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Abstract: The results of an integrated experimental and theoreti-
cal study of thymine—thymine photodimerization in short single-
strand and duplex DNA structures possessing a single locked
nucleic acid TT step are reported. Control of ground-state
conformation by the locked nucleic acids results in a marked
increase in both the quantum yield and the selectivity of photo-
product formation.

Dimerization of adjacent thymines in DNA is a leading cause
of damage to cellular DNA by UV light.* The possibility that the
products and efficiency of thymine dimerization are related to
ground-state conformation as well as base sequence was first
suggested over 40 years ago.? Conformational control of dimer-
ization efficiency requires that photodimerization be more rapid
than equilibration of reactive and nonreactive excited-state con-
formations (Scheme 1).> Recently, experimental evidence for
ultrafast TT dimerization based on femtosecond time-resolved IR
spectroscopy was presented by Gilch and co-workers for the
oligonucleotide (dT);s and the dinucleotides TT and T, T,, where
T, isthelocked nucleic acid analogue of dT in which the furanose
ring is locked in the C3-endo conformation.* Ultrafast TT
dimerization is also consistent with recent theoretical studies that
show barrier-free entry into the conical intersection for photodi-
merization.>® A recent report of higher dimerization efficiency and
selectivity for formation of the major (2+2) dimer from T, T, vs
TT provides additional evidence for conformational control of TT
dimerization in dinucleotides.” However, thisintriguing observation
has not been extended to the more biologicaly relevant single-
strand or duplex systems.

Scheme 1. Schematic Representation of Unreactive (A) and
Reactive (B) Conformations for TT Steps in Single-Stranded DNA
and a Reaction Scheme for Thymine (2+2) Dimerization
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In spite of the ultrafast character of TT dimerization, reaction
efficiencies are low for single-strand poly(dT) (® = 0.05) and even
lower for cellular DNA (® = 107%).2 Molecular modeling of the
ground-state conformations of (dT), by Law et a.° and (dT)s by
Johnson et d.™ led to the proposal of models similar to those for solid-
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date dimerization™ for conformational control of TT dimerization
based on the distance and dihedra angle between double bonds in
which the ground-state populations of reactive conformers were small.
A smpler theoretical model presented by McCullagh et a.® based only
on distance was found to correctly describe trends in both (2+2) and
(6—4) dimerization efficiency for the duplex (dT)ao(dA) as well as
(dT),0 and for severd akane-linked mini-hairpins possessing asingle
TT step at different locations within the base-pair stem.

We report here a combined experimental and theoretical investiga
tion of the efficiency and products of TT photodimerization in the
dinucleotide 1L, in the single-strand oligonucleotide 2L which contains
a locked nucleic acid (LNA) T, T, step, and in the akane-linked
hairpins 3L —7L which possessonly A-T base pairsand asingle T, T,
step (Chart 1). The results are compared to those recently reported for
the same structures possessing a norma TT step.’* We find a
remarkable increase in the quantum yield of thymine dimer formation
iNT_ T vsTT gepsin single-strands 1 and 2, in hairpin overhangs 3
and 4, and in the nonlinked end of hairpin 5. In contrast, the increases
in quantum yield for T T, vs TT steps within the base-paired duplex
domains of 6 and 7 are relatively modest. Our computational model
for TT dimerization replicates the experimental trends and provides a
rationde for the more pronounced sensitivity of single-strand vs duplex
structures to the replacement of a TT step by T, T,.

Chart 1. Structures of (a) TT (2+2) Dimer, (6—4) Adduct, C12
Linker, and Locked Nucleic Acid T, and (b) Dinucleotide 1L,
Single-Strand Oligo 2L, and C12-Linked Hairpins 3L—7L
Containing an LNA T, T, Step; Corresponding Sequences with
Unmodified TT Steps Are Designated 1—7
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Oligonucleotide conjugates containing T, T, steps (Chart 1) were
prepared and characterized as described in the Supporting Informa:
tion. The UV and CD spectra of these conjugates are similar to
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those of the analogous conjugate possessing a TT step, as shown
for 7L vs 7 in Figure S1 (Supporting Information). Melting
temperatures for 3L—7L in 10 mM phosphate buffer (pH 7.2)
containing 100 mM sodium chloride are higher than for hairpins
possessing TT steps (Table S2, Supporting Information), as reported
for incorporation of one or more T, base into DNA duplexes.*®
Solutions containing ca. 1—1.2 uM hairpin in phosphate buffer
were irradiated with monochromatic 280 nm light at 10 °C in 1
cm path length quartz cuvettes. The progress of irradiation was
monitored by high-temperature HPL C, with a detection wavelength
of 260 nm and a column temperature of 60 °C. The long-wavelength
absorption band of 1L is completely bleached upon irradiation,
whereas the bands of the other conjugates are reduced in intensity
but little changed in band shape. The growth of a single product
peak having a shorter retention time than the starting material is
observed for 1L —7L. Representative HPLC traces obtained at 10
min irradiation intervals for hairpin 7L are shown in Figure S2
(Supporting Information). The products peaks have the same mass
as the starting materials and undergo reversion to starting materials
upon irradiation at 240 or 254 nm,** as expected for (2+2)
thymine dimer. The (6—4) adducts previously observed as minor
products upon irradiation of 1 and 7 are not observed in the cases
of 1L and 7L. Theisolated product from hairpin 7L has a value of
Tw = 56.4 °C, lower than that of 7L (60.6 °C). The resulting change
in Ty (ATy = 4.2 °C) is smaller than that for the dimer of 7 (ATy
= 15.4 °C), indicative of enhanced stability for the (2+2) dimer
as well as for the starting material possessing a T T, vs TT step.

Plots of T, T, dimerization vs irradiation time for 1L, 2L, and
6L and their unmodified analogues are shown in Figure 1. In all
three cases, product formation is more rapid for the LNA-containing
sequences. The high conversions obtained for 1L and 2L are
consistent with clean conversion to a single adduct that does not
absorb appreciably at 280 nm. Relative quantum yields obtained
from the initial slopes of these plots are converted to absolute
quantum yields by the method previously described for TT-
containing hairpins.® Quantum yields for (2+2) dimerization of
1L —7L and 1—7 and the ratios of these quantum yields are reported
in Table 1. Vaues for 2L—7L and 2—7 are not corrected for
competitive absorption by nonreactive bases and would be higher
if such corrections were made. Our values for 1L and 1 and their
ratio are similar to those obtained by Desnous et a. using 254 nm
irradiation.” Quantum yields for TT dimerization are known to be
wavelength dependent.*® Even larger enhancements of the quantum
yieldsfor T T, vs TT dimerization are observed for single-stranded
oligo 2L, for hairpins 3L and 4L (which possess double or single
T, overhangs, respectively), and for hairpin 5L (which hasa T, T,
step at the nonlinked end of the hairpin). A more modest increase
in quantum yield is observed for a T, T, vs TT step in the interior
or adjacent to the linker of hairpins 6L and 7L.

Conformational modeling of 1L, 2L, and 5L —7L was carried
out using the CHARMM?* force field with the addition of the
locked nucleic acid parameters from Pande et al.*® as described in
the Supporting Information. Probability densities for the distance
d separating the midpoints of the T T, C5—C6 double bonds in
1L, 2L, and 6L are shown in Figure 2, along with results for the
unmodified sequences. Significantly narrower distributions of d were
seen for al of the locked systems in comparison to the nonlocked
systems, the difference being more pronounced for 1L and 2L than
for 6L. The peak in the probability density for the sequences 1L
and 2L lies at shorter distances (ca. 3.8 and 4.0 A) as compared to
the 4.2 A separation in hairpin 6L. Narrower distributions of the
C5—-C6—C6'—C5’ dihedra angle, #, were aso observed for the
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Figure 1. Relative percentage thymine dimer formation of sequences 1L,
2L, and 6L vs 1, 2, and 6 as determined using HPL C with increasing time
of irradiation at 280 nm as monitored at 260 nm.

Table 1. TT Dimerization Quantum Yields for LNA T, T, -Containing
Sequences 1L—7L and Unmodified TT-Containing Sequences
1-7

1 2 3 4 5 6 7

103Dy 0.95 0.40 0.39 0.38 039 092 11
10 %®ry, 83 6.1 7.4 7.9 4.1 34 4.4
O /Py 9 15 19 20 11 4 4

locked vs unmodified TT steps (Figures S4 and S5, Supporting
Information).

TT dimerization quantum yields were cal culated using the single
criterion d < 3.52 A obtained in our previous study, using the
dimerization quantum yields for (dT)z and (dT).o(dA )2 as bench-
marks.® Conformations that meet this criterion also have restricted
values of the dihedral angle », making a second criterion unneces-
sary. Quantum yields determined by this procedure are reported in
Table 2. The calculated values for the ratios of T, T, vs TT
dimerization replicate the important trends in the experimental data,
namely the large ratios for 1, 2, and 5 and the much smaller ratios
for 6 and 7. Calculated quantum yields for the formation of (6—4)
adducts reported in Table S3 (Supporting Information) are very
low (=05 x 1079 for all of the T.T, and TT sequences
investigated except 7, in agreement with the experimental results.
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Figure 2. Probability densities for the C5—C6 bond separation for T, T,
(red lines) vs TT steps (green lines) in (top) 1D vs 1, (middle) 2L vs 2, and
(bottom) 6D vs 6. The integral of the population density is 1.0.

Randomly selected snapshots of reactive conformations of 1L,
2L, and 6L and their unmodified analogues are shown in Figure 3.
Differences between the locked and nonlocked structures become
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Table 2. Quantum Yields for TT Dimerization from MD Simulations
Calculated with the Cutoff of d < 3.52 A for LNA T, T -Containing
Sequences 1L, 2L, and 5L—7L and Unmodified TT-Containing
Sequences 1, 2, and 5—7

1 2 5 6 7
10 3y 9 23 15 15 09
10 3y, 7, 62 77 317 18 25
D1, /Dy 6.9 3 21 12 2.8

evident upon analysis of probability distributions of helical
parameters (rise, shift, slide, tilt, roll, and twist) between adjacent
thymines (Figures $4 and S5). The T_ T, stepsfor 1L and 1 (Figure
4) and for 2L vs 2 (Figure S5) sample a much narrower range of
values than the nonlocked. Differences in the structures of 6L and
6 (Figure 3E,F) are more obvious and include larger buckle angles
for T_-A (—8° and —16°; nearest to the 5 end) than for the
corresponding T-A base pairs (0° and —4°) (Figure S6, Supporting
Information). Similar large buckle angles are observed in the NMR
structure of a 10-base-pair duplex having a T T, step at midstrand.™®
Smaller differences are calculated for the propeller angle and
opening angle (Figure S6) and the rise, roll, twist, and tilt
distributions (Figure S5) for the T, T, vS TT steps of 6L vs 6. The
A-T base pairs adjacent to the T, T, step in 6L appear to have
normal B-DNA geometries, in accord with previous NMR,*® X-ray
crystal structure,?® and molecular dynamics studies'”*® which show
that the structural perturbation introduced by a single locked
nucleotide is localized.?*

A c D

Figure 3. Snapshotsof TT stacked conformations from molecular dynamics
simulations of (A) 1L, (B) 1, (C) 2L, (D) 2, (E) 6L, and (F) 6. Ovalsindicate
the location of the TT step in structures C—F.

In summary, we observe increases in the quantum yields for
dimerization at T, T, vs TT steps in a single-strand and hairpin
overhangs (Table 1) which are even larger than those previously
reported by Desnous et a.” for the dinucleotides. Molecular
dynamics simulations indicate that the increased quantum yield for
the single-strand sequence 2L is a consequence of amarked increase
in the population of ground-state conformations having geometries
appropriate for dimerization of T, T, vs TT steps (Scheme 1A).
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More modest increases in quantum yields are observed for the T T,
vs TT stepsin hairpins 6L and 7L (Table 1). Molecular dynamics
simulations indicate that the more rigid duplex structure of hairpin
6L prevents the close approach of the reactive double bonds
observed in 1L and 2L and thus alows only a minor increase in
the population of reactive conformations for the T, T, vs TT step
(Figure 2). Presumably the populations of reactive conformations
in the single and double overhang sequences 3L and 4L, which
also show large increases in quantum yield, are similar to those in
single-strand sequences. The increase in quantum yield for 5L vs
5 is intermediate between those for the duplex interior (6L vs 6)
and for the single and double overhangs, suggestive of intermediate
conformational populations for aterminal T_ T, step. The morerigid
structures of the T T, vs TT steps are inappropriate for the
formation of (6—4) adducts or other minor TT photoadducts,
resulting in highly selective formation of the syn (2+2) photoad-
ducts. These results serve to elucidate the photochemical behavior
of T T, steps in single-strand and duplex DNA and to further
establish the importance of ground-state conformation in determin-
ing the efficiency and selectivity of TT dimerization, particularly
in single-strand sequences.
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Supporting Information Available: Experimental Section and
relative percent dimer formation of 1L —7L and 1—7; probability density
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