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Intrastrand thymine dimerization (Figure 1) is recognized as the (a)
most common process leading to DNA damage under ultraviolet
(UV) irradiation! The formation of thymine dimers has potentially
important physiological consequences. This mutagenic photoproduct
can disrupt the function of DNA and thereby trigger complex
biological responses, including apoptosis, immune suppression, and
carcinogenesis.*

A very recent studybased on femtosecond time-resolved infrared
spectroscopy showed that thymine dimers are fully formed around
1 ps after UV excitation. The authors concluded that this ultrafast
photolesion rate points to an excited-state reaction that is nearly
barrierless for bases that are properly oriented at the instant of light
absorption. It was suggested that the low quantum yield of this
photoreaction results from infrequent conformational states in the
unexcited system. However, this study did not provide a mechanistic
picture of the photoactivated thymine dimerization process. Figure 1. (a) Stacked thymines in DNA. (b) Structure of th¢Ss conical

In this study, we have identified by quantum chemical calcula- intersection, §S,-Cl. Gradient difference (GDV) and derivative coupling
tions the photochemical pathway leading to the formation of the (DCV) vectors forming the branching space. Interatomic distances are given
thymine dimer in the gas phase and characterized the funnel require
for this ultrafast process. Our results show that, while the thermally f L, :
induced [2+ 2] cycloaddition of two stacked thymines proceeds - 218 A G-Cs = 4.46 A and G-Cs~Cg—C7 = 35.3' as in
through a highly activated stepwise mechanism on the ground state B-DNA dodecaméf). Optimized structures were fully characterized

the photoreaction occurs via a barrierless concerted mechanism orPy analytlca_l frequency calculation at the .CASSCF level using a
a singlet excited state. The latter mechanism is nonadiabatic andreduced active space. State-averaged orbitals were used for the CI
takes place through an/S; conical intersection (CI), which is the optimization, and orbital rotation derivative correction (which is

funnel for ultrafast nonradiative decay leading to the thymine dimer USually small) to the gradient was neglected. Single-point energy
(see Figure 1b) calculations were carried out at linearly interpolated structures

Time-dependent density functional theory stuélfeshowed a bﬁtweetn _thethFrandftC?jndto? (FC) t_geomﬁ:rles %?CtAthchto d
narrowing of the ground state {}Sand first singlet excited state characterize the exciied-state reaction pathway. an

(Sy) energy gap along the thermally induced-{2] cycloaddition CASI;’ZTZ calcu!atlons were performed using Gaussiand MOL-
reaction pathway. The first triplet state was also shown to possibly PRO;* respectively. . i
play a role in the dimerization, although at a slower rate than on The group_d-state potential energy _profllg for the thermaﬂ-[z
the singlet excited state. However, this study did not consider the 2] pycloaddltlon of two stacked thymlne§ 'S Sh"W.“ In Figure 2
excited reaction path, and the channel for nonradiative decay to This process takes place through a highly actlvate;j stepwise
the ground state leading to the photoproduct was not identified. ‘r‘nechanlsrp, as expected _from Woo_dwaHbefn_w_ann rulésfor a
Here, the complete active space self-consistent field (CASSCF) forbidden” thermal reactl_on. Th_e first transition _stateb-'ISS_l
method was used to calculate theg®d S electronic states of the cgnngcts the ;tacked ‘h.ym'f‘e mlnllmurn-,dﬁe.n o the intermediate
two thymine molecules. The choice of the orbital active space and biradical minimum, gbiradical, with a barrier height of 61 kcalf

results obtained at the second-order perturbation theory (CASPTZ)r’\TOtI' -trt:"? ttrnlarrler IS rttala_tlve tg the c_o_nstralr;_e d stalck(t)a géhky m;/nes.
are given in the Supporting Information (Figures S1 and S2). ote that the unconstrained-gpenminimum lies only 0. «a

Twelve electrons were distributed among twelve orbitals. The mol below in energy (Figure S3 in Supporting Information). The

6-31G* and correlation consistent cc-pVBHBasis sets were used transmpn veptor of 8_T81 corregponds to the 6 Co b(_)nd.
for CASSCF and CASPT2, respectively. Geometry optimizations _S”e‘Ch'”g (F'gurg 5_4 n _Supportlng Information). The biradical
were performed in the full nuclear configuration space. However, '_Péelrrpl_ﬁfj'a;,e’ §b|rlad|cal, IS forl]md only l'j kcal/hmolhbelgwo‘j_
since unconstrained geometry optimization of two stacked thymines " IS Icria ica .gtructure tsgn Fr.oces 3Skt0 lt/ N tl ykr)n ine hlmer
yields a structure with an orientation unlikely to occur in the DNA via a second transition state,$S2 lying 3.3 kcal/mol above the

strand due to steric tensions, we also reoptimized the reactantb'rad'c_al' Its transmo_n v_ector involves the_ seconeC bond
formation of the cyclization process, that is, the—Cs' bond

* Imperial College London. stretching (Figure S5 in Supporting Information). The thymine
* Max-Planck-Institute. dimer minimum, $-closed is found 19 kcal/mol above ®pen

complex with the same constraints as used in refs 6 and-7qg
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Figure 2. CASSCEF ground-state potential energy profile for the thermally
induced [2+ 2] cycloaddition of two stacked thymines.d> represents
the average distance between the two formingGChonds.
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Figure 3. CASSCEF singlet excited-state potential energy profile for the
photochemical [2+ 2] cycloaddition of two stacked thymines. The shaded
area indicates the region expected to be altered by the DNA environment.
<d> represents the average distance between the two formig lidnds.

This potential energy profile clearly shows that the thymine
dimerization cannot take place on the ground state.

Unlike the ground-state reaction pathway, the excited-state
photochemical [2+ 2] cycloaddition takes place through a

concerted mechanism (Figure 3). This barrierless process leads to

a low-lying conical intersection, o55,-Cl, where ultrafast nonra-
diative decay to the ground state is extremely efficient. Such a
nonadiabatic pathway has already been found in the ethylene
ethylene photochemical cycloadditiéh.

The structure of the Cl is shown in Figure 1b. The two branching
space coordinates that lift the degeneracy at first order are also
shown in this figure. They both involve motion in the-&Ce—
Cs'—Cs' ring. The “peaked” topology of the Cl suggests that upon
decay to the ground state aj/S;-Cl the system can either evolve
to the photoproductgsclosedor reverse back to the original reactant
So-open Inclusion of dynamic electron correlation at the CASPT2
level confirms the geometry and surface topology of the CI (Figure
S2 in Supporting Information). Note that the FC region of the

excited-state potential energy surface in the gas phase (shaded area

in Figure 3) may not be relevant for the thymine dimerization in

DNA because the DNA environment and dynamic electron cor-
relation effects are expected to alter this part of the energy profile
and the order of the states. Furthermore, initial population of other

electronic states will lead to other decay channels (see discussion

below).

In conclusion, we have identified and characterized the excited-
state reaction pathway leading to the formation of the potentially
mutagenic thymine dimer in the gas phase. Our results show that
the photodimerization can proceed via a concerted mechanism on
a singlet excited state, which leads to afSgconical intersection.
Schreier et a. suggest that there is a strong link between
conformation before light absorption and photodamage. They
suggest that the low quantum yield for thymine dimerization results
from rare conformational states in the unexcited DNA strand. On
the basis of the present study and the experimental observations,
we speculate that photoexcitation within the DNA will lead to a
spontaneous concerted422] cycloaddition if the two neighboring
thymines are at a configuration near thg¢S3Cl geometry. The
low dimerization quantum yield suggests that such configurations
are infrequent in the unexcited DNA. Furthermore, excitation at
highly populated B-DNA configurations, that is, further away from
the CI, may not lead to photodimerization, as alternative deactiva-
tion pathways, such as interstrand proton trad%fer out-of-plane
deformation of a single thymin€? could be more easily accessible.

In a follow-up study, we will address these competing photochemi-
cal processes in the DNA environment by means of QM/MM
excited-state molecular dynamics simulatié®s.
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Supporting Information Available: Cartesian coordinates and
absolute energies for optimized CASSCF structures. Figure S1 for
choice of active orbitals and Figure S2 for CASPT2 results. Figure S3
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TSland $-TS2transition vectors. Complete refs 11 and 12. This
material is available free of charge via the Internet at http://pubs.acs.org.
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