlation was found between a; and the
concentration of the 1:1 complex, so that 7; can be reasonably
assigned to this species. The pre-exponential factor a; of the
short-lived component is strikingly dominant in the presence of
DNA. Looking at the concentration profiles (Figure Se and f),
dimeric species, either free or complexed to DNA, clearly
dominate over monomeric species. We therefore assign 7, to all
kinds of dimeric species present in solution, free or complexed.
We cannot distinguish their contribution in the steady-state
spectra because their lifetimes are 10 times shorter and their
quantum yield is likely much lower than those of monomeric
species. No quantitative correlation with the concentration of
the free monomer can be discerned for the pre-exponential
factor a, of the intermediate lifetime component. The reason
for this may be that we cannot unequivocally assign this lifetime
to a single species, the free monomer, but monomeric species in
higher order complexes may also contribute.

CD spectra of the [(PtCl,)(CH;)sLZn]** or [(CH;)¢LZn]%*
ligands in the presence of DNA in the UV region are
represented in Figure 7a and b. The signal is typical for the B-
form of dsDNA and, apart from intensity variations, does not
undergo any significant change in shape at increasing DNA
concentrations (see, for example, comparison of UV CD

dx.doi.org/10.1021/ic3020755 | Inorg. Chem. 2013, 52, 321-328
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Figure 7. CD titration of a 6 X 107° M [(PtCl,)(CH;)sLZn]*" (a,c) or [(CH;)sLZn]® (b,d) solution with increasing dsDNA concentration (range
0.1-2.4) X 10~ M in Tris 10 mM buffer with KCI 0.1 M, pH 7.4, 22 °C. See Figure 1a,b for the color code. (a,b) UV circular dichroism spectra, d =
0.5 cm. Inset shows comparison of CD spectrum of 3 X 107 M dsDNA with and without macrocycle (c,d). Visible circular dichroism spectra, d = 2

cm. Spectra in (c) and (d) have been smoothed.

spectra of 3 yuM dsDNA with and without macrocycle in the
insets).”> The similarity of all of the spectra indicates that the
ligands do not intercalate, a binding mode expected to generate
a strong increase of the CD of DNA in its duplex form.*® This
conclusion was also suggested by isothermal titration
calorimetry (ITC) data, which revealed no heat exchange
when a dsDNA solution was titrated with one of the two
macrocycles. The macrocycles are not chiral themselves so we
do not expect any CD signal for the monomeric species. The
CD spectra in the absence of DNA corresponding to solutions
with ca. 90% of either macrocycle present as dimer (black curve
in Figure 7c and d) have very low intensity and do not evidence
any exciton coupling between associated units. The weak
induced CD signal in the 320—700 nm range relevant to the
porphyrazine electronic transitions confirms that complexation
to dsDNA occurs but does not exhibit any clear-cut negative
band, further supporting that these molecules do not intercalate
(Figure 7c,d). Indeed, negative signals in this spectral region
have been assigned to intercalation in the case of porphyrine—
DNA binding.m’25 Furthermore, no clear bisignate band is
observed, so exciton coupling between two ligands is negligible
when more than one porphyrazine macrocycle associates to
DNA.**

Bl CONCLUSIONS

The noncovalent binding of [(PtCl,)(CH;)sLZn]** to dsDNA
was compared to that of [(CH;)sLZn]®". From analysis of
UV—vis absorption data, we obtained as the most reliable
complexation model for both molecules the one comprising
associates of one dsDNA molecule with 1, 2, and 4
macrocycles. The analysis was supported by DFT/TDDFT
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calculations affording the ground-state molecular and electronic
structure as well as the absorption spectrum for the optimized
geometry of the [(PtCl,)(CH;)¢LZn]® derivative. The
excitation energies and oscillator strengths calculated for the
singlet excited states of the hexacation up to 450 nm were in
excellent agreement with spectroscopic data obtained in the
presence of SDS micelles.

The present study evidenced that the cis-platin functionality
positively influences the behavior of [(PtCl,)(CH;)¢LZn]®" in
the frame of a potential, multimodal therapeutic approach. A
more marked monomerization of [(PtCl,)(CH;)¢LZn]®*
versus [(CH,;)sLZn]* on binding to dsDNA was assessed.
This fact is expected to improve the photochemical behavior of
the sensitizer. Both generation of singlet oxygen and other
photochemical processes can become feasible. A further
possible outcome is covalent binding of the cis-platin unit to
DNA. The process is known to occur thermally for cis-platin
derivatives and involve one or two dG residues. Crystal
structures of dsDNA complexes with cis-platin compounds
show that Pt(II) mainly binds to N(7) of guanine, not engaged
in any hydrogen bonding when forming the Watson—Crick
base pair with cytosine.”® The higher degree of monomerization
observed for [(PtCl,)(CH;)¢LZn]®" in the dsDNA complexes
may represent a favorable condition for the establishment of a
covalent bond. Differently, N(7) is involved in hydrogen
bonding in the Hoogsteen motif for the formation of the planes
of four guanines in G4-DNA and consequently may be not
accessible for platinum binding to the G4 structure.
Consistently, no important differences were observed>’
between [(PtCl,)(CH;)¢LZn]®" and [(CH;)sLZn]*" in the
binding to G4-DNA.
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