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The Excited State Dynamics of a Mutagenic Guanosine

_ Etheno Adduct Investigated by Femtosecond Fluorescence

Spectroscopy and Quantum Mechanical Calculations

Paloma Lizondo-Aranda,®

Thomas Gustavsson,™ Lara Martinez-Fernandez,™

Roberto Improta,* and Virginie Lhiaubet-Vallet*®

Femtosecond fluorescence upconversion experiments were
combined with CASPT2 and time dependent DFT calculations
to characterize the excited state dynamics of the mutagenic
etheno adduct 1,N*-etheno-2’-deoxyguanosine (€dG). This endo-
genously formed lesion is attracting great interest because of
its ubiquity in human tissues and its highly mutagenic proper-
ties. The €dG fluorescence is strongly modified with respect to
that of the canonical nucleoside dG, notably by an about 6-fold
increase in fluorescence lifetime and quantum yield at neutral
pH. In addition, femtosecond fluorescence upconversion experi-

Introduction

The effect of UV radiation on the human body is a topic of
obvious importance since it is strongly correlated with a series
of pathological events including the appearance of skin
cancer. The processes involved between the initial absorption
of UV light and the final disorder are extremely complex, but it
is clear that the direct energy deposition in DNA/RNA macro-
molecules plays an important role."™ Indeed, the character-
ization of the UV-excited electronic states of DNA/RNA and their
constituents has been the subject of numerous studies over the
years.'™ Recently, time-resolved spectroscopic techniques have
been applied with success to investigate the ultrafast processes
triggered in these molecules by UV light."' Here, one should
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ments reveal the presence of two emission bands with maxima
at 335 nm for the shorter-lived and 425 nm for the longer-lived.
Quantum mechanical calculations rationalize these findings and
provide absorption and fluorescence spectral shapes similar to
the experimental ones. Two different bright minima are located
on the potential energy surface of the lowest energy singlet
excited state. One planar minimum, slightly more stable, is
associated with the emission at 335 nm, whereas the other one,
with a bent etheno ring, is associated with the red-shifted
emission.

distinguish between the mechanisms providing natural protec-
tion towards UV light and those responsible for photodamage.

Indeed, natural DNA/RNA constituents present a high
resistance towards UV light thanks to the presence of highly
efficient non-radiative quenching channels."® This may not be
the case for chemically altered constituents, rendering them
much more mutagenic although their relative number may be
very small."*"® Among the naturally occurring altered nucleo-
sides, etheno adducts (e-adducts) are known to be present as
background DNA lesions in rodent or human tissues."*'® They
were first associated with exposure to environmental carcino-
gens such as vinyl chloride, which is produced in large
quantities in the plastics industry and has been correlated to
hepatic angiosarcoma occurrence.*?" However, g-adducts
have also been found in unexposed populations.?>*! This
ubiquity has further been explained by their formation as a
result of the reaction between nucleobases and highly reactive
aldehydes produced during inflammation-induced lipid
peroxidation.”¥ These adducts are characterized by a five-
membered exocyclic ring between a nitrogen atom and an
exocyclic nitrogen of the purine or pyrimidine core. A total of
four etheno lesions have been identified in DNA, they
correspond to 1,N®-ethenoadenine, 3,N*-ethenocytosine, 1,N*
ethenoguanine and N?3-ethenoguanine. Their presence in DNA
sequence represents a threat for genome integrity because
they are mutagenic and cause base translation and
transversion.'®*! Actually, etheno derivatives represent relevant
markers of oxidative stress and have been proposed as
potential biomarkers for cancer risk assessment in
humans.[16,25—28]

We recently reported a combined experimental and theo-
retical study of the g-adduct 3,N*-etheno-2"-deoxycytidine (dC).
Using femtosecond fluorescence spectroscopy and high-level
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quantum chemistry calculations the excited state relaxations
were characterized in detail."” We established that the addition
of the extra etheno ring on 2'-deoxycytosine (dC) alters its
photobehavior and results in a 3-fold increase of lifetime and
quantum yield of fluorescence emission centered at 325 nm at
neutral pH. Quantum mechanical calculations rationalized these
experimental data by evidencing the presence of a sizable
energy barrier on the emissive lowest energy nn* state to reach
the ethene-like conical intersection that represents the main
nonradiative decay pathway to the ground state. Therefore, the
presence of edC in DNA might slow down the highly efficient
non-radiative deactivation channels and act as a doorway for
undesired DNA photolability.

Another g-adduct of interest is 1,N*-etheno-2’-deoxyguano-
sine (edG, Figure 1). lts formation proceeds through the
addition of two extra carbons between nitrogen at position 1
and the amine substituent at position C2 by the reaction
between 2’-deoxyguanosine (dG, Figure 1) and reactive alde-
hydes, such as chloroacetaldehyde or 2,3-epoxyaldehydes.””
This lesion, present as background in humans with a level of ca.
3.7 per 10 parent dG,*” was demonstrated to be mutagenic in
Escherichia coli and in mammalian cells."®*'3? In bacteria, G—A
transition, G—T and G—C transversion has been reported with
frequencies of 2.05, 0.74, and 0.09%, respectively."®*? The
apparent mutation frequency is increased more than 10-fold
(from 0.4 to 4.6%) in Chinese hamster ovary cells when &dG is
incorporated in the DNA sequence.’” As a matter of fact, the
misfunctioning of the DNA repair toolbox®'=* responsible for
the mutagenesis of €dG has been related to the structural
perturbations caused by the lesion. NMR studies on the duplex
12-mer 5-d(CGCATEGGAATCC)-3’-5"-d(GGATTCCATGCG)-3'dem-
onstrated the prevention of conventional Watson-Crick hydro-
gen bonding, changes of conformation about the glycosyl
bonds, and destabilization of the Watson-Crick base pairing of
the g-adduct neighboring bases at 5’ side.”™ By contrast with
the aforesaid €dG properties in the ground state, its photo-
physics and role in DNA photostability have been scarcely
reported up to now. In a first time, edG has been considered as
“non-fluorescent”,*® but a very weak emission peaking at
410 nm was evidenced 15 years later.””

Here, the advances in time-resolved spectroscopy experi-
ments, providing higher spectral resolution and shorter time-
scales, are exploited to revisit the description of the excited
state relaxation dynamics of €dG. The steady-state and femto-
second fluorescence upconversion experiments were comple-
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mented by high-level quantum chemistry calculations. The
fluorescence quantum yield was found to be 6 times higher
and the fluorescence lifetimes were much longer than those of
the canonical nucleoside dG. Moreover, the initial fluorescence
anisotropy was found to be very low at all wavelengths, much
lower than for dG, indicating that the fluorescent state is not
directly populated by 267 nm excitation. Interestingly, the
femtosecond fluorescence upconversion experiments indicated
the presence of two independent emission bands (stemming
from two states or two species). These findings were rational-
ized by quantum mechanical calculations describing the vertical
absorption, adiabatic, and emission energies of the lowest
excited states together with the potential energy surfaces
associated with the two lowest singlet excited states. Two
minima were indeed found on the S, energy surface: the less
stable S;-min-asym where the C2 atom of the etheno ring is
bent, and S,-min-pla* with a planar geometry.

Results
Steady-State Absorption and Fluorescence Spectroscopy

Steady-state absorption and fluorescence spectra between 220
and 600 nm were registered in PBS 0.1 M, pH 7.4 (Figure 2). The
absorption spectrum consists of two bands; a first band peaking
at 286 nm and a second stronger band peaking at 227 nm
(Table S1). Inspecting the first absorption more closely, some
sub-structure can be seen on the short wavelength side, below
275 nm. This is important to keep in mind since the excitation
wavelength chosen for the fluorescence studies was 267 nm.
The fluorescence spectrum (A =267 nm) is much broader and
peaks at 410 nm (Figure 2, Table S1). However, a shoulder can
be observed at shorter wavelengths, around 330 nm, together
with a long wavelength tail extending beyond 600 nm. As it
was reasonable to suppose from the extent of conjugation
provided by the etheno ring, both absorption and fluorescence
are red-shifted with respect to the canonical dG (Table S1). In
addition, a fluorescence quantum yield ¢; of ca. 6.5x107* ie.
more than 6 times higher than that of dG (Table S1), was
determined.

To better compare the absorption and fluorescence spectra,
they were converted to a wavenumber scale (the fluorescence
spectrum was scaled by 1?), see Figure S4. While the width of
the first absorption band is Av,,=5200cm™, that of the
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Figure 1. Chemical structure of 2'-deoxyguanosine (dG) 1,Nz—etheno—z’—deoxyguanosine (edG).
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Figure 2. Arbitrary scaled absorption (red) and fluorescence (blue) spectra of edG in PBS 0.1 M, pH 7.4. The fluorescence spectrum was excited at 267 nm

(purple arrow) and corrected for the sensibility of the spectrofluorometer.

fluorescence band is larger, Av.,,=8350cm '. Using the
maxima of the absorption and fluorescence bands, the Stokes
shift amounts to 11436 cm™'. Interestingly, the second deriva-
tive of the absorption band, from 32000 to 40000 cm™', shows
the overlap of two main bands together with some weak sub-
bands separated by approximately 1800 cm™', which might
correspond to vibration structures (Figure S5).

Fluorescence Decays

Femtosecond fluorescence upconversion experiments were
performed in order to study the time dependence of the
emission. Total fluorescence decays of edG in PBS pH 7.4 (A=
267 nm) recorded at seven different wavelengths over a 10 ps
time window are shown in Figure 3a. Complementary decays at
three longer wavelengths over a 100 ps time window are shown
in Figure 3b. The decays are strongly non-exponential but can
be roughly characterized by a fast ps component that
dominates at shorter wavelengths (L <400 nm) and a slower
component (tens of ps) dominating at longer wavelengths (A >
400 nm); an additional small-amplitude constant term is also
needed for the fitting at A >400 nm. The fluorescence decays
are also represented on a linear scale in Figures S6 and S7. Such
a behavior is typical for a fast spectral red-shift, whose origin
can be either a continuous displacement or an inhomogeneous
shift between two or several overlapping bands. This will be
further discussed below when presenting the spectra.
Regarding the fluorescence anisotropy, the situation is also
non-trivial. At longer wavelengths (>400 nm), the anisotropy
decays over several tens of picoseconds which can be assigned
to the rotational diffusion of the molecule. However, a fast rise
of a few ps can be observed (Figure 4). At shorter wavelengths
(<400 nm), the fluorescence decays are too fast to allow any
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Figure 3. Total fluorescence decays over a time window of 10 ps (a) and
100 ps (b) on a semi-logarithmic scale, obtained from a solution of €dG in
PBS pH 7.4 at different emission wavelengths after excitation at

Aexe =267 nm.
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Figure 4. Fluorescence anisotropy decay of €dG in PBS pH 7.4 at 440 nm
over a time window of 60 ps. Excitation wavelength A, =267 nm.

characterization of an anisotropy decay. Interestingly, the
fluorescence anisotropy close to zero-time is lower below
400 nm than above, as illustrated in Figure S8. However, the
zero-time anisotropy is globally very low, ~0.1, at all wave-
lengths. This will be further discussed below.

The actual fitting merged parallel and perpendicular record-
ings, including both the total fluorescence and the anisotropy
in the model description given in the experimental section. The
resulting parameters are given in Table 1.

Time-Resolved Fluorescence Spectra

Contour plots of the time-resolved fluorescence of €dG in PBS
are shown in Figure 5. The recordings cover the temporal
region 0-10 ps, sampled every 1 ps, and the spectral region
310-470 nm, except for a “hole” around 400 nm due to diffused
excitation light.

In line with the remarks regarding the fluorescence decays
above, it is obvious that an important rapid spectral shift takes
place, from a strong band peaking around 335 nm at early
times to a weak band centered around 425 nm at longer times.

The time-resolved spectra, together with the kinetics data
presented above, allow a better view of the nature of the
spectral shift. The spectral evolution is not in consonance with a

continuous red-shift of a single band, as in the case of solvation
dynamics, but is due to two separate contributions of a strong
short-lived 335 nm band and a weak long-lived 425 nm band.
Actually, the extraordinarily broad steady-state fluorescence
band can be understood as the sum of the 335 and the 425 nm
bands. In order to get a clearer picture, the spectra were
converted on a wavenumber scale (after scaling by A% as shown
in Figure SO.

Fitting the experimental spectra with a simplified lognormal
function does not result in a satisfactory fit. Instead, a simple
two-band description reproduces the observed data well. As a
model two fixed Gaussian functions with adjustable amplitudes
were used. The central positions of the two bands were fixed to
29080 cm™' (“blue” band) and 23900 cm™' (“red” band) respec-
tively. The spectral width for both bands was fixed to
2200 cm™". The resulting fitted model spectra are also shown in
Figure S9. The resulting time-evolution of the intensity ampli-
tudes of the two bands is shown below in Figure 6.

As can be seen, the time dependence is very different for
the two bands. While the “blue” band drops by about 80%
within 1 ps and practically attains the zero level at 5 ps, the
intensity of the “red” band decreases much more slowly and
remains on the 25 % level at 10 ps.

Computed Absorption and Emission Energies
Calculations in the Gas Phase

For quantum mechanical calculations, the effect of the deoxy-
ribose moiety has been mimicked by a methyl group (G, see
Figure 7), which has been previously shown to be able to
reproduce the excited state behavior of ethenocytidine! and
guanine satisfactorily.>®

In Table 2, we report the Vertical Absorption Energy (VAE)
computed for the three lowest energy excited states of €G in
the gas phase. Confirming previous indications,® the VAE
computed at the M052X level are overestimated (by ~0.7 eV)
with respect to the CASPT2 values. TD—M052X and CASPT2
agree on the presence of two bright nn* transitions (HOMO
(H)—LUMO (L) and H—L+1) of similar intensities, with an
energy gap of 0.3 eV. While these two transitions are the lowest
in energy on the CASPT2 level, a n* transition appears as the

Table 1. Fitted lifetime components and anisotropies from the fluorescence decays of edG in PBS, merging short and long timescales.

A (nm) 320 340 360 380 420 440 460

a, 0.72+0.04 0.94+0.01 0.90+0.01 0.85+0.01 0.72+£0.01 0.66+0.01 0.61+£0.01

T 0.21£0.04 0.56£0.02 0.62£0.02 0.66£0.03 0.96 +£0.03 1.09£0.02 1.06 +£0.05
a, 0.28+0.04 0.06 +0.01 0.10£0.01 0.15+£0.01 0.26 £0.01 0.33£0.01 0.37£0.01

T, 0.88+0.08 75+09 6.3+0.5 10.1£1.1 204+14 249+1.0 235+15

as - - - - 0.022 +0.004 0.01240.003 0.023 +0.006
T3 - - - - (constant) (constant) (constant)

fo 0.043 £0.004 0.038 £0.003 0.053£0.003 0.069 £ 0.004 0.103 +0.004 0.116+0.003 0.095 +0.006
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Figure 5. The corrected time-resolved fluorescence of edG in PBS pH 7.4 as contour plots over a wavelength region {310,470}nm and a time window of 10 ps.
The two panels correspond to different intensity scales of the same data. Excitation wavelength A, =267 nm

Table 2. Vertical Absorption Energies (VAE, in eV) and oscillator strengths
(a.u., in parentheses) computed for €G in the gas phase at the M052X the
CASPT2 levels.

MO052X/6-31G(d) CASPT2/6-31G(d) description
S, 5.18 (0.14) 4.58(0.18) n*
H—L
S, 5.49 (0.23)” 4.88 (0.19) *
H—L+1
S; 5.42 (0.00) 5.54 (0.00) nm*

[a] At this level corresponds to S;.

second one at the M052X level. This nz* transition involves in
particular the Lone Pair of the carbonyl oxygen atom.

Geometry optimizations of the nn* transitions (S; and S;) at
the TD—MO052X/6-31 G(d) level of theory in the gas phase lead
to the same bright minimum of S, (adiabatic energy 4.93 eV),

Chem. Eur. J. 2024, 30, €202401835 (5 of 15)

characterized by an emission energy of 4.68 eV (i.e. Stokes shift
0.5eV) and a planar geometry. Contrary, optimization of S,
(n*) ends up in a dark S; minimum that is only slightly
(0.002 V) less stable compared to the bright one. A qualita-
tively similar picture is obtained at the CASSCF/CASPT2 level
when optimizing the lowest-lying state. We find a more stable
bright minimum with emission energy of 4.0 eV (i.e. with a
Stokes Shift of 0.58 eV, considering the energy of the S;) and
adiabatic energy of 4.30 eV, and a dark minimum with adiabatic
energy 4.72 eV.

Calculations in Water
In Table 3, we report the VAEs computed for the lowest energy

excited states of €G in water, by using two different computa-
tional models, i.e. (i) €G, where only bulk solvent effects (PCM)

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 6. Relative time-dependent intensities for the two Gaussian model
functions fixed at (blue) 29080 and (red) 23900 cm™, respectively.

are included, and (ii) eGe3H,0 (see Figure 7), where, three water
molecules of the first solvation shell are also included in the
model (see Computational details).

According to MO052X, independently of the basis set
adopted, the two lowest energy excited states in the Franck-
Condon (FC) region, S; and S,, correspond to znn* transitions.
The former is more intense and shows a predominant H— L
contribution, whereas the latter has H— L4 1 character. A
schematic drawing of the involved frontier orbitals is reported
in Figure S10 of the SI. These two transitions have similar
oscillator strengths and, interestingly, their relative intensity is
quite sensitive to the size of the basis set, to the inclusion of
solvent effects and to the solvation time regime adopted
(equilibrium or non-equilibrium, see Sl). Indeed (see Table 2) in
the gas phase S, results more intense than S, at the M052X/6-
31G(d) level. According to our calculations, the most realistic

picture of S; and S, in the FC region is that of two strongly
vibronically coupled excited states, whose interplay (e.g. the
relative intensity) is modulated by the intramolecular or
intermolecular (solute-solvent) vibrational degrees of freedom.
These two transitions are associated with the lower energy
absorption band, which indeed exhibits a shoulder at higher
energy (Figure 2), which should be due to S,.

Another bright excited state, much more intense than S,
and S,, is present ~ 1.1 eV higher in energy with respect to the
lowest energy absorption band. This excited state is responsible
for the second absorption band found around 227 nm in the
experimental spectra (Figure 2), more intense than the first one
and with a maximum blue-shifted by ~1.3 eV.

In Table 3, we also report the results obtained by using the
same computational approach and a similar model (Ge5H,0) for
the parent dG base. In this latter molecule, the two lowest
energy excited states are also mn* transitions, which, according
to the Platt’s nomenclature are usually labelled as L, and L. In
dG, L, transition is more intense and is responsible for the
maximum of the absorption band. Our calculations predict that
etheno substitution leads to a significant red-shift of the
maximum of absorption band of ~0.7 eV, focusing on the most
intense transitions. Considering that we are neglecting vibra-
tional contributions (see below) this estimate is fully consistent
with the experimental results. We note that for this reason
excitation around 267 nm populates preferentially the second
excited 'nn* state (S,).

When applied to the smaller non-solvated €G model, our
calculations provide results like that obtained for eGe3H,0. The
only significant discrepancy concerns the relative intensity of S,
and S,, the latter being now the most intense transitions.
Overall, the picture of the FC region obtained in water is thus
like that found in the gas phase, but for the ‘usual’ destabiliza-
tion of the dark nz* transition.”*

As shown in Figure 8, the computed absorption spectrum is
in very good agreement with the experimental one, but for a
blue-shift, due to the use of MO052X/6-31G(d) calculations.
However, when including vibrational effects, the discrepancy

Figure 7. a) Schematic drawing of the €Ge3H,0 model, including 3 H,O molecules of the first solvation shell, and mimicking the sugar with a methyl group. b)
€dG structure in the crossing region S,/S,, located at the PCM/TD—MO052X/6-31G(d) level c) S;-min-asym minimum located by optimizing S, at the PCM/
TD—MO052X/6-31G(d) level. Color code: carbon atoms (green), oxygen atoms (red), nitrogen atoms (cyan), hydrogen atoms (white).
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Table 3. VAE (in eV) and oscillator strengths (a.u., in parentheses) computed for éGe3H,0 and €G in water at the PCM/MO052X level, using different basis sets,
on geometries optimized at the PMC/M052X/6-31G(d) level. For comparison the VAE and oscillator strengths for the canonical base Ge5H,0 are also given.
€Ge3H,0 Ge5H,0
Excited State 6-31G(d) 6-31+G(d,p) 6-311+ Description 6-311+ Description
G(2d,2p) G(2d,2p)
S, 5.03 (0.20) 4.90 (0.24) 4.83(0.22) nn* 4.99 (0.20) ¥
H—L H—L
S, 5.40 (0.15) 5.31(0.13) 5.26 (0.10) nn* 5.53 (0.45) nn*
H—L+1 H—L+1
S; 5.88 (0.00) 5.93 (0.00) 5.93 (0.00) nt* 5.99 (0.0) nm*
S, 6.23 (0.90) 6.06 (0.96)° 5.99 (0.99)% nn*
H-1—L
eG
S, 5.12 (0.16) 4.99 (0.21) 4.91 (0.19) nn*
H—L
S, 5.42 (0.26) 5.31(0.24) 5.26 (0.20) nn*
H—L+1
S; 5.61 (0.03) 5.83 (0.01) 5.70 (0.00) nm*
S, 6.36 (0.80) 6.14 (0.84) ° 6.06 (0.88) nn*
H-1—-L
[a] Corresponds to Ss.
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Figure 8. Computed vibrationally resolved absorption and emission spectra for €G obtained by using PCM-TD—MO052X/6-31G(d)-FC-classes calculations. The
emission spectrum has been simulated by assuming that the population of S;-min-pla* and S;-min-asym are the same. The blue-shifted spectra by respect to

experimental ones is due to the use of M052X/6-31G(d) calculations.

with experiments significantly decreases. Based on the average
of the VAE of S, and S,. The absorption maximum would fall at
5.3 eV, the computed absorption maximum in the vibrationally
resolved spectrum falls instead at 250 nm (~4.95 eV). This result
confirms that vibrational effects strongly modulate the position
of the band maxima.?

We have then optimized the geometry of the two lowest
energy excited 'nn* states (S, and S,) states, by using both the
6-31G(d) and the 6-311+G(2d,2p) basis sets, on both €Ge3H,0
and €G models. As summarized in Table 4, for €Ge3H,0,
geometry optimization of S, leads to a stationary point, with a
very low energy gradient (< 0.0002 a.u.), where the purine ring

Chem. Eur. J. 2024, 30, €202401835 (7 of 15)

keeps a planar geometry (S;-min-pla*), and an emission energy
of 4.43 eV (PCM/TD—MO052X/6-31G(d) calculations), i.e. with a
Stokes shift of ~0.6 eV. This value is one-half of the experimen-
tal one, since in the steady-state emission spectrum we observe
a broad band peaking at 410 nm, i.e. with a Stokes Shift of
~1.3 eV. However, it is noteworthy that the theoretical value is
consistent with the experimental one of 0.63 eV, obtained at
335 nm in the femtosecond fluorescence upconversion experi-
ments. In fact, frequency calculations on S;-min-pla* show the
presence of an imaginary frequency of —100 cm™, associated
to the out of plane motion of the carbonyl group, indicating
that S;-min-pla* is not a real minimum of the S, potential
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Table 4. Adiabatic energy, oscillator strengths (a.u., in parentheses), and emission energies (italics, red) computed for the different excited state minima of
€Ge3H,0 at the PCM/TD-MO052X level, using different basis sets. Stokes shift with respect to S, absorption energies in the FC point are also reported. Energy

values in eV.

6-311+G(2d,2p)
S, S,

4.78 (0.35) 3.42

6-31G(d)
S S,
S,-min-pla* 4.68 (0.32) 4.43
Stokes Shift 0.6
S;-min Directly to
Stokes Shift S,-CI*
S;-min-asym
Stokes Shift 1.6

4.50 (0.36) 4.24
0.6

4.46 (0.16) 2.80
2.0

4.64 (0.37) 3.41
1.4

energy surface (PES). Further geometry optimization, starting
from a slightly non-planar geometry, leads indeed directly to a
crossing region with S,. A structure belonging to this region,
which we shall refer to as S;-CI* (to highlight that we have not
located the real Cl), is shown in Figure 7b. S,-CI* is characterized
by a strong out-of-plane motion of the carbonyl group. The
crossing region is reached without any crossing with another
excited state (i.e. on the PES of the same diabatic state as in the
FC region).

By using the larger 6-311-+G(2d,2p) basis set, a picture
pretty similar to that just described was found. We find a planar
stationary point, characterized by a Stokes Shift of only 0.5 eV,
which is less stable than a non-planar minimum (S;-min, see
Figure S11 in the SI), exhibiting a strong pyramidalization of the
carbonyl group, which is characterized by a very large Stokes
Shift of (~2eV) and low emission energy (2.8 eV). Indeed, S;-
min is isoenergetic with a crossing region with S, reached by
further out-of-plane motion of the carbonyl group.

PCM/TD—M052X/6-31G(d) geometry optimizations of S,
predict that a steep path leads to a crossing with S;, and then
two possible outcomes are predicted. Either the population is
transferred on S; and then proceeds directly towards S,-CI*
(path a in Figure 9), or another minimum, also on the S, diabatic
surface, is reached (path b in Figure 9). This minimum, which is

= AT SN _S,-min-pla*

/
<0.25 eV

S,-CI*
~425 nm

S0

Figure 9. Schematic depiction of the main deactivation paths in €G,
according to PCM/TD-M052X calculations.
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0.1 eV less stable than S;-min-pla*, is associated to the transition
from the HOMO to a n* orbital mainly localized on the etheno
ring (see Figure S12 in the SI), i.e. much more asymmetric with
respect to the virtual orbital involved in the S, transition in the
FC region (where the contribution of the imidazole ring to the
MO is larger, see Figure S12). As a consequence, we label this
minimum (depicted in Figure 7c) as S;-min-asym. In this
minimum, the etheno-ring is ‘bent’ with respect to the
molecular plane, and the C2 atom (Figure 1) is quite signifi-
cantly pyramidalized. The emission intensity is large (oscillator
strength 0.37), as well as the Stokes Shift (~ 1.6 eV).

S,-min-asym is located also by using the larger 6-311+
G(2d,2p) basis, it appears to be less stable than S;-min-pla* by
0.14 eV, and it is strongly emissive, with a Stokes Shift of
~1.4¢eV. As detailed in the SI, we have repeated this analysis
also for €G, obtaining a picture similar to that obtained with
explicit water molecules.

In Figure 8, we report also the computed vibrationally
resolved emission spectrum, simulated in the hypothesis that
the population of S;-min-pla* and S;-min-asym is the same. The
computed spectrum is in remarkable agreement with the
experimental steady-state fluorescence spectrum, with a less
intense peak just below 300 nm and a broad band with a
maximum of ~380 nm. These two peaks are slightly blue-
shifted with respect to the experimental features, but the
discrepancy is much smaller than what was expected based on
the analysis of the emission energies, due to the proper
inclusion of vibronic effects. It is important to notice that the
relative intensity of the two peaks in the fluorescence spectrum
will obviously depend on the population of the two associated
minima (whose exact assessment would need a purposely
devoted dynamical study). Based on the comparison with the
experiments and considering the possible errors in the
computed emission intensity, however, it seems that our
working hypothesis (i.e. 50% of the population for the two
minima) is reasonable.

Discussion
In this study, we have characterized the excited state decay of

the mutagenic etheno adduct of 2’-deoxyguanosine e€dG by
integrating steady-state and time-resolved spectroscopy with
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quantum mechanical calculations. The results show that etheno
substitution has a large effect on the spectral properties of dG
or dGMP.M#1 As a first observation, the shapes of the
fluorescence bands of edG and dGMP are very different. While
for dGMP it is dominated by a sharp peak around 334 nm
accompanied by a long tail towards longer wavelengths, that of
€dG is much broader and centered at 410 nm, with a broad
shoulder at 350 nm (on the blue side), and a tail towards longer
wavelengths. More importantly, we observe a significant
increase in the lifetime, which is 10 times larger at longer
wavelengths, and of the quantum yield, 6 times higher with
respect to those measured for dG or dGMP (Table S1).4%4" |n
addition, as shown in Table 5 below, the “average” lifetimes
(see Equation (6)), used here as qualitative values, of €dG are
significantly longer than those of dGMP. While the values are
close in the blue edge (320 nm), where <t > is about 0.5 ps for
dGMP and 0.6 ps for €dG, they diverge strongly when moving
towards longer wavelengths. Above 450 nm, <1 > is only about
1.4 ps for dGMP while it is more than 20 ps for edG.

The spectral evolution of €dG is also remarkably different
from that observed for dGMP. The fluorescence of dGMP
corresponds to a single band rapidly red-shifting, this
spectral red-shift being correlated with an increase of the
width. Time-resolved fluorescence spectra of €dG are instead
dominated at early times by a very strong peak around
335 nm, i.e with a very small Stokes Shift with respect to
absorption. This peak disappears within a few hundred of
femtoseconds, whereas the fluorescence on the ps timescale
is dominated by a large band peaking at ~430 nm, and
survives for much longer than the studied time interval of
10 ps. As explained above (and illustrated in Figure S9),
deconvolution of the spectra suggests the involvement of
two separate states. Also, the zero-time anisotropy of dGMP
was substantially higher, about 0.2 at all wavelengths, than
that of €dG, about 0.1 at all wavelengths. Interestingly, the
fluorescence anisotropy close to zero-time is lower below
400 nm than above, as illustrated in Figure S8. Moreover, the
fluorescence anisotropy above 400 nm increases slightly in
time during the first picoseconds (Figure 4). Although the
error associated with a very weak fluorescence signal does
not allow an unambiguous conclusion, this behavior can be

Table 5. Average lifetimes (in ps) of edG and dGMP at various wave-
lengths.

edG dGMP?
A (nm) <T> A (nm) <T>
320 0.63 310 0.52
340 3.76 330 0.68
360 3.63 360 0.74
380 7.55 420 1.1
420 18.16 450 1.36
440 22.98 500 1.67
460 21.95 600 2.29

[a] Calculated from data in reference.*”
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explained by the time-dependent superposition of two
emissions: the “blue” band, having a slightly lower anisotro-
py, and the “red” band, having a slightly higher anisotropy.
At time-zero, the “blue” band dominates the emission, but its
rapid disappearance within a few picoseconds, as testified by
the time-resolved fluorescence spectra, leads to the increase
of the fluorescence anisotropy as observed at longer wave-
lengths.

Our calculations, as depicted in Figure 8, provide a rationale
for the peculiar behavior of edG and for the differences with
respect to dGMP.®® In both compounds, we find two close-lying
bright transitions in the lowest energy absorption band. In
dGMP, the high-energy one (L) is significantly more intense
than the low-energy one (L,), whereas in €dG the intensities of
the two lowest energy bright transitions are quite similar.

In the canonical nucleotide, experiments and calculations
agree in predicting an ultrafast L, — L, population transfer
(within 100 fs).2%4% Then, the system passes through an energy
plateau, where the purine ring keeps a geometry close to
planarity, before reaching the crossing region with the S, by a
barrierless out-of-plane motion of the C2-NH, moiety. This
picture gives an account of the ultrafast decay and time-
resolved spectra, which can be interpreted as a diffusion of the
excited wave-packet on a relatively “flat” potential energy
surface before reaching the S,/S, conical intersection.

For €dG, we obtain a very different picture. Due to the
presence of the etheno ring, the size of the conjugated =
system increases, and S, and S, appear as strongly vibronically
coupled transitions involving MO's delocalized over three rings
(see Figure S10 in the SI). According to our calculations, in the
first fs after 267 nm excitation (which populates nearly
exclusively S,), most of the S, population is transferred to S,,
and the system decays towards a planar stationary point, S;-
min-pla*, with small structural shifts with respect to the FC
point, and, therefore, very small fluorescence Stokes Shift. The
very intense band at ~335 nm dominating the time-resolved
fluorescence spectra on the sub-ps time scale and appearing as
a shoulder in the steady-state fluorescence spectra, should thus
be associated to emission from S;-min-pla*. The process
[absorption on S,] — [emission from S;-min-pla*] is character-
ized by strongly negative anisotropy (see Table S2). Moreover,
intramolecular vibrations can lead to significant mixing and
transfer of intensity between these two transitions. On this
ground, considering the contribution of the other emissive
processes operative (see Table S2), we can understand why
emission is characterized by very low zero-time anisotropy
values at A <400 nm and only about 0.1 at A >400 nm. This
experimental result confirms that a very efficient electronic
relaxation takes place at a timescale well below the time-
resolution of our equipment.

However, S;-min-pla* is not a real minimum of the PES and
the system can decay towards a crossing region with S,
reached via an out-of-plane motion of the carbonyl group (this
is another difference with respect to guanine).

On the other hand, and this is the most significant
difference with respect to previous works on guanine,®® our
calculations suggest that for edG part of the S, population
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can decay to a minimum, S;-min-asym, where the LUMO is
mainly localized on the etheno ring. This minimum is strongly
emissive, and its emission energy is consistent with the
experimental maximum at ca. 425 nm. Even a small amount
of population trapped on S,-min-asym can give an account of
the maximum in the steady state fluorescence spectrum. The
process [absorption on S,] — [emission from S;-min-asym] is
characterized by an anisotropy of 0.24 (see SI), in line with
observations (Figure 4). As already mentioned above, the
relative contribution of this process when measuring the
fluorescence anisotropy at 440 nm (Figure 4) likely increases
with time, providing a possible explanation for the small
increases of the fluorescence anisotropy measured after 1 ps.
Indeed, in the first ps, we can have a larger contribution from
the emission associated with the path leading to S,-Cl*,
which is expected to be associated with low anisotropy
values. The molecular structure is strongly distorted with
respect to the FC point and in the wave-packet there is the
contribution of the population excited on S,. Interestingly, a
rather small energy barrier (<0.25eV, see computational
details and Figure 9) separates S;-min-asym from S;-min-pla¥*,
suggesting that S;-CI* could be provide a major non-radiative
deactivation route for all the excited WP. The out-of-plane
motion of the carbonyl group requires a quite substantial
rearrangement of its solvation cage, which can delay the
ground state recovery even in the absence of any substantial
energy barrier. More importantly, part of the WP can be
trapped in S;-min-asym. These effects can explain why £dG
exhibits a fluorescence quantum yield six times larger than
that of dGMP. On the other hand, no real energy barrier
separates S;-min-CI* from the planar region, which is
accessible (overcoming a small barrier) also from S;-min-
asym. On this ground, we can explain why the fluorescence
quantum yield of edG remains quite low < 0.02.

It is interesting to compare the situation edG/dGMP with
that of edC/dC (or dCMP)." In the latter case, our recent joint
experimental and computational approach showed that the
addition of an extra etheno ring on the canonical dC skeleton
alters its photobehavior significantly. This structural change
decreases the efficiency of the nonradiative deactivation of the
emissive state, lengthening the excited state lifetime and
increasing its emission quantum yield. Although the main
nonradiative decay pathway to the ground state goes through
an ethene-like conical intersection, the presence of a sizable
energy barrier on the potential energy surface of the emissive
nn* state explains the increased fluorescence lifetimes with
respect to that of dC. To first sight, etheno substitution has a
similar effect on dG. We evidenced experimentally an increase
in the singlet excited state lifetime and fluorescence quantum
yields and assigned to emission from the lowest nn* singlet
state. But, on the other hand, as discussed above, the differ-
ences between £dG and dGMP are much more significant. There
are indeed several qualitative differences in the anisotropy and
in the spectral evolution that cannot be explained by a simple
lengthening of the excited state lifetime, and suggest qualita-
tive differences in their deactivation mechanism. As above
mentioned, two separate emissive species are involved in the
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observed edG relaxation process during the first 10 picoseconds
(Figures 5 and 6): the shorter-lived emission, with a maximum
centered at 335 nm, assigned to emission from the stationary
point S;-min-pla* and the longer-lived signal at 425nm
corresponding to the real minimum (S;-min-asym*). Moreover,
our calculations suggest that the excited states associated with
these minima are strongly coupled and the two paths can
communicate, giving an account of the peculiar time-resolved
behavior. For C, a single bright excited state dominates the
radiative dynamics, and etheno substitution ‘simply’ modulates
the energy barrier towards the conical intersection, which
occurs with the same mechanism of the parent nucleobase. For
G, instead, two bright excited states are present in the lowest
energy absorption band, and etheno substitution strongly
affects their nature and interplay. edG appears as a quite large,
fairly symmetric, and stiff conjugated system, with three fused
rings. In fact, according to our calculations, the preferred non-
radiative path involves the carbonyl group. Shortly, from the
electronic point of view, a fairly different system with respect to
the parent G nucleobase.

Finally, it is worthwhile to discuss the implications of our
results on the isolated edG nucleoside for the photoactivated
dynamics of DNA sequences where €dG substitutes its parent
dG base. Though the inclusion of €dG in a polynucleotide
chain is indeed expected to affect its photophysics (which is
the case for dG), the substitution of a single nucleobase can
significantly modulate the behavior of longer DNA
sequences.>*342 1 A first important effect is related to the
substantial (> 10 nm) redshift of the absorption spectrum of
€dG with respect to that of dG (Table S1), indicating a larger
absorption of edG-containing sequences in the UVA region.
This is important since the UVA component of solar radiation
is not totally screened by the Earth’s atmosphere. This is
indeed what happens for the sequences containing 5-
formylcytosine or 5-methylcytosine (5 mC), whose absorption
spectrum is red-shifted with respect to that of cytosine.®#"
Interestingly, this effect has been evoked to explain the
larger mutagenicity of 5 mC-containing sequences following
UVB irradiation.””’ Understanding what would be the con-
sequences of the larger fluorescence quantum yield and
excited state lifetime induced by etheno substitution of G in
DNA sequences is less straightforward. On the one hand,
there is general agreement on the existence of ‘'monomer-
like’ decay channels, i.e. associated with excited states
localized on a single nucleobase, in oligonucleotides.***
Using again 5mC as a representative example, sequences
with C—5mC substitution exhibit a larger fluorescence
quantum vyield, mirroring the behavior of the isolated
bases.™ On the other hand, within duplexes a large part of
the photoexcited population of dG bases is known to be
transferred to excited states with significant Charge Transfer
character,®?*% which can also trigger inter-strand proton
transfer.*® These processes could be operative also for £dG,
quenching its fluorescence. However, the characterization of
the photoactivated behavior of edG-containing DNA sequen-
ces is well beyond the scope of this study. Nonetheless, to
get some preliminary insights on this issue, we have used the
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same computational approach adopted for £dG to study two
sequences where €dG is included in a duplex containing two
or three bases, namely (dGpdC)(edGpdC), hereafter labelled
as GC-edGC, and (dGpdCpdG)(dCedGpdC), hereafter
GCG-CedGC (see Figure 10). As discussed in detail in Section
“Including €dG within a duplex” of the SI, our calculations
indicate that (i) the presence of €dG is expected to increase
the structural disorder of a DNA duplex and (i) syn
conformation is favored, which allows a large exposure of the
base to the solvent. Moreover, in the majority of the
sequences examined the lowest energy excited state (S;) in
the FC region is well localized on the €dG base. This outcome
represents a significant difference with respect to ‘natural’
GC sequences, where, by using the same level of calculation,
the lowest energy excited states have a strong G—C CT
character. The outcome of S, geometry optimizations for
GC-edGC and GCG-CedGC is also consistent with that
obtained for e€dG, and both S;-min-pla and S;-min-asym
minima, described for the free base, have been located
within the duplex (see Sl for details). Shortly, also considering
that €dG should reduce the local stiffness of the duplex,
many of the photophysical features we have described for
the free base should also be relevant for the future study of
edG in DNA.

Another important property of dG-containing helices that
could be affected by etheno substitution is the ionization

@
| Gt TS 5

oy ' ya ] et Y
\/..—\/>/\\//\'-——_\$ ae==t * ”g’\‘}

potential. As discussed in the Sl, the ionization potential of edG
is ~0.2 eV smaller than that of G. Considering that G is the base
with the lowest ionization potential (and therefore more prone
to be involved in several oxidative processes), this result
suggests that edG could act as an even more efficient sink for
the ‘electron hole’ which can be formed in a DNA sequence
either by direct UV absorption or following the interaction of
‘external’ oxidants."*>*7®

Conclusions

Our joint experimental and computational approach provides a
comprehensive picture of the main effects governing the
photophysics of 1,N*-etheno-2"-deoxyguanosine (edG). The
presence of the extra etheno ring confers €dG a peculiar
photobehavior compared to that of its canonical counterpart,
with the presence of two separate emissions evidenced by
fluorescence upconversion experiments. These emissions corre-
spond to the presence of different minima on the S, surface, a
stationary point S;-min-pla* responsible for the short-lived
signal peaking at 335 nm, and a more stable minimum, S;-min-
asym, accounting for the broadband at 425 nm. Indeed, the
lengthening of €dG lifetime with respect to that of originally
present dG might modify the high DNA resistance towards UV

oi 7]

Figure 10. Schematic drawing of the GCG-CeGC, where €dG is in syn conformation.

Chem. Eur. J. 2024, 30, €202401835 (11 of 15)

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85UB017 SUOWIWIOD 3A[Fe1D) 8|qedljdde auy Aq peusenoh a8 sojoiie YO ‘35N 4O S3|NJ o A%eiq 18Ul IUO AB|IM UO (SUOIPUOD-PUR-SLUBY WD A8 | M ARRIq U1 |UO//SNY) SUORIPUOD PUe SWLB L 8U3 89S *[202/60/0T] U0 ARIq1T 8UIUO /8|1 BIfR}BURIY00D AQ SEBTOKZ0Z WeYR/Z00T OT/I0p/wod" A3 1M Ateiqijeul|uoadoine-A1is ILeyd//sdny Wwo.y papeo|umod ‘6v ‘vdhe ‘S9LETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202401835

light, slowing down the efficient non-radiative deactivation
pathways.

Our computational analysis of short oligomers containing
€dG shows that many of the photophysical features of edG are
also maintained in duplex, which suggests that this modified
base could have a significant impact on the structural and
photoactivated dynamics of DNA. In addition, the ionization
potential of edG is ~0.2 eV smaller than that of G, which makes
the etheno derivative a better hole trap than the canonical
base. This raises the question of whether the presence of edG in
a nucleic acid sequence could be a threat for the genome
integrity not only in the dark, because of its established
mutagenicity, but also under irradiation triggering undesired
DNA photooxidation. Our combined experimental and compu-
tational study paves the route for future investigation on edG-
containing DNA sequences.

Experimental Section

Synthesis

3',5'-O-bis(tert-butyldimethylsilyl)-2'-deoxyguanosine (1). Com-
pound 1 was prepared from guanosine (8 g, 30 mmol) dissolved
in anhydrous DMF (100 mL) under N, atmosphere. The solution
was placed in an ice bath, then tert-butyldimethylsilyl chloride
(TBDMSCI) (2 eq., 99, 60 mmol) and imidazole (4 g, 60 mmol)
were added. The mixture stirred first for 10 min at 0 °C, and then
overnight at room temperature under N, atmosphere. Finally, the
reaction was quenched adding 100 mL of water, the precipitate
was filtered, washed with water and dried under vacuum
obtaining 1 as a white solid (11.9 g, 80%). '"H NMR (300 MHz,
DMSO-d6) & 10.45 (s, 1H), 7.73 (s, 1H), 6.31 (s, 2H), 5.97 (m, 1H),
4.35 (m, 1H), 3.74-3.66 (m, 1H), 3.64-3.48 (m, 2H), 2.6-2.10 (m,
2H), 0.78-0.71 (s+s, 18H), —0.09 (s+s, 12H). *C NMR (75 MHz,
DMSO-d6) & 156.6, 153.6, 150.9, 134.8, 116.6, 86.9, 82.1, 72.1,
62.7,25.7,25.6, 17.8, 17.6, —4.8, —5.0, —5.5, —5.6. 3',5"-O-bis(tert-
butyldimethylsilyl)-1,N*-Etheno-2’-deoxyguanosine (2). A DMF
solution of 3’,5'-O-bis(tert-butyldimethylsilyl)-2'-deoxyguanosine
(1) (4 9, 8.1 mmol) and K,CO; (1.45 g, 10.5 mmol) in (40 mL) was
stirred at room temperature for 10 min. Then, chloroacetalde-
hyde solution (50 wt% in H,0, 1.43 mL, 11.3 mmol) was added
dropwise, and the mixture was heated at 35°C under nitrogen.
Progress of the reaction was monitored using UV absorption
spectrometry, and the reaction was stopped after 16 hours when
the same absorption was reached at 272 and 254 nm. The
reaction was quenched with 100 mL of water, the precipitate was
filtered, washed with water and dried under vacuum. The
resulting yellow solid was purified by column chromatography
on silica gel using CH,Cl,: ethyl acetate (from 1:1 to 1:3, viv) to
afford 2 as a white solid (1 g, 25%). 'H NMR (300 MHz, Chloro-
form-d) & 8.42 (s, 1H), 7.61 (d, J=2.5 Hz, 1H), 7.35 (d, J=2.5 Hz,
1H), 6.38 (m, 1H), 4.60 (m, 1H), 4.10 (m, 1H), 3.86-3.73 (m, 2H),
2.55 (s, 2H), 0.98-0.79 (m, 18H), 0.18-0.00 (m, 12H). C NMR
(75 MHz, Chloroform-d) & 150.9, 149, 146.3, 136.1, 116.6, 107.6,
88.7, 84.8, 72.5, 63.2, 41.1, 26.1, 25.9, 18.5, 18.2, —4.4, —4.6, —5.2,
—5.3.

1,N*-Etheno-2'-deoxyguanosine (edG). In a plastic tube placed in an
ice bath, a solution of HF/pyridine (70%, 456 mL) was added to
3',5"-O-bis(tert-butyldimethylsilyl)-1,N*-etheno-2'-deoxyguanosine

(2) (400 mg, 0.77 mmol) dissolved in 4 mL pyridine. The ice bath
was withdrawn, and the mixture was stirred at room temperature
for 2 h. The solution was neutralized with 2 g of NaHCO,, filtered
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and the solvent was removed by air stream. The residue was then
purified by column chromatography on silica gel (CH,Cl,:MeOH,
19:1 to 5:1) to afford £dG as a white solid (63.7 mg, 29%). 'H NMR
(300 MHz, DMSO-d6) & 8.13 (s, 1H), 7.60 (d, J=2.7 Hz, 1H), 7.42 (d,
J=2.7Hz, 1H), 6.26 (dd, J=7.6, 6.0 Hz, 1H), 5.38-5.26 (m, 1H), 4.99
(m, 1H), 4.43-4.32 (m, 1H), 3.84 (m, TH), 3.55 (m, 2H), 2.67-2.54 (m,
TH), 2.32-2.19 (m, TH). C NMR (75 MHz, DMSO-d6) & 151.3, 149.9,
145.9, 136.9, 116.6, 115.3, 106.8, 87.6, 82.9, 70.7, 61.6. HRMS (ESI):
calc for C;,H;3NsO, [M+H] ™ 292.1046, found 292.1039.

UV-Vis Absorption

All UV-Vis absorption spectra were registered with a single beam
Varian Cary 60 spectrophotometer, using quartz cells of 1cm
optical path length.

Steady-State Fluorescence

Spectra were measured upon 267 (255 or 300) nm excitation with a
Fluorolog-3 (Horiba, Jobin-Yvon) fluorimeter. Solutions of edG or
TMP (used as standard) in PBS (0.1 M, pH 7.4) with an absorbance
of 0.1 at the excitation wavelength were prepared. As the emissions
of the neat buffered solutions were not negligible compared to
that of €dG, they were recorded separately and subtracted from the
spectra of the sample to remove their contribution. Moreover, the
recorded spectra were corrected for the response of the detection
system. Quantum yield was determined using thymidine mono-
phosphate as reference (¢ = 1.54x107%)."

Fluorescence Up Conversion Measurements

A detailed description of the femtosecond fluorescence upconver-
sion equipment has been given earlier”” Briefly, the 267 nm
excitation was generated as the third harmonic of a femtosecond
mode-locked Ti-sapphire laser (Coherent MIRA 900, 800 nm,
76 MHz, 120 fs, 2 W average power). The average excitation power
in the UV was set to 50 mW. The &€dG solution (30 mL, OD=0.5 in
1T mm at 267 nm) was flowing while the cell was continuously
moving in order to avoid local degradation.

The fluorescence was collected and passed through a cutoff filter
(WG305 orWG320) in order to eliminate the weak remaining UV
excitation light and finally focused into a 1 mm BBO type | crystal
using two off-axes parabolic mirrors collinearly with the IR gating
beam. After the mixing of the fluorescence and the IR gating pulse
in the NL crystal, the generated sum-frequency light was collected
and focused on the entrance slit of a double monochromator
equipped with a UV-sensitive photomultiplier (Hamamatsu 1527 P)
connected to a photon counter (Stanford SR400).

Fluorescence decays were recorded at selected wavelengths with
parallel (I,,,(t)) or perpendicular (/,.,(t) excitation/detection config-
urations. These were realized by controlling the polarization of the
exciting beam with a zero-order half wave plate. The temporal
scans were repeated several times and then averaged in order to
improve the statistics.

For visualization, total fluorescence decay kinetics (F(t)) and
fluorescence anisotropies R(t) were constructed®™ from the parallel
and perpendicular signals according to the equation:

F(t) = Ipar(t) + 2 Iperp(t) (1)

R(t) = (Ipar(t) - Iperp(t))/F(t) (2)
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For the data treatment, parallel and perpendicular scans were
treated together in a merged nonlinear fitting/deconvolution
process using the impulse response model functions i(t) convoluted
by the instrument response function g(t)

l/par(t) = ipar(t) ® g(t) (33)
l,perp(t) = iperp(t) ® g(t) (3b)

where the two impulse response model functions are given by

ipar(t) = (1 + 2r(t))f(t) (4a)
iperp(t) = (1 - I’(l’))f(t) (4b)

f(t) and r(t) being the model functions representing the total
fluorescence and the fluorescence anisotropy. The instrument
response function g(t) was described by a simple Gaussian function

g(t) =e® " (5)

The fwhm value of the Gaussian irf was kept free-floating but
converged for all wavelengths to a value of about 400 fs.

The model functions I',,, and /.., thus obtained were fitted to the
experimental parallel (/,,) and perpendicular (/) signals. A simple
biexponential function was used for f(t) for wavelengths below
400 nm, while an additional constant term was needed for longer
wavelengths. The fluorescence anisotropy r(t) was described as
mono- or bi-exponential functions, with or without a rise, depend-
ing on the wavelength (see the main text for details). Initial free-
floating fits of the traces >400 nm were used to obtain “average”
values for the rise, 3.7 ps, and the decay, 21 ps, of the fluorescence
anisotropy. Final fits were then performed keeping these values
fixed. For the traces <400 nm, no rise could be observed and only
the decay was fixed.

In order to make an “easy” comparison of the non-exponential
fluorescence decays we calculate the average lifetimes <t > using
the equation:**”

2 2
a,ty + a,t
{r) R bt B (6)
a7y + AT,
This “average lifetime” <t> should be taken as just a qualitative
measure without any real physical meaning.

Time-resolved fluorescence spectra were recorded at magic angle
between 320 and 470 nm by scanning the monochromator with a
step of 5 nm. Unfortunately, the detection system is blind around
400 nm due to scattered excitation light, so the spectra were
recorded in two sequential regions 310-390 nm and 410-470 nm.
10 time-resolved spectra equally spaced by 1 ps were recorded
over a 10 ps time window. The full wavelength - time sampling
was repeated several times and then averaged in order to improve
the statistics.

Resulting spectra were corrected with regards to the spectral
sensitivity of the system using a phenomenological correction curve
obtained by comparing a reference FU spectrum to the correspond-
ing steady-state spectrum. For this purpose, the relaxed long-time
spectrum (>200 ps) of the dye molecule DMQ in cyclohexane
solution was used.
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Computational Details

Our reference electronic methods have been DFT and its Time
Dependent extension, TD-DFT. As functional, we choose M052X,©"
which have been already profitably used in the study of many
(natural and modified) nucleobases and oligonucleotides.*® Geom-
etry optimizations and vibrational analysis have been performed
with the cost-effective 6-31G(d) basis set, complemented by single
point calculations with the larger 6-31 + G(d,p) and 6-311 4+ G(2d,2p)
basis set, since the computed spectra are relatively more sensitive
to the size of the basis set than the optimized geometry. Linear
Interpolation Cartesian Coordinate calculations were done to
estimate the upper limit of the barrier between S;-min-asym and
S;-min-pla* at the PCM/M052X/6-31G(d).

Bulk solvent effects are included with the polarizable continuum
(PCM)® model, whereas the effect of solute-solvent hydrogen
bond interactions considered by adding three H,O molecules to the
computational model, with the arrangement shown in Figure 7
(which saturates the most important hydrogen bonding/acceptor
groups in €G). This approach has been shown to provide a reliable
description of solvent effects for many other nucleobases in water.
Calculations have been also performed without including explicit
water molecules.

All the TD-DFT calculations have been carried out with the
Gaussian16 program.””

Vibrationally resolved spectra have been computed by using the
FCClasses3® program. In detailed, we computed the frequencies
for the ground and first four excited states at FC (Sy-S, for the
absorption) and for the S, at the two minima (for emission) within
the time dependent method and the vertical hessian model. Then,
each state has been broadened with a gaussian with half-width
half-maximum =0.05 eV.

CASPT2. The absorption spectrum and PES in the gas phase have
also been computed using the CASPT2/CASSCF®*%*%") protocol with
an (18,14) active space and using OpenMolcas.*® See Sl for further
details.
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