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Studies on Photoisomerizations of (6—4) and Dewar Photolesions in DNA
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The (6—4) photoproduct ((6—4) PP) is one of the main lesions in UV-induced DNA damage. The (6—4) PP
and its valence isomer Dewar photoproduct (Dewar PP) can have a great threat of mutation and cancer but
gained much less attention to date. In this study, with density functional theory (DFT) and the complete
active space self-consistent field (CASSCF) methods, the photoisomerization processes between the (6—4)
PP and the Dewar PP in the gas phase, the aqueous solution, and the photolyase have been carefully examined.
Noticeably, the solvent effect is treated with the CASPT2//CASSCF/Amber (QM/MM) method. Our calculations
show that the conical intersection (CI) points play a crucial role in the photoisomerization reaction between
the (6—4) PP and the Dewar PP in the gas and the aqueous solution. The ultrafast internal conversion between
the S, ('zr*) and the S, states via a distorted intersection point is found to be responsible for the formation
of the Dewar PP lesion at 313 nm, as observed experimentally. For the reversed isomeric process, two channels
involving the “dark” excited states have been identified. In addition to the above passages, in the photolyase,
a new electron-injection isomerization process as an efficient way for the photorepair of the Dewar PP is

revealed.

I. Introduction

UV radiation can cause photodamage to DNA and eventually
give rise to mutations, leading to damaging biological conse-
quences, like skin cancer.!® The absorption of the UV light by
DNA results in mainly two reactive photochemical lesions:
cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6—4)
pyrimidone ((6—4) PP).”® The latter lesion can be further
transferred to its Dewar valence photoisomer, the so-called
Dewar PP.° (Scheme 1) It is generally believed that the
mutagenic and carcinogenic threat of UV photodamage comes
mainly from CPDs.!%!! The formation and repair mechanisms
of CPDs have been extensively studied both experimentally and
theoretically.” In contrast, much less is known about the (6—4)
PP and its isomerization process. Recent studies found that
6—4PP lesions were more toxic and mutagenic compared with
CPDs in nucleotide excision repair (NER)-deficient cells and
made it currently a subject of intensive studies.!*!? The (6—4)
PP arises from the linkage between the C6 of one pyrimidine
and the C4 of the adjacent pyrimidine, as shown in Scheme 1.
It is the product from a Paterno—Biichi reaction after ring-
opening of an oxetane intermediate.'> When exposed to UV-B
light (313—280 nm), the photoisomeration of the (6—4) PP
produces its valence isomers—the Dewar PP and can be
reconverted to the (6—4) PP at 240 nm.'* Because of the low
yield and the difficulties in detecting, there were only a few
reports on the Dewar PP to date. Perdiz et al. reported the
relatively high production of the Dewar PP by simulated solar
light and proposed that the Dewar PP may be a biologically
relevant photolesion.!> Very recently, Glas et al. reported that
the repair of Dewar valence isomers by (6—4) photolyase
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involved a rearrangement of the Dewar lesions into the
corresponding (6—4) lesions.!® All of these studies clearly
demonstrate that the (6—4) PP and the Dewar PP are neither
quantitatively nor biologically negligible.

More work on these systems is thus highly desirable. There
are several fundamental issues that need to be elucidated. These
include the formation mechanism of the Dewar PP, the
isomerization mechanism to the (6—4) PP, the impact of a
biological environment (like solvent effect or enzyme catalysis)
on the isomerization processes, and the photorepair mechanism
of the (6—4) and Dewar photolesions. To address the above
issues, the first thing that one needs to have is the basic structural
information of these two photolesions. In this work, we have
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Figure 1. Structures and labeling of two computational models: the
M-1(small model with only two bases) and the M-2 (large model
including surrounding important residues).

employed ab initio computational methods to determine the
geometric and electronic structures of the (6—4) PP and the
Dewar PP as well as the photoinduced isomerization processes
between them. The general pictures obtained from our theoretical
calculations are very useful for the understanding of the
photodamage and the even the following photorepair processes
of DNA.

II. Computational Methods

Initial geometries of the (6—4) PP and the Dewar PP are taken
from crystal structures (PDB codes: 1CFL and 1QKG).!” For
our purpose, a simple model “M-1" is constructed; see Figure
1, which contains only two thymine bases. To explore the
isomerization reaction in the photolyase where a radical anion
(RA) can be formed by the electron injection from the cofactor,
the surrounding residues are added to the model “M-1" to form
the model “M-2”, as shown also in Figure 1.

All stationary and transition structures of the ground and
excited states of the M-1 model were optimized using the
complete active space self-consistent field (CASSCF) method.
Because the main reaction coordinate lies on one ring of the 2
pyrimidines, 10 electrons and 8 molecular orbitals as the active
space, labeled as CAS(10,8), was used. The active space
includes six bonding and antibonding st orbitals and two o-MOs
of the pyrimidone ring. We verified the minima and transition
states (TSs) by calculating harmonic vibrational frequencies
along the reaction path. To obtain more reliable total energies,
we included the effects of dynamic electron correlation by
performing CASPT2 calculations at the optimized CASSCF
geometries. For the M-2, because of the computational limita-
tion, the B3LYP and UB3LYP were employed to calculate the
singlet neutral and RA molecules, respectively.

To mimic the aqueous environment of the photoproducts, we
built a water solvent box positioned within 8 A of the M-1
molecule using the xleap module of the Amber'® software
package. Then, the CASPT2//CASSCF/Amber (QM/MM) pro-
tocol was used to compute the potential energy surface of the
photochemical steps in the aqueous solution. For the M-2, the
solvent effect was considered with a polarizable continuum
model (IEF-PCM).!*72! A dielectric constant of 4 was used to
model the parts of the enzyme that are not included in the
quantum chemical active site model.??~28

A standard 6-31G(d) basis set was used throughout the
calculations. All CASSCF and CASPT2 calculations were
performed by the Gaussian software package? and MOLCAS*
programs. The Amber force field (MM subsystem) was treated
by the Tinker®' tool packages. The interface between the QM
and MM subsystems was coded by Ferré and coworkers®? and
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commercialized together with the MOLCAS program. All
structural figures were drawn with the molecular visualization
program VMD.¥

III. Results and Discussion

Photoinduced Isomerization between the (6—4) PP and
the Dewar PP in the Gas Phase. The photoinduced isomer-
ization of the (6—4) PP was first observed by Johns in 1964.!
It was shown that the (6—4) product could convert quantitatively
to a new photoproduct (the Dewar PP) at 313 nm and then back
again at 240 nm.'* However, there are no related theoretical
reports on this photoisomerization. We first study here the
isomerization of the T(6—4)T (pyrimidine (6—4) pyrimidone)
and the T(dew)T (thymidylyl(3"—5")thymidine) in the gas phase.
The optimized geometries of the T(6—4)T and the T(dew)T in
the ground and excited states from CAS(10,8)/6-31G(d) calcula-
tions are displayed in Figures 2 and 3, respectively. The
corresponding total energies obtained from CASSCF/CASPT2
calculations are summarized in Table 1.

For the T(6—4)T, the pyrimidone ring at the T, state is
noticeably expanded in comparison with that of the Sy. The
C6’-H bends out of the ring plane. The T, state is 2.9 eV at
CASPT?2 level above the S, of the T(6—4)T. The lowest singlet
state S; possesses a considerably longer C2’=0 double bond
(1.345 A), which is assigned to an n—ur* state character as S,,.
The S, state is a —m* excitation mainly localized in the
pyrimidone ring and noted as S,;. With respect to the S, zero-
level point, the relative energies for the n—x* (S,) and 7—x*
(S,) states in the (6—4) PP are 3.2 and 3.6 eV, respectively.
Along the ground-state reaction coordinate, a transition state
marked as Sy-TS has been located by the CAS(10,8) optimiza-
tion, which is responsible for the N3’—C6’ bond cleavage with
a barrier of 3.7 eV.

The ground-state Sy of the T(dew)T is thermodynamically
unstable by 2.3 eV in comparison with the T(6—4)T. The
N3’—C6’ bond length is 1.490 A in the S, state, implying that
the pyrimidone ring has converted to the Dewar benzene.
Compared with the ground state, the C4’—C5” bond of T; is
1.549 A, which is much longer than the S state (1.346 A). The
calculated low-lying singlet excited states of the T(dew)T are
all n—sr* transitions. The S, state is 'nor* state localized in the
pyrimidine ring of the T(dew)T. The S, state is the n—um*
transition centered at C2’=O of the Dewar benzene ring, which
corresponds to the S, state of the T(6—4)T noted above. As
listed in Table 1, the adiabatic excitation energies from the S,
to the S state and the S, state are predicted to be 4.2 and 4.6
eV, respectively.

It is known that the surface intersection plays an important
role in the photodissociation dynamics of a molecule and the
ultrafast passage between electronic states is often through
conical intersections (Cls).>* For the T(6—4)T, the Sy and the
T, crossing (So/T)) and the Sy and the S, crossing (S¢/S,) are
quite similar in structure but differ in energy. The structures of
the pyrimidine ring in these two Cls are similar to that in the
ground state, whereas the pyrimidone ring is indistinguishable
First, the C4’—C3’ bond lengths in the S¢/S, and the Sy/T; are
nearly equal with a value of ~1.414 A, longer than that (1.272
A) in the ground state. Second, the N3’—C6’ bond length is
decreased to ~2.535 A in the CIs. All of these cause out-of-
plane deformation of the pyrimidone. It was found that CIs of
pyrimidine bases often have out-of-plane deformations with
twisted double-bond C5—C6.%* These Cls are responsible for
the key deactivation step of the nucleobases. As shown in Table
1, the CIs have a relative energy of 3.1 eV for the S¢/T; and
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Figure 2. Optimized geometries at the CAS(10,8)/6-31G(d) level for the (6—4) PP in the ground and excited states and also the conical intersections
(CIs). Selected bond lengths are shown in angstroms.

Figure 3. Optimized geometries at the CAS(10,8)/6-31G(d) level for the Dewar PP in the ground and excited states and also the conical intersections
(CIs). Selected bond lengths are shown in angstroms.

3.9 eV for the S¢/S, Moreover, we also found two other relative higher energies (Table 1). For the T(dew)T, the S, and
intersection points, which are the S;/T; and the S¢/S; with T, crossing point S,/T| has a relative energy of 5.1 eV. The
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TABLE 1: Calculated Relative Energies for the (6—4) PP
and the Dewar PP in the Ground and Excited States at the
CASPT2/6-31G(d) Level Based on the Optimized Structures
at the CASSCF(10,8)/6-31G(d) in the Gas Phase

energy (eV)

6—4 PP CASPT2 (eV)
So 0.0
T, 2.9
Sl(sn) 32
Sa(Sp) 3.6
SoS2 3.9
S()S] 4.4
SoT 3.1
ST, 3.9
So-TS 3.7
Dewar CASPT2 (eV)
So 0.0
T, 3.0
Sy 4.2
S2(Sy) 4.6
SoT, 4.1
S.Ty 5.1
S()S] 54
T,-TS 3.1
S.-TS 5.6

optimized structure is shown in Figure 3. In addition, the S¢/S;
and the Sy/T; CIs were also found. However, the S;—S process
is difficult to take place for the T(dew)T because of the large
change in the structure and high energy of CI.

We have collected the potential energy surfaces for isomer-
ization between the T(6—4)T and the T(dew)T in Figure 5. It
can be seen that upon the UV excitation at 313—280 nm, the
T(6—4)T is first excited to its excited singlet 7—7* (S;;) state.
Near the S,; minimum, a crossing of the S,; and the Sy takes
place, which is marked as S¢/Sy;. From the minimum of the S,
state, the T(6—4)T molecule goes along the potential energy
surface of the Sj; to reach the So/S; CI, where the photoexcited
system can decay nonradiatively to the Sy However, it is noticed
that the CI S¢/Sy; is only 0.2 eV higher than the So-TS in energy.
The molecule can probably relax to the ground-state potential
energy surface through the Sy-TS. In this case, the photoisomer-
ization of the T(6—4)T toward the product T(dew)T is thus
controlled by the ground-state potential; see the red arrows in
Figure 5. It clearly illustrates that the CI plays an important

Adenine

T(dew)T-TS

Figure 4. Optimized geometrical parameters of the models M-2 and
M-1 (in parentheses) at the UB3LYP/6-31G(d) level for the radical
anion in the photolyase.
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(6-HPP DewarPP

Figure 5. Calculated potential energy surfaces and suggested mech-
anism for the UV photoinduced isomerization between the (6—4) PP
and the Dewar PP. The ground state is denoted by the black line.
Moreover, the lowest triplet state T, and singlet 'nsr* state S, are shown
in blue and green lines. Radical anion (RA) pathway is shown in
magenta. The red and purple arrow lines show the possible isomer-
ization mechanism between the (6—4) PP and the Dewar PP.

role in the formation of the Dewar PP. Once the Dewar PP is
formed, it may persist in vivo for a long time unless it can be
repaired by enzyme, or it will turn back to the (6—4) PP upon
the excitation by a UV—C light. The reversed isomerization
involves in the ring-opening process of the Dewar benzene.
Dewar benzenes are highly strained valence isomers of benzenes
that have been studied in detail for many years.® 3" The
isomerization of the Dewar benzene to benzene is 3.7 eV
exothermic reaction.?> Although the isomerization of the Dewar
benzene to benzene has been studied extensively, to the best of
our knowledge, the photoisomerization of the Dewar PP to the
(6—4) PP has not yet been explored theoretically. As presented
in Figure 5, after the excitation of 260—240 nm UV—C light,
the T(dew)T molecule is relaxed to the 'nzt* excited state S,
which has relative energy of 4.6 eV above the ground state.
The 'nzr* state is usually called a “dark” excited state compared
with the “bright” '7zzr* states. It was reviewed that in the water
solution, 10—50% of pyrimidine bases decay via a 'nz* state
after photoexcitation.® A transition state S,-TS was found on
the S, pathway. Nevertheless, the S,-TS lies 1 eV above the S,
state of the T(dew)T. It means in the gas phase, the Dewar PP
molecule may not have sufficient energies left to overcome the
barrier of the N3’—C6’ bond cleavage along the S, pathway. If
the photoexcited molecule can reach the S, and T, crossing point
S./T), then the reaction will take place along the T; potential
surface. The search for the TS of the N3’—C6’ bond cleavage
on the T, surface gives the T}-TS structure in Figure 3. Then,
the photolesion can relax to the ground state of the (6—4) PP
following intersystem crossing (ISC) between the T, and the
Sy states.

Solvation Effect on the Photoinduced Isomerization be-
tween the (6—4) PP and the Dewar PP. In a real biological
environment, the DNA molecule is surrounded by an aqueous
environment. The impact of the solution on the relaxation
pathway in the water solution needs to be examined. On the
basis of the results in the gas phase, a water-box surrounding
the target molecule was set to mimic the aqueous environment.
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TABLE 2: Calculated Relative Energies for the (6—4) PP
and the Dewar PP in the Ground and Excited States with
the CASPT2//CASSCF/Amber (QM/MM) Protocol in the
Solution

Ai et al.

TABLE 3: Calculated Relative Energies for the (6—4) PP
and the Dewar PP in the Ground State via the Neutral and
Radical Anion (RA) Pathway at the B3LYP and the
UB3LYP/6-31G(d) Level in the Protein

6—4 PP QM/MM solvent box (eV)
So 0.0
Sa 34
Spi 3.6
SoSpi 3.8
So-TS 33
Dewar QM/MM solvent box (eV)
So 0.0
T, 2.8
Sa 42
S, Ty 4.6
T,-TS 3.1
S,-TS 4.8

The summarized energies of some key points with CASPT2//
CASSCF/Amber (QM/MM) method are listed in Table 2.

The corresponding isomerization reactions are retained with
respect to the gas phase; that is, the formation of the Dewar PP
is mainly controlled by the crossing between the “bright” 7z
state and the ground state of the (6—4) PP. However, when the
DNA molecule is put in the solution, the solvent may stabilize
the molecule through the intermolecular hydrogen bonding. As
shown in Table 2, when the solvent effect is included, the
barriers for the N3'—C6’ bond cleavage on the Sy and S, surfaces
are significantly decreased. For instance, the barrier for the
N3’—C6’ bond cleavage on the S, is 0.6 eV in the aqueous
solution but 1 eV in the gas phase. It is then energetically
accessible for the isomerization from the T(dew)T to the
T(6—4)T through the “dark” 'nz* state S, in the aqueous
solution, which was considered to be an issue for the nonra-
diative deactivation in various studies.

Meanwhile, the relative energy of the S,/T, is significantly
reduced to 4.6 eV in the solution. Therefore, upon the excitation
at 240 nm, the Dewar PP molecule may decay to the T, state
through the ISC from the S, state. The T state is also considered
to be a “dark” state like the 'nzr* state previously mentioned.
Because of the low triplet yields, ISC dynamics is normally
difficult to observe in the aqueous solution. However, there are
now more and more studies that show that efficient ISC involved
with the “dark™ triplet state can play an important role in the
deactivation passage.* The corresponding barrier of the N3'—C6’
bond cleavage reaction in the T, state is found to be only 0.3
eV. From an energetic viewpoint, the bond cleavage reaction
in the T, state is also a possible candidate for the reversed
isomerization process in the aqueous solution.

In a word, the solvent effect has great impact on the reaction
barrier of the isomerization process. In the aqueous solution,
the barrier of N3’—C6’ bond cleavage reaction is significantly
lowered by the solvent. The direct results of this solvent effect
are that two channels involving the “dark” excited states, which
are the 'nz* state and the T, state, have been identified to be
efficient pathways for the isomerization in the aqueous solution.

Conversion of the Dewar Valence Isomers into the
Corresponding (6—4) Photoproducts in the (6—4) Photol-
yase. Different from the gas phase and the solution, in
organisms, the (6—4) PP and the Dewar PP photolesions can
be repaired by flavoproteins.? The photolyase is one of fla-
voproteins that can bind to the site of lesions and use the UV
light energy to split the photodamaged lesions via the redox-
cyclic of a flavin cofactor. There is electron transfer from the

M-1 (relative energy/eV) M-2 (relative energy/eV)

TpT solvent box PCM
T(6—4)T 0.0 0.0
TS 4.0 4.3
T(dew)T 2.6 3.1
T(6—4)T-(RA) 0.0 0.0
TS-gra 3.5 4.5
T(dew)T-(RA) 2.7 3.8

cofactor to the lesion in the photolyase. In addition to the above-
discussed isomerization pathway, new channels might open in
the protein environment and result in important effects on the
photorepair process of these two lesions. Recent experimental
data indicated that the repair of the Dewar isomers by the (6—4)
photolyase could be involved in the electron injection process,
which rearranges the Dewar lesions into the corresponding
(6—4) lesions.'® It is thus interesting to examine such a
hypothesis from theoretical calculations.

Our calculations on the M-1 for the T(6—4)T have shown
that the TS along the ground state potential is almost 1.4 eV
higher than the T(dew)T in energy, which makes the rearrange-
ment from the neutral T(dew)T to the T(6—4)T almost impos-
sible in the ground state (Table 3). However, if one electron is
injected to form RA, then the barrier is sharply decreased to
0.8 eV in the solvent box. A TS with C—N bond of 1.748 A is
found, as shown in Figure 4. In the large model M-2, key
surrounding residues as employed in recent experimental studies
on the (6—4) photolyase!®*** are included. The first residue
Q299 is chosen for the formation of the hydrogen bonds between
N3 and O2. The inclusion of the triad consisting of His365-
His369-Tyr423 is due to its importance for catalysis.*’ The flavin
adenine nucleotide (FAD) cofactor, which is in close proximity
to the photoproduct, is simplified by its adenine part and 2’-
OH group. The former acts as an electron injection group, and
the latter can form a hydrogen bond with the His365. The
geometry was then optimized to get the radical-anion equilib-
rium and transition structures for the T(dew)T in the photolyase.
It is found that the vertical electron affinity (EA) of the M-2
model for the T(dew)T is —0.3 eV, but the adiabatic EA is 0.8
eV. The large EA value indicates that the T(dew)T RA can be
stable in the photolyase. Along the reaction pathway, the RA
TS for rearrangement from the T(dew)T to the T(6—4)T is
located at the C—N bond length of 1.831 A. The reaction energy
barrier is 0.7 eV if the solvent effect is considered by the PCM
model. In agreement with the results from the M-1 model, the
reaction barrier of the neutral M-2 model is nearly 1.2 eV high
for the T(dew)T. Compared with these two models, we can
conclude that the M-1 is a reasonable model to describe the
photochemical properties of DNA lesions, and the protein
environment in the M-2 model has an important impact on the
reaction barrier that cannot be ignored. Besides, the remarkable
differences in the isomerization barrier between the neutral and
anion states may significantly change the photorepair process
in the (6—4) photolyase. A common enzymatic repair pathway
involving an oxetane intermediate of the CPDs and the (6—4)
PP was convincingly suggested from both theoretical and
experimental studies.*! Nonetheless, this was recently questioned
by Domratcheva et al., who proposed a nonoxetane repair
mechanism.*> Very recently, Zhong’s group performed the
ultrafast spectroscopic studies and found that the proton transfer
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process from the His 364 to the 6—4PP"" in the anionic ground
state is the key step of the repair mechanism.*> However, for
the photorepair process of the Dewar PP, the corresponding
mechanism is virtually unknown. It can be seen from our results
that the electron injection from the protein may open a new
channel for the isomerization from the Dewar PP to the (6—4)
PP, and this may directly influence the photorepair mechanism
of the Dewar PP. More work along this line is underway in our
laboratory.

Conclusions

In summary, we have investigated the photoinduced isomer-
ization mechanism between two DNA photoproducts: the (6—4)
PP and the Dewar PP, from ab initio calculations. Geometries
and electronic structures of the ground, excited, and related
crossing points of these two different lesions have been obtained
by the CASSCF method. A solution matrix is used to mimic
the aqueous environment with CASPT2//CASSCF/Amber (QM/
MM) method. Our calculations have revealed the mechanism
for the UV photoinduced isomerization between the Dewar PP
and the (6—4) PP. It is found that the excitation with 313 nm
UV light on the (6—4) PP initiates the relaxation along the S;
(‘mrr*) state via the CI (So/Spi) to the ground-state potential
energy surface of the Dewar PP via the So-TS. Meanwhile, there
are two different decay channels to account for the opposite
isomerization. When the Dewar PP absorbs the UV light around
240 nm, the relaxation pathway occurs mainly on the 'nz* state
S,. With enough remaining energy, it needs to overcome the
barrier of the S,-TS to reach to the low-lying excited state of
the (6—4) PP. In the gas phase, the barrier is too high to pass.
However, in the solution matrix, the solvent molecules stabilize
the TS and lower the barrier to open up this decay channel.
Moreover, the decay along the T, state is also an alternative
pathway for an efficient ISC from the S, state. In the (6—4)
photolyase, the rearrangement of the Dewar lesions into the
corresponding (6—4) lesions with electron injection was pre-
sented as an efficient repair pathway, supporting the hypothesis
from the experiments.!®
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