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ions and ESIPT kinetics of the
thienyl-3-hydroxychromone nucleobase surrogate
in DNA duplexes: a DFT/MD-TDDFT study†

Alain Sougnabé,a Daniel Lissouck,ab Fabien Fontaine-Vive,c Mama Nsangou,d

Yves Mély, e Alain Burger c and Cyril A. Kenfack *a

The fluorescent nucleobase surrogate M (2-thienyl-3-hydroxychromone fluorophore) when imbedded in

DNA opposite an abasic site exhibits a two colour response highly sensitive to environment changes and

base composition. Its two colour emission originates from an excited state intramolecular proton

transfer (ESIPT), which converts the excited normal N* form into its T* tautomer. To get deeper insight

on the spectroscopic properties of M in DNA duplexes, quantum chemical calculations were performed

on M stacked with different base pairs in model trimers extracted from MD simulations. The

photophysics of M in duplexes appeared to be governed by stacking interactions as well as charge and

hole transfer. Indeed, stacking of M in DNA screens M from H-bonding with water molecules, which

favours ESIPT and thus, the emission of the T* form. With A and T flanking bases, the electronic densities

in the frontier MOs were localized on M, in line with its effective absorption and emission. In addition,

reduction of the free rotation between the thienyl and chromone groups together with the shielding of

the dye from water molecules largely explain its enhanced quantum yield in comparison to the free M in

solution. By contrast, the localisation of the electron density on the flanking G residues in the ground

state and the energetically favorable hole transfer from M to G in the excited state explains the reduced

quantum yield of M sandwiched between CG pairs. Finally, the much higher brightness of M as

compared to 2-aminopurine when flanked by A and T residues could be related to the much stronger

oscillator strength of its S0 / S1 transition and the ineffective charge transfer from M to A or T residues.
Introduction

Site-specic uorescent DNA labels are of high demand in order
to sense DNA hybridization, conformation changes and activi-
ties of DNA-binding proteins and enzymes.1–8 Valuable infor-
mation can be obtained from these labels by analysing their
uorescence intensity, anisotropy, excited state lifetime and
emission band position. Among the different types of uores-
cent labels, the environment-sensitive ones that minimally
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perturb the structure and function of DNA are of upmost
interest. As a typical example, 2-aminopurine (2AP) a popular
adenine uorescent analogue has been successfully used in
a large range of applications. However, 2AP is limited by its
extremely low quantum yield when incorporated in oligonu-
cleotides (ODNs).9 This low quantum yield results from both
static quenching due to electron delocalization in the ground
state with weak oscillator strength and dynamic quenching
through efficient non-radiative relaxation to a charge transfer
state.10,11

More recently, the 2-thienyl-3-hydroxychromone (3HC) dye
(Fig. 1), referred to as M in this manuscript, has been intro-
duced as a new nucleobase surrogate for DNA labelling, which
could replace 2AP and other uorescent nucleoside
analogues.1,2,6–8,13,14 M is highly attractive because it is a rather
at molecule and its size corresponds well to the size of an AT or
GC base pair. The excellent stacking properties of M with its
neighboring base pairs as well as its preferential syn–anti
conformation in DNAs were recently evidenced by NMR andMD
simulations.15

The spectroscopic properties of M in solvents and oligonu-
cleotides (ODN) have also been extensively studied.7,16–18 This
dye undergoes an excited state intramolecular proton transfer
RSC Adv., 2020, 10, 7349–7359 | 7349
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Fig. 1 Structure and atom numbering of 2-thienyl-3HC (M). The
intramolecular H-bond between O16 and H25 is drawn as a dashed
line.
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(ESIPT) between the 3-hydroxyl and 4-carbonyl groups. As
a result, M exhibits two uorescent bands in the visible region
that are sensitive to hydration and polarity; the short-
wavelength band being attributed to the normal form (N*)
and the long-wavelength band to the tautomer form (T*), the
product of the ESIPT reaction.7,11

The quantum yield (QY) of M in labelled ODNs7 is remark-
ably enhanced as compared to that of the free dye M when
sandwiched by AT pairs. This increase in QY is accompanied by
a strong decrease in the N*/T* intensity ratio (IN*/IT*) and a red
shi of the T* band. The behaviour of M was noticeably
different when sandwiched between CG pairs, showing a lower
QY and a higher N*/T* intensity ratio. Interestingly, the QY of
this probe is about 2–25-fold larger than that of 2AP in corre-
sponding ODN sequences. Since M absorbs two times more, it
thus appears up to 50-fold brighter than 2AP in ODNs.11,18

In this work, the structural and spectroscopic properties of
the ESIPT M dye as a free probe and included in M-containing
trimers were investigated by combining quantum mechanics
(QM) calculations and molecular dynamics (MD) simulations to
understand how the electronic properties ofM are inuenced in
DNA duplexes. A deeper insight in the photophysics of M in
DNA is mandatory for interpreting protein/DNA interactions
and designing new 3HC derivatives with optimized photo-
physical properties. MD and QM are powerful tools for unrav-
elling the complex interplay between uorescent nucleoside
analogues or intercalating agents and DNA19–21 and clarifying
the contribution of the surrounding nucleotides to the photo-
physics of the uorescent reporter. The MD/QM approach was
applied with success to single band emitters such as 2AP and 8-
vinyl-deoxyadenosine;5,9,10 but to the best of our knowledge,
application to a dual emissive uorescent dye, such as the ESIPT
dye M, is unprecedented. The most stable conformations of M
in protic and aprotic media as well as in the ODN context were
investigated. The absorption and emission wavelengths of M
and the energy diagram of the different states that intervene in
its photophysics were calculated by using the dispersion-
corrected PCM-DFT and PCM-TDDFT. Calculations on M-con-
taining trimers extracted from MD simulations frames were
7350 | RSC Adv., 2020, 10, 7349–7359
found to correlate well with previously reported experimental
data of a series of 15-mer ODNs differing by the nature of the
base pairs anking the central M opposite an abasic site.

Computational details

In solution, the electronic properties of M were investigated by
using a dispersion-corrected density functional theory22 at
PBE0-D/TZVP level. The dispersion corrections are mandatory
to correctly handle the electronic transitions with CT. The
solvent effect was taken into account by the PCM solvation
theory. The PBE0 functional was chosen because it gives a good
performance in the calculations with H-bonding systems23,24

and the prediction of vertical transition energies.25,26 The TZVP
basis set from the Ahlrichs group is well adapted for the
investigation of nonbonding interactions and electronic prop-
erties of synthetic DNA nucleoside.27 The transition state of M
was optimised by a procedure developed by Ayala and Schle-
gel.28 A similar procedure with different functionals and basis
sets was also used by Yamazaki and Taketsugu.29 To account for
the impact of H-bonding in water, a complex ofM in interaction
with explicit water molecules was considered. The most stable
conformation of M was then retrieved and used for the TDDFT
calculation of the electronic transitions with the same hybrid
functional and basis set. For our calculations, different 3-HC
forms were considered in both ground and excited states. For
each state, we considered the normal (N) and tautomer (T)
forms, as well as their corresponding hydrated species (NH and
TH). Taking into account that the ESIPT reaction (>10 ps) is
much slower than the solvent relaxation processes (<1 ps),30,31

we assumed that the ESIPT reaction occurs between solvent-
relaxed excited states. All calculations were performed on g16.32

In the DNA context, MD simulation was used to sample the
possible conformations of the M labelled duplexes. Their pho-
tophysics was calculated by collecting an equilibrium MD
simulation and then by post processing the resulting trajectory
similarly to the work of Furse and Corcelli.33 To obtain the
labelled duplexes, we started from regular B-form duplexes with
the sequence d(CGT TTT XMX TTT TGC) where X¼ A, T or C are
the anking bases ofM. The complementary sequence contains
the central motif YAbY, where Y ¼ T, A or G corresponds to the
base complementary to X and Ab is the abasic site opposite M.
The duplexes were built starting with an AT central base pair by
using the NAB module of AMBER14 package.34 The central base
A was manually replaced by the most stable ground state ofM in
water optimised at the D-PBE0/TZVP level. Finally, T oppositeM
was cut out, and only the sugar was le in order to obtain an
abasic site and maintain the DNA double helix. The restrained
electrostatic potential (RESP)35–37 was used to derive the partial
charges on M in the ground state in order to reproduce its DFT
electrostatic potential. This approach was proven to satisfacto-
rily describe dynamic processes in DNA.33 The Na+ counter ions
were placed around the ODNs to neutralise the negative charges
of the phosphate backbone, and the whole system was solvated
with a box of 10�A TIP3 water molecules. The ff99SB force eld
was used for DNA natural bases, while the GAFF force eld was
used for M. Water molecules were energy minimized for 500
This journal is © The Royal Society of Chemistry 2020
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steps using the Steepest Descent algorithm (SD) and further
1500 steps using the Conjugate Gradient algorithm (CG), while
keeping the solute as frozen. Then, the solvated solute was
energy minimized for 1000 steps using the SD and 1500 steps
using the CG before being heated from 0 to 300 K during 10 ps
in the NVT (constant number of particles N, volume V and
temperature T) ensemble, T is regulated via a Langevin ther-
mostat. A density equilibration was carried out for 100 ps in the
NPT (constant number of particles N, pressure P and tempera-
ture T) ensemble, before running the production of 100 ns MD
trajectories in the ground state. Their structural parameters
were obtained from web 3DNA program38 and the relative
enthalpy change DH values were calculated by solving the
Poisson–Boltzmann equation (PBE) and the General Born
Model (GBM) by using an approach combining MM energies
with continuum solvent approaches commonly referred to as
(MM-PBSA) and (MM-GBSA) for the two methods, respec-
tively.39,40 The wavelength positions of the N* and T* emissions
were estimated by using the above mentioned functional and
basis sets. The relative energy between these states was ob-
tained from single point calculation on these structures.

Electronic transitions in duplexes generally occur between
molecular orbitals (MOs) that are either localised on the uo-
rescent probe or delocalised on the anking nucleobases.10,11 As
a consequence, the trimer supermolecule approach41 was
adopted to predict the photophysics of M in the duplexes. For
each considered duplex, a trimer composed of the central motif
XMX + YAbY was excised in order to calculate the electronic
transitions of M in a DNA. The dispersion corrected functional
PBE0-D was used at this purpose to properly describe the
stacking interactions that occur when M is embedded in a DNA
duplex. To characterize the excited-state transitions, a localized
orbital picture was used in which transitions were described as
linear combinations of localized (excitonic) and intermolecular
(CT) transitions. In the present study, we have focused the
calculations only on singlet transitions that occur at low energy
(E < 3.3 eV; l > 350 nm).

Results and discussion
Calculation of the geometry and photophysics of free M in
acetonitrile and water

To rationalise the photophysics of M in DNA duplexes, we rst
investigated the electronic transitions and relative energies of
its different states in the free (non-incorporated) dye in aceto-
nitrile and water, taken as models of polar aprotic and protic
media, respectively.

Representative geometric parameters obtained in acetonitrile
from theDFT calculations at PBE0-D/TZVP level for themost stable
conformation of M in its S0 ground and relaxed SN1 (R) and
ST1(R) excited states, are given in Table 1. ThoughM adopts a planar
conformation in both states, signicant differences in the inter-
atomic distances can be observed between the two states. Themost
prominent are the shortening of the C(2)–C(6) bond joining the
thienyl ring to the chromone and the C(11)–O(17) bond of the
hydroxyl group by 0.04 and 0.03 �A, respectively, as well as the
lengthening of the C(6)–C(11) bond by 0.04 �A. Noticeably, the
This journal is © The Royal Society of Chemistry 2020
affected bonds are consecutive. This behaviour suggests an elec-
tron delocalisation from the thienyl ring and proton donor oxygen
O17 to the proton acceptor O16, as already mentioned in other
3HC derivatives.42 This electron delocalisation is thought to render
O17Hmore acidic (as supported by the Mulliken charge variation,
Dq ¼ +0.06 a.u) and O16 more basic (Dq ¼ �0.06 a.u), thus
favouring the ESIPT. Interestingly, the distance between the
transferring proton and the carbonyl oxygen is 1.976�A, thus sup-
porting the formation of an intramolecular H-bond (Fig. 1) which
is known to facilitate the proton transfer from the donor O(17) to
the acceptor O(16). The excited T* form shows a remarkable
shortening of the C(11)–O(17) bond by 0.075�A, and a lengthening
of the C(10)–O(16) bond by 0.092 �A, which are involved in the
proton transfer process. The geometry modications between N*
and T* forms indicate thatM undergoes structural rearrangement
during the ESIPT process. PCM-TDDFT calculations with the PBE0-
D functional on the TZVP optimised geometry further predict the
S0 / S1 absorption peak (and oscillator strength) at 356 nm (0.6),
the N* emission band at 417 nm, and the T* emission at 536 nm,
respectively (Fig. 2). The predicted transitions are close to the
previously reported experimental values.12

The S0 / S1 excitation corresponds to the transition of one
electron from HOMO (Highest Occupied Molecular Orbital) to
LUMO (Lowest OccupiedMolecular Orbital). In accordance with
the above mentioned charge delocalisation, this transition is
assigned to a pp* character, featuring an appreciable charge
displacement from the thienyl group to the rest of the molecule,
as the Mulliken charge of this group obtained by PBE0-D/TZVP
calculation varies from �0.49 a.u. in the ground state to +1.42
a.u. in the S1 state. This assignment was further conrmed with
M06-2X/TZVP calculation, taken as control method. Concomi-
tantly, the magnitude of the molecular dipole moment varies
from 3.94 D in the ground state to 7 D in the S1 excited state. A
charge displacement from an aryl group is common for ESIPT
dyes,42,43 and is responsible of the strongly increased dipole
moment of N* as compared to N.44

To understand the mechanism that governs the ESIPT
reaction in acetonitrile, we have calculated the energies of the
transition state (TS) and all the other states that likely intervene
in the photophysics of M (Fig. 2). From the absorption and
uorescence energies given by the PBE0-D/TZVP calculation,
and the 0.2 eV energy gap between SN0 and SN0 (FC) obtained from
a single point energy calculation, the energy gap between
SN1 (FC) and SN1 (R) was estimated to be 0.30 eV. Moreover, the
energy gap between SN1 (R) and TS states, corresponding to the
activation barrier to the ESIPT reaction, was estimated to be
0.00 eV. By using the TDDFT data on the T* form, an energy
difference of 0.4 eV between SN1 (R) and ST1(R) was obtained,
indicating that ST1(R) is energetically favourable. Thus, the T*
state is expected to be predominantly populated, in line with the
experimental dominant contribution of the T* band to the
emission spectrum (IN*/IT* ¼ 0.13).11 Taken together, our data
suggest a very fast ESIPT reaction, facilitated by the absence of
activation barrier, the relative low energy of the ST1(R) state with
respect to SN1 (R), and the pre-existing intramolecular H-bond.

The ESIPT reaction is an environment sensitive process,
which is inuenced by specic solute–solvent interactions like
RSC Adv., 2020, 10, 7349–7359 | 7351
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Table 1 Bond length and bond angle ofM in its ground state and first relaxed excited state in the normal and tautomer forms obtained from DFT
and TDDFT calculations at PBE0-D/TZVP level in bulk acetonitrile

Bonds

Bonds lengths

Angles

Bonds angles

S0 SN1 (R) ST1(R) S0 SN1 (R) ST1(R)

S(1)–C(2) 1.740 1.768 1.764 C(2)–S(1)–C(5) 91 91 91
S(1)–C(5) 1.717 1.720 1.718 S(1)–C(2)–C(3) 111 113 110
C(2)–C(3) 1.377 1.410 1.402 S(1)–C(2)–C(6) 119 120 119
C(2)–C(6) 1.437 1.390 1.395 C(3)–C(2)–C(6) 127 130 129
C(3)–C(4) 1.411 1.390 1.396 C(2)–C(3)–C(4) 113 113 112
C(4)–C(5) 1.364 1.383 1.377 C(3)–C(4)–C(5) 112 113 113
C(6)–O(7) 1.350 1.360 1.367 S(1)–C(5)–C(4) 112 114 112
C(6)–C(11) 1.374 1.405 1.433 C(2)–C(6)–O(7) 112 115 114
O(7)–C(8) 1.350 1.376 1.365 C(2)–C(6)–C(11) 126 127 126
C(8)–C(9) 1.394 1.410 1.413 O(7)–C(6)–C(11) 121 118 119
C(8)–C(12) 1.392 1.376 1.377 C(6)–O(7)–C(8) 121 122 122
C(9)–C(10) 1.450 1.428 1.400 O(7)–C(8)–C(9) 121 122 121
C(9)–C(15) 1.404 1.407 1.412 O(7)–C(8)–C(12) 117 116 116
C(10)–C(11) 1.440 1.452 1.433 C(9)–C(8)–C(12) 122 122 121
C(10)–O(16) 1.248 1.258 1.330 C(8)–C(9)–C(10) 119 119 117
C(11)–O(17) 1.344 1.314 1.262 C(8)–C(9)–C(15) 119 118 118
C(12)–C(13) 1.380 1.405 1.396 C(10)–C(9)–C(15) 122 123 124
C(13)–C(14) 1.405 1.390 1.393 C(9)–C(10)–C(11) 125 116 121
C(14)–C(15) 1.375 1.384 1.381 C(9)–C(10)–O(16) 116 128 122

C(11)–C(10)–O(16) 121 116 116
C(6)–C(11)–C(10) 121 123 118
C(6)–C(11)–O(17) 119 123 124
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H bonding.45,46 To examine how H-bonds with solvent affect the
ESIPT reaction, we consideredM in water. Only the rst shell of
solvent molecules was taken into account. The number of water
Fig. 2 Energy levels and frontier molecular orbitals involved in the
photophysics of M in acetonitrile, generated by PBE0-D/TZVP calcu-
lations. Upward arrow: absorption; downward arrow: emission;
dashed arrow: non radiative relaxation. FC denotes the Franck–Con-
don state and R the relaxed excited states. The subscripts N and T
denote the normal and tautomer forms, respectively. The radiative
transitions energies are expressed in nm and non radiative transitions
in eV.

7352 | RSC Adv., 2020, 10, 7349–7359
molecules H-bonded to M was estimated from 100 ns of MD
simulations. In this respect, the pair distribution function g(r)
between the M carbonyl oxygen (Oa) and water oxygen (O) was
plotted for the ground state (Fig. S1A†). g(r) measures the
probability of nding O at a distance r from Oa, relative to that
for an ideal gas. The g(r) curve presents a prole similar to that
obtained experimentally for the O–O radial distribution of water
oxygen atoms47 (Fig. S1†), featuring strong peaks around 3 and 5
�A, attributed to the rst and second solvent shells. The number
n of water molecules in the vicinity ofM in the rst solvent shell
was obtained from the area under the rst peak of g(r) at 3.45
�A.47 A value of 3.62 was obtained for n at the rst minimum,
indicating that about 3 water molecules are in the rst solvent
shell.

Consequently, a superstructure of M in complex with three
water molecules was considered and optimised to obtain the
most stable conformation of NH, the hydrated N form in the
ground state, by using the DFT at PBE0-D/TZVP level. The
geometry of NH retrieved from these calculations was further
used as a starting structure in TDDFT calculations to obtain the
geometry of the excited-state N*H and T*H complexes (Fig. 3B
and D). Comparison of NH and N*H complexes (Fig. 3A and B)
reveals that the conversion from NH to N*H is accompanied by
a shortening of the intermolecular H-bond. Moreover, the
transition state (Fig. 3C) is characterised by an appreciable
lengthening of the distance between the transferring proton
and the closest water molecule that increases from 1.50 to 2.493
�A. This result is consistent with the weakening or disruption of
the intermolecular H-bond prior to the ESIPT reaction.30,31
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Structure of the M-water complexes for (A) the normal NH form, (B) the relaxed N*H form, (C) the transition state and (D) the tautomer
T*H form. The possible H-bonds and the interatomic distances (in �A) obtained from PCM-DFT PBE0-D/TZVP calculations are shown.
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From the optimised geometries of NH and N*H and T*H
complexes, the electronic transitions of M in water were calcu-
lated. As in acetonitrile, the PBE0-D functional along with the
TZVP atomic basis set (Fig. 4) positions the S0 / S1 absorption
maximum of NH in water at 368 nm (f ¼ 0.7), and the N*H and
T*H emission at 441 and 519 nm, close to the experimental
values.12 Our calculations further predict that the S0 / S1
transition arises from an electron promotion between HOMO
and LUMO. Moreover, a comparison of M with the popular 2AP
shows that the oscillator strength of S0 / S1 transition in M
(0.7) is about ve times that of 2AP (0.127), thus explaining the
superior absorptivity of M in solution.11

The solvatochromism observed on going from acetonitrile to
water suggests that H-bonds and the dielectric constant play
a major role in M photophysics. To distinguish the general
solvent effects from specic solute–solvent effects, the elec-
tronic transitions of M were also calculated in bulk water. The
positions of the lowest energy absorption band, and of the N*
and T* emission bands obtained by PBE0-D/TZVPmethod are at
354, 424 and 540 nm, respectively. This shows that, the dielec-
tric constant alone has a negligible effect on the absorption
position maximum but dramatically affects the quality of the
This journal is © The Royal Society of Chemistry 2020
predictions for the positions of the emission bands as evi-
denced by the large shis with respect to the experimental data
(16 and 25 nm for the N* and T* bands, respectively). These
results highlight the key importance of specic intermolecular
H-bonding with water molecules to account for the photo-
physics of M in aqueous media, a behaviour already observed
with other 3HC derivatives.42

To get insight into the kinetics of the ESIPT reaction in water,
the conformation and energy of the transition state (TS) were
calculated. The energy of the TS state was found 0.55 eV above
the SNH1 (R) state, so that the activation barrier to the ESIPT
reaction is very high. Nevertheless, ESIPT is thermodynamically
favoured, as the emissive state of STH1 (R) is 0.27 eV below
SNH1 (R). From the energy diagram ofM in water (Fig. 4), it may be
inferred that aer excitation from the SNH0 ground state, the
SNH1 (FC) relaxes to SNH1 (R) and returns to the ground state by
uorescence emission or non-radiative process. However,
a small population ofM likely crosses the activation barrier and
undergoes ESIPT to reach the STH1 (R) state, explaining the
observation of the low energy emission band and the high value
(1.72) of the experimental IN*/IT* ratio.7
RSC Adv., 2020, 10, 7349–7359 | 7353
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Fig. 4 Energy levels and frontier molecular orbitals involved in the pho-
tophysics ofM in water, generated by PBE0-D/TZVP calculations. Upward
arrow: absorption; downward arrow: emission; dashed arrow: non radi-
ative transition. (FC) and (R) denote the Franck–Condon and relaxed
excited states, respectively. The superscripts NH and TH denote respec-
tively the hydrated normal and tautomer forms. The radiative transitions
energies are expressed in nm and non radiative transitions in eV.

Table 2 Electronic transitions along with their MOs contributions, cal
extracted each 10 ns from the 100 ns MD trajectories. H is the HOMO a

Sequence Abs. (nm) f Transitions Sequence Abs. (nm

AMA + TAbT-1 366 0.37 H / L TMT + AAbA-1 366

AMA + TAbT-2 371 0.35 H / L TMT + AAbA-2 369

AMA + TAbT-3 367 0.38 H / L TMT + AAbA-3 374

AMA + TAbT-4 383 0.31 H / L TMT + AAbA-4 383

AMA + TAbT-5 386 0.27 H / L TMT + AAbA-5 371

AMA + TAbT-6 381 0.34 H / L TMT + AAbA-6 377

AMA + TAbT-7 373 0.36 H / L TMT + AAbA-7 387

AMA + TAbT-8 370 0.40 H / L TMT + AAbA-8 382

AMA + TAbT-9 375 0.37 H / L TMT + AAbA-9 382

AMA + TAbT-10 373 0.32 H / L TMT + AAbA-10 370

Average value 375 0.35 H / L 376

7354 | RSC Adv., 2020, 10, 7349–7359
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Geometries of M-labelled DNA duplexes with an abasic site

To characterize M inserted in ODN duplexes, 100 ns of MD
simulations were performed in the ground state. The nucleo-
side analogue, M connected to 20-deoxyribose was analysed and
geometrically optimized with the DFT. Starting from the main
conformation of M in the duplex,15 the three other possible
conformations differing by the torsion angles of the glycosidic
bond and the thienyl group with respect to the chromone
moiety were built on. The calculated energies of the four
conformations (Fig. S2†) show that the syn–anti conformation is
the most stable. Noticeably, this conformation was similar to
the one adopted by M in the resolved NMR structure.15 To
monitor the geometry convergence, the root-mean-square
deviation (RMSD) of the duplexes with respect to the average
structure along the MD trajectories was followed. In Fig. S3,†
the RMSD of duplexes bearing M in its syn–anti conformation
indicates that their structures were stable during the simula-
tion, with a mean RMSD of 6, 5.5 and 5.2�A respectively for AMA
+ TAbT, TMT + AAbA and CMC + GAbG duplexes. The average
structures along the 100 ns MD simulations of these duplexes
are presented in Fig. S4.† The obtained structures and struc-
tural parameters are very close to those of the normal B-form
DNA (Tables S3 and S4†),48 explaining the limited decrease of
culated by using the TDDFT at PBE0-D/TZVP level on 10 structures
nd L the LUMO

) f Transitions Sequence Abs. (nm) f Transition

0.33 H / L CMC + GAbG-1 409 0.016 H / L
395 0.012 H�1 / L
376 0.34 H�2 / L

0.36 H / L CMC + GAbG-2 404 0.012 H / L
394 0.016 H�1 / L
370 0.33 H�2 / L

0.35 H / L CMC + GAbG-3 419 0.004 H / L
389 0.04 H�1 / L
368 0.39 H�2 / L

0.41 H / L CMC + GAbG-4 407 0.007 H / L
388 0.022 H�2 / L
367 0.37 H�1 / L

0.37 H / L CMC + GAbG-5 412 0.03 H / L
396 0.054 H�1 / L
356 0.33 H�2 / L

0.33 H / L CMC + GAbG-6 421 0.04 H / L
413 0.01 H�1 / L
357 0.35 H�2 / L

0.24 H / L CMC + GAbG-7 417 0.006 H / L
390 0.004 H�1 / L
367 0.40 H�2 / L

0.3 H / L CMC + GAbG-8 402 0.024 H / L
383 0.01 H�1 / L
346 0.14 H�2 / L

0.40 H / L CMC + GAbG-9 407 0.024 H / L
400 0.014 H�1 / L
358 0.33 H�2 / L

0.25 H / L CMC + GAbG-10 405 0.01 H / L
390 0.0006 H�1 / L
363 0.370 H�2 / L

0.31 H / L 410 0.018 H / L
392 0.018 H�1 / L
363 0.33 H�2 / L

This journal is © The Royal Society of Chemistry 2020
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the thermodynamic stability of theM labelled duplexes. Finally,
the radial distribution function g(r) (Fig. S5†) showed no
signicant peak, indicating that M is screened from water
molecules in the ground state.

Next, the photophysics of M in each of the three duplexes
was investigated using ten structures extracted each 10 ns of the
100 ns simulation. To calculate the behaviour of M in the
excited state, we replaced the ground-state structure of M in
each of the selected MD frame by the SN1 (R), TS and
ST1(R) structures obtained from DFT/TDDFT geometry optimi-
sation of the free probe in water. Then, the XMX + YAbY trimers
were excised from the duplexes obtained by MD calculations.

Electronic properties and transitions in DNA duplexes
containing M and an abasic site

The average absorption electronic transitions wavelength
calculated on the trimers extracted from MD simulations are
reported in Table 2.

M anked with AT base pairs. Our PBE0-D/TZVP calculations
revealed that the S0 / S1 absorption wavelength of the AMA +
TAbT trimers was predicted at 375 nm (f ¼ 0.35), close to the
experimental value (377 nm). The average values of the N* and
T* emission wavelengths, obtained with the same method were
Fig. 5 Energy diagrams and frontier molecular orbitals involved in the p
GAbG trimers, as generated by PBE0-D/TZVP calculations. Upward arrow
transition. (FC) and (R) denote the Franck–Condon and relaxed excited
normal and tautomer forms. The radiative transitions energies are expre

This journal is © The Royal Society of Chemistry 2020
at 435 nm and 547 nm, respectively, very close to the experi-
mental values of 437 and 542 nm, respectively. These data
suggest that the geometry of M* in the DNA duplex is not
markedly modied as compared to the most stable conforma-
tion of M* free in solution. The S0 / S1 transition arises
exclusively from the promotion of one electron from HOMO to
LUMO. The electron distribution in these two orbitals (Fig. 5A)
was located on M in both ground and excited states, indicating
that the MOs involved inM excitation were not perturbed by the
two anking base pairs. The calculated red-shi (7 nm) of this
transition in comparison toM in water is in agreement with the
experimental one (10 nm). This red-shi likely results from the
interaction of M with the neighboring base pairs1,49,50 that
lowers the energy of M in the excited state and decreases the
oscillator strength of the absorption band. The energy diagram
(Fig. 5A) of the trimer revealed that the emissive ST1(R) state was
lower in energy than SN1 (R) by 0.27 eV and the energy barrier
between the SN1 (R) and TS states was low (0.13 eV). Both obser-
vations suggest a fast ESIPT process and an efficient accumu-
lation of the T* state, in line with the low experimental intensity
ratio (IN*/IT* ¼ 0.07) of M in AMA + TAbT.

M anked with TA base pairs. PBE0-D/TZVP calculations
predicted the S0 / S1 absorption in the TMT + AAbA trimers
hotophysics of M in (A) AMA + TAbT, (B) TMT + AAbT and (C) CMC +
: absorption; downward arrow: emission; dashed arrow: non-radiative
states, respectively. The superscripts N and T denote respectively the
ssed in nm and non radiative transitions in eV.

RSC Adv., 2020, 10, 7349–7359 | 7355
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Table 3 Computed DFT/PBE0-D/TZVP adiabatic ionization potential,
electronic affinity and HOMO and LUMO energy

Bases IP (eV) AE (eV) HOMO (eV) LUMO (eV)

Adenine 6.28 �1.17 �6.55 �0.71
Cytosine 6.71 �1.46 �6.96 �0.96
Guanine 5.85 �0.93 �6.23 �0.35
Thymine 6.70 �1.68 �6.99 �1.2
M 5.93 �2.64 �6.28 �2.28
2AP 6.05 �1.52 �6.28 �1.1
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(Fig. 5B) to be at 376 nm (f ¼ 0.31), in agreement with the
experimental value (373 nm). This transition also received its
major contribution from HOMO to LUMO, with the two orbitals
located on M. Emission wavelengths of N* and T* were pre-
dicted at 424 and 547 nm, respectively. These values are in
reasonable agreement with the experimental values (433 and
541 nm). Interestingly the FC absorption was very similar for
AMA + TAbT and TMT + AAbA (375 nm and 376 nm) but the S1
minima were not (435 nm and 424 nm). This behaviour is
probably the consequence of nonbonding dispersive (induced
dipole-induced dipole) interactions between A and M in the
relaxed S1 state when they stack, due to the relatively high
molecular polarizability of A (purine) in comparison to T and C
(pyrimidine), which is closely related to the number of conju-
gated p electrons. Indeed the molecular polarizability ofM, A, T
and C is respectively 25, 16, 10 and 11�A3 dispersive interactions
are attractive and thus contribute to the stabilisation of the S1
state.

According to the energy diagram (Fig. 5B), ST1(R) was 0.30 eV
below SN1 (R) and the transition state TS was 0.14 eV above
SN1 (R). As for the AMA + TAbT trimer, the ESIPT reaction is thus
expected to be fast and lead to an efficient accumulation of T*,
in line with the low experimental value (0.08) of the IN*/IT* ratio.

M anked with CG base pairs. When M was sandwiched
between two CG base pairs in the CMC + GAbG trimer (Fig. 5C),
the electronic transitions were predicted at 410 nm (f ¼ 0.018),
392 nm (f ¼ 0.018) and 363 nm (f ¼ 0.33) for the S0 / S1, S0 /
S2 and S0 / S3 singlet excitation, respectively. The S0 / S1
transition receives contribution from the promotion of one
electron from HOMO to LUMO, while the S0 / S2 and S0 / S3
transition are due to one electron promotion from HOMO-1 to
LUMO, and HOMO-2 to LUMO respectively. In HOMO and
LUMO, the electron density was concentrated on M, while in
HOMO-1 and HOMO-2, it was either partially or fully delo-
calised over one of the two guanines of the adjacent CG base
pairs (Fig. 5C). According to the f values, the dominant elec-
tronic transition comes from the S0 / S3 transition, which has
mostly G character in the ground state and M character in the
excited state. This attribution is further substantiated by the
predicted wavelength of the S0 / S3 transition that matched
well with the experimental value of the absorption maximum
(375 nm). Little uorescence is expected from the S3 / S0
transition because of the mixed ground state conguration. The
calculated emissions for N* (428 nm) and T* (552 nm) were also
close to the experimental values (433 and 540 nm). The energy
diagram (Fig. 5C) of the trimer revealed a 0.14 eV barrier
opposed to ESIPT reaction and a 0.36 eV difference between
SN1 (R) and ST1(R). These values are close to those obtained with
the two other trimers, in line with an efficient ESIPT reaction as
well in this trimer and the low experimental IN*/IT* ratio (0.39).7

To get a deeper insight on the origin of the quenching of M
when sandwiched by CG base pairs, its ionization potential IP
(eV) and electronic affinity EA (eV) as well as the energies of
HOMO and LUMO were calculated at the DFT/PBE0-D/TZVP
level, using the adiabatic approach.51 2AP as well as A, C, G, T
were used as references for comparison (Table 3). The G HOMO
appears higher in energy (0.05 eV, 4.8 kJ mol�1) than theM and
7356 | RSC Adv., 2020, 10, 7349–7359
2AP ones. As a result, the supermolecule HOMO is highly
localized on the G.10 Moreover the IP of G (5.85 eV) is compar-
atively small as compared to M (5.93 eV), which may facilitate
the hole transfer to this nucleobase during the excitation
process. Another remarkable result is the very low energy level
of the LUMO inM (�2.28 eV), as compared to 2AP (�1.1 eV) and
other natural bases. This probably explains the localization of
the LUMO on M in the CMC-GAbG trimer, and the photo-
induced electron transfer (PET) from G to M in the excited
state, further contributing to M quenching.

Our calculations can also rationalize the observed differ-
ences in the spectroscopic properties of 2AP and M in the same
ODNs. In the T2APT trimer, the oscillator strength of the S0 /
S1 transition is only 0.012 (ref. 9) and thus, 40-fold less than in
the TMT trimer. In addition, the close energy level of the
LUMOs in 2AP (�1.1 eV), T (�1.2 eV) and A (�0.71 eV) likely
favours CT from 2AP to T or A, whereas in M the gap between
the LUMOs of M (�2.28 eV) and T (�1.2 eV) or A (�0.71 eV) is
higher than 1 eV, thus precluding CT to T. Altogether the
superior oscillator strength in absorption and the unfavourable
CT mechanism are consistent with the superior brightness ofM
when it is intercalated between A and T nucleobases in
duplexes. In contrast, the higher ionisation potentials of M
(5.93 eV) and 2AP (6.05 eV) as compared to G (5.85 eV) well
explain the pronounced CT of both 2AP and M to G in the
ground state, and thus, the low quantum yield of both probes
when close to G.
Inuence of thienyl torsional motion on M electronic
transitions

To explain the high quantum yield ofM when anked by AT and
TA base pairs in DNA duplexes as compared to the free probe in
solution,7 one likely hypothesis is that the DNA context restricts
the rotation of the thienyl and chromone moieties of M around
the C2–C6 single bond, thus favouring the radiative deactiva-
tion channel.13 To check this hypothesis, we examined the
torsional motion of the twomoieties by monitoring the dihedral
angle formed by the C3, C2, C6 and C11 atoms during 10 ns of
molecular dynamics in the ground state, both for the free probe
and the probe in DNA. For the free probe, the rotational motion
of the thienyl group around the C2–C6 bond is symmetrical and
can be described by a Gaussian distribution with a full width at
half maximum (FWHM) value of 42�. In the DNA context, the
FWHM decreases to 27.2� and 26.6� for AMA + TAbT and TMT +
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Histograms of the distribution of the dihedral angle C3–C2–C6–C11 describing the torsional motion of the thienyl group with respect to
the chromone moiety in the ground state for the free probe in solution (A), and for M in AMA-TAbT (B) and TMT-AAbA (C).
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AAbA, respectively (see Fig. 6). This restricted motion of the
thienyl group favours a more planar conformation of M in the
DNA, which increases the conjugation of the p electrons of the
Fig. 7 Variation of the S0 / S1 wavelength position (black) and
oscillator strength (blue) with the value of the dihedral angle C3–C2–
C6–C11 in acetonitrile.

This journal is © The Royal Society of Chemistry 2020
thienyl group with the rest of the molecule. This in turn is
thought to increase the oscillator strength of the transitions
localised on M and presenting a CT from thienyl. This increase
in the oscillator strength accompanied by a concomitant red
shi of the S0 / S1 wavelength position with a maximum for
a fully planar conformation (dihedral angle of 0�) was clearly
conrmed by our calculations (Fig. 7).

Conclusion

In the present study, the electronic transitions and the energy of
the states involved in the absorption and emission processes of
M free in solution and inserted in DNA were investigated. The
most stable conformations of M were retrieved from DFT
calculations for the free probe in solution and MD simulations
for M in the DNA context, and further used to calculate the
electronic transitions. The accessibility of the transferring
proton to the surrounding water molecules was monitored by
considering the pair radial distribution function in the ground
and excited states. Taken together, our calculations show that
ESIPT is slow in buffer because of a high energy barrier that
RSC Adv., 2020, 10, 7349–7359 | 7357
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results from the intermolecular H-bonding of both the trans-
ferring proton and acceptor oxygen with surrounding water
molecules. This consequently disrupts the pre-existing intra-
molecular H-bond, which favours ESIPT. In the DNA context,
the transferring proton of M is screened from H-bonding with
water molecules by its anking nucleobases in the ground state.
The electronic properties of M were described using the trimer
supermolecule approach. In AMA + TAbT and TMT + AAbA
trimers, the electronic density in the frontier MOs was localised
onM. In addition, the screening ofM from water molecules and
the prevention of free rotation between the thienyl and chro-
mone groups probably decrease the non radiative pathways and
hence increase the uorescence quantum yield. The small
energy barrier for the ESIPT process is consistent with an effi-
cient accumulation of the T* state, in line with experimental
fast ESIPT kinetics and low intensity ratio (IN*/IT*) of M.
Differently, in the CMC + GAbG trimer, the electronic density
was shied to the neighbouring G in the ground state and
localized to M in the excited state. The very low quantum yield
observed forM in this trimer is probably the consequence of the
mixed ground state conguration favouring hole transfer to G.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

C. A. K. acknowledges the Abdus Salam Inter-national Centre
for Theoretical Physics (ICTP) for its support to CEPAMOQ
through the OEA-AC-71 project and the High Performance
Computing Center of the University of Strasbourg for support-
ing this work by providing scientic support and access to
computing resources. Part of the computing resources was
funded by the Equipex Equip@Meso project (Programme
Investissements d'Avenir). YM and AB thank ANR Fluometadn,
ANR Pico2 and the FRM for nancial support. YM is grateful to
the Institut Universitaire de France (IUF) for support and
providing additional time to be dedicated to research.
References

1 A. S. Klymchenko, V. V. Shvadchak, D. A. Yushchenko,
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A. Burger, J. Am. Chem. Soc., 2012, 134, 10209.

8 W. Xu, K. M. Chan and E. T. Kool, Nat. Chem., 2017, 9, 1043.
9 N. Ben Gaied, N. Glasser, N. Ramalanjaona, H. Beltz,
P. Wolff, R. Marquet, A. Burger and Y. Mély, Nucleic Acids
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