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In this study, we report an insight into the mechanism of interaction of three methyl-pyridinium
derivatives with DNA and RNA, which intrigues us since the complexation is accompanied by a quite
uncommon fluorescence quenching. A molecular mechanistic understanding was gained through the
investigation of the photobehavior of these compounds in the presence of single nucleotides (ATP, CTP,
GTP, and TTP) via advanced ultrafast spectroscopies. Our broadband fluorescence up-conversion results
clearly highlighted the occurrence of a specific interaction with GTP, identified to be, through the
femtosecond transient absorption experiments, an ultrafast electron transfer from guanine to methyl-
pyridinium. Guanine photo-oxidation was directly observed in this work and interpreted to be at the root
of photoinduced DNA and particularly RNA damage, and thus responsible for the toxicity exhibited by
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Introduction

Understanding the mechanism and dynamics of photoinduced
DNA and RNA damage is of crucial importance for the develop-
ment of DNA-directed and RNA-directed phototherapies.?
Indeed, photosensitized DNA damage is a potentially important
mechanism for photodynamic therapy (PDT), a low-invasive
treatment for cancer and other skin diseases, particularly under
low-oxygen conditions. In general, the most common PDT
mechanism of light-induced damage of biomolecules proceeds
through the generation of reactive oxygen species, such as a
singlet oxygen, via energy transfer from a photosensitizer to
molecular oxygen (type II mechanism).> However, photoinduced
electron transfer from biomolecules to photoexcited drugs (type I
mechanism) is another important pathway that may lead to cell
death.*”® Guanine is the easiest to oxidize among the nucleic acid
bases and therefore it is generally the principal target of DNA/
RNA-directed therapeutic approaches.””® This specific interaction
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these new potential anticancer drugs toward tumor cells.

with guanine was proved to be at the root of the phototoxicity of
several anticancer drugs, such as psoralen,'’ doxorubicin,"
daunorubicin,'? and cis-platinum."** The guanine radical cation
is thought to be the initial intermediate in the oxidative cleavage
of DNA. The extent of photosensitized nucleic acid oxidative
stress is thus determined by the yield and rate of the electron
transfer involving guanine. The ability to access the precise
dynamics of this process and thus achieve a molecular mecha-
nistic understanding of the drug—nucleic acid interaction greatly
advanced through the use of time-resolved spectroscopies.”*>™*®
The ultrafast dynamics of photoinduced charge transfer have also
been thoroughly characterized in adenine and guanine-based
dinucleotides and oligomers."*>*

Our research interest in the last decade was devoted to
investigating the capability of several methyl-pyridinium and
methyl-quinolinium derivatives to strongly bind DNA using
ultraviolet-visible absorption and fluorescence spectroscopies.
These compounds often showed significant antiproliferative
effects when internalized in tumor cells. Generally, a large
fluorescence enhancement was observed upon DNA complexa-
tion, either via intercalation or groove binding.?*>° This photo-
behavior is consistent with reduced non-radiative deactivation
to the ground state caused by the more restricted and rigid
microenvironment of the nucleic acid complex compared to the
free dye in solution.>**! However, a few exceptions to this
conventional behavior were observed and reported in some
previous works of ours.”®”” In particular, the methyl pyridi-
nium derivatives A, B, and C (whose molecular structures are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Chart 1 Molecular structures of the investigated A—C compounds.

shown in Chart 1) exhibited an apparent less common
fluorescence quenching upon interaction not only with ct-DNA
but also with #-RNA, as detailed in Fig. 1 and Fig. S1 (ESIt) for
compounds A and B, respectively. The significant interaction of
these molecules with RNA is particularly intriguing as the devel-
opment of new RNA-targeted strategies for cancer treatment has
become a hot topic in present research.”® Compounds A and B
are push-pull molecules featuring symmetrical acceptor-donor—
acceptor structures, which were proved, in a previous study, to
undergo significant photoinduced intramolecular charge transfer
and to show large two-photon absorption cross-sections coupled
with high fluorescence quantum yields.>® These features, and
particularly their possible biphotonic excitation, by allowing
highly focused localization and improved penetration of the
infrared radiation, make them potentially appealing as new
fluorescent probes for bioimaging and also therapeutic
applications.*® In the present investigation, we employed state-
of-the-art ultrafast spectroscopies such as femtosecond transient
absorption and broadband fluorescence up-conversion to unveil
the molecular mechanism leading to the peculiar fluorescence
quenching of these methyl pyridinium derivatives in the presence
of DNA and RNA. In particular, the photobehaviour of com-
pounds A-C was investigated in the presence of the nucleic acid
building blocks (ATP, CTP, GTP, and TTP nucleotides) through
advanced time-resolved spectroscopies to uncover the role played
by specific interactions with the single nitrogenous bases.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

Fig. 2 shows the normalized steady-state absorption and emis-
sion spectra of compound A, alone in buffered aqueous
solution at pH 7 and in the presence of a ca. 5 mM concen-
tration of the four nucleotides. For the absorption spectra, very
similar profiles were observed in the presence of CTP and TTP
(blue and orange traces, respectively) relative to the one
revealed for the free methyl-pyridinium dye (black trace). On
the other hand, red-shifted absorption bands were recorded in
the presence of ATP (red trace) and particularly GTP (green
trace) compared to free compound A (black trace). For the
emission spectra, no significant spectral shifts were revealed
for the fluorophore in the presence of nucleotides relative to
the free fluorophore in solution. The obtained results in terms
of absorption and emission maxima are reported in Table S1
(ESIT) together with the values computed from these data
for the Stokes shifts. It is noteworthy that the Stokes shifts
for free compound A (5670 cm™') and compound A in the
presence of CTP (5520 cm™ ') and TTP (5670 cm ') are fairly
similar while being significantly decreased in the presence of
ATP (5280 cm™ ') and GTP (5180 cm ™). Analogous effects of the
nucleotides on the spectral properties were detected for the
other compounds under investigation, B (Fig. S2 and Table S1,
ESIt) and C (Fig. S9 and Table S7, ESIf). Our overall spectral
results suggest that a stronger interaction takes place for
compounds A-C with purine (adenine and guanine) relative
to pyrimidine (cytosine and thymine) nitrogenous bases. When
comparing the absorption and fluorescence excitation spectra,
a rather good overlap was found for the free compounds A-C
(see Fig. S3, S5 and S10, ESIt). However, it is noteworthy that in
the case of the dyes in the presence of GTP blue-shifted
excitation was recorded relative to the absorption band of the
complexed dye. This may be due to the formation of a poorly
emitting or non-emitting ground state complex with this
nucleotide (static quenching).

The fluorescence properties of compounds A-C alone and in
the presence of the four nucleotides (quantum yields ¢ and
lifetimes ty) are reported in Fig. 2 and Tables S4 and S8 (ESIY),
respectively. The fluorescence quantum yields of the free A and
B in solution are remarkable (18% and 43%, respectively) while
being significantly lower for compound C (0.0065). This finding
is in agreement with the results of a previous study,”® where
trans-cis photoisomerization and intersystem crossing were
found to play a certain role in the S; excited-state deactivation
of compound C. It is of utmost interest to discuss in detail the
effect of the four nucleotides on the fluorescence efficiencies of
the investigated dyes. In general, the fluorescence of the
investigated methyl pyridinium derivatives resulted to be unaf-
fected or enhanced in the presence of the ATP, CTP and TTP
nucleotides. For instance, the fluorescence efficiency was found
to be 30%, 21%, and 27% for compound A in the presence of
ATP, CTP and TTP, respectively, relative to the 18% radiative
quantum yield observed for the free fluorophore in solution.
These findings are consistent with the nucleotide complexation
somehow inhibiting the non-radiative deactivation of the
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Fig. 1 Upper panels: fluorimetric titrations of compound A with ct-DNA (left, taken from ref. 27) and t-RNA (right, taken from ref. 30). r is the ratio
between drug and nucleic acid concentrations: r = [Al/[ct-DNA] or [tRNA]. Fluorescence intensity is corrected for the fraction of absorbed light. Arrows
indicate the trend of the fluorescence intensity with decreasing r: green arrows show fluorescence quenching with increasing [ct-DNA] or [tRNA]; the
purple arrow shows the subsequent fluorescence enhancement at high [tRNA]. Lower panels: fluorescence intensity in terms of emission spectrum areas
of A as a function of ct-DNA and tRNA concentrations and its fitting according to a modified Stern—Volmer equation (egn (1)).

compounds, particularly in the case of ATP which exhibits a
stronger interaction with the investigated dyes relative to the
pyrimidine-based nucleotides. Very interestingly, a completely
opposite fluorescence behavior was revealed for all three
methyl pyridinium derivatives in the presence of GTP. For the
GTP-complexed dyes, a significant fluorescence quenching was
observed relative to the free dyes in solution (e.g. fluorescence
quantum yields of 6.2% for compound A, 17% for compound B
and 0.46% for compound C in the presence of GTP). The
complexation with GTP may therefore lead to a specific inter-
action between the dyes and the guanine base, opening up a
new decay pathway competitive to the fluorescence.

In order to prove that the changes in the photophysical
properties of the dyes in the presence of nucleotides were
actually due to a proper complexation between the two part-
ners, spectrophotometric and fluorimetric titrations were per-
formed by adding increasing amounts of ATP and GTP
nucleotides to a solution containing the dye at a micromolar
concentration (Fig. 3 and Fig. S4, S7, S8, S11 and S12, ESI¥).
GTP was chosen for its peculiar quenching response, while ATP
was taken as the representative of all the nucleotides causing
fluorescence enhancement because of its greater effects. Evi-
dence of the complexation emerged from the progressive
spectral modifications recorded at each addition. In particular,
absorption spectra underwent a bathochromic shift together
with a slight hypochromic effect, more apparent in the case of
GTP (Fig. S4, S7 and S11, ESIt). As anticipated for the measure-
ments carried out at a maximum 5 mM concentration,

7652 | Mater. Adv,, 2024, 5, 7650-7658

emission exhibited two opposite behaviors: ATP caused a
progressive enhancement of the fluorescence capability of the
dyes, while the unique complexation with GTP was responsible
for their reduced emission (Fig. 3 and Fig. S8, S12 and Tables
S2, S3, S5, S6 and S9, ESIf). Our data thus suggest that this
specific interaction with guanine is the reason underlying the
fluorescence quenching of the dyes also when interacting with
both ct-DNA and #-RNA (see Fig. 1 and Fig. S1 (ESIt) for A and B,
respectively).>®*”

Fluorimetric titration data allowed values to be calculated
for the association constants (K in Table 1 and eqn (1)) between
the dyes and the nucleotides ATP and GTP according to a
modified Stern-Volmer equation (eqn (1)):

Areap 1+ AAreap x K[Nucleotide]
1 + K[Nucleotide]

Areapy @
where Areap and Areap, are the area under the fluorescence
spectrum recorded in the presence and absence of nucleotides,
respectively. As a rule, Ks were found to be of the order of 10> M™%,
except for C in the presence of adenine, whose association
constant value could not be determined as it resulted extremely
small and comparable to the error, revealing a particularly weak
interaction between C and ATP. Analogously, B is characterized
by a greater affinity for guanine relative to adenine [Kg:gpr =
(6.2 + 0.8) x 10> M ' vs. Kgiarp = (1.4 £ 0.5) x 10> M ']. This
preferential binding with guanine could indeed be responsible
for the overall quenching observed when the dyes interact with
both ¢t-DNA and ¢RNA. The only exception is represented by A

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Normalized absorption and emission spectra (upper panels, Aexc = 450-460 nm) and fluorescence decay kinetics (lower panel) recorded by TC-
SPC (Jexc = 450 nm) for compound A in buffer at pH 7 alone and in the presence of nucleotides (ca. 5 mM) together with the instrumental response
function (IRF). Table: fluorescence quantum yields and lifetimes obtained for the free and complexed dye from these measurements.

in the presence of tRNA where a double trend was recorded. In
fact, A association constants with GTP and ATP turned out to be
equivalent within the experimental error, and this could
explain the observation of the initial strong fluorescence
quenching due to a significant interaction with the guanine-
cytosine pairs of the tRNA helix, followed by a certain emission
enhancement at large tRNA concentrations due to the favorable
binding also with the adenine-uracil pairs. Furthermore, asso-
ciation constants of the A and B dyes with nucleic acids c-DNA
and tRNA (reported in Table 1) were calculated in this paper by
re-elaborating previously reported titrations and applying the
same modified Stern-Volmer equation (eqn (1)) to compare
them with the K values for the complexation with single
nucleotides. In this case, the affinity toward nucleic acids is
always orders of magnitude greater (especially toward ct-DNA)
but this is justified by the presence of multiple bases available
for the interaction with the dye in the polynucleotides and the
introduction of additional modes of binding with the nucleic
acid chains other than simple electrostatic or n-n interactions.

Information about the fluorescence lifetimes was obtained
through nanosecond time-correlated single-photon counting
(TC-SPC) spectroscopy for compounds A and B (Fig. 2 and Fig.
S6 and Table S4, ESIT) and through femtosecond fluorescence

© 2024 The Author(s). Published by the Royal Society of Chemistry

up-conversion (FUC) spectroscopy for compound C (Table S8,
ESIY). The short lifetimes of the latter, shorter than the temporal
resolution of TC-SPC, are consistent with its lower emission
quantum yields. The fluorescence kinetics recorded by TC-SPC
for compounds A and B (Fig. 2 and Fig. S6 (ESIt), respectively)
generally show a slower decay in the presence of ATP, CTP, and
TTP (red, blue and orange traces) and a faster decay in the
presence of GTP (green trace) relative to the free compound
(black trace). In the case of the free compound A (Fig. 2), the
fitting of the fluorescence kinetics revealed a 1.62 ns lifetime. In
the presence of nucleotides, the best fitting was achieved by using
a biexponential decay function with one component matching
the lifetime of the free dye in all cases. The second decay lifetime
was found to be longer for the ATP, CTP and TTP complexed dyes
(3.12 ns, 2.49 ns and 2.92 ns, respectively) relative to the free dye.
Interestingly, only for the GTP-complexed compound A, a second
decay time of 1.06 ns, shorter than the lifetime of the free
molecule, was observed. The biexponential decay of the fluores-
cence kinetics of A in the presence of the nucleotides, with the
unaffected lifetime of the free dye, is another piece of evidence
pointing to the formation of ground state complexes and to the
static quenching mechanism of the dye emission induced by
GTP. The changes in the excited-state lifetime of A were also

Mater. Adv,, 2024, 5, 7650-7658 | 7653
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Fig. 3 Upper panels: fluorimetric titrations of compound A with ATP (left) and GTP (right). r is the ratio between the drug and nucleotide concentrations:
r = [Al/[ATP] or [GTP]. Fluorescence intensity is corrected for the fraction of absorbed light. Arrows indicate the trend of the fluorescence intensity with
decreasing r: the red arrow shows the fluorescence enhancement due to increasing [ATP]; the green arrow shows the fluorescence quenching with
increasing [GTP]. Lower panels: fluorescence intensity in terms of emission spectrum areas of A as a function of ATP and GTP concentrations and its

fitting according to a modified Stern—Volmer equation (egn (1)).

Table1l Association constants (K) as determined by fluorimetric titrations through a modified Stern—Volmer equation for the complexes of the A—C dyes

with nucleic acids (ct-DNA and tRNA) and single nucleotides (ATP and GTP)

KM
Compound +ct-DNA +tRNA +ATP +GTP
A (9.5 + 0.3) x 10° (5.4 £ 0.9) x 10" (3.9 £ 0.4) x 10° (3.2 £ 0.5) x 10?
(5.4 +0.3) x 10°
B (2.6 + 0.2) x 10° (2.9 + 0.3) x 10* (1.4 £ 0.5) x 10? (6.2 + 0.8) x 10?
C (9 £ 1) x 10*¢ <1 (6 1) x 10”

“ Data retrieved from ref. 26.

monitored during the titrations with ATP and GTP (Tables S2 and
S3, ESIf). The average lifetime was found to progressively
lengthen as the amount of ATP grew bigger, while it became
shorter with increasing GTP concentrations. As a matter of fact, a
bi-exponential function was used to better fit the decay kinetics
when the contribution of the ATP- or GTP-complexed A became
more important and the relative weight percentage of the decay
component associated with this complex gradually enhanced,
as well.

For the free compound B (Table S4, ESIt), a longer lifetime
(2.98 ns) was revealed relative to compound A in line with its
larger fluorescence quantum yield. Generally, longer fluores-
cence lifetimes were revealed from the monoexponential fitting
of B in the presence of ATP, CTP, and TTP (3.71 ns, 3.22 ns, and
3.26 ns). The monoexponential decay observed for B also in the
presence of the nucleotides may be due to similar lifetimes for
the free and complexed dyes. For the GTP-complexed com-
pound B, bi-exponential fitting was used revealing together
with the free dye lifetime a shorter decay time close to the TC-

7654 | Mater. Adv.,, 2024, 5, 7650-7658

SPC resolution (0.45 ns) associated with the quenched complex.
Titrations allowed the gradual lengthening or shortening of the
average excited-state lifetime of B with the increasing concen-
trations of ATP or GTP, respectively, to be followed, proving the
peculiar effects caused by the complexation of B with the two
different nucleotides (Tables S5 and S6, ESIt).

Broadband FUC measurements with femtosecond temporal
resolution were performed to gain information about the
ultrafast excited state deactivation of compound C, free and
in the presence of the four nucleotides. The data collected in
these experiments are shown in detail in Fig. S18 (ESIt), with
the main findings resulting from the fitting collected in Table
S14 (ESIT) and Fig. 4. The time-resolved emission spectra (panel
B of the graphs in Fig. S18, ESI) are centered around 550 nm
and showed a certain increase in fluorescence intensity and
red-shift at early delays after excitation, followed by a decrease
of the emission which was completed in ca. 100 ps. The
fluorescence kinetics recorded at shorter wavelengths (ca.
520 nm) revealed a fast decay while those acquired at longer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Species associated spectra (SAS) obtained by target analysis of the femtosecond fluorescence up-conversion (upper graphs) and transient

absorption (lower graphs) results for compound C in buffer at pH 7 alone

wavelengths (ca. 550 nm) revealed a fast rise. These decay-rise
dynamics are consistent with the red shift at early times of the
emission spectra due to solvent relaxation around the photo-
excited molecule. Indeed, the global fitting of these data
revealed the presence of two exponential components for
compound C free in solution as well as in the presence of
ATP, CTP, and TTP (panel C of the graphs in Fig. S18 (ESIt) and
Fig. 4). The first component, characterized by a lifetime of ca.
450 fs, was assigned to solvent relaxation. The second compo-
nent, characterized by a lifetime of ca. 20 ps and by a slightly
red-shifted species associated spectrum (SAS) resulting from
the target analysis, was associated with the decay of the relaxed
S, state. A slightly longer lifetime was revealed for the ATP-
complexed compound C (28 ps) relative to the free dye (24 ps),
in line with the slight increase in the fluorescence quantum
yield observed upon complexation with this nucleotide. How-
ever, both free and ATP-, CTP-, and TTP-complexed compound
C are characterized by rather similar S, lifetimes. On the other
hand, a different photobehavior was found for the GTP-
complexed compound C. The global fitting of the data revealed
the presence of a three-exponential decay: the first component
(430 fs) was relative to solvation and the third component
(25 ps) was assigned to the decay of the S; state of the free
dye. However, the second component characterized by a life-
time of 3.4 ps was ascribed to the S; decay of the complexed
compound C, which only in this case resulted to be quenched
relative to the free molecule, validating the reduced emission
capability of the C-GTP complex.

Further insight into the nature of the observed transient
species was gained through femtosecond transient absorption

© 2024 The Author(s). Published by the Royal Society of Chemistry

(left) and in the presence of ca. 5 mM ATP (central) or GTP (right).

(TA) measurements, whose results in the case of compound C
free in solution and in the presence of the four nucleotides are
reported in Fig. S19 (ESIt) and Fig. 4. The TA spectra for
compound C, free and in the presence of ATP, CTP, and TTP
show positive signals of excited state absorption (ESA) below
520 nm and a broad negative band due to the stimulated
emission (SE) centered around 570 nm. Decay kinetics were
recorded in correspondence with the ESA and rise kinetics at
the SE peak. The global fitting of these data revealed the
presence of two exponential components, whose lifetimes and
SAS are in good agreement with the FUC results, assigned to
solvent relaxation and the relaxed S; state, respectively (Table
S14 (ESIf) and Fig. 4). However, for the GTP-complexed com-
pound C, the transient absorption spectra exhibited an addi-
tional ESA peak centered at 660 nm and were found to decay
within ca. 5 ps after photoexcitation. In this case, the global
fitting revealed the presence of three exponential components,
with the component characterized by a lifetime of 2.7 ps and by
this peculiar ESA band peaked at 660 nm with a less intense
absorption at 525 nm, being associated with the quenched S,
state of the complex between C and GTP (Fig. 4). It is note-
worthy that this characteristic ESA signal was also observed in
previous studies where the photobehavior of compound C was
investigated by femtosecond TA in the presence of DNA.>®
The femtosecond FUC data for compound A are shown in
detail in Fig. S13 (ESIt). The time-resolved emission spectra
undergo a significant red-shift with time at early delays after
excitation, with the final spectra being centered above 600 nm
in agreement with its steady-state fluorescence. The global
fitting revealed the presence of four exponential components
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for the free dye (Tables S10 and S11, ESI¥): the first component
of 820 fs characterized by the most blue-shifted SAS was
assigned to the decay of the locally excited S, state (S, 1g) taking
place together with solvent relaxation; the second and third
components of 7.8 and 210 ps were assigned to vibrational
cooling and structural relaxation; the fourth component of
1.4 ns is relative to the decay of the fully relaxed S; state
characterized by an intramolecular charge transfer (ICT) char-
acter for this push-pull system (S;icr).”® When compound A
was investigated in the presence of ATP, CTP, and TTP, five
exponential components resulted from the fitting, with the
additional component describing the S; state of the complex
characterized by a longer lifetime in line with the TC-SPC
experiments and by a slightly blue-shifted spectrum relative
to the free dye. This small difference is not apparent in the
steady-state emission spectra where the emission of the free dye
and the complex is likely convoluted. A slight increase in the
solvent and vibrational relaxation times for the complexes
relative to the free fluorophore was also observed. For the
GTP-complexed A, the fitting revealed four exponential compo-
nents with the 210 ps transient probably associated with the
decay of the S; state of the complex in agreement with the
additional short component revealed by TC-SPC. Similar results
were obtained from the FUC study of compound B (Fig. S15,
ESIt), with the most significant difference being the observa-
tion of four exponential components in all cases due to the
impossibility of temporally discriminating the free and com-
plexed dyes because of the similarity of their lifetimes consis-
tently with the TC-SPC results (Tables S12 and S13, ESIt). For
the B-GTP complex, a short decay time had already been
disclosed by TC-SPC. Hence, the 19 ps component retrieved

View Article Online
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from the global fitting of the FUC measurements was thought to
be due to the decay of the complex S;. Indeed, this second
component lifetime was found to be significantly different from
those attributed to vibrational cooling and obtained for compound
B alone and in the presence of the other nucleotides (6-8 ps).
Ultrafast TA experiments were also carried out for both
compounds A and B, alone and in the presence of the four
nucleotides (Fig. S14 and S16 (ESI), respectively). The transient
spectra exhibited negative signals due to ground state bleach-
ing (GSB) below 500 nm, positive ESA centered around 600 nm,
and negative SE bands above 650 nm. The SE intensity is higher
for compound A relative to B and significantly decreased in the
presence of GTP, in agreement with the fluorescence quench-
ing induced by this nucleotide. The transient species and the
lifetimes revealed by the global fitting of these data are in
remarkable agreement with those obtained from FUC (see
Tables S11 and S13, ESIt). The transient to be assigned to the
complex of A with nucleotides features a characteristic ESA
signal that appears as a shoulder around 640 nm in the SAS of
either the long-living transient in the case of ATP, TTP, and CTP
or the 120-ps-species revealed in the presence of GTP (Fig. 5
and Fig. S14, ESIt). This finding corroborates the assignments
of the FUC transients and again confirms the peculiar quench-
ing effect of GTP when complexed with A (Table S11, ESIf).
Furthermore, it is noteworthy that, for both A and B, an
additional and non-negligible ESA around 720 nm was observed
in the SAS assigned to the S; of the complex with GTP, which
was not detected in the SAS associated with the complexes with
the other nucleotides (see Fig. 5 and Fig. S17 (ESIt) for A and B,
respectively). The decay of this enhanced ESA is clearly visible in
the decay kinetics at about 720 nm only in the presence of GTP

A A+ATP A+GTP
- - --0.66 ps ----lz2ps ----13ps
',1-;.'\ ————— 28 ps ,.;\ _____ 20 ps
F o 260 ps ; W 120 ps
o ——1600ps RN 1300 ps - —--Solv
2] ) b 3100 ps A N :
< E % /’ . T VR
« ‘,-j/ g ‘} S,(GTP complex)
| Nt e SR
fi V: A ~— S,
’7" Y i ——S,(ATP complex)
L 1 1 1 1 il L 1 L ra 1 1 1 L
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Fig. 5 Species associated spectra (SAS) obtained by target analysis of the femtosecond transient absorption data (upper graphs) and associated kinetics
recorded at 720 nm (lower graphs) for compound A in buffer at pH 7 alone (left) and in the presence of ca. 5 mM ATP (central) or GTP (right).
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Table 2 Free energy variation evaluated for the electron transfer from the
nucleotides to the methyl pyridinium of A—C according to egn (2)

Nucleotides Era (V) AG,, (eV) AGYy (eV) AG¢ (eV)
ATP +1.42 +0.11 +0.03 —0.02
CTP +1.60 +0.29 +0.21 +0.16
GTP +1.29 —0.02 —0.10 —-0.15
TTP +1.70 +0.39 +0.31 +0.26

and occurs in ca. 120 ps for A-GTP (Fig. 5) and 11 ps for B-GTP
(Fig. 517, ESIY).

Our steady-state and time-resolved spectroscopic results
clearly show that a specific interaction is taking place for these
methyl-pyridinium derivatives with GTP, which is also respon-
sible for their fluorescence quenching upon DNA- and RNA-
binding. An excitation energy transfer interaction between
compounds A-C and the nucleotides would not be consistent
with our experimental data, as no spectral overlap is observed
between the A-C emission and the nucleotide absorption.
Moreover, the absorption and emission spectra of the four
nucleotides are fairly similar to each other and thus the
hypothesis of an energy transfer would not justify the unique
interaction with GTP.*' For the hypothesis of interaction via
photoinduced electron transfer from the nucleotides to the
positively charged methyl-pyridinium, it is necessary to con-
sider its thermodynamic feasibility by evaluating the associated
free energy variation according to the following equation:

6’2

AG" = [(E2y — Ey)e] — Eoo —

I«

4mepe r 2)
where E-4 are reduction potentials for the nucleotides whose
values are detailed in Table 2 (ref. 32 and 33) and Efeq = —1.05 V
is the reduction potential for methyl-pyridium according to
previous literature reports;** Eq, is the 0-0 transition energy for
A-C (Ego,a = 2.36 €V; Ego p = 2.44 eV; Egg ¢ = 2.49 €V), as evaluated
from the crossing between the normalized absorption and
emission spectra.

From the results obtained for the AG° reported in Table 2, it
is apparent that the photoinduced electron transfer from ATP,
CTP, and TTP to methyl pyridinium is thermodynamically
disfavored (AG° > 0) while being thermodynamically allowed
from GTP (AG® < 0). It is noteworthy that the obtained values
follow a trend among the three compounds for the electron
transfer from GTP AG( (—0.15 eV) < AGy (—0.10 eV) < AG),
(—0.02 eV), which is consistent with the lifetime of the complex
obtained through the ultrafast measurements: t¢.grp (2.7 ps) <
tggre (11 PS) < Tacre (120 ps). The more allowed the photo-
induced electron transfer from GTP to the fluorophore is, the
faster the excited state deactivation of the complex. Moreover, it
is very interesting that the peculiar ESA centered at 660 nm (for
C) and at 720 nm (for A and B), observed during the femtose-
cond TA experiments for the complexes of these compounds
with GTP, falls in the same spectral region of the absorption of
the neutral form of methyl-pyridinium after photoreduction
as described in literature studies.*® This assignment was
further supported by a laser flash photolysis experiment with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanosecond temporal resolution, where compound C was inves-
tigated alone and in the presence of 0.1 M N,N-diethylaniline
(DEA, a well-known electron donor characterized by a low
reduction potential of 0.76 V)*® in acetonitrile. While no sig-
nificant transient absorption signal was detected for the
solution of free compound C, a transient species peaked at
650 nm was revealed for C in the presence of DEA characterized
by a spectral shape resembling very closely the bathochromic
band of SAS assigned to the C-GTP complex (see Fig. S20 (ESIT)
and Fig. 4), confirming the occurrence of photoinduced electron
transfer. On the other hand, the less intense ESA at 525 nm
resulting from the femtosecond TA data analysis in the SAS of
the C-GTP complex (Fig. 4) may be possibly associated with the
absorption of the guanine radical cation, in agreement with
literature reports.>”*®

Conclusions

In conclusion, with this study, we report the direct observation of
ultrafast photoinduced electron transfer from guanine tripho-
sphate to methyl pyridinium-based dyes through femtosecond
transient-absorption and broadband fluorescence up-conversion
spectroscopies. The obtained results give a molecular explanation
and a mechanistic insight into the less common fluorescence
quenching observed for these fluorophores upon binding DNA
and RNA. Moreover, their ability to induce photo-oxidation of
guanine may be at the root of the toxicity exhibited by these
compounds toward tumor cells. This possibly involves photoin-
duced RNA damage, particularly in the case of compound A,
which was found to be localized in the RNA-rich endoplasmic
reticulum.®® These molecules are therefore highly promising as
new potential anticancer drugs for RNA-targeted phototherapies.
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