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Anthraquinone (AQ) derivatives have been widely used as
photonucleases in studies of DNA oxidative strand cleavage.'>
AQ derivatives undergo rapid intersystem crossing to yield
relatively long-lived triplet states that are capable of oxidizing
purine nucleobases.® > Charge recombination in the resulting triplet
radical ion pairs is spin-forbidden, thus offering an advantage over
singlet photooxidants that form singlet radical ion pairs, for which
charge recombination is spin-allowed.® The formation of long-lived
transients assigned to AQ™" upon inter- and intramolecular quench-
ing by nucleosides in polar organic solvents’-* and by duplex DNA
in water® has been reported. However, the quantum yields for AQ-
sensitized strand cleavage are 5% or less.>? Low quantum yields
might result from inefficiencies in the generation of the triplet
charge-separated state or in the subsequent hole migration and strand
cleavage processes. In spite of the extensive use of AQ as a
photooxidase in DNA strand cleavage studies, the dynamics of the
initial photochemical events (intersystem crossing, singlet and triplet
charge transfer, and singlet charge recombination) have not been
reported.

We describe here the results of a femtosecond time-resolved
transient absorption spectroscopy investigation of the dynamics of
charge transfer in DNA hairpin conjugates possessing a tethered
AQ end-capping group (Chart 1). Singlet-state electron transfer is
faster than intersystem crossing in these conjugates, resulting in
more efficient formation of short-lived singlet radical ion pairs than
long-lived triplet radical ion pairs.

(N-Hydroxypropyl)anthraquinone-2-carboxamide (AQ—OH, Chart
1a) was synthesized by the procedure of Gasper and Schuster'®
and incorporated into the oligonucleotide conjugates shown in Chart
Ib and Chart S1 in the Supporting Information by standard
phosphoramidite chemistry. The conjugates were characterized by
MALDI—TOF mass spectrometry and UV and circular dichroism
(CD) spectroscopy (Table S1 and Figure S1 in the Supporting
Information). They form hairpin structures in which the AQ is
assumed to serve as a capping group'® attached to either a
polypurine or polypyrimidine strand (an AQ or AQ’ conjugate,
respectively), and the midstrand GACCC or CCA sequences form
mini-hairpin loops.""'? The hairpin stem regions possess either all
A—T base pairs (AQ—A) or a single G—C base pair located at a
variable distance from AQ (AQ—Gn, n = 1-5). The UV spectra
of the conjugates display a weak long-wavelength band at 340 nm
assigned to the AQ n—s* transition and a stronger band at 260
nm dominated by nucleobase absorption (Figure Sla). The
thermal dissociation profile for AQ—G1 in 10 mM sodium
phosphate buffer (pH 7.2) with 100 mM NacCl (the standard
buffer employed in all of the spectroscopic studies) provided a
melting temperature of 61.9 °C (Figure S1b). The CD spectrum
of AQ—G1 is characteristic of B-DNA structures possessing
multiple A—T base pairs (Figure Slc)."?
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Chart 1. (a) Structures of the AQ Derivative AQ—OH, the Hairpin
Capping Group AQ, Ester AQ—E, and Dyad AQ—An; (b)
Structures of Several AQ- and AQ’-Capped Hairpins
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Transient absorption spectra were obtained using a Ti:sapphire
laser system having a 200 fs instrument response function and an
excitation wavelength of 350 nm.'? The transient spectra for
AQ—OH in aqueous buffer and in methanol (nondeoxygenated)
at delay times of 0—1 ns shown in Figure S2 are similar to those
recently reported by Harriman and co-workers for the AQ triplet
state of the ester AQ—E (Chart 1a).”> The 450 nm maximum and
broad absorption extending beyond 700 nm are formed within the
first 1 ps, consistent with the rise time of 0.4 ps reported for
formation of the triplet state of AQ—E. The long-lived component
of the AQ—OH transient decay is longer than the 6 ns time window
of our measurements (Figure S3).

The transient spectra of the conjugates AQ—GS5 and AQ—G1
at various delay times are shown in Figure 1, and spectra for the
other conjugates are shown in Figure S4 and S5. Bands centered
at 406 and 575 nm are formed during the laser pump pulse. The
single-wavelength decays of these two bands display both short
and long-lived components (Table S2). Within the first few
picoseconds, the 406/575 nm band intensity ratio decreases from
ca. 2.4 to 1.1 and the 575 nm band undergoes a blue shift to 525
nm. A small decrease in band intensity but no change in band-
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Figure 1. Transient absorption spectra for (a) AQ—GS and (b) AQ—G1
in 10 mM phosphate buffer (pH 7.2, 100 mM NaCl).
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Figure 2. Efficiencies of formation and radical-pair decay times of
conjugates possessing neighboring (a) A—T and (b) G—C base pairs. Values
in parentheses are for the AQ’ series. Estimated energies are given in eV
(see the Supporting Information).
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maximum position occurs during the ensuing 6 ns time window of
our measurements. The decay components for AQ—G1 and
AQ’—G1 are somewhat faster than those for the other conjugates,
all of which are similar (Table S2). Thus, the decay times are
primarily determined by the identity of the neighboring base pair
(G—C or A—T).

The two transient absorption bands observed for all of the
conjugates are assigned to AQ™". This assignment is consistent with
the nanosecond transient spectra reported by Armitage et al.® for
an AQ derivative intercalated in calf thymus DNA and by Netzel
et al.® for an AQ—adenine dyad. The blue shift of the longer-
wavelength band that occurs during the first few picoseconds is
attributed to solvent and nuclear relaxation of AQ™"."* The fast
decay of the 406/575 nm band intensity ratio is tentatively attributed
to the decay of the 3*AQ transient, whose absorption band (Figure
S2) overlaps with the 406 nm band of AQ™"

The behavior of the AQ singlet and triplet excited states having
neighboring A—T or G—C base pairs is summarized in Figure 2,
which is consistent with the kinetic scheme proposed by Schuster
and co-workers.”!> The rise times for the 525—575 nm bands
assigned to AQ ™" are instrument-limited (ca. 200 fs), thus establish-
ing that decay of '*AQ is complete within this time window. The
absence of a resolved 450 nm band for **AQ and the fast decay of
the 406/525 nm band intensity ratio indicate that triplet radical pair
formation also occurs on the subpicosecond time scale (Figure 2).
The relative efficiencies of the formation of singlet and triplet radical
ion pairs ('RP and °RP) can be estimated from the amplitudes for
fast and slow decay of the 525—575 nm band. As seen in Figure
2 and Table S2, formation of 'RP is the major process for most of
the conjugates investigated. The preference for 'RP formation is
larger for neighboring G—C versus A—T base pairs and for the
AQ’ versus the AQ series.

The preferential formation of 'RP over RP could be the
consequence of either competing first-order '*AQ decay processes
(as indicated in Figure 2) or reactions of two kinetically nonequiva-
lent conformations. The single-point attachment of the AQ chro-
mophore does not define its location with respect to the neighboring
base pair(s). Both capping and intercalated conformations have been
observed for conjugates having a 5'-tethered stilbene or pyrene.'®
Competing first-order reactions would require time constants of
<0.3 ps for 'RP formation (z,,) and <0.5 ps for intersystem crossing
(Tise) 1n hairpins having neighboring A—T base pairs. The former
value is comparable to the shortest lifetime previously observed
for DNA hairpins having linker chromophores that serve as singlet-
state electron acceptors.'” The latter value is consistent with the
value of 7, = 0.4 ps reported for AQ-E’

The 'RP recombination times (z.;) shown in Figure 2 are similar
to the 2 ps decay time for the dyad'(AQ™"—An™) (Chart 1a).° These

values of 7., are much shorter than the value of ca. 1 ns/base pair
estimated from the rate constants for hole migration in DNA A-tracts.'®
Thus, ultrafast singlet charge separation—charge recombination results
in a substantial reduction in the formation of the long-lived *RP
intermediates responsible for strand cleavage. The values of 7., are
somewhat longer for the AQ’ series than for the AQ series. This
difference may reflect differences in 'RP geometries.

In summary, we have found that singlet charge separation is more
efficient than intersystem crossing in AQ hairpin conjugates when
either A—T or G—C is the neighboring base pair. In fact, the initial
yields of long-lived 3RP are not significantly larger than those for
the long-lived singlet charge-separated states observed in our studies
of stilbene donor—acceptor capped hairpins.'® Thus, the expected
advantage of using a triplet sensitizer for efficient hole injection in
DNA is not fully realized in the AQ—DNA systems we have
investigated. The dynamics of the slower events (triplet hole
migration, radical-pair intersystem crossing, charge recombination,
and reactions of the guanine cation radical) that determine the base-
sequence dependence of the AQ-sensitized strand cleavage ef-
ficiency remain to be elucidated.
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