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Abstract: Quenching of redox active, intercalating dyes by guanine bases in DNA can occur on a
femtosecond time scale both in DNA and in nucleotide complexes. Notwithstanding the ultrafast rate
coefficients, we find that a classical, nonadiabatic Marcus model for electron transfer explains the
experimental observations, which allows us to estimate the electronic coupling (330 cm™') and reorganization
(8070 cm™) energies involved for thionine-[poly(dG-dC)], complexes. Making the simplifying assumption
that other charged, -stacked DNA intercalators also have approximately these same values, the electron-
transfer rate coefficients as a function of the driving force, AG, are derived for similar molecules. The rate
of electron transfer is found to be independent of the speed of molecular reorientation. Electron transfer to
the thionine singlet excited state from DNA obtained from calf thymus, salmon testes, and the bacterium,
micrococcus luteus (lysodeikticus) containing different fractions of G—C pairs, has also been studied. Using
a Monte Carlo model for electron transfer in DNA and allowing for reaction of the dye with the nearest 10
bases in the chain, the distance dependence scaling parameter, §, is found to be 0.8 + 0.1 A1, The
model also predicts the redox potential for guanine dimers, and we find this to be close to the value for
isolated guanine bases. Additionally, we find that the pyrimidine bases are barriers to efficient electron
transfer within the superexchange limit, and we also infer from this model that the electrons do not cross
between strands on the picosecond time scale; that is, the electronic coupling occurs predominantly through
the z-stack and is not increased substantially by the presence of hydrogen bonding within the duplex. We
conclude that long-range electron transfer in DNA is not exceptionally fast as would be expected if DNA
behaved as a “molecular wire” but nor is it as slow as is seen in proteins, which do not benefit from

mr-stacking.

Introduction

Ultrafast electron transfer involving DNA has recently
received considerable attention both experimenitatlyand
theoretically2=1° Electron transfer is important for DNA damage
and repai!~13 and many applications in molecular electronics

are envisage#t~17 In particular, ever since the first studies of
charge transport in DNA8 there has been considerable debate
as to whether electron transfer in a DNA environment is
unexpectedly fast; for a recent review, see Barbara and Glson.
Photoinduced electron-transfer reactions can also lead to DNA
damage, including adduct formatiéhand such reactions might
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intervening medium between intercalated electron donors and
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both with themselves and with the solvent usually determines whereV, is the electronic coupling matrix element, aRds
the secondary and tertiary structure, resulting in a very different the thermally averaged, Franekondon weighted density of
medium for electron transfer. This difference in structure poses states. The expected distance dependen&g @épends on the
the question as to whether electron transfer in DNA behavesoverlap of the relevant wave functions and so falls off
either in the same way as in proteiisn well-defined donor exponentially with the separation of donor and acceptr=
spacetacceptor complexe?,or in neither. [Vol2 exp(=p(r — ro)), wheref is a scaling parameter andhe

The excited singlet states of the bases in DNA are extremely internuclear separation, being the distance of closest approach.
short-lived, that is<1 ps2® and it has been suggested recently Therefore, experimentally, the rate coefficient of intersts
that this may play some part in protecting the molecule from given by k = ko exp(=A(r — ro)). If DNA behaves as a
photodamage by ultraviolet light. However, photodynamic ‘molecular wire” and long-range electron transfer is particularly
degradation of DNA may also be induced by ultrafast redox €fficient, it has been proposed thfats 0.2 A"%37 whereas if
reactionsit 13 and here the phenothiazine family of dyes is €lectron transfer is essentially the same as in a prqteiquid
important2* because the excited states of the dyes are strongly b€ in the range 0.9~ 1.4 A"12! |t should be noted, however,
quenched when they bind near guanine bag&$’ Quenching  that different and possibly competing mechanisms of charge
by adenine should be far slower than by guanine, because theseparation might result from the use of different donors or
oxidation potential of adenine is higher, while quenching by acceptors. First, direct transfer between adjacent donor and
the pyrimidine bases, which lie at still higher potential, is not acceptor will show the expected exponential distance depen-
observed:; that is€° (G) < E° (A) < E° (C) ~ E° (T).222The dence. If there are intervening base pairs, a two center, single-

possibility of proton-coupled, electron-transfer reactions has alsoSteP superexchange model will also depend exponentially on

been the subject of recent experimental and theoretical
attention30-32

The dependence of the rate of electron transfer as a function

of AG has been studied extensively. While a quantum-
mechanical model is often necessary, particularly in the
“inverted” regime, at very short internuclear separation, or in
the strong coupling limi#3-34the classical result due to Maréfis

has explained the majority of experimental observations of
biological electron transfer over as many as 10 orders of
magnitude in rate coefficiedt. Whether nonclassical effects,

such as those produced by delocalization of charge along the

basen-stack in DNA, by strong adiabatic electronic coupling

between electron donor and acceptor or coupling of the reac-

tion coordinate to high frequency, intramolecular vibrational
modes need to be invoked, are the points we address in thi
work.

The rate coefficientky, for nonadiabatic electron transfer is
given by

27|V,|?

A

ko= F(AGA)
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distancé® but with a different scaling parameter and will occur

in competition with direct transfer. A charge-hopping mechan-
ism*38:39 hetween intervening bases, with an apparently weak
distance dependence, could also occur depending on the energy
gaps between the low lying vibronic states of the initially excited
molecule and the vibronic manifolds of the charge-separated
species. Considering electron transfer through intervening bases,
superexchange should dominate when the energy gap between
the donor and the “bridging” states#sksT, while a hopping
mechanism will prevail if the energies of the donor and of each
of the intermediate states are approximately degenerate. In a
hopping mechanism, spectral evidence for population of the
intermediate states should be observable.

Experimentally, optical excitation of an intercalated dye is a
good method by which electrons or holes can be rapidly injected
into DNA strands.2740-42 Alternatively, covalently bound
species have also been used to initiate photoinduced electron
transfer within duplex DNAY43-45 |n particular, Lewis et at
have covalently bound stilbenedicarboxamide to small, synthetic
DNA hairpins and foung to be 0.7 A for the forward electron
transfer and 0.9 Al for the reverse step. It was suggested that
these relatively smaff might be due to the similarity in energy
of the HOMO in stilbene to that in DNA. Jortner et®lhave
studied these synthetic hairpins theoretically and support a
superexchange mechanism for charge separation and an expon-
ential distance dependence of the rate coefficient. In another
study, Wan et af incorporated 2-aminopurine, an isomer of
adenine, into well-characterized DNA assemblies, and a similar

distance dependence to that of Lewis was obsergesd, 0.6
-1
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Table 1. Rggox Active, Blue Dyes Showing Their Reduction the rate coefficient is relatively independent of changeA®)
g?;fenst'ag’fo + Relative to NHE and the Energy of the Singlet allow us to make much safer predictions of the electronic
' A3 N coupling and reorganization energies.
=
j@[n Experimental Section
2N N(R1), Solutions of dye (5:M, Aldrich) in 5 mM phosphate buffer (pH
Thionine, Th: R1 =R2 =R3 =H. = 6.9) containing either [poly(dA-dTj] [poly(dG-dC)} (1.5 mM
Methylene Blue, MB: R1 =R2 = CH,R3 =H nucleotide), GMP, dAMP (100 mM), or DNA (7mM nucleotide) were

studied. Dyes were purified on neutral alumina, recrystallized three
times from ethanol, and dried under vacuum. The purity was confirmed

by NMR and visible absorption and emission spectroscopies. The
N nucleotides and DNAs were used as supplied (Sigma). Binding sttidies
= on thionine with the mono- and polynucleotides and with DNA show

that a very high fraction of the dye is bound. Binding constants are
(e}

Toluidine Blue, Tolb: R1 =R3 =CH, R2=H

N+(CHy), >900 M™* for mononucleotides and M to polynucleotides and
Meldola’s Blue, Melb DNA. There appears to be no particular preference ferGGrather
than A—T binding. Also, there was no spectroscopic evidence for dimers
dye EY%V Ep_oleV of the dye, which can occur at these concentrations in the absence of
thionine —0.038 203 nucleotide. 1:2 complexes are expected to predominate for mononucleo-
methylene blue —0.097 1.83 tides, and, under conditions of low ionic strength, binding to the
toluidine blue —0.04 1.88 synthetic polynucleotides and to DNA is predominantly intercal&fivé.
Meldola’s blue —0.04° 2.03 The nucleotide-to-dye ratio in the polymers was in excess of 30:1 in
all cases and higher still for the DNAs to further favor intercalative
binding.

Recently,.ln_a study of the u ItrqfasteIectron-Fransfer reac_tlons Our femtosecond laser and transient absorption spectrometer is
between t.h'on'ne’ Th (3.,7-d|ammqphenazathlonlum chloride), entirely home-built and has not been described in detail elsewhere. It
and guanine, G, bases in guanosiferbnophosphate, GMP,  cqnsists of a Kerr-lens mode-locked, Ti:sapphire oscillator producing
and poly(dG-dCpoly(dG-dC), [poly(dG-dC), which forms a 13 fs pulses at 800 nm, pumped by 6.5 W from an all-lines, continuous
B-DNA structure, we found both the forward and the reverse argon ion laser (Coherent Innova 310). These pulses are temporally
reaction ratesk; andk;, to be on the femtosecond time scale, stretched and amplified in a regenerative amplifier pumped by an
more than 10 times faster than rotational mofia'e showed intracavity doubled, 2.9 kHz acousto-optically Q-switched (QS27-4SN,
also that it was not a small subset of excited molecules that Gooch & Housego Ltd.), Nd:YAG laser. The pumping chamber

reacted on this time scale, and we explained these measurementsPectron Laser Systems 902TQ) contains a 100 mm long, flash-lamp

of k andk. using a classical Marcus model despite the ultrafast PumPed rod, relay imaged onto a coated (DBAR/16682/PVD/C)
4 x 4 x 7 mm? KTP crystal (Cristal Laser SA) in a-folded

time scale of the reaction. The reaction scheme is configuration. The laser produces two beams of 8.5 W each at 532 nm
o K K when driven at a lamp current of only 14 A, limited by damage to the
Th*:G— Th**G — [Th"G"] — Th":G (1) KTP at this repetition rate.
. . . The regenerative amplifier is a three-mirror cavity containing a fast
In the present WOI‘!(,.WE have studied a range of Int.ercalatlng Pockels cell (Medox Electrooptics) to inject and dump the pulses and
dyes, thionine, toluidine blue, Tolb (3-Amino-7-(dimethyl- 4 20 mm Ti:sapphire rod doped to absorb ca. 90% of the pump light.
amino)-2-methylphenazathionium chloride), and Meldola’s blue, The pulses from the regenerative amplifier (3(X) are compressed to
Melb (7-(dimethylamino)-1,2-benzophenoxazine), of similar 30—-40 fs (limited by gain narrowing, not spectral dispersion) with an
chemical structure and redox potential (Table 1). We have ultimate energy of 15@J/pulse. A combination of high refractive index
extended our experiments to reactions of thionine with 2 prisms (SF10) and unequal groove density diffraction gratings in the
deoxyadenosine-8nonophosphate, dAMP, and poly(dA-dT) stretchgr (1200 L mmt) and compressor (1609 L m) allows the
poly(dA-dT), [poly(dA-dT)p, and to Meldola’s blue and correction of all phase_ t_erms up to and including fourth ofder.
toluidine blue with GMP. We show for the first time that To allow for tuneability of pump and probe wavelengths through

thionine is quenched by DNA over a range of time scales that most of the visible spectrum, we have constructed two independent,
q _ Y . g . noncollinear, optical parametric amplifiers (NOPAs) as pump and probe
depends on the ratio of -&C to A—T pairs in a manner that is

A g . ’ sources. A seed pulse, which is a single filament “continuum” of white
not a Slmp_le sum of guanine and adenlne.quenchlng rates t0jignt generatedri a 1 mmpath of sapphire, is amplified by the frequency
nearest neighbors. We have used three native DNAs, from calfdoubled (in 1 mm LBO) output of the amplifier (12J), in a

thymus (ct) and salmon testes (st), both composed of similar noncollinear arrangement using type | BBO (2 mh= 32°, ¢ =
guanine-to-adenine ratios (quoted as 42% and 41.296€G 90°, AR@400 nm- HT@500-2400 nm, Ingcrys Laser Systems). The
respectively) and from the bacterium micrococcus luteus (mc), pump beam generates a cone of parametric superfluorescence from the
which contains a significantly larger proportion of guanine (72% BBO crystal. The crystal angle is adjusted such that the superfluor-
G—C). The dyes were chosen in the expectation that they should
react with guanine bases on the femtosecond to picosecond timé%)
scale. Quenching of the dyes is due to electron transfer from Eﬁgg
the base to the dye excited singlet state. The single-electron’ " |ndian Acad. Sci., Chem. S@i987 99, 261—271.
oxidation potential of guanine was thought to depend strongly (483 Lobo, M. J.; Miranda, A. J.; Tunon, Electroanalysislo97, 9, 191-202.
)
)

Saito, |.; Takayama, M.; Sugiyama, H.; Nakatani,JKAm. Chem. Soc.
1995 117, 6406-6407.

Sugiyama, H.; Saito, 0. Am. Chem. Sod.996 118 7063-7068.

Guha, S. N.; Moorthy, P. N.; Kishore, K.; Naik, D. B.; Rao, K.®oc-

. . . o X (50) Tuite, E.; Kelly, J. M.Biopolymers1995 35, 419-433.

on its neighboring baséd*¢4’and, therefore, a distribution of  (51) Rohs, R.; Sklenar, H.; Lavery, R.; Roeder, B.Am. Chem. So200Q
g s ; 122, 2860-2866.

electron-transfer rates within DNA might be expected. However, (52) Reid. G. D.. Wynne, K. liEncyclopedia of Analytical Chemistrileyers,

measurements near or at the peak of the Marcus curve, where " R. A, Ed.; John Wiley & Sons: Chichester, 2000; pp 13643670.
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Figure 1. (A) Thionine-[poly(dG-dC)}. (B) Thionine-GMP. (C) Meldola’s blue-GMP. (D) Toluidine blue-GMP (note time scale). (E) Thionine-AMP (note
time scale). (F) Thionine-[poly(dA-dT)] In each plot (a) is the gain signal (670 or 710 nm) and (b) the ground-state recovery (600 nm). We believe that
the oxidized bases contribute to the long-time absorption signal in Figure A(a) and F(a), i.e., when in the B-DNA type environment. The redidimal bleac
the gain signals, B(a) through E(a), is a result of a small overlap of the absorption and emission spectra.

escence shows no spatial dispersion. By directing the continuum beamresolution using a microchannel plate photomultiplier tube (Hamamatsu)
along the cone axis, a large spectral bandwidth from the white light connected to a computer board containing the fast digitization electron-
can be phase matched simultaneod&lfuning the relative delay ics (Becker and Hickl SPC-630).
between pump and seed and controlling the chirp on the seed pulse
change the center wavelength and bandwidth of the amplified light. Results
The result after compression, using a pair of BK7 prisms, is ultrashort
visible pulses tuneable continuously from ca. 480 to 750 nm with a
duration of 10 to 30 fs depending on wavelength.

Samples a 1 mmpath length cuvette were excited with 25 fs,

1. Mono- and Polynucleotides.For each of the dye-
nucleotide or dye-DNA complexes, the excited-state decay has
been monitored through its stimulated emission after excitation
<200 nJ pulses of 600 nm light from one optical parametric amplifier, with 25 fs, 600 nm pulses. To obserye _th's signal, we hgve
focused to a diameter of 100m. The pump beam was chopped Selected wavelengths where there is little or no transient
synchronously (New Focus 3501) at half of the repetition rate of the absorption or ground-state bleaching signal. We chose 670 nm
amplifier. The transient species so-formed were monitored using pulsesfor thionine and Meldola’s blue and 710 nm for toluidine blue
from the second parametric amplifier, also with 25 fs resolution, either where the absorption is red shifted as compared to the other
at 600 nm to observe the ground state recovery, or at 670 nm to recorddyes. In addition, the ground-state recovery was monitored in
the loss of the excited state by the decay of the stimulated emissioneach case at 600 nm. The results are summarized in Figure 1
(gain) signal. Both the central wavelength and the bandwidth of the 544 Taple 2. As shown in Figure 1A(a), the gain signal, probed
pump and probe beams were measured routinely using a spectrography; 670 nm_ indicates that the thionine excited state when bound
and CCD camera. The relative polarization of the pump and probe Was,[0 [poly(dG-dC)} reacts with guanine and is strongly quenched

set either to 54.7(“magic angle”), to remove any contributions from . . L e
orientational effects, or to “O(parallel) and 90 (orthogonal) for with a single-exponential lifetime of 260 fs. The lifetime of

anisotropy measurements by the rotation of a half-waveplate in the free thionine in the absence of the polynucleotide is more than
pump beam. The anisotropy(t), is calculated fronr(t) = [I,(t) — a factor of 1200 longer, 320 §$>°which we confirmed by
a1t + 20:(1)]. TCSPC measurements. Monitoring the transient bleaching at
The probe beam was split into two parts and the intensities measured600 nm, Figure 1A(b) allows one to follow reformation of the
on a pair of large-area photodiodes (New Focus 2031) interfaced to aground state as the reaction products recombine. The signal
PC, to record the difference in absorbana®Q) between the excited  recovers with a single-exponential lifetime of 760 fs, and this
and ground-state species as a function of the relative pymrgbe delay.  decay will represent the return electron-transfer liqt@ecause
A AOD of =107 could be measured by averaging fos ateach time the measured forward rate is an average of rates to two guanine

delay. Typically, 26-60 scans were averaged to remove long-time drifts bases in both the mono- and the polynucleotide studies, the
in pump energy. We estimate the error on the measured lifetimes to be. '

1504 intrinsic rate ks, for quenching of the dye will be reduced by a
The stimulated emission decay rates were confirmed where possiblefactor of 2; hOW‘?Ver' this will not affect the return ratfe b?cause

by fluorescence measurements using time-correlated, single photon®ly One base in each complex is reduced. The lifetime for

counting (TCSPC). The laser source was a cw-modelocked, Nd:YAG thionine quenched by poly(dG-dPply(dA-dC), where the

laser (Spectron Laser Systems), synchronously pumping a cavity-

dumped dye laser. Fluorescence decays were recorded with 40 pg54) Archer. M. D Fereira, M. 1. C.; Porter, G.; Tredwell, CNbuw. J. Chim
(55) Yam’az’aki, I.; Tamai, N.; Kume, H.; Tsuchiya, H.; ObaR&. Sci. Instrum.
1985 56, 1187-1194.

(53) Wilhelm, T.; Piel, J.; Riedle, EOpt. Lett.1997 22, 1494-1496.
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Table 2. The Lifetimes for Charge Separation,z;, and Recombination, 7,2

dye-nucleotide 7lps 7/ps kips—t kilps—t AG{eV AGleV
thionine-GMP 0.88 1.2 0.57 0.83 —-0.42 -1.61
thionine-[poly(dG-dC)] 0.26 0.76 1.92 1.32 —0.47 —1.56
thionine-poly(dG-dT)poly(dA-dC) 0.46 2.5 2.17 0.40 —0.47 —1.56
Meldola’s blue-GMP 0.45 0.83 1.11 1.20 -0.41 -1.62
toluidine blue-GMP 2.8 5.0 0.18 0.20 —0.26 -1.62
thionine-dAMP 54 >2500 0.0093 <0.00004 —0.03 —2.06
thionine-[poly(dA-dT)} 110 >2500 0.0045 <0.00004 —0.03 —2.06

aThe intrinsic rate for forward transfek;, is 1/(2rr) excepting for the poly(dG-dTpoly(dA-dC) result where there is only a single guanine in contact
with the dye. The driving force of the forward electron-transfer steff@ = Eg — Ep — Ep—¢ and the returnAG; = Ep — Eg, whereEg is the oxidation
potential of the base (donorfp is the reduction potential of the dye (acceptor), &ado is the energy of the excited singlet stafie; is taken to be 1.53
eV in [poly(dG-dC)}, 1.58 eV in GMP, andEa 2.03 eV. The Born correction term can be ignored in aqueous solution.

measured rate is an average of reaction with a single guanine 0.20

only, is 460 fs (not shown), roughly as expected. Similarly, I AN

Figure 1B(a) shows that with the mononucleotide, GMP, the 0.15 = .

excited-state lifetime is 880 fs, and the bleach recovery (b) is > T R

1.2 ps. Meldola’s blue is also quenched on the femtosecond % 010 ST

time scale by GMP. The excited-state loss, measured at 670 % 005 |

nm, occurs with a single-exponential lifetime of 450 fs, Figure e " ®

1C(a) and the ground-state recover with a lifetime of 830 fs < 0.00 4+ o

(b). For toluidine blue, Figure 1D, the loss of the gain signal I

occurs with a 3.5 ps lifetime (a), and the ground-state recovery 0.05 ————— T —

at 600 nmis 5.0 ps (D). 0 100 200 300 400 500
In contrast to guanine, each dye is quenched much more Time delay / ps

slowly by adenine. Thionine is quenched by dAMP (Figure 1E) g6 2 Thionine-[poly(dA-dT)} anisotropy at 600 nm. Inset: (a) parallel
with a lifetime of 54 ps (a) and 110 ps by [poly(dA-dT)Figure and (b) orthogonal relative puragrobe polarization signals are shown on
1F(a). The recovery of the ground state from the thionine- the same time scale. The anisotropy decay fits to a single-exponential decay
adeniné transient species is too slow for us to record accurately. ©f 200 PS plus background.

We estimate a decay time af2500 ps for both dAMP and
[poly(dA-dT)], complexes, Figure 1E(b) and F(b). It is also
possible that a small fraction of triplet state contributes to the
bleach signal at long time. Fluorescence lifetime measurements
confirm the rate of loss of the thionine singlet state, and this
avoids any ambiguity as to the origin of each component, since

the short decay is also observed in the bleach signal. We also 2- PNA. Figure 3 shows that thionine is also quenched very
see no evidence in the fluorescence decays for unusually long-fficiently by DNA. However, in contrast to [poly(dG-dG)]

lived thionine similar to that reported by Fujimoto etS&ffor the decay is not a single exponential, reflecting the range of
methylene blue in calf-thymus DNA. We note, however, that different intercalation sites. For example, in the case of both
the high fraction of long-lived fluorescence quoted in that work C"’?If thymus ‘f’md salmon_testes DN_A’ approximately 7_0% of the
will be overestimated owing to the limited resolution of the time- thionine excited state disappears in 1 ps, the rest with roughly
correlated, photon counting measurements. The short time decay? 30 PS lifetime with a very small fraction of unquenched dye.

is ca. 4 p& rather than 25 ps as reported. We would expect | nionine is quenched still more efficiently by DNA from
that the additional stabilization conferred by the possibility of Micrococcus luteus where almost 90% of the dye is quenched

hydrogen bonding to the exocyclic amino groups in thionine within 1 ps. These da_ta cannot b_e f'_t at;lequately to a simple
would enhance intercalation as compared with methylene blueSUmM of two expo_nentlal decays |nd|_cat|ng that the forward
and, hence, reduce the fraction of unbound dye. ele_ctron tran:_sf(_ar is more comple>_<. Fltyng the early decay_ to

There is no spectroscopic evidence for binding of thionine estlmate the initial rate .of.quenchlng gives 260 fs for reaction
to 2-deoxycytidine-5monophosphate, dCMP, or thymidine- With ct- and st-DNA (a similar decay to that for [poly(dG-d;)]

5-monophosphate, dTMP, nor do we observe quenching of the Which has only a slightly higher fraction of guanine) and 206
dyes by the pyrimidine bases. fs with mc-DNA, indicative of a faster quenching mechanism

Figure 2 shows the anisotropy decay at 600 nm of thionine as the fraction of guanine increases. In the latter case, we believe
bound to [poly(dA-dT)}. The initial anisotropy at = 0 is 0.2, that quenching by guanine dimers must be considered, and this

which decays to a value of 0.09 with a single-exponential IS discussed below.
lifetime of 200 ps. This is indicative of constrained rotational
motion of the dye within the B-DNA type complex. Knowing
that reaction occurs with a lifetime of 110 ps in this complex, 1. Energetics. Nonadiabatic electron transfer has been
we can say that rotational reorientation is not limiting and is €xplained by Marcus and Sutfrwho related the rate coefficient,

uncorrelated with electron transfer in the polynucleotide com- Ko, to the reaction driving force/AG, and the reorganization

plex. We have also measured a long anisotropy decay of ca.
400 ps for thionine bound to ct-DNA. These observations lead
us to a different interpretation of our data than that given by
Fiebig et aP? for ethidium-ZTP, where rotational motion was
proposed to limit the electron-transfer rate.

Discussion

(56) Fujimoto, B. S.; Clendenning, J. B.; Delrow, J. J.; Heath, P. J.; Schurr, J. (57) Fiebig, T.; Wan, C.; Kelley, S. O.; Barton, J. K.; Zewail, A.PPftoc. Natl.
M. J. Phys. Chem1994 98, 6633-6643. Acad. Sci. U.S.A1999 96, 1187-1192.
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Figure 3. Loss of the thionine singlet state (normalizedttd immediately
after the laser pulse) at 670 nm when bound to calf thymus, ct- (circles),
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Figure 4. Classical (dashed line) and quantum (solid line) fits to the data
given in Table 2. Key: thionine (Th), Meldola’s blue (MelB), toluidine

salmon testes, st- (squares), and micrococcus, mc-DNA (crosses). Inset ishlue (TolB), [poly(dG-dC)} (GC), [poly(dA-dT)h (AT). The data for

the same data on al to 4 ps time scale.

energy of the reactants plus solvebtas

o=+ 4 T|vo|2exp(—(AG+A)2/(4Akm) 2

JAmikg

Ulstrop and Jortné? also derived the nonadiabatic rate coef-
ficient, kg from a quantum viewpoint, using a sum of vibra-
tional promoting modes while treating the solvent classically
(so that the vibrational frequencies of the solvent are small in
comparison tkgT). If each promoting mode of frequenay;,

has a reduced mags, and the displacement between potential
surfaces isAQ, the rate coefficients, is

4\7_[2
hy/4mikg T

whereF is a complex function of the variables shown.
Despite the ultrafast time scale for some of the electron-

ks = Vol ’F(AG,0,AQ) 3)

ethidium (Et) are from Fiebig et &/, and methylene blue (MB) from Tuite
et al2” For the classical fit we usetl= 8070 cnt! and|Vo| = 330 cnTl.
For the quantum fit, we used a single promoting mode of 1000'c@an
displacementAQ, of 0.05 A, which gives|Vo| = 310 cnt! and the
reorganization energy = 8000 cnt?.

This difference was reported to be the result of experimental
complications in the earlier studies. Throughout this paper we
have taken GMP to be 1.58 V,-& to be 1.53 V, and A to be
2.03 V; G-C is slightly lower than the free nucleoside as
predicted by calculatiot? As far as we are aware, there is no
data for the distribution of adenine redox potentials with their
environments.

Accurate parameters from eq 2 require rate data both close
to the maximum on the Marcus curve as well as on longer time
scales, and here the fast rates we have determined using thionine
are very important. Because time constants greater than a few
picoseconds will depend very strongly on redox potential, the
fast rates which lie quite close to the curve maximum, where
the gradient is smaller, will be the most reliable in determining

transfer reactions, we will analyze our data using these two the coupling and reorganization energies. The solution of eq 2,

models, which rely on equilibrium energy gap fluctuations. For

using the measured forwarkk, and returnk,, rates from the

the sake of argument, we will assume that the excited-state thionine reaction with [poly(dG-dCy] gives4 = 8070 cnt!

population rapidly reaches thermal equilibrium, whereas, in
reality, thermal equilibration will occur in parallel with electron

and |Vo| = 330 cnt! at 298 K. Figure 4 shows the Marcus
curve derived from these values, onto which are superimposed

transfer for the very fastest processes. Excitation at 600 nm wasthe other rate coefficients tabulated in Table 2. We can also

low in S;, and the bandwidth of the excitation pulses was
restricted to ca. 700 cnd to minimize population of high lying
vibrational states.

extend this argument to previously published data from meth-
ylene blué® and ethidium-ZTP experiments? It may be
observed that once again the fit is reasonable, probably because

To estimate accurate values for the reorganization energy andthese DNA intercalators, like thionine, are charged and aromatic,

the electronic coupling strength, we require redox potentials for
the nucleobases. Steenken and Jovardvimve recently
redetermined the oxidation potentials;, of the nucleosides

and we suggest that they are each stabilized by similar

mr-stacking interactions. Therefore, to a first approximation we

might expect both the electronic coupling energy and the

by pulse radiolysis and give 1.58 V for free guanosine and 2.03 réorganization energy involved to be much the same. Given that

V for adenosine, both of which are considerably higher than
those values given previously, 1.33 and 1.73 V, respectiieéh;.

both the forward and the return reactions involve charged species
in the reactant or product states, it seems reasonable to assume

(58) Ulstrup, J.; Jortner, J. Chem. Phys1975 63, 4385-4368.
(59) Jovanovic, S. V.; Simic, M. Gl. Phys. Chem1986 90, 974-978.

(60) Jovanovic, S. V.; Simic, M. GBiochim. Biophys. Actd989 1008 39—
44,
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that the reorganization energy for the forward and reverse guanine base being neighbor to each of the nucleobases, that
reaction is also similar. These two assumptions appear to beis, GA, GC, GT, and GG. This average rate we might expect to

supported by our data.

Figure 4 (solid line) shows a fit to the nonadiabatic, quantum
model from the equation quoted by Harrison e%alsing a
single promoting modey, we obtain the best fit using a very
small displacement between reactant and product potertials,
of 0.05 A. The effect of coupling to high-frequency promoting
modes is to slow the falloff in rate coefficient with increased
driving force in the ‘inverted” regime (i.e., whenAG > 1).
This small displacemeniAQ, means that the fit is relatively
insensitive to the frequency of the promoting mode between
ca. 106-1000 cntl. From the best fit, usingg = 1000 cn?,
we again find that the electronic coupling matrix elemafgt,
is 310 cnt! and the reorganization energy= 8000 cnt™.

The data we have are well described by this model (i.e., that

of a thermally driven reaction from the relaxed excited state of
the dye). The rate of vibrational relaxation in the excited state
will be similar to the measured rate of forward transfer in [poly-
(dG-dC)p. Perhaps more surprising than the fit to the fastest
rates is the rapid (parabolic) falloff in rate coefficient in the
inverted regime. We might have expected this rate to fall off
more gradually from previous measurements of bound denor
acceptor complexe®.This observation dictates a fit that is, for
the most part, classical, and it follows, therefore, that the
coupling to high-frequency vibrations is negligible and also that
the possibility of adiabatic electron transfer need not be
considered.

2. DNA. If the lifetime of the thionine excited state in DNA

were to depend only on the purine base in contact with the dye,

then the decay profile would be biexponential decay with
lifetimes of <1 ps and ca. 110 ps representing reactions of the

be an estimate of the early-time signal in the DNA experiments
if the ab initio predictions of Sugiyama and Séftof the relative
oxidation potentials are accurate. We find, however, that this
does not seem to be the case, although the trend is in the right
direction; the same conclusion has been drawn in recent
experimentd! and theoretical work? The average calculated
initial rate, kg, in st-DNA is 6.1 ps! and in mc-DNA is 9.4
ps L. The initial rate observed in mc-DNA (4.6 P$, where a
high fraction of GG species should be expected, is also only a
little faster than transfer to GC in [poly(dG-dG){3.8 ps?)
where all dyes have only GC neighborsEff (GG)= 1.50 eV,

we calculate initial rates in mc-DNA of 4.3 psand 4.0 ps!

in st-DNA, somewhat closer to the experimental values.

The fact that these Marcus parameters predict increased rates
for multi-guanine sequences gives us extra confidence in
Steenken’s higher redox potentials. Reanalysis of the mono-
and polynucleotide data, using the lower potentials quoted by
Burrows and Mullei? yields parameters that predict the opposite
trend, that is, a falloff in rate as guanine content increases, since
the forward rate from the [poly(dG-dG)gxperiments appears
almost exactly at the maximum on the curve, and the GG redox
potential pushes the calculated rate into the “inverted” regime.

Monte Carlo Simulation. The absence of a 110 ps compon-
ent in the quenching of thionine by DNA (Figure 3) is due to
the influence of guanine molecules further away from the dye
than the nearest neighberthese we call the distant guanines.
Assuming that the nucleobases are randomly distributed in any
DNA and within a superexchange mechanism for electron
transfer (with its associated exponential distance dependence),
we used a Monte Carlo model to simulate the full decay of the

dye with either guanine or adenine, that is, in a ratio determined gain signal- the forward electron-transfer process. We require

by the GC:AT ratio of the DNA. However, it is clear that our

a model that contains at least two adjustable parameters, the

data cannot be explained in this fashion because we see’€dox potential of guanine dimers, so as to fit the initial decay
multiexponential behavior, and an increase in initial rate as the and the distance scaling paramefern addition, Wan et .

fraction of guanine is increased, Figure 3.
It is most insightful to analyze the gain data to simulate the

observe in their studies of the 2-aminopurine reactions that the
rate of electron transfer through pyrimidine bases to distant

forward electron-transfer reaction rate, since this requires the 94anine is reduced as compared with that of adenine intermed-
fewest number of adjustable parameters. First, we consider the/2€S: and we, therefore, require at least a third parameter to
short component of the decays and estimate the initial rate for 2cc0unt for this behavior. . . .
dyes quenched by neighboring guanine. The rate coefficients A Single dye molecule was situated in the center of a chain
for quenching by guanine sequences were calculated from thef 10 base pairs as shown in Figure 5, which were assigned at

Marcus eq 2, using the reorganization and electronic coupling "andom but weighted according to the known GC:AT ratio of

energies obtained from the polynucleotide studies=(8070
cm1, Vo = 330 cnT?). Reduced oxidation potentials of multi-

the DNA under study. Each base was assigned a nonradiative
rate coefficient according to the polynucleotide studies. Ac-

purine sequences should result in more rapid quenching of thecordingly, single guanine bases hawe= 1/(2 x 260 fs)— ki,
dye as compared with GC, as these rates are shifted closer tdVhere ki (1/320 ps) is the radiative rate. Multiple guanine

the maximum on the Marcus curve.

The HOMO of 3-GG and 5GA dimers is thought to localize
on the 5G in a purine stack, thus increasing the probability of
oxidation at that positioff4” Ab initio molecular orbital studies
have been used to estimate the associated redox potéftials.
UsingE° (GT) =1.54 eV,E° (GC)=1.53 eV ,E° (GA) =1.38
eV, E° (GG) =1.20 eV, that is, values based on Steenk¥&n’s
potentials corrected according to Sditagives kg (AGgg) =
19.4 ps?, ko (AGga) = 2.6 psL, ko (AGgc) = 1.9 pst, andky
(AGgt) = 1.7 pst. The average rate for guanine quenching,
ks, will depend on the fraction of 6C pairs in the particular
DNA, ke = Y Pggko(AGgg), WherePgg is the probability of a

5524 J. AM. CHEM. SOC. = VOL. 124, NO. 19, 2002

sequences are treated such that tieHasksg, calculated from

eq 2 usinge® (GG), and the others are assumed to be the same
as a single guanine, in accordance with Sistare &/tlenine
bases havés = 1/(2 x 110 ps)— k;, and the rates for C and

T transfer,kct, are assumed to be negligible, that is, slow as
compared to the fluorescence lifetime, given that we saw no
guenching in the mononucleotide experiments. The distance
dependence of the electron transfer was generated drom

(61) Lewis, F. D.; Liu, X.; Liu, J.; Hayes, R. T.; Wasielewski, M. R. Am.
Chem. Soc200Q 122, 12037-12038.

(62) Conwell, E. M.; Basko, D. MJ. Am. Chem. So2001, 123 11441-11445.

(63) Sistare, M. F.; Codden, S. J.; Heimlich, G.; Thorp, H.JHAm. Chem.
S0c.200Q 122, 4742-4749.
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in the bridge. This is shown in Figure 5 where the crosses are

1
4 3 2 1 0 indicative of the coupling “defects” in the strands. Consequently,
. .@né)ué)@xé)n

2
n 0 1 2 3 4
._ é) @ @ é) the total coupling through the bridge in our model will be a
P X )z i) ) = =+ product of these parameters;< 1 reducesVo|2 in eq 2 and

ﬁ hence also the rate coefficiet, when the bridge contains a

. @II@II@:@@X !I@x@ll@ll@ll@- .- mixture of A with C or T. The pyrimidine bases thus shield the
'- dye from distant purines.

4 3 2 1 0 n 0o 1 2 3 4 We divide the total quenching rate coefficient into the sum

3 4 of four parts, which correspond to the four “segments” labeled

Figure 5. Duplex model for the calculation of the quenching rate of thionine .1_4 ir.‘ Figure 5, that is:. bgth toward and away from theidd .
by DNA by a Monte Carlo method. The bases were assigned at random in a single strand and in its complement. The total quenching
_?_Lr‘]t tfhe" number ‘;"‘?,'ghtﬁdﬁcgfg'“ght_ort]heeiA_T E}F'O %f the DNA. . rate coefficientkseq in each of these segments is simply the

e four “segments” are labeled-2, which are runs of five bases on eac - . g
strand in either direction from the dye. The dye is assumed to be in van der SUM of the _rate coefficients for quenching by each individual
Waals contact with its neighbors. The coupling of the dye to distant bases base at a distance of x 3.4 A,
depends on the intervening species with a reduction in strength for each
break in the sequence. These coupling “defects” are multiplicative and are m n
indicated by crosses between the bases, while the solid black lines indicate _
efficient coupling between bases of similar energy. kseg_ ( (kngnucn)) (5)

=

exp(=/£3.4n), wheren = 0—4 is the number of base pairs away ) o
from the dye in each direction, and 3.4 A is the edge-to-edge Whereka is the nonradiative rate for each bake, kg, ka, or
unit of separation of the dye from the nearest and subsequent<ct &t positionn, mis the furthest base from the dye in the
bases. (X-ray crystal data of intercalators in the Brookhaven S€gment (i.e., when = 4), g, is the distance scaling factor,
data banf* show that the distance of base to base in DNA is €XP(/33.4n), andc, are the coupling parameters. The total decay
not strongly affected by the intercalating dye.) was then calculated according to eq 6,

Because we have no experimental data for quenching by the 1 .
pyrimidine bases, we treat them as “spectators” in the electron- _
transfer process. The binding data of Tuite and K&lfyjom I = TZ exp(tlk + Zlkseg) (6)
studies of the absorption spectra of the phenothiazine dyes bound ' e
to. mono- and polynucleotides show no evidence for interaption for i repeated calculations, typically 50 000.
with dCMP or dTMP, and, therefore, we expect the predominant While all three parameters, E° (GG), andc, describe the

n—staqklng |r(;te|2act|_on |n_”DI;]IA to be with the purine bz?js_es. data in detall, for the purposes of discussion the decays can be
Cytosine and thymine will, however, appear as intermediates ;e in three parts. The initial decay is primarily due to the

between the dye and distant guanines, and we must considet, o aqe rate of guanine quenching by nearest neighbors in the
the coupling of the dye to these bases through the bridge, takingp\ A “\hich will depend on the relative redox potentials and

:;to accouEt the.rela}tlve e6nesrg|es of t::e purlni gnd pynm;f@pe concentrations of the guanine species present, as discussed
PAsEs as shown In Flgur_e - Superexchange will be mo_st efficient,pove. A slower component, the 30 ps lifetime in the st-DNA
if the energies of the intermediate species are similar, and

. 'data, is determined largely Hand is due to transfer to distant
therefore, we should not expect a random mixture of bases 10y, anine. while the reduced coupling owing to the bridge defects,
make a partlgular efficient brldg_e. Some_ theoretical wor!< exists ¢, influences the remainder of the long-time component of the
on the magnltud.e of the coupling matnx elemefts; which decay. We obtained the best global fit, shown in Figure 7, to
predict that adenine bases are a barrier to electron transfer. Thesg1e st-DNA and mc-DNA data using a least-squares method,
calculations are, however, unable to explain the experimental calculating a weighted, reduced for both decays simulta-
observations of Wan et &l. ~ neously was varied from 0.5 to 1.@, from 0.05 to 1, and®
The coupling elemenf[()),, between donor and acceptor, in (GG) from 1.45 to 1.55. This analysis yields the three
McConnell's original formulation of the superexchange mégi#, parameters; = 0.8+ 0.1 AL, the redox potentidE® (GG) is
appears as a product of individual tunneling integrajs.s, 1.50+ 0.01 eV, significantly larger than that predicted by the
between the degenerate donor and acceptor of enésgy.and molecular orbital calculations, and the coupling parameter,
the n nondegenerate bridging orbitals of energy, is 0.20+ 0.05. The error on the redox potential is small since
N . this appears in the exponential in the Marcus equation and is,
™ — i+l @) therefore, relatively sensitive. We do not beliel® (GA) is
DA significantly different frome® (GC) for the same reason. The
errors given represent the precision within the limits of the redox
potentials we have used rather than the accuracy, which will
be dictated by the limits of Steenken’s measuremé&h@ur
model takes account of both the fast and the slower components
in the decay over 3 orders of magnitude in time and intensity
(64) Kielkopf, C. L.; Erkkila, K. E.; Hudson, B. P.; Barton, J. K.; Rees, D. C. ~ While returning g3 value that is consistent with the results on
(65) 'U%Ttyﬁtkr” Y E!?Ij%(i?rger?bl.;léigr}f M.: Rosch, Nl Chem. Phys2001 the small and well-defined oligome#s:%®
114,5614-5620.

(66) McConnell, H. M.J. Chem. Phys1961, 35, 508. (68) Lewis, F. D.; Wu, T.; Zhang, Y.; Letsinger, R. L.; Greenfield, S. R;
(67) Todd, M. D.; Nitzan, A.; Ratner, M. Al. Phys. Chem1993 97, 29—33. Wasielewski, M. RSciencel997, 277, 673-676.

= ED,A B EBi+1

We, therefore, introduce a coupling parameter; 1, between
adjacent, similar bases (either purine or pyrimidine),dgt 1
between dissimilar bases indicating a region of reduced coupling
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Figure 6. Electron transfer via superexchange from a nucleobase to the thionine excited state. If a bridging base is higher in energy (here C or T vs A),
efficient coupling through the vibronic manifolds of an inhomogeneous sequence will be reduced in comparison with that in a bridge consistiAg only of
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Figure 7. Data and results of a Monte Carlo simulation of the forward  Figure 8. st-DNA vsj in the absence of the coupling defect paramater (
electron-transfer rates in DNA. We show global fits to the DNA from salmon = 1). The thickness of the solid line is indicative of the signal/noise ratio
testes (41.2% &C, squares) and to DNA from micrococcus luteus (72%  of the data. Note the linear-log scatethis best shows deviations of the fit
G—C, circles) using our reduced coupling mode|.the electron-transfer in the region of the turnover from fast to slower quenching. The Iigh
distance parameter, is 0480.1 A-%, and the coupling parameter is 0.20 values also underestimate the fraction of short decay, which is not so clear
0.05. The noise in the mc-DNA data is due to the small amount of DNA on this scale.
we had available. The data and fit are scaled-fbatt = O ps.

Table 3. Calculated Quenching Rates of Thionine by Guanine, for

Because the product of coupling integrals in eq 4 leads to an Nearest Neighbor and Next Nearest Neighbor Species?

exponential distance dependence, our model can be thought of sequence E° (G)leV Ic, ratefps
as an electron-transfer process that has many value8 of dye-G 1.53 1 1.9
depending on the exact structure of the bridge. For example,  dye—(G-G) 1.50 1 2.6
the reduced rate to a guaninerat 1 through a single C or T dye-A-G 1.53 1 0.13
base falls off markedlyg is ca. 1.75 AL We observe that dye-CIT—-G 153 0.04 0.005
ase fa Y - L - dye—space-G 1.53 b 0.009

electron transfer (or hole transfer) into DNA segments is less
efficient when the superexchange bridge is composed of mixed ""I“ =b0é$]; G ri]S fgl;aninrﬁ at:jaCﬁn_t tothQ L{FOF ?, :mr(]HG) irS a %Uininer t
bases, and, in this respect, the pyrimidine bases can be thOUghﬁ#ﬁfgﬁ Spaoc‘g” 3'2 A‘foasgﬁn']s"?g alstypi%am! 504 ;ﬁi’, superexchange) rate
to act much more like insulators within the DNA chain.

As a test of our model, Figure 8 shows the effect of removing A~! while holdingc = 1 andE°® (GG) = 1.5 eV produces
the coupling parameter from the model, that és= 1, as significantly poorer fits than those shown in Figure 7.
compared to the st-DNA data, such that bridge defects do not Table 3 gives the calculated quenching rate of thionine by a
shield distant purines from the dye. We have made a linear-log single neighboring guaninds (1.9 psl), or guanine dimer,
plot in this instance, which emphasizes the shape of the decaykss (2.6 ps?). If the dimers are only ca. 30 mV lower in
in the region of the changeover from nearest neighbor quenchingoxidation potential than other guanine species, the quenching
to distant quenching. Varying systematically from 0.2 to 1.4  rate increases by a factor of 1.3. Also given is the quenching
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rate for thionine separated from a guanine base by a singleWe find a distance dependeng®= 0.8+ 0.1 A~%) which is
adenine (0.13 p3g) as compared with coupling through one of  similar to values obtained by Lewis et®land, independently,
the pyrimidines (0.005 pd) a factor of 26 smaller and by Wan2 Our model requires a higher redox potential for
comparable to direct transfer (nonsuperexchange) over 3.4 Aguanine dimers than has been predicted previously from ab initio
assuming & of 1.4 A-1, that is, more typical of a “normal”  calculations'¢47 but it is in line with other recent reporé:52
environment. For the sake of clarity, we did not include direct The predictions of lower redox potentials for the guanine dimers
transfer in the model, but the small fraction of extra quenching were based on the observation that oxidative strand cleavage
by the direct route would have the effect of reducing little often occurs at multi-guanine stacks. Our results would not
further. necessarily contradict these experimental reports; we would
Our model clearly predicts that there is some degree of merely conclude that those processes do not occur on a
restriction on the pathways to electron-transfer products due topjcosecond time scale. Once an isolated hole is present in a
the high energy of the pyrimidine bases. This also leads us to DNA strand, it may of course migrate as described, for example,

the conclusion that interstrand coupling through the hydrogen py Gies&® who reports the possibility of trapping at multi-
bonds must be negligible as compared with coupling through gyanine sites.

the -stack. If cross-strand electron transfer were possible, the
electron or hole might be thought to “zigzag” between segments,
finding the nearest guanine, and again this would result in overly
rapid quenching. This conclusion is in broad agreement with
the observations of Lewis and co-work&tsat the electron does
not cross strands on a picosecond time scale.

We also infer that the high energy of the pyrimidine bases
significantly affects the efficiency of electron transfer in DNA.
The effects of inhomogeneity via site and energy disorder on
electron-transfer rates in real DNA, as compared to the much
better defined oligomers used in the studies of Lewis and of
Wan, do not appear to influence the measygery strongly;
Conclusions that is, the primary limit to the rate of electron transfer in

Electron transfer between charged, intercalating dyes andsuperegcha.nge is the energy difference between adenine and
DNA has been described using the classical Marcus descriptionthe pyr|r_n|d|r_1e bases. We also infer that the supgrexchange
as well as a nonadiabatic, quantum model. We estimate thatMechanism is not enhanced by the hydrogen bonding network
the electronic coupling energyo|, is ca. 330 cm!, and the but only by thez-stack.
reorganization energy is ca. 8070 chfor both forward and
reverse reactions. The coupling strength is a little large, relative
to kgT, to be strictly in the nonadiabatic limit, and the fastest
rates will occur in competition with vibrational relaxation in
the eXC't.ed state, but, nevertheless, we find Fhe Mz_ircus equ"j"tlonBerkeIey Fellowship from Trinity College Dublin. D.A.T. is a
able to fit these data over4 orders of magnitude in rate. We

. . . . SCI Messel Scholar.
also observe that rotational reorientation of the dyes is uncor-
related with electron transfer. JA0172363

We bring together recent observations from synthetic DNA

oligomers and show that the results are general to natural DNAS.(69) Giese, BAcc. Chem. Re00Q 33, 631—636.
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