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ABSTRACT: Proton/hydrogen-transfer processes have been broadly studied in the last fifty years to
explain the photostability and the spontaneous tautomerism in the DNA base pairs. In the present study,
the CASSCF/CASPT2 methodology is used to map the two-dimensional potential energy surfaces along
the stretched NH reaction coordinates of the guanine-cytosine (GC) base pair. Concerted and stepwise
pathways are explored initially in vacuo and three mechanisms are studied: the stepwise double proton
transfer, the stepwise double hydrogen transfer, and the concerted double proton transfer. The results are
consistent with previous findings related to the photostability of the GC base pair and a new
contribution to tautomerism is provided. The C-based imino-oxo and imino-enol GC tautomers, which
can be generated during the UV irradiation of the Watson-Crick base pair, have analogous radiationless
energy-decay channels to those of the canonical base pair. In addition, the C-based imino-enol GC
tautomer is thermally less stable. A study of the GC base pair is carried out subsequently taking into
account the DNA surroundings in the biological environment. The most important stationary points are
computed using the quantum mechanics/molecular mechanics (QM/MM) approach, suggesting a similar
scenario for the proton/hydrogen-transfer phenomena in vacuo and DNA. Finally, the static model is
complemented by ab initio dynamic simulations, which show that vibrations at the hydrogen bonds can
indeed originate hydrogen-transfer processes in the GC base pair. The relevance of the present findings
for the rationalization of the preservation of the genetic code and mutagenesis is discussed.

Keywords: DNA, base pair, photoinduced proton/hydrogen transfer, photostability, tautomerism,
CASSCF/CASPT2, Quantum Mechanics/Molecular Mechanics, Dynamics Simulations
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INTRODUCTION
Since the discovery of the chemical composition of DNA and the associated structural arrangement in a
double-helix form,1,2 the profound understanding of its properties has constituted an intriguing challenge
to the scientific community. Thus, DNA and its analogues has been the subject of intensive research in
distinct areas of major interest within the realms of nanotechnology,3 computer sciences,4 and medicinal
chemistry.5 Especial attention has been focused on DNA damage caused by UV radiation. Within this
context, in order to unveil the operative mechanisms for the formation of lesions and mutations in the
genetic code, theoretical and experimental studies have been actively performed.6,7,8
UV radiation can stimulate cycloaddition photoreactions in DNA molecules, generating
photodimers and photoadducts.7,9,10,11 Among the photodimers (cyclobutane pyrimidine dimers, CPDs),
the most common lesion involving a single DNA strand corresponds to the dimerization of two stacked
thymine molecules. On the other hand, the cycloaddition of two cytosine molecules known as 6-4
cytosine adducts is the photoadduct of major impact.
Effects of DNA damage can be severe because it may interrupt replication or originate transitions
or transversions mutations, altering so the ordering of the nucleic acid bases (NABs), and therefore
modifying the genetic code.12,13 The tautomeric forms in the guanine-cytosine (GC) base pairs have
been recently suggested to be responsible for the universal mutation guanine-cytosine to adeninethymine, GC!AT, frequently found in bacteria, fungi, plants, and animals.14 In order to deal with DNA
lesions, Nature has developed enzymatic mechanisms, which are involved in the repair process.
Enzymatic complexes, such as DNA-glycolases, polymerases, and photolyases, participate in different
excision repair mechanisms.15,16 DNA-photolyases, in particular, require visible light to repair CPD
photolesions. The interplay between both mutagenic and DNA-repair processes constitutes the basic
framework in which the evolution of Life, as we currently know, is feasible.
In the last decade, different research groups have focused on computational studies aiming at
understanding the significance of the chemical physical properties of the natural selected canonical
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NABs, which are more stable than their tautomeric forms, and on underlying mechanisms preserving the
genetic code and avoiding mutations.17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42 It has been
demonstrated that the fast deactivation of NABs after UV light absorption is due to a barrierless decay
of the bright spectroscopic ππ* singlet excited state towards the ground state. Femtosecond pump-probe
experiments with the canonical NABs reported multiexponential decay channels in the femtosecond and
picosecond timescales, a strong evidence for the stability of the natural NABs.43,44,45,46 It is interesting to
mention that measurements on NAB monomers in aqueous phase provided low fluorescence quantum
yields, which suggests that the NABs ultrashort lifetimes are intrinsic molecular properties.47,48,49,50,51
New

photochemical

paths

have

been

more

recently

determined

in

π-stacked

NABs,52,53,54,55,56,57,58,59,60,61,62,63,64 which compete with the photostable routes present in the nucleobase
monomers and explain the formation of the CPD lesions59,60,61,62,64 found in UV-irradiated DNA
polynucleotides.65 Excited-state dimers of adjacent NABs (bioexcimers) have shown to be the
precursors in the photoreactive process leading to the lesion. Along the main energy-decay pathway
characterized in the NAB dimers, energy barriers have been found for cytosine in contrast to thymine
and uracil,62,64 which agree with the lower quantum yield for the production of the lesion in the former
NAB.63
It is clear that although relevant information can be obtained from the studies with the isolated
NAB monomers and intrastrand π-stacked dimers, further aspects can be understood by exploring the
photochemistry of the DNA base pairs, especially those related to the double helix. In 1953, Watson and
Crick found the B-DNA structure as the most common arrangement of the genetic code,2 consisting
basically of purine (G and A) and pyrimidine (C and T) molecules, arranged in two complementary
strands linked by hydrogen bonds, which results in the GC and AT base pairs. The gas-phase
experiments by using UV-IR double-resonance techniques on isolated GC base pairs have showed that
the Watson-Crick (WC) form (see Figure 1), which is the most stable form, has a broad UV absorption
spectrum, whereas the non-WC GC base pairs exhibit sharp peaks.66 Such experimental evidence has
4

been proposed to be connected to the radiationless decay taking place after the UV light absorption of
the canonical GC base pair.66
Early in 1963, Löwdin introduced the hypothesis that the double proton/hydrogen-transfer
reaction in DNA base pairs could be a possible source of spontaneous mutations.67,68 Since this work,
the double proton/hydrogen transfer induced by photoexcitation in model DNA base pairs has been
studied both experimental69,70,71,72,73,74,75 and theoretically.76,77,78,79 In order to investigate whether the
reaction mechanism is stepwise or concerted, and the nature of the intermediate species, Kwon et al.
employed femtosecond dynamic techniques in the study of the 7-azaindole,74 concluding that the
stepwise pathway drawn from early theoretical works79 is correct.
Double transfer of a proton/hydrogen has also been considered as a possible mechanism to
explain the photostability of the WC DNA base pairs.74,80,81,82,83 At first, the proton (H1) in the central
hydrogen-bond network migrates from G to C (see Figure 1). Next, it returns to the purine (G) moiety,
which supports the stepwise pathway. Sobolewski, Domcke, and co-workers have proposed that the
proton transfer takes place after population of a state of charge transfer (CT) nature in the WC GC base
pair.80,81,82 The radiationless deactivation could be mediated by a conical intersection (CI) between the
CT state and the ground state, (S0/S1)CI, taking place while the proton is transferred to the pyrimidine
moiety. The charge separation in the ground-state potential energy surface at the (S0/S1)CI crossing
allows the back transfer of the proton to the purine moiety. The mechanism is known as electron-driven
double transfer of a single proton.
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Figure 1. The Watson-Crick GC base pair. (a) Numbering and atom labeling for the GC dimer.84 (b) Perspective view of the
GC base pair in a hydrated DNA double helix of 18 alternating base pairs, namely d(GC)9·d(GC)9.

Despite the fact that the studies on mimetic models of the GC base pair clearly pointed out to an
active participation of the proton/hydrogen transfer in the photochemistry of the systems, the relevance
of

base

pairing

in

the

excited-state

dynamics

of

the

DNA

molecule

is

still

uncertain.85,86,87,88,89,90,91,92,93,94,95,96 Shortened fluorescence lifetimes in alternating DNA duplexes
poly(dGdC)·poly(dGdC) relative to the G and C mononucleotides have been measured experimentally
by using fluorescence upconversion spectroscopy,86 indicating that proton/hydrogen transfer could be
relevant, as suggested by theoretical calculations.85 On the other hand, transient absorption
measurements have showed ground-state recovery in the related d(GC)9·d(GC)9 DNA double strand an
order of magnitude slower than in the monomeric nucleotides, suggesting excited-state decays driven by
the formation of π-stacked excited-state species (or exciplexes) and not via interstrand proton/hydrogen
transfer.89 In this line, a combined experimental and time-dependent density functional theory (TDDFT) study on the GC base pair in solution with CHCl3 has also pointed out to a non-efficient process
in solution.96 The authors of this work have also suggested that the photoinduced hydrogen transfer
cannot be considered as a relevant deactivation path in DNA. However, the most recent experiments
from de La Harpe et al. have reported pronounced isotope effects on the long-lived exciplex excited
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states of a d(GC)9·d(GC)9 double-strand,91 in agreement with independent studies by Doorley et al.90
In this scenario, a model based on the fully characterization of the energy-decay channels
involving proton/hydrogen transfer in the GC base pair seems timely in order to establish the operative
mechanisms for photostability and tautomerism and to shed some light into the relevance of basepairing in the photodynamics of DNA. Especially important shall be certain aspects related to the
photochemical channels connecting the WC base pair with other tautomeric configurations. The energydecay paths of the non-canonical species have not been previously explored. Knowledge about those
new photochemical routes might be valuable for the interpretation of experimental observations. Hence,
in the present contribution, the proton/hydrogen transfer of the isolated GC base pair in the excited state
is studied by mapping the two-dimensional potential energy surfaces (PESs) along the hydrogen-bond
reaction coordinates, evaluating different possible competitive deactivation pathways. The main
equilibrium structures for the double proton/hydrogen phenomena in the isolated GC base pair are also
characterized in a DNA double helix of 18 alternating GC base pairs in water (see Figure 1(b)), which
allow comparisons with previous experiments on DNA duplexes with the same nucleotide sequence.
Such static study is additionally extended with some dynamical insights. Previous works on the
dynamics of the system has been reported, although at levels of theory not able to describe the overall
photochemistry of the GC base pair.85,93
The subsequent parts of the paper are structured as follows: methods, results and discussion, and
summary and concluding remarks.

COMPUTATIONAL METHODS
Below we first describe the strategies designed to explore the energy-decay routes of the GC base pair.
Next, the methods employed to characterize the electronic structure and the computational techniques
used in the semi-classical dynamics calculations are explained in detail.
7

The energy-decay paths of the GC base pair. Ground as well as excited states of LE (locally
excited) and CT character are described. Both stepwise and concerted pathways are considered in a
schematic manner as shown in Figure 2. In short, the canonical base pair, hereafter WC, at the groundstate equilibrium geometry absorbs UV radiation. In the Franck-Condon (FC) region, the energy is
transferred to the low-lying 1ππ* bright state. Two tautomeric configurations of the base pair can be
potentially formed from this point depending on the hydrogen bonds involved in the proton/hydrogentransfer processes. Whereas a double proton/hydrogen transfer at the N’3…H1N1 and N’4H’41…O6 sites
might result in the 9H-2-Amino-6-hydroxypurine/3H-2-oxo-4-Iminopyrimidine or C-based imino-oxo
tautomers (hereafter, TAU1), the 1H-9H-2-Imino-6-hydroxypurine/2-hydroxy-4-Iminopyrimidine or Cbased imino-enol base-pair configuration (hereafter, TAU2) can be produced after an analogous process
at the O’2…H21N2 and N’4H’41…O6 sites. In the concerted or symmetric pathway, the H atoms are
transferred synchronously (CONC1 and CONC2), connecting the canonical GC base pair and the
respective tautomeric form as shown in Figure 2. Meanwhile, two asymmetric pathways, via
intermediates of different nature (either neutral or ionic), can be relevant to the photochemistry of the
dimer. The neutral species (INT1NEU and INT2NEU) feature a CT electronic structure, whereas the
ionic ones (INT1ION and INT3ION) correspond to LE excitations.
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Figure 2. Scheme of the paths explored for the excited state double proton/hydrogen-transfer process in the GC base pair.
The atoms transferred are H1 in G plus H’41 of the amino group in C (a), H21 and H’41 of the amino groups in both G and C
(b), and H’41 in the amino group of C plus either H1 or H21 in G (c). The tautomers TAU1 and TAU2 are originated via these
H-transfer processes. Paths can be concerted (CONC1 and CONC2) or stepwise via neutral (INT1NEU and INT2NEU) or
ionic (INT1ION and INT3ION) intermediates. The electronic state related to each one of the GC forms is shown in advance
(S0, S1, and S2 stands for the ground and two lowest-lying excited states). Symmetric and asymmetric Cs paths are
represented by solid and dashed arrows, respectively, while absorption processes are shown in dotted arrows.

Electronic structure. Characterization of the lowest-lying singlet ππ* excited states of the GC base
pair has been performed with the complete-active-space self-consistent-field second-order perturbation
theory (CASPT2) method,97,98,99,100,101 as implemented in the MOLCAS-7 package,102 and the oneelectron double-ζ plus polarization atomic natural orbital basis set with the primitive set
C,N,O(10s6p3d)/H(7s3p), the ANO-S set,103 contracted to C,N,O[3s2p1d]/H[2s1p]. A set of restricted
active space second-order perturbation theory (RASPT2) calculations up to quadruple excited
configurations has been initially carried out in the canonical GC base pair and the tautomer TAU1 in
order to determine the main lowest-lying excited states that are involved in the photochemistry of GC.
With the RAS2 subspace empty, the valence π (RAS1) and π* (RAS3) molecular orbitals (MOs) have
been employed in the calibration calculations.104 A six-root state average SA(6)-RASSCF/RASPT2 has
been performed for the ππ* states, whereas a four-root state average SA(4)-RASSCF/RASPT2 was
chosen to compute nπ* states. The highest energy ππ* states have been found at 5.20 eV and 5.53 eV
for the canonical GC base pair and the tautomeric form, respectively. On the other hand, employing the
same structures, the lowest-energy nπ* states have been placed at 5.91 eV and 5.90 eV. It consequently
implies that in order to examine the photochemistry of GC just the ππ* excited states have to be
considered. Accordingly, the active space selected for the CASSCF/CASPT2 calculations comprises 12
π valence electrons distributed into 12 π active MOs [(hereafter, CASSCF/CASPT2(12,12)], excluding
the remaining occupied and unoccupied MOs with highest and lowest occupation numbers, respectively,
in the RASSCF computations (see Figure S1). Cs symmetry constraint has been imposed in the
10

CASSCF geometry optimizations and CASPT2 vertical energies. This approach will not allow us to
describe properly processes which involve out-of-plane geometry distortions, such as the decay paths
localized on the nucleobases. However, it is reasonable for characterizing the photoinduced
proton/hydrogen transfer, as has been previously shown in the excited state proton/hydrogen transfer in
the AT base pair105 and the 7-azaindole dimer.79 In addition, the presence of an equilibrium structure on
an excited-state of LE character can be used within the present approach to predict a possible
deactivation channel through the monomer. Two-dimensional PESs have been mapped along the
reaction coordinates at the CASPT2 level by using linear interpolation in internal coordinates (LIIC)
among the WC, the intermediates (INT1NEU, INT2NEU, INT1ION, and INT3ION), and the tautomeric
(TAU1 and TAU2) GC base-pair forms. Oscillator strengths have been computed from CASSCF dipole
moments and CASPT2 energies. The conventional CASPT2 method has been employed (IPEA=0.0
au).97 In order to minimize weakly interacting intruder states, the imaginary level-shift technique with a
parameter of 0.2 au has been used.106 Unless otherwise stated, the CASSCF/CASPT2 calculations have
been performed as a state average CASSCF procedure of six roots [SA(6)-CASSCF]. In some cases, ten
roots have been required in order to find the relevant states at high energy, showing energy differences
at the CASPT2 level lower than 0.1 eV, or 0.2 eV in a few cases, with respect to the SA(6)CASSCF/CASPT2 results, which is within the error of the method.
The hybrid quantum mechanics/molecular mechanics (QM/MM) approach has been used to
simulate the biological environment in the DNA surroundings. As QM core, the GC base pair (see
Figure 1(b)) has been modeled by means of the ab initio CASSCF/CASPT2 method, using the same
SA-CASSCF average procedure, active space, basis set, and symmetry constraint as in the in-vacuo
computations. The MM subsystem has been represented by using the AMBER99 force field107,108 in
order to include the double helix strand, the aqueous media, and the external counterions. The double
helix is composed by 18 alternating GC base pairs and the DNA backbone of deoxyriboses and
phosphates [d(GC)9·d(GC)9]. The aqueous media is modeled by an octahedron box of 8618 water
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molecules surrounding the simulated DNA molecule, and the external counterions are represented by
Na+ monovalent cations. The initial structure employed in the QM/MM computations has been
generated by using classical molecular dynamics (MD) simulations (see SI). The employed QM/MM
approach takes into account the explicit electronic polarization of the base pair by the DNA double helix
and the solvent. Geometry optimizations of the most important stationary points have been performed at
the CASSCF/MM level for the GC base pair of interest, the related deoxyribose and phosphate groups,
the adjacent nucleotides, and all the water molecules and Na+ ions within a radius of 5 Å from the QM
part. This allows for mutual geometric polarization between the QM moiety and its immediate
surroundings. The CASPT2 energies of the lowest-energy states have been compared with the energy
values obtained in vacuo.

Semiclassical dynamics. Born-Oppenheimer dynamics calculations have been performed on the
excited-state surface of the isolated GC base pair with the MOLCAS-7 program.102 Newton’s equations
have been solved by the velocity-Verlet algorithm109 with a 1 fs time step. Analytical gradients have
been computed on-the-fly at the SA(6)-CASSCF(12,12)/ANO-S C,N,O[3s2p1d]/H[2s1p] level of theory
with the constraint of Cs symmetry.110 A group of 300 initial conditions have been generated with the
NEWTON-X program,111 according to the Wigner distribution for the quantum harmonic oscillator,112
and using the normal modes computed at the B3LYP/6-31G* level of theory with the GAUSSIAN-09
software package.113 From this data, four representative sets of starting nuclear coordinates and
momenta have been selected for subsequent dynamics simulations. The criteria for the selection have
been to choose sets, with initial NH bond distances and scalar projections of the velocities of the H
atoms along the inter-base-pair hydrogen bonds, which potentially exhibited some of the dynamical
aspects of the different relaxation mechanisms earlier established by the static models presented in this
study. Bond lengths and velocity values for all the generated initial conditions are displayed in Figures
S2-S7.
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RESULTS AND DISCUSSION
The photochemistry of the DNA GC base pair is described here in three sections. First, the mechanisms
for proton/hydrogen transfer in the isolated GC system will be explained, focusing on the relevant routes
for energy decay, the intermediates involved, and the photochemical channels for tautomers formation.
Next, the main features of the mechanisms established in vacuo will be analyzed in the DNA-embedded
GC base pair. Finally, the dynamical properties of the excited-state proton/hydrogen-transfer processes
will be presented.

Mechanisms of photostability and tautomers production in the isolated GC base
pair. The equilibrium structures for the ground (S0) and lowest-lying 1ππ* excited states of the
canonical (WC), tautomeric (TAU1 and TAU2), and intermediate (INT1ION, INT3ION, INT1NEU,
and INT2NEU) forms of the GC base pair have been obtained with the CASSCF method (see optimized
hydrogen-bond distances in Table S1). The mapping of the PESs connecting these points at the CASPT2
level (Figures 3-9) accounts for a qualitative picture of the competitive pathways for energy decay via
proton/hydrogen transfer in the GC base pair. To determine the two-dimensional PESs, adiabatic curves
are depicted. The excited states involve singlet LE and CT excitations and, within the former, both intraguanine GG and intra-cytosine CC electronic transitions are identified. See more details in section E of
the SI and energy values for all the computed states in Tables S2-S8.
The photochemistry of the GC base pair starts with the absorption of UV light. At the FC region
of the WC base pair, the brightest low-lying 1ππ* state (oscillator strength f = 0.38) present a LEexcitation on the G moiety with a vertical energy of 4.74 eV (see Figures 3-9). From this point, the
system will evolve towards the LE minimum (S1 min) placed at 4.35 eV. According to previous
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theoretical studies on the isolated G base, out-of-plane distortions in the 6-member ring of G take place
along the minimum energy path on the 1ππ* excited state reaching a CI with the ground state that
mediates the non-radiative energy decay of the monomer.32,35,37,38,39,42 In the GC base pair, however, the
presence of the complementary NAB opens new photochemical paths for deactivating the energy excess
after UV irradiation, as was postulated initially by Sobolewski and Domcke82 and will be analyzed here.
Based on the present CASSCF/CASPT2 findings, three mechanisms are introduced at this point for the
photochemistry of GC in the gas phase: a stepwise double proton transfer (SDPT), a stepwise double
hydrogen transfer (SDHT), and a concerted double proton transfer (CDPT). Their relevance in the
energy deactivation processes which follow the UV-irradiation of the dimer depends on the topology of
the PESs along the reaction paths.
Stepwise double proton-transfer (SDPT) mechanism. The LE excitation on the G nucleobase is
proposed as the driver of the photochemistry in this mechanism. Due to the local character of the
excitation, the species exchanged between the NABs are protons (not hydrogen). Three possible
combinations of double proton transfer can take place under these conditions, which involve different
hydrogen bonds, as depicted in Figures 3-5 and explained in the following.
In Figure 3, the PESs are determined through the ionic intermediate INT1ION, whose structure
corresponds to the equilibrium structure of the S2-LE state (S2 min). The H1 center proton in G is first
transferred to C, therefore generating a charge separation between the monomers. Due to the
electrostatic attraction, the NABs approach each other (see CASSCF optimized bond distances in Table
S1). A second proton is transferred from the amino group of C to G in order to connect the WC structure
with the first tautomeric form (TAU1). It is worth noting that the state with CT nature (S1) is more stable
than the LE state (S2) at the optimized geometry of the latter around the INT1ION region. This
evidences the relevance of the CT excitation in the radiationless deactivation pathways, as shall be
shown below.
In Figure 4, the H’41 off-center proton is transferred initially from C to G, resulting in the
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INT3ION intermediate. This structure is connected to TAU1 by means of a second proton transfer along
the N’3…H1N1 hydrogen bond. The S1 PES is relatively flat between the WC and TAU1 configurations.
In fact all the WC, INT3ION, and TAU1 S1 minima (S1 min) are placed within an energy range of 0.41
eV. Hence, the tautomers formation in the excited-state PES via the SDPT mechanism is possible. Once
in the S1 state at the TAU1 region, the system may decay via an internal conversion process through the
CI of the 9H-6OH-guanine monomer. As previously described by Serrano-Andrés et al,37 larger decay
times are expected for this deactivation with respect to the G nucleobase due to the presence of barriers
along the decay path in the former species not found in the canonical NAB. The TAU1 base pair, which
has a ground-state equilibrium energy just slightly above the canonical GC base pair (0.30 eV; cf.
Figures 3 and 4), being therefore relatively stable, does not cause DNA replication breakdowns.
However, it might lead to the AT base-pair transition mutation.67
In Figure 5, the second tautomeric form (TAU2) is connected with the INT3ION intermediate by
means of a second proton transfer from the amino group of G to the oxygen of C. The computed results
for the S1 PES also suggest the formation of tautomers in the excited state; in this case, the TAU2
species. Similarly to TAU1, a CI localized in the 1H-2NH-6OH-guanine monomer might also be
expected to mediate a non-radiative energy decay of this modified NAB.37 Conversely, the ground state
of TAU2 is high in energy (1.50 eV) and low energy barriers are found in S0, which makes the TAU2
species prone to thermal conversions the WC form (cf. Figure 5). This property is highly important for
the stability of the genetic code, since the formation of TAU2 can stop the DNA replication (the
tautomers in TAU2 cannot match with canonical NABs, unlike those present in TAU1).67
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Figure 3. SDPT mechanism (H1, H’41). GC-base-pair adiabatic PESs of the ground state (S0) and the low-lying ππ* singlet
excited states (S1, S2, and S3) are mapped at the CASPT2 level along the N1H1 and N’4H’41 reaction coordinates, between the
WC and TAU1 structures, and via the INT1ION intermediate [equilibrium structure of the locally excited S2 state (S2 min)].
The computed stationary points for the ground (S0 min) and excited (S1 min and S2 min) states are shown. The CASSCF
geometry optimization of the S4 state for the INT1ION species is the S2 state at the CASPT2 level. The excited states show
either charge transfer (CT), intra-guanine locally excited (GG), or intra-cytosine locally excited (CC) character. To track the
nature of states, the dots on the graphics are drawn as follows: blue diamonds ( ) – ground state, blue triangles ( ) – 1GG,
orange squares ( ) – 1CT, red asterisks ( ) – 2CT, green circles ( ) – 3CT, pink crosses ( ) – 1CC, grey diamonds ( ) –
2GG, yellow squares ( ) – 3GG, and violet crosses ( ) – 2CC. Energy values are compiled in Table S2.

Figure 4. SDPT mechanism (H’41, H1). GC-base-pair adiabatic PESs of the ground state (S0) and the low-lying ππ* singlet
excited states (S1, S2, and S3) are mapped at the CASPT2 level along the N’4H’41 and N1H1 reaction coordinates, between the
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WC and TAU1 structures, and via the INT3ION intermediate [equilibrium structure of the locally excited S1 state (S1 min)].
The computed stationary points for the ground (S0 min) and excited (S1 min) states are shown. Color code follows that in
Figure 3. Energy values are compiled in Table S3.

Figure 5. SDPT mechanism (H’41, H21). GC-base-pair adiabatic PESs of the ground state (S0) and low-lying ππ* singlet
excited states (S1, S2, and S3) are mapped at the CASPT2 level along the N’4H’41 and N2H21 reaction coordinates, between
the WC and TAU2 structures, and via the INT3ION intermediate [equilibrium structure of the locally excited S1 state (S1
min)]. The computed stationary points for the ground (S0 min) and excited (S1 min) states are shown. Color code follows that
in Figure 3. Energy values are compiled in Table S4.

Stepwise double hydrogen-transfer (SDHT) mechanism. The key electronic structure within the
basis of this mechanism is a CT excitation from G to C. Therefore, the effective hydrogen transfer
implies a proton transfer coupled to an electron exchange in the same direction The initial hydrogen
transfer takes place at the hydrogen bond N’3…H1N1 or O’2…H21N2, giving rise to neutral intermediates
(see Figure 6 or 7, respectively).
The equilibrium structure of the state with CT character at the GC configuration in which the H1
atom is transferred to C (INT1NEU) appears in the region of near-degeneracy between the S0 and S1
PESs (see Figure 6). In a recent study on the proton/hydrogen-transfer processes in the AT base pair, in
which the same methodology and computational strategy as in the present study was used, the CI
crossing between both ground and S1-CT states was optimized and it was found very close in energy and
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geometry to the corresponding intermediate.105 Other computational works have also pointed out to the
existence of this CI in AT.114,115 The present study indicates that the situation is the same for GC. Along
the S1 surface that connects the WC and INT1NEU structures, the excited state changes its nature from
LE to CT passing the (S1/S2)X avoided crossing characterized previously by Sobolewski, Domcke and
co-workers.80,81 From this structure, a barrierless pathway towards the crossing with the ground state,
(S0/S1)CI, is obtained, in agreement with previous results.80 Both the (S1/S2)X and (S0/S1)CI crossings
imply an electron transfer process which is the driving force for proton-transfer. In the first case, the
electron is transferred from G to C, consistent with the lower ionization potential of G relative to C.116
The charge separation between both NABs, G+C-, promotes a proton migration from G to C as shown in
Figure 6. In the second crossing [(S0/S1)CI], the electron transfer occurs from C to G, G-C+, allowing a
second proton transfer in the same direction. The proton transferred can be either the same, hence
opening a photostable channel in the GC base pair, as established previously,80,81 or a proton from the
amino group of C migrating to G, producing in this case the TAU1 form. In the overall process two
hydrogen atoms have been transferred.
A novel contribution of this study is the mechanism established for the tautomerism of the GC
base pair and how it is also photoreversible in the same manner as the canonical GC base pair. At the S0
optimized geometry of the tautomer, the brightest low-lying 1ππ* state (oscillator strength f = 0.22) is
S2, placed at 5.40 eV and with LE nature. Proton motions at the N’4H’41…O6 hydrogen bond can
activate a barrierless non-adiabatic process from the brightest S2-LE state to the S1-CT state via the
(S1/S2)CI crossing. Once in S1, the charge separation between both monomers forces the H’41 atom to be
completely transferred from G to C, yielding the INT1NEU intermediate. Thus, the (S0/S1)CI region
which mediates the photostability of the WC GC base pair is also reached in the case of the tautomer,
funneling the energy to the ground-state equilibrium structure of either the tautomeric form or the
canonical GC base pair.
In Figure 7, the SDHT mechanism is analogous to the previously one displayed in Figure 6,
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although in this case the photostable process takes place via the INT2NEU intermediate and the
tautomeric configuration that can be formed as product of the photoreaction is TAU2. Briefly, at the FC
region, the low-lying brightest S1 state with LE nature can evolve adiabatically (on the S1 surface) to the
region of CT character via the (S1/S2)X avoided crossing. Then, the system will be driven towards the
(S0/S1)CI crossing and subsequently the WC configuration will be restored (photostable channel) or the
tautomer TAU2 will be produced (phototautomerization reaction). Lower energy (3.30 eV) with respect
to TAU1 (5.40 eV) is required to populate the brightest low-lying excited state of TAU2 at the FC
geometry and therefore to activate the photoinduced conversion towards the WC. These results imply
that TAU2 is photochemically less stable than TAU1. The energy-decay mechanism is analogous to the
one described for TAU1. Hence, in the vicinity of the FC structure of TAU2, N’4H’41 nuclear vibrations
along the hydrogen bond allow the excited-state LE!CT adiabatic conversion towards the INT2NEU
form. This intermediate is located in the region of near-degeneracy between the S0 and S1 PESs,
(S0/S1)CI. Thus, the excess energy can potentially be funneled to the ground-state minima of either WC
or TAU2.
In general, the excited WC, TAU1, and TAU2 species are interconnected to their ground states
via the SDHT mechanism through non-adiabatic processes. This points out to a non-unique ultrafast
non-radiative decay channel for the WC form, in contrast to previous proposals.66,80 Instead, the triple
hydrogen-bonding network present in the WC, TAU1, and TAU2 GC configurations provides common
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Figure 6. SDHT mechanism (H1, H’41). GC-base-pair adiabatic PESs of the ground state (S0) and the low-lying ππ* singlet
excited states (S1, S2, and S3) are mapped at the CASPT2 level along the N1H1 and N’4H’41 reaction coordinates, between the
WC and TAU1 structures, and via the INT1NEU intermediate [equilibrium structure of the charge transfer S1 state (S1 min)].
The computed stationary PES points for the ground (S0 min) and excited (S1 min and S2 min) states are shown. Color code
follows that in Figure 3. Energy values are compiled in Table S5.

Figure 7. SDHT mechanism (H21, H’41). GC-base-pair adiabatic PESs of the ground state (S0) and the low-lying ππ* singlet
excited states (S1, S2, and S3) are mapped at the CASPT2 level along the N2H21 and N’4H’41 reaction coordinates, between
the WC and TAU2 structures, and via the INT2NEU intermediate [equilibrium structure of the charge transfer S1 state (S1
min)]. The computed stationary points for the ground (S0 min) and excited (S1 min) states are shown. Color code follows that
in Figure 3. Energy values are compiled in Table S6.
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deactivation routes via hydrogen transfer. Therefore, ultrafast conversions among the canonical and
non-canonical forms can be expected during the UV irradiation of the GC base pair.
Concerted double proton-transfer (CDPT) mechanism. SDPT and SDHT mechanisms involve
two steps in which one proton/hydrogen per step is exchanged between the NABs via an intermediate.
The synchronous proton transfer along the hydrogen bonds also connects the WC configuration with the
TAU1 and TAU2 forms (see Figures 8 and 9, respectively). However, high energy barriers are found on
the excited state PESs, which makes the concerted mechanism clearly unfavorable for the UV-activated
double proton transfer. In addition, ground-state PESs show larger activation barriers, which reduce the
significance of the thermal conversion process, in favor of the SDPT mechanism (cf. Figures 8 and 9 vs.
Figures 3-5).

Figure 8. CDPT mechanism (H1+H’41). GC-base-pair adiabatic PESs of the ground state (S0) and the low-lying ππ* singlet
excited states (S1, S2, and S3) are mapped at the CASPT2 level along the N1H1 and N’4H’41 reaction coordinates, between the
WC and TAU1 structures, and via the concerted pathway. The computed stationary points for the ground (S0 min) and
excited (S1 min) states are shown. Color code follows that in Figure 3. Energy values are compiled in Table S7.
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Figure 9. CDPT mechanism (H21+H’41). GC-base-pair adiabatic PESs of the ground state (S0) and low-lying ππ* singlet
excited states (S1, S2, and S3) mapped at the CASPT2 level along the N2H21 and N’4H’41 reaction coordinates, between the
WC and TAU2 structures, and via the concerted pathway. The stationary PES points for the ground (S0 min) and excited (S1
min) states are shown. Color code follows that in Figure 3. Energy values are compiled in Table S8.

GC base pair in the biological environment. SDHT has been established in the preceding
section as an efficient mechanism for non-radiative energy decay towards either the canonical GC or the
tautomeric form. The process involves states of CT nature and ionic species which are sensitive to
solvent interactions. In fact, a clear energy separation between the ground and lowest-lying LE and CT
states along the N1H1 reaction coordinate has been determined by Biemann et al. in a recent TD-DFT
study on the GC base pair in solution with CHCl3. This is fully consistent with the fact that the ground
state is ionic at the geometry of the intermediates, whereas S1 is neutral. Based on their findings,
Biemann et al. have concluded that the hydrogen transfer is not efficient in CHCl3 and cannot be
considered to be a relevant deactivation channel in DNA.96 However, the conditions in which NABs are
present in nucleic acids (inner part of the double strand, surrounded by the sugar-phosphate backbone)
are different from solution and comparisons are not straight-forward.
To clarify these aspects we analyze in this section the differences between the SDPT and SDHT
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mechanisms in the gas phase and in a DNA-embedded GC base pair. We focus on the main structures of
the two mechanisms obtained in vacuo. Hence, the equilibrium structures of the WC, INT1NEU,
INT2NEU, INT3ION, TAU1, and TAU2 species in a d(GC)9·d(GC)9 strand in aqueous solution have
been determined at the CASSCF/MM level of theory. Regarding the INT1ION structure, as explained in
the previous section, the optimized LE state has a higher energy than the CT state (cf. Figure 3) and
consequently the SDHT mechanism via the INT1NEU intermediate (Figure 6) is activated after the
(S1/S2)X region. Therefore, the intermediates INT1NEU, INT2NEU, and INT3ION, together with the
canonical and tautomeric arrangements of the base pair, as sufficient to analyze the effects of the
biological environment on the main decay channels.
Figure 10 illustrates the general scenario for the SDPT and SDHT channels in the DNA,
compiling the CASPT2 energies for the ground (S0) and lowest-lying excited (S1) states, together with
the corresponding values in the gas phase. The lowest-lying excited state at the DNA-embedded WC
GC base pair corresponds to a locally excitation (LE), as in the isolated base pair. DNA vertical energies
are in general close to the gas phase results, which points out to similar properties of the SDPT and
SDHT mechanisms in both gas and DNA phases. Crucial structures in the SDHT mechanism are the
intermediates INT1NEU or INT2NEU, which are located in the region of near-degeneracy between the
S0 and S1 PESs. The energy gap of 0.3 eV, found in vacuo for the INT1NEU intermediate, is preserved
in the DNA, whereas the INT2NEU equilibrium structure is even closer to the CI in the biological
environment. The INT3ION species, which has an ionic structure, is slightly stabilized in DNA.
However, such stabilization is not sufficient to facilitate an internal conversion process via the SDPT
mechanism. In summary, the GC base pair in both the gas phase and in DNA manifests similar
attributes for the proton/hydrogen-transfer processes. A similar invariance of the photoreactivity to
changes in the environment, vacuo vs. DNA, has been observed for cyclobutane cytosine dimers.117
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Figure 10. Stepwise double proton-transfer (SDPT) and stepwise double hydrogen-transfer (SDHT) mechanisms in the
DNA-embedded GC base pair [d(GC)9·d(GC)9] between the canonical WC form and the tautomeric TAU1 (top) and TAU2
(bottom) species. CASPT2 vertical energies (in eV) for the lowest-lying excited state (S1) are shown, together with the
related gas-phase values (within parentheses). S1 corresponds to a locally excited state (LE) in the WC, INT3ION, and TAU1
structures and to the charge transfer state (CT) in the INT1NEU and INT2NEU systems. In TAU2, the nature of S1 differs
from the results in vacuo.

In the light of the present QM/MM results, we expect the excited state proton/hydrogen-transfer
processes of the GC base pair to be a plausible photochemical channel for the photostability of DNA
and the production of tautomers. The SDHT decay will compete with the monomeric non-radiative
photochemical channel. Also with intrastrand phenomena such as the formation of exciplexes between
π-stacked

NABs,

as

suggested

by

experiments

in

alternating

and

oligonucleotides89,91 and previous computations on related systems.52,63,118

non-alternating

GC

The efficiency of the

hydrogen/proton energy-decay pathways in DNA will depend on the degree of hydrogen-bonding
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between the strands.

Excited-state dynamics of the GC base pair. Post in-vacuo and DNA computations including
dynamical and statistical aspects are next considered. This is in order to evaluate some qualitative
attributes related to the different energy-decay channels. Previous works on the dynamics of the system
have not been able to achieve the correct electronic structure of the states at the FC region and the
population of the lowest-lying excited state with CT character is enhanced as an artifact of the low level
of theory used.85,93 Therefore, those earlier computations provide a qualitative incomplete description of
the overall photochemistry. Here, we have performed four dynamic simulations employing the
methodology used in the in-vacuo and DNA computations to get a qualitative insight into the dynamical
properties of the proton/hydrogen-transfer phenomenon in the GC base pair, leaving for the future a full
study able to compute quantitative quantum yields for the formation of the products.
Table 1 compiles the values of the N’4H’41, N1H1, and N2H21 bond lengths and projected scalar
velocities of the H’41, H1, and H21 atoms over the lines defined by the three hydrogen bonds for four
initial conditions which has been selected, among a Wigner distribution of 300 points, to perform the
dynamics simulations. These selected conditions have appropriate NH distances and H momenta for the
analysis of some dynamical attributes of the different relaxation mechanisms of the GC base pair
(radiationless decay through the G moiety, hydrogen/proton transfer via the SDPT or SDHT
mechanisms and formation of tautomers). Figure 11 displays the results obtained for the magnitude of
the dipole moments (|µ|) of the ground (S0) and low-lying excited (S1) states, the N’4H’41, N1H1, and
N2H21 bond lengths, and the S0, S1, and S1-S0 energies. These properties allow us to identify the
relaxation mechanism which takes place in each one of the simulations. In particular, |µ| can be used to
analyze the electronic structure of the system along the simulations. At the FC region, large values (|µ| >
15 D) indicate a CT nature of the states, whereas low values (|µ| = 0-15 D) correspond to LE excitations.
This behavior is inverted at the intermediates region in which a proton is exchanged between the NABs.
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Meanwhile, the NH bond distances and the energy difference between the S0 and S1 states give
information on the region of the PESs where the system is located.

Table 1. NH bond lengths and scalar projections of the velocities of the H’41, H1, and H21 atoms over the lines defined by the
N’4H’41…O6, N’3…H1N1, and O’2…H21N2 hydrogen bonds, respectively. The mechanisms and photochemical decay paths
observed in the simulations are indicated.
bond length / Å

Simulationa

projected velocity / au

mechanism
photochemistry

N’4H’41

N1H1

N2H21

H’41

H1

H21

1.26

0.92

0.99

0.0032

0.0005

-0.0006

activated
non-radiative decay

Sim1

via CI of G
photostability GC/
Sim2

1.20

1.02

0.99

0.0028

0.0030

-0.0004

SDHT
TAU1 formation
photostability GC/

Sim3

0.97

0.87

1.14

0.0008

0.0006

0.0041

SDHT
TAU1 formation
photostability GC/

Sim4

1.05

1.07

1.20

0.0017

0.0042

-0.0035

SDHT
TAU1 formation

a

Simulations Sim1, Sim2, Sim3, and Sim4 correspond to the structures 37, 27, 38, and 191 generated as initial conditions (see SI).

The dynamics simulation 1 (Sim1) features small momenta along the N’3…H1N1 and
O’2…H21N2 hydrogen bonds and a large value at the N’4H’41…O6 site, which favors initially the
formation of the excited state tautomeric forms via the SDPT mechanism (see Figures 4 and 5).
However, along the simulation, the system does not show any proton/hydrogen exchange between both
NABs in the base pair. The CT nature of S1 is reached at around 40 fs (large dipole moment in Figure
11) due to a slight increase in the N1H1 bond distance. Subsequently, the system comes back to the
region of LE character where is relaxed towards the equilibrium structure of this LE state. From this
point, the ultrafast decay path through the CI localized in the G monomer can be expected.37 This decay
pathway has not been found in the trajectories performed by Groenhof et al.,85 due to the fact that all the
simulations were started in the CT state, as a result of the lower level of theory employed. Simulation 2
(Sim2) includes additionally an initial velocity component in the direction of the N’3…H1N1 hydrogen
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bond, favoring also the radiationless energy decay towards the TAU1 species or the restored WC base
pair, via the SDHT mechanism (Figure 6). In this case, the GC base pair has a different fate. The
system, initially on the S1-LE state, evolves in a few fs into the S1-CT state. At 25 fs, an inversion of the
dipole moments of the ground and excited states takes place. Simultaneously, the H atom is transferred
from G to C. Hence, the INT1NEU structure is reached, although the relaxation towards the ground
state surface would not be still possible since the energy difference between the states is large. The
(S0/S1)CI crossing is reached around 40 fs. It is worth noting that after this point the system is trapped in
the INT1NEU structure and there is a high probability for internal conversion. Groenhof et al. obtained
a recovery of the WC configuration in 75% of 20 simulations.85 In five out of 20 runs, the TAU1
configuration was found. Simulation 3 (Sim3) points to the ground-state formation of TAU2, instead of
TAU1, via the SDHT mechanism (Figure 7). The calculation starts already with a CT character of the
excited state (see dipole moments of S1 in Figure 11). Furthermore, although that a large momentum is
located initially in the O’2…H21N2 direction pointing towards C, the hydrogen that is transferred from G
to C is again H1. The GC base pair reaches the INT1NEU configuration in a few fs, in agreement with
the steep energy gradient which characterizes the S1-CT state in the surroundings of this intermediate
(see Figure 6). After the first 40 fs and a third hydrogen transfer at the center hydrogen bond, the system
is trapped in the well of the INT1NEU. Large changes in the CASSCF and CASPT2 energies for the S0
and S1 states take place initially, and later the S1-S0 energy difference becomes small. The fourth
calculation performed on the dynamics of the UV-irradiated GC base pair, simulation S4 (Sim4), is
characterized by significant initial momenta of the H atoms in all the three hydrogen bonds. During 10
fs, both ground and excited states have low dipole moment, meaning a trapping of the system in the LE
region. Later, the evolution towards CT nature takes place, a large increase of the N2H21 bond length
appears, and the energy difference between the S0 and S1 states drops dramatically. The SDHT
mechanism via the INT2NEU intermediate seems to be activated. In fact, the ground and excited state
dipole moments show an inversion. However, once the N2H21 distance reach a maximum value of 1.4 Å,
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the dimer distributes the kinetic energy among the other vibrational modes and finally the SDHT
mechanism via the INT1NEU structure is turned on instead. At 35 fs, all the control properties, i.e.,
magnitudes of the dipole moments, N1H1 distance, and vertical relative energy between S0 and S1, point
simultaneously to the formation of the INT1NEU intermediate. Despite that the simulation shows an
oscillatory pattern in the hydrogen transfer, there is a window at 30-60 fs, where the system might
exhibit a non-adiabatic process towards the ground-state PES.

Figure 11. CASPT2 energies (E) for the ground state (S0), the lowest-lying excited state (S1), and energy difference between
both states (S1-S0), NH distances (d), and the magnitude of the dipole moments (|µ|) of states S0 and S1 vs. time (t) are plotted
for the semiclassical dynamics simulations Sim1, Sim2, Sim3, and Sim4. CASSCF energies are displayed in Figures S8-S11.
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In general, the hydrogen transfer at the N’3…H1N1 hydrogen bond is the most favorable
mechanism in the four simulations carried out. The formation of the INT2NEU intermediate, which
involve a hydrogen transfer at the O’2…H21N2 position, has not been obtained. INT1NEU requires less
than 50 fs to be generated, which is a much faster process than the energy deactivation along the flat
PES of the G base up to the methanamine-like CI, previously estimated around 100 fs.37 This difference
in the lifetime of both processes are probably a consequence of the fact that the former phenomenon
involves the motion of mainly one H atom and that the PES is steep, while the energy relaxation
towards the CI of the monomer implies out-of-plane distortions of the 6-member ring along a flat PES.
Tunneling effects, not considered in the employed semiclassical approach, can be expected to decrease
the lifetimes. Regarding comparisons with experiments, the present results must be used with caution.
Although lifetimes shorter than the energy-decays in the G and C mononucleotides were measured by
means of fluorescence upconversion techniques,86 de La Harpe et al.89 obtained energy-decays an order
of magnitude larger with respect to the building blocks. This suggests the formation of relatively stable
excited state species by means of π-stacking interactions, which are not modeled here. The long-lived
exciplexes, as a consequence of π-stacking, are however sensitive to deuterium substitution at the
hydrogen bonds, showing therefore that proton/hydrogen transfers are still present.90,91 Qualitative
predictions for these processes can be established from our calculations. At the time of UV irradiation of
the GC base pair, those molecules with a certain momentum in the N’3…H1N1 direction (for instance,
Sim2 and Sim4) might undergo a double hydrogen-transfer process, resulting in the production of the
TAU1 configuration or restoring the WC structure. On the other hand, other samples with low momenta
in the hydrogen atoms from the hydrogen bonds (for instance, Sim1) will relax the energy through the
CI funnel localized in the G molecule, as pointed out in previous studies on the isolated molecule,37 or
form relatively stable exciplexes via the π-stacking network.86
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SUMMARY AND CONCLUDING REMARKS
DNA photoreactivity includes processes originated in the single NABs and phenomena involving
intrastrand and interstrand dimers.92 Photoinduced proton/hydrogen-transfer processes in the GC base
pair has been studied in the present contribution with the well-established quantum-chemistry
CASSCF/CASPT2 method, complementing previous works on the ultrafast non-radiative energy decay
in NABs38 and the UV-induced formation of photodimers in π-stacked dimers.52,63 Three different
mechanisms have been introduced as possible candidates for energy decay in the base pair: 1) stepwise
double proton-transfer, SDPT, 2) stepwise double hydrogen-transfer, SDHT, and 3) concerted double
proton-transfer, CDPT. Based on the present findings, SDHT is potentially the most favorable
mechanism to explain the photostable properties of the canonical GC base pair and also the formation of
tautomers (see Figure 12). In the SDHT mechanism, proton motions at the N’3…H1N1 or O’2…H21N2
sites favor the evolution of the lowest-lying excited state from LE to CT character. Subsequently, this
CT nature of the state drives a hydrogen transfer to form the INT1NEU and INT2NEU intermediates,
respectively. These species are located in a region of near-degeneracy with the ground-state surface,
which can funnel the reaction path towards the restored WC GC base pair or a tautomeric new form via
a second hydrogen transfer at the same or a different inter-base-pair hydrogen bond, respectively.
Tautomers TAU1 and TAU2 can be produced in such manner during the UV irradiation of the GC base
pair. Analogous SDHT processes apply to the tautomeric forms, resulting in the canonical base pair or
restoring the tautomers (cf. Figure 12). TAU2 is a high-energy configuration among the GC base pairs
studied, with the lowest energy barrier to restore the WC form. According to the energy profiles
obtained, thermal conversions are more favorable via the SDPT mechanism, as compared to SDHT and
CDPT.

30

Figure 12. GC base pair PESs of the ground (S0) and lowest-lying excited state (S1) for the GC base pair along the stretching
NH reaction coordinates to form the TAU1 (a) and TAU2 (b) tautomeric forms. The relative position of the intermediate
structures (INT1NEU, INT2NEU, INT1ION, INT3ION, CONC1, and CONC2) between the Watson-Crick (WC)
configuration and the tautomers is shown. The most favorable paths connecting the WC and TAU1/TAU2 species in the S0
and S0-S1 PESs are displayed in red (SDPT and SDHT, respectively). Additional energy-decay paths in the WC, TAU1, and
TAU2 species are indicated by black arrows. Energies (in eV) are relative to the ground-state equilibrium structure of the
WC GC base pair.
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In solution with polar solvents, the SDHT mechanism is presumably altered inactivating the
internal conversion channel which brings the WC GC base pair back to its ground state equilibrium
structure or to new tautomeric configurations.96 However, the DNA-embedded GC dimer studied by the
QM/MM computational approach manifests the same qualitative behavior for the double
proton/hydrogen-transfer processes as in vacuo. This supports experimental observations86,90,91 and
previous theoretical predictions85,93 pointing out to the proton/hydrogen-transfer as a relevant process in
the photochemistry of DNA duplexes. Considering the post-UV-irradiation dynamics of the system, the
GC base pair evolves towards either the LE minimum or to the INT2NEU intermediate produced via the
SDHT mechanism. As for the former, it might decay to the ground-state WC structure via the CI of the
G nucleobase, (CIguanine in Figure 12). Regarding the hydrogen-transfer phenomenon, it seems to be
more prone along the center hydrogen bond. Lifetimes for the hydrogen transfer (around 50 fs) are
found to be much shorter than the non-radiative decays localized on the monomers. Nevertheless, a
direct comparison with the experimental measurements is not possible, since intrastrand photochemical
processes, such as the formation of exciplexes, might affect this property (lifetimes), as suggested by
Kohler and co-workers.89,91
In general, new photochemical routes are accessible in the UV-irradiated GC base pair, which will
compete with the energy-decay pathways of the isolated NABs and π-stacked (or intrastrand) dimers.
The former process will be more efficient in highly hydrogen-bonding conformations of the DNA
double helix. Vibrations at the hydrogen bonds can activate hydrogen/proton transfers in the GC base
pair, as suggested by the simulated dynamics of the system. The operative mechanism for decay is
expected to be a double hydrogen transfer, which provides the system with new photostable channels, in
addition to those present in the isolated NABs. However, the formation of tautomers (DNA
photoreactivity) is also possible via the double hydrogen transfer. These non-canonical GC base pairs
have analogous relaxation mechanisms, which have not been previously considered. The new findings
might be important for the interpretation of the experimental data and the design of new experiments
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aimed to further understand the role of hydrogen transfer in the excited-state dynamics of the DNA. The
C-based imino-enol tautomer is both photochemically and thermally unstable, which is a beneficial
property for the preservation of the genetic code, since this species may originate replication
breakdowns and consequently interrupt the proper cell function. Meanwhile, the formation of the highly
stable C-based imino-oxo tautomer may induce GC!AT transitions in the replication process with
relevant repercussions in evolutionary biology.
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