Acc. Chem. Res. 2001, 34, 159—170
|

Dynamics of Photoinduced
Charge Transfer and Hole
Transport in Synthetic DNA
Hairpins

FREDERICK D. LEWIS*
ROBERT L. LETSINGER, AND
MICHAEL R. WASIELEWSKI

Department of Chemistry, Northwestern University,
Evanston, Illinois 60208

Received August 1, 2000

ABSTRACT

The dynamics of photoinduced charge separation and charge
recombination processes in synthetic DNA hairpins have been
investigated by means of femtosecond transient absorption spec-
troscopy. The driving force and distance dependence of charge-
transfer processes involving singlet acceptors and nucleobase
donors are consistent with a single-step superexchange mechanism
in which the electronic coupling between the donor and acceptor
is strongly distance dependent. The dynamics of reversible hole
transport between a primary guanine donor and nearby GG or GGG
sequences has also been determined and establishes that these
sequences are very shallow hole traps.

Introduction

The hydrogen-bonded base pairs which constitute the
core of duplex DNA form an extended one-dimensional
m-stacked array with an average stacking distance of 3.4
Al This ordered structure is found nowhere else in nature
and thus has a special fascination for both biologists and
chemists. The possibility that the z-stacked base pairs of
DNA might serve as a pathway for charge transport was

Frederick D. Lewis was born in Boston, MA. He received his B.A. degree from
Amherst College in 1965 and his Ph.D. from the University of Rochester in 1968.
Following a postdoctoral appointment at Columbia University with N. J. Turro,
he joined the faculty of Northwestern University in 1969. He is currently serving
as President of the Inter-American Photochemical Society. His research interests
are focused on the relation between photochemical behavior and molecular
structure in systems ranging from small molecules to DNA.

Robert L. Letsinger was born in Bloomfield, IN. He received his B.S. degree in
1943 and his Ph.D. in 1945, both from MIT. He joined the faculty of Northwestern
University in 1946 and is currently Clare Hamilton Hall Professor, Emeritus. He is
best known for his pioneering studies in solid-phase synthesis and nucleic acid
chemistry. His achievements have been recognized by election to the Nation
Academy of Sciences and numerous awards, including the American Chemical
Society A. C. Cope Scholar Award. His current interests include nanotechnology
and its applications to DNA diagnostics.

Michael R. Wasielewski was born in Chicago, IL. He received his B.S. degree in
1971 and his Ph.D. in 1975, both from the University of Chicago. Following
postdoctoral studies with R. Breslow at Columbia, he joined the scientific staff
of the Chemistry Division of the Argonne National Laboratory. In 1994 he joined
the faculty of Northwestern University, where he is Professor of Chemistry. He
held a joint appointment at Argonne until 1999, when all of his research activities
moved to Northwestern. His research focuses on electron-transfer reactions,
the synthesis of donor—acceptor molecules and materials, ultrafast photophysical
and photochemical processes in organic molecules and optoelectronic materials,
magnetic properties of radical ion pairs, and the primary events of photosynthesis.

10.1021/ar0000197 CCC: $20.00
Published on Web 12/13/2000

0 2001 American Chemical Society

@

D,-B;-D;"-B,-D3

D, "By-Dy-B,-Ds D;-B;-D,-B,-Ds*

FIGURE 1. Energy level diagram for (a) photoinduced charge
separation and charge recombination in an acceptor—bridge—donor

(A—B—D) system and (b) hole transport between donors Dy, D,, and
D; separated by bridges B; and B,.

advanced over 30 years ago.? Interest in the electronic
properties of DNA has been stimulated by Barton and
Turro’s proposal that DNA serves as a molecular wire or
“x-way”.35 The advent of molecular electronics has
further fueled interest in the potential role of DNA as a
molecular wire.b=8 There is no evidence that charge-
transport processes are involved in the storage of genetic
information by DNA. However, such processes have been
implicated in a variety of oxidative processes which
ultimately lead to mutations, compromising the biological
function of DNA.%19 Thus, elucidation of the mechanism
and dynamics of these processes is of fundamental
importance to understanding DNA oxidative damage and
to the design of DNA-based molecular devices.

During the past decade, photochemical methods have
been widely used to study charge-transfer processes in
DNA.1*"17 Photoinduced charge transfer offers several
advantages over the use of chemical oxidants or ionizing
radiation, including site-specificity and dynamic measure-
ments with femtosecond time resolution. Experimental
investigations and theoretical treatments of photoinduced
charge transfer in DNA have revealed the occurrence of
at least two mechanisms, a single-step superexchange
mechanism which is strongly distance dependent, and a
multistep hole-hopping mechanism which is only weakly
distance dependent.’®=25 These mechanisms are shown
schematically in Figure 1. In the superexchange mecha-
nism (Figure 1a) one or more m-stacked base pair serves
as a bridge (B) separating the electron acceptor (A) and
donor (D). The rate constant for charge separation (Kcs)
can be described in simplest form by eq 1, where R is the

kes = ko &% 1)

D—A center-to-center distance and f is dependent upon
the nature of the bridge and its coupling with D and A.*°
In the hopping mechanism (Figure 1b), a hole generated
either chemically or photochemically can reversibly hop
from one donor site to another until it reaches a trap site.
If each hopping step is treated as a superexchange process,
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then the rate constant can be described by eq 2, where N
I(hop =PN"" (2)

is the number of hopping steps and 7 has a value between
1 and 2.%*?5 In addition, a single-step mechanism that is
not strongly dependent upon distance has been proposed
by Barton and Turro® and an elaborated hopping mech-
anism described as “phonon-assisted polaron-like hop-
ping” advanced by Schuster.’® These proposals have
generated a lively controversy and have attracted the
attention of the popular science press.26-28

Our interest in photoinduced charge transfer in DNA
was stimulated by investigations of the synthesis and
properties of hairpin-forming bis(oligonucleotide) conju-
gates in one of our laboratories.?®3° Hairpins in which a
stilbene-4,4'-dicarboxamide (SA) serves as a linker con-
necting complementary polyT and polyA arms are strongly
fluorescent, whereas hairpins with polyC—polyG arms are
totally nonfluorescent.®® Quenching of SA fluorescence by
G:C but not A:T base pairs appeared to be consistent with
an electron-transfer mechanism in which the SA linker
served as an electron acceptor and guanine, the most
easily oxidized nucleobase, as the electron donor.

At the time we initiated our collaborative investigation
of photoinduced charge transfer in DNA in 1996, there
were no direct measurements of the distance or driving
force dependence of the dynamics of electron-transfer
processes in structurally well-defined models for duplex
DNA. Studies of photoinduced electron transfer using
randomly intercalated donors and acceptors®#3! yielded
conflicting results, as did studies using tethered donors
and acceptors separated by a single fixed base se-
guence.®>% The SA-linked hairpins provided a system that
enabled us to investigate the distance dependence of
single-step charge separation and charge recombination
processes in which the singlet linker serves as the acceptor
and a single guanine as the donor. This study provided
the first experimental value of the distance dependence
of electron transfer in DNA, g = 0.64 A-1335 3 value
toward which subsequent results from other laboratories
for related systems appear to be converging. Variation in
the linker acceptor and nucleobase donor enabled us to
determine the driving force dependence of the dynamics
of electron transfer in DNA2¢ thereby providing intimate
details about DNA as a medium for electron transfer. In
addition, investigations of the dynamics of charge recom-
bination in more complex systems containing multiple
guanine donors permitted us to obtain the first measure-
ments of the dynamics and equilibria for hole transport
in DNA.37:38

Synthesis, Structure, and Properties of DNA
Halrpins

The stilbenedicarboxamide (SA) synthon used in the
preparation of SA-linked hairpins is obtained from stil-
bene-4,4'-dicarboxylic acid via reaction of its acid chloride
with 3-hydroxy-1-propylamine.®® This method is readily
adapted to the synthesis of linkers derived from the
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Chart 1. Structures, Singlet Energies, and Redox Potentials of

Linker Diols
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dicarboxylic acids of phenanthrene (PA),*® naphthalene
(NA),*® and diphenylacetylene (DPA).“° We have also
prepared linkers containing a naphthalenediimide (NI),364
stilbenediether (SE),*>* and ruthenium tris(bipyridyl)
chromophores.** The linker diol derivatives whose struc-
tures are shown in Chart 1 are all strongly fluorescent.
Their singlet energies and ground-state reduction or
oxidation potentials are reported in Chart 1 along with
their excited-state redox potentials (E;gn* = Es + Eiqn OrF
Eox* = Es — Eox).*® Bis(oligonucleotide) conjugates are
prepared via conventional phosphoramidite chemistry
using the monoprotected (as the (4,4'-dimethoxytri-
phenylmethyl)ether derivative), monoactivated (as the
phosphoramidite) diol synthon.° By varying the order of
introduction of nucleotides, it is possible to prepare
several hairpins containing the same linker in a single day.
In addition to the four common nucleobases, we have
employed several nucleobase analogues including 2-bro-
mouracil, inosine, deazaguanine, and 8-oxoguanine. Their
structures, letter codes, and oxidation and reduction
potentials are provided in Chart 2.4546

The thermal stability of SA-linked hairpins possessing
polyT and polyA arms (T,-SA-A,) increases with the
number of AT base pairs (Ty = melting temperature,
Chart 3).20 Substitution of a G:C base pair for a T:A base
pair results in an increase in melting temperature. Hairpin
thermal stability is also dependent upon linker design. The
most stable hairpins that we have studied to date possess
a stilbenediether (SE) linker (Chart 3).#? The melting
temperatures of the T,-SE-A, hairpin decrease slightly
when the flexible portion of the SE linker is changed from
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FIGURE 2. Crystal structure of a stilbenediether-linked hairpin. Left: view of the hairpin from the side with stilbene in green on the right.
Right: view of the hairpin from the stilbene end with stilbene in green and the nearest-neighbor base pair in red.

Chart 2. Structures and Oxidation and Redox Potentials of

Nucleobases
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Chart 3. Structures and Melting Temperatures of Hairpins with SA
and SE Linkers
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dimethylene to tri- or tetramethylene (Ty = 54, 53, and
48 °C, respectively). A much lower melting temperature
is observed for a T,-SE-A, hairpin possessing a cis-
stilbenediether linker (Tyy = 30 °C). This difference in
thermal stability has permitted the design of a conjugate
which undergoes phototriggered hairpin formation.*?

The structure of an SE-linked hairpin has been deter-
mined by Egli and co-workers.*> The asymmetric unit
consists of four hairpins, each of which adopts a B-form
DNA conformation in which the stilbene is z-stacked with
the adjacent G:C base pair. The structure of one of the
four hairpins in the asymmetric unit is shown in Figure
2. The four hairpins have different sugar—phosphate
backbone geometries but similar s-stacking. The dimeth-
ylene groups in the SE linkers adopt gauche conformations
resulting in an average distance of 18.1 A for the phos-
phorus atoms bound to the linker, which is only slightly
longer than the average values for the base pairs in the
hairpin (17.7 A). Molecular modeling indicates that hair-
pins with the other linkers in Chart 1 can also adopt low-
energy B-form conformations with calculated chro-
mophore—base pair w-stacking distances between 3.5 and
4.2 A. The calculated P—P distance for the T,-SE-A, hairpin
possessing a cis-stilbenediether linker is only 15.4 A, too
short for a stable hairpin geometry.

The absorption and fluorescence spectra of the SA diol
linker and the SA-linked hairpin are shown in Figure 3.
The SA diol has an allowed z,7z* transition with a maxi-
mum at 322 nm in methanol solution. This band is slightly
red shifted in the spectrum of the hairpin in aqueous
solution. The 260 nm band results from overlapping
absorption of the nucleobases and the SA linker. Melting
of the hairpin results in ca. 30% hyperchromism at 260
nm but little change in the 330 nm absorbance. The other
linkers in Chart 1 also have absorption bands at wave-
lengths longer than 300 nm, and their hairpins display
hypochromism in their 260 nm bands but not in their
long-wavelength bands. The CD spectra of the hairpins
display a positive band at 283 nm and a negative band at
250 nm typical of B-form DNA, but no CD signals above
300 nm.
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FIGURE 3. Absorption and fluorescence spectra of the stilbene diol
linker SA (—) in methanol solution (7.7 x 1078 M) and an SA-linked

hairpin (- - -) in aqueous solution (4.9 x 10-¢ M, 0.1 M NaCl, 10 mM
sodium phosphate, pH 7.2).

The SA fluorescence is also slightly red-shifted for the

hairpin in aqueous solution vs the diol in methanol (Figure
3).%% The fluorescence quantum yield of the hairpin Te-
SA-Ag is substantially larger than that of the SA linker diol
(®s = 0.38 vs 0.11), presumably due to the hairpin
geometry which inhibits torsion about the stilbene double
bond. The increase in ¢ is accompanied by an increase
in SA singlet lifetime, 75, from 0.28 ns for the SA linker
diol to 2.0 ns for T-SA-As. A small increase in 5 is also
observed for the hairpin Te-PA-As vs the PA linker diol
(rts = 25 vs 18 ns).% The fluorescence of the linker
chromophore is quenched to a greater or lesser extent in
all of the other hairpins studied (vide infra). In all cases
for which hairpin fluorescence decays have decay times
long enough for us to measure conveniently (>0.1 ns),
their decays are found to be single exponential. This
indicates that the hairpins adopt a single conformation
(or multiple conformations with similar decay times) and
greatly simplifies the analysis of fluorescence or transient
absorption data.

The modest shifts in the absorption and fluorescence
maxima of the linker chromophores upon incorporation
into DNA hairpins and the absence of hypochromism or
induced circular dichroism indicate that the electronic
structure of the chromophore is not strongly perturbed
by the neighboring base pair. Evidently, the geometric
constraints of the covalent linker assembly and hydro-
phobic association are sufficient to achieve a loosely
mr-stacked geometry without significant ground-state elec-
tronic interactions such as those present in Mulliken-type
ground-state charge-transfer complexes.*”~4°

Electron-Transfer Quenching by
Nearest-Neighbor Nucleobases

Whereas the hairpin Ts-SA-Ag is strongly fluorescent, an
analogue which possesses a single G:C base pair adjacent
to the chromophore is totally nonfluorescent.3*3% Quench-
ing of singlet SA by G:C but not A:T base pairs is consistent
with an electron-transfer mechanism for fluorescence
quenching in which SA serves as an electron acceptor (A*)
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FIGURE 4. Kinetic scheme and thermodynamics of charge separa-

tion and charge recombination. A is the acceptor linker chromophore
and D is the nucleocbase donor.

and guanine as an electron donor (D). Charge separation
results in the formation of the radical ion pair A—D™*,
which returns to the ground state via charge recombina-
tion, as shown schematically in Figure 4.

The energetics of photoinduced charge separation and
charge recombination processes can be estimated by
using Weller’s equations (egs 3 and 4), where Eq is the

AG(:s = on - Ered - ES +C (3)
AG'cr = Ered - on (4)

nucleobase oxidation potential, E,eq is the linker reduction
potential, Es is the linker singlet energy, and C is the
solvent-dependent Coulombic attraction energy.>° Values
of Eqx for the m-stacked bases in the core of DNA have
not been measured but are assumed to be similar to those
of the individual nucleotides in a polar aprotic solvent
such as acetonitrile.3*4¢ The value of C in a moderately
polar environment is sufficiently small that it can be
neglected. The values of AG¢ calculated for reaction of
the SA linker with G and A using the data in Charts 1 and
2 are —0.20 and +0.25 V, respectively, in accord with the
observation of efficient fluorescence quenching by G but
not by A. Quenching by G but not by A is also observed

for hairpins which possess the PA linker, which is a weaker
acceptor than is SA.2¢ The fluorescence of NA, DPA, and
NI linkers, which are stronger acceptors than SA (Chart
1), is quenched by neighboring A:T base pairs as well as
G:C base pairs.

Experimental evidence that fluorescence quenching
occurs via an electron-transfer mechanism (Figure 4) is
provided by subpicosecond time-resolved transient ab-
sorption spectroscopy.34-364042 The spectra obtained for
the hairpin Ts-DPA-As are shown in Figure 5.4° The
spectrum obtained 2 ps after the 327 nm excitation pulse
is similar in appearance to that of the DPA diol linker and
is assigned to the DPA singlet state. This spectrum decays
rapidly and is replaced by a new band at shorter wave-
length which is assigned to the linker anion radical, DPA™.
Decay of both the 535 and 500 nm bands is dominated
by a single component, which is assigned to the charge
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FIGURE 5. Transient absorption spectra of the Ts-DPA-As hairpin
obtained after a 0.2 ps, 327 nm excitation pulse at indicated delay
times. Spectral intensities are normalized at their maxima.
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Chart 4. Structures of Hairpins with Nearest-Neighbor Quenchers
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separation and charge recombination processes, respec-
tively. Comparison of the singlet decay time in the absence
and in the presence of quencher (zs° and s, respectively)
provides the rate constant for charge separation (ks ! =
7s — 75°), and the rate constant for charge recombination
is obtained directly from the anion radical decay time
(Kert = 74). The formation and decay of the linker anion
radical have also been observed for SA and NI linkers.34-36
In all cases the transient absorption spectrum is domi-
nated by the linker anion. The nucleobase cation radicals
are known to have broad absorption spectra with much
lower absorbance than the SA, DPA, and NI anion
radicals.5!

Driving Force DeBender]ce of Nearest-Neighbor
Charge-Transfer Dynamics

Values of k¢s and k. have been determined by means of
transient absorption spectroscopy for eight hairpins con-
taining SA, DPI, and NI linkers and various nucleobase
donors (Chart 4).36 In addition, values of ks have been
estimated for hairpins possessing PA and NA linkers from
fluorescence decay data. The results are shown in Figure
6. Values of k¢ increase rapidly from <107 s* for AG,s =
+0.5 eV to 5 x 102 s71 for AG,s = —0.6 eV but remain
fairly constant or decrease slightly for larger driving forces.
Values of k. decrease with increasing driving force, as
expected for electron-transfer processes in the Marcus
inverted region.>? The data in Figure 6 can be analyzed
within the framework of semiclassical electron-transfer
theory using the Marcus-Levich-Jortner equation (eq 5),
where A = h/2x (h is Planck’s constant), kg is the

05 00 05 10 15 20 25 30 35 40
-AG (8V)
FIGURE 6. Free energy dependence of rate constants for charge
separation (kcs, filled symbols) and charge recombination (kc;, empty
symbols) for contact charge transfer (®, O) and bridge-mediated
charge transfer (a, A).

27 Hod’ = S."
k. = v oA e S -~ o~ (AGHAsTTRBD/4iskeT (5
a= Zm‘ (5)
A 4rAKgT "
where S. = !

Al 0

Boltzmann constant, T is the temperature (298 K), Hpa is
the electronic coupling matrix element, S, is the Huang—
Rhys factor, AG is the free energy change (eq 3 or 4), J; is
the nuclear reorganization energy, 4 is the solvent reor-
ganization energy, and [d.[Js the average high-frequency
vibrational frequency.'® A value of Ald.[O0= 1500 cm™! is
assumed for electron-transfer processes involving aro-
matic molecules.*®53 A fit to the entire data set is shown
in Figure 6 and provides values of the solvent reorganiza-
tion energy, s, the nuclear reorganization energy, 4;, and
the electronic coupling matrix element, Hp,, reported in
Table 1 (fit I).

The free energy dependence of intramolecular electron-
transfer dynamics has been studied in numerous systems
with fixed donor—acceptor geometry.>* However, to our
knowledge, only one system with a z-stacked donor—
acceptor geometry, a cofacial cyclophane-bridged por-
phyrin—quinone system, has been previously investi-
gated.%5%8 The electron-transfer parameters for this system
are also reported in Table 1 (fit I). Both systems have
relatively small values for 15 in polar solvents, plausibly
reflecting their compact structures which limit the contact
of the donor and acceptor with the solvent. Both systems
also have relatively large values of 4;, reflecting changes
in the molecular geometry which accompany the electron-
transfer process. The value of Hpa for the hairpins is
considerably larger than that for the porphyrin—quinone
system. The driving force dependence of the dynamics of
charge recombination has also been investigated for
contact radical ion pairs formed upon excitation of
Mulliken-type charge-transfer complexes. Gould and Far-
id*"*8 have estimated values of Hpp = 750 cm~t and A =
0.48 eV in acetonitrile solution, using a fixed value of 1; =
0.25 eV. The increase in Hp, for the systems contact radical
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Table 1. Electron Transfer Parameters from Fitting
the Driving Force Dependence in Figure 6: (1) Fit for
Nearest-Neighbor k¢ and ke, Data, (1) Fit for a
Cofacial Porphyrin—Quinone System, (111) Fit for a
Contact Radical lon Pair, and (1V) Fit for
Bridge-Mediated k¢ and k.- Data?

fit As, &V Xi, eV Hpa, cm™t
Ib 0.23+£0.13 0.99 & 0.12 347 £ 70
E 0.26 0.53 133

1 0.48 0.25 750

Ve 0.27 £ 0.09 1.03 + 0.09 25+ 4

a Parameters optimized with errors determined from fitting
procedures using a value of Ald[= 1500 cm~1, ® Data from ref 36.
¢ Data from ref 55 for acetonitrile solution. @ Data from ref 48 for
acetonitrile solution obtained using a fixed value of 4; = 0.25.

Chart 5. Decay Times of SE-Linked Hairpins
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ion pairs > hairpins > porphyrin quinones parallels an
increase in the donor—acceptor distance for these systems.

Donor—Acceptor Role Reversal

In most studies of photoinduced charge transfer involving
nucleobases, a nucleobase is oxidized by an excited-state
acceptor. Singlet pyrene® and coumarin?® derivatives have
been observed to oxidize guanine but reduce thymine or
cytosine, which have the smallest reduction potentials of
the common nucleobases (Chart 2). The SE diol has a low
oxidation potential (Chart 1), and thus its singlet state
would be expected to serve as a good electron donor but
a poor acceptor.*? Values of AG, = —0.17 and —0.27 are
calculated using eq 3 for quenching of singlet SE by C and
T, respectively. The SE fluorescence is extensively quenched
both in the hairpin T¢-SE-Ag and in an analogue possess-
ing a G:C base pair adjacent to the linker (Chart 5). In
both cases, the formation and decay of the linker cation
radical SE** is observed by transient absorption spectra.
The singlet-state decay times (zs, Chart 5) provide values
of ke = 2.5 x 10%? and 5.0 x 10%* s~! for quenching by an
adjacent G:C and T:A base pair, respectively. The faster
rate for the T:A base pair is consistent with its more
negative value of AGg. Introduction of a GG mismatch
adjacent to the SE linker results in a marked increase in
the singlet decay time (Chart 5).58 Evidently, singlet SE is
not oxidized efficiently by guanine, in accord with a
calculated value of AG, = + 0.14 eV.

Distance Dependence of Photoinduced Charge
Transfer

As previously discussed, the strong SA fluorescence ob-
served for the hairpin Ts-SA-As is completely quenched

164 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 34, NO. 2, 2001

TSAA,
12 4
®
= 84
(723
c
2
£
4 4
1G:.C
0 T

: : ;
350 400 450 500 550
wavelength (nm)

FIGURE 7. Fluorescence spectra of the Te-SA-Ag and the SA-linked
nGC hairpins (Chart 6).

Chart 6. Decay Times of SA-Linked nG:C and nC:G Hairpins

?--"9 i | L $ L ll\ P |

Tk §e T T T

| A T A S S S

L S N A N L A )

] S e N A N R

TooA oA TeooA TeA T

T---- A T---- A T---- A T---- A T----A

1G:C 2G:C 3G:C 4G:C 5G:C

Toss PS 1.0 5.1 120 990 1,400
T NS 0.026 0.14 3.8 240

(A A7 [SA A

L | L | i | i {

R T S T

Tooh GG Teeh Ted

L S T T A T

Tk T TR GG

T--A T TecA Tooeooh

T---- A T----- A T---- A T----A

2C:G 3C:G 4C:G 5C:G

Tesr PS 3.9 31 460 1,400
Ten NS 0.094 1.9 57

upon introduction of a G:C base pair adjacent to the SA
linker. For a family of hairpins containing a single G:C
base pair at different positions relative to the linker (Chart
6), the SA fluorescence intensity increases as the distance
between SA and G increases (Figure 7).34% For the hairpin
5G:C, which has four A:T base pairs between SA and G,
there is ca. 10% quenching of the fluorescence intensity
and the fluorescence decay time. Similar results are
obtained for an nC:G family of hairpins in which the
guanine donor is located in the polyA arm rather than the
polyT arm.%® Values of 7 and 7, have been determined
for each of these hairpins by means of transient absorp-
tion spectroscopy (Chart 6).%

The rate constant for a bridge-mediated single-step
superexchange electron-transfer process (Figure 1a) can
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FIGURE 8. Distance dependence of the rate constants for charge
separation (open symbols) and charge recombination (filled symbols)
for SA-linked hairpin families (Chart 6) in which guanine is either in
the polyT arm (e.g., 3G.C, O, @, solid lines) or in the polyA arm (e.g.
3C.G, A, A, dashed lines).

Table 2. Values of  and k, for Charge Separation and
Charge Recombination in Systems Where the Donor
and Acceptor Are Separated by (T:A), Base Pairs?

system B, A1 Ko, s1

nG:C hairpins, charge separation? 0.66 7.9 x 1012
nC:G hairpins, charge separation? 0.71 1.6 x 1012

nG:C hairpins, charge recombination?  0.90 3.2 x 1088
nC:G hairpins, charge recombination2  0.94 6.3 x 1012
covalent intercalated acridine® 1.5(0.7)¢ 1.4 x 101
ethanoadenined 1.0
G**charge transport to GGG® 0.7

a Data from ref 35. P Data from ref 61. ¢ Data from ref 62. 9 Data
from ref 63. ¢ Data from ref 17.

be described by eq 5 if the bridge states lie well above
the initial excited state.!® The distance dependence of Hpa
is related to the donor acceptor distance (R) by eq 6, where

Hpa= Hpa® exp(—B(R — R,)/2) (6)

R, is a reference geometry and f is a characteristic of the
specific donor—bridge—acceptor system: the smaller the
value of g, the more effective long-distance electron
transfer. Simplification of eq 5 provides eq 1, the depen-
dence of electron-transfer rate upon S, where the preex-
ponential factor k, is largely determined by the Franck—
Condon factors for the electron-transfer process. Finally,
f is dependent upon AE, the energy gap between the
initial and bridge states, and the electronic mixing matrix
element between adjacent bridge sites.

Plots of log(kes) and log(Ker) vs the distance between
the stilbene acceptor and guanine donor (calculated
assuming a constant 3.4 A z-stacking distance) are shown
in Figure 8. The slopes and intercepts provide the values
of 8 and k, summarized in Table 2.3 The values of § are
similar for hairpins which have the guanine donor in the
polyT or polyA arm (Chart 6). Values of § for charge
separation are smaller than those for charge recombina-

Chart 7. Structures of Hairpins with 3X:Y Quenchers

T A L=PAorsa

X----- Y X--Y = I:.C, G:C, or Z:C
Teee
.
TeeeeA

tion in accord with a smaller energy gap, AE, between the
initial and bridge states for the former process (0.2 vs 0.5
eV).

An alternative approach to the estimation of j is to
determine the distance dependence of Hpa (eq 6).5 To
our knowledge, this approach has not previously been
used in studies of the distance dependence of photo-
induced electron transfer. The driving force dependence
of ks and k¢ has been determined for five hairpins
containing SA or PA linkers and a donor nucleobase
separated from the linker by two T:A base pairs (Chart 7).
The data are shown in Figure 6 along with the data for
nearest-neighbor electron transfer. The electron-transfer
parameters obtained from a fit of the data to eq 5 are
reported in Table 1 (fit 1V). The values of 15 and 4; are
similar for nearest-neighbor and bridge-mediated electron
transfer, suggesting that most of the change in geometry
occurs in the hairpin loop region. The value of Hpa is
significantly smaller for the bridge-mediated process, as
expected for a superexchange electron-transfer process.
A plot of the distance dependence of log(Hps) vs R
provides a value of § = 0.77 A%, which is intermediate
between the values in Table 2 obtained from the distance
dependence of k¢ and K.

Comparisons with Theory and Experiment

Our initial results for the distance dependence of charge-
transfer dynamics®* have been analyzed by Jortner et al.,'8
who conclude that they are consistent with a single-step
superexchange mechanism. Beratan et al.?>?! have inves-
tigated the distance dependence of electron transfer in
several DNA model systems and report calculated values
of 8 in the range 1.2—1.6 A~1. They have suggested that
the smaller experimental values for our hairpin systems
may reflect stronger coupling between the stilbene linker
and (T:A), bridge than assumed in their model calcula-
tions.?! Calculations by Felts et al.?? and by Davis et al.®
indicate that an activated distance-independent mecha-
nism may operate under specific conditions, particularly
at distances longer than those that we have investigated.

Following our initial report of distance-dependent
electron-transfer dynamics in DNA, several groups have
reported related studies using variable numbers of T:A
base pairs to separate an acceptor from a nucleobase
donor. Tanaka and co-workers®6! have investigated DNA-
mediated electron transfer in duplexes which possess a
tethered acridine dye at a defined site. Quenching of the
fluorescence intensity and lifetime by G:C base pairs at
variable distances from the acridine provides values of
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=15A"land k, = 1.9 x 102571, However, a reinvestiga-
tion of this system by Hess et al.®? indicates that the strong
distance dependence is a consequence of relaxation of the
acridine chromophore, which is more rapid than electron
transfer when there is one or more A:T base pair between
the acridine acceptor and nucleobase donor. Thus, the
actual value of f is likely to be much smaller than that
reported by Tanaka and co-workers.5%61 Kelly and Barton®?
have investigated quenching of the fluorescent base
analogue 1-N8-ethanoadenine (A.) by guanine or the more
readily oxidized 7-deazaguanine (Chart 2). The distance
dependence of the relative fluorescence intensity and the
fluorescence decay times provides a value of = 1.0 A1,
Poor coupling between the bulky A, acceptor and the
adjacent base pair may be responsible for the relatively
large value of . Much weaker distance dependence is
reported for quenching of the fluorescence of a 2-ami-
nopurine acceptor; however, this observation has not been
supported by direct spectroscopic observations of the
products of electron transfer or by kinetic data.®® Giese
and co-workers'’ have used an ingenious method based
on relative strand-cleavage efficiencies to study the dis-
tance dependence of single-step electron transfer from G**
to a GGG sequence across an (A:T), bridge and obtained
avalue of 5 = 0.7 A1,

Harriman and co-workers®*%4 have investigated the
dynamics of electron transfer from noncovalently attached
intercalated donors to intercalated acceptors in duplex
DNA. By assigning three of the multiple fluorescence
decay components to donor—acceptor pairs separated by
three, four, and five base pairs, they were able to obtain
values of 8 ~ 0.9—1.0 A! for charge separation and a
larger value of g ~ 1.5 for charge recombination. Olson
et al.% also have estimated a value of 8 ~ 1 A~ for electron
transfer between noncovalent intercalated donors and
acceptors.

In summary, values of j, the distance dependence of
electron transfer in B-form DNA, appear to be converging
in the range 0.6—1.0 A~2, smaller values reflecting smaller
values of AE, the energy gap between the singlet acceptor
and base pair bridge states. These § values are distinctly
smaller than those reported for proteins and D—B—A
systems with rigid hydrocarbon bridges (8 ~ 1.0—1.4)%6.67
and are similar to those for D—B—A systems with linear
conjugated bridges.®® An example of wirelike behavior
(8 < 0.1) has recently been reported by Davis et al.®® for
D—B—A systems with p-phenylenevinylene oligomers as
linkers in which the value of AE is minimized. While there
have been claims of wirelike behavior in DNA,® they are
not supported by direct kinetic measurements. The values
of f summarized in Table 2 are consistent with relatively
weak electronic interactions between the r-stacked bases
in DNA, in accord with the calculations of Beratan and
co-workers.?021

Delocalization of Nucleobase Cation Radicals

Oxidative cleavage of DNA is known to occur preferentially
at guanine, the most readily oxidized of the nucleo-
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Table 3. Calculated lonization Potentials, Relative
Rate Constants for Charge Separation, and Charge
Recombination, Relative Populations of Holes,
Relative Yields of Strand Cleavage, and Relative
Rates of Reaction Leading to Strand Cleavage for G,
GG, and GGG Sequences

property of sequence G GG GGG
IP, eV (calcd)® 7.51 7.28 7.07
Kes, rel? 1.0 1.7 15
Ker, rel® 1.0 0.33 0.23
[Gn*], reld 1.0 7.7 20
Kel, rel® 1.0 3.7 5.3
k', relf 1.0 0.48 0.27

a Calculated ionization potentials for GA, GG, and GGG se-
guences from ref 73. P Relative rate constants for charge separation
in hairpins 3C:G, 3,4C:G, and 3,4,5C:G from Chart 9 (kes = 7s71).
¢ Relative rate constants for charge recombination in hairpins 3C:
G, 3,4C:G, and 3,4,5C:G from Chart 9 (ke = 727 1). 9 Relative
equilibrium populations of holes on G, GG, and GGG sequences
from eq 8 and 9. ® Relative yields of oxidative cleavage from ref
72. T Relative rates of guanine cation radical deprotonation at G,
GG, and GGG sequences (ku™ = ka/[Gn™].

bases.®!® Oxidative cleavage at guanine displays base-
sequence selectivity, guanines adjacent to purine bases
being more reactive than those with pyrimidine neighbors
and GG or GGG sequences being more reactive than GA
sequences.”” "2 The basis for this selectivity has been
investigated computationally by Sugiyama and Saito.”
Their results indicate that the ionization potential of
guanine is lowered substantially by a neighboring purine,
the effect being larger for guanine vs adenine and for a
GGG vs a GG sequence (Table 3). Similar results were
reported for G vs GG by Pratt et al.”*

A lower oxidation potential for GA vs GT sequences
might be expected to result in faster charge separation
and charge recombination when guanine is located in the
polyA vs polyT arm of an SA-linked hairpin. A smaller
value of 5 might also be expected when guanine is located
in the polyA vs polyT arm.?® Larger values of k¢ and
kes are observed for the nC:G vs nG:C hairpins (Chart 6)
at short D—A separations, but no difference is ob-
served at larger separations (Figure 8).3° This results in
values of § that are slightly larger for the C:G vs G:C
hairpins (Table 2). Thus, the kinetic advantage for elec-
tron transfer via a polypurine vs polypyrimidine strand
appears to be rather small and to operate only over short
distances.

The dynamics of charge separation and charge recom-
bination have also been investigated in several SA-linked
hairpins possessing G, GG, and GGG sequences (Chart 8).38
The resulting values of k. and kg, for the hairpins 3,4C:G
and 3,5,6C:G relative to the values for 3C:G are reported
in Table 3. Decreasing oxidation potential in the series G,
GG, GGG should result in more negative values of AGcs
and hence an increase in ke. A small increase in ke is
observed for GG vs G but not for GGG vs GG. A decrease
in oxidation potential should also result in less negative
values of AG,; and hence an increase in k¢ for processes
deep in the Marcus inverted region (Figure 5). However,
a small decrease in k¢, is observed for the GGG or GG vs
G. This may reflect delocalization of the hole over the GG
or GGG sequence. However, the modest decreases in ke,



Charge Transfer and Hole Transport in Synthetic DNA Hairpins Lewis et al.

Chart 8. Decay Times for SA-Linked Hairpins with G, GG, and GGG

Sequences
[SA7 %47 [$A7
..... A —-————— -—————
| | | | 1 |
[ A )
¢a ¢ ¢ ¢ @G
TR GG GG
I A ¢
oA oA T A
T----A T----A T----A
3C:G 3,4C:G 3,4,5C:G
T, ps 31 18 21
T NS 1.9 5.7 8.3

indicate that GG and GGG sequences do not function as
deep hole traps. The small differences in the values of K
and k., for hairpins containing G, GG, and GGG sequences
appear to be incompatible with the large differences in
the calculated ionization potentials of these sequences
(Table 3).

BKlnAamics and Equilibria for Hole Transport in

Oxidative strand cleavage of guanine occurs selectively at
guanine even under conditions where all of the nucleo-
bases are oxidized.*° Thus, cation radicals (holes) gener-
ated on other nucleobases must be able to migrate to
guanine via a hole-transport process. In their studies of
distance-dependent strand cleavage in DNA, Giese et al.*”
found that hole migration could occur over long distances
when alternating A:T and G:C base pairs were used to
separate the primary guanine hole donor and a GGG
sequence. A plot of In(®,) vs R, the distance between the
primary guanine hole donor and the GGG sequence, has
a slope ' = 0.07 A%, significantly smaller than those for
DNA-mediated superexchange electron transfer. This
shallow distance dependence was attributed to a multistep
hole-hopping mechanism (Figure 1b). By using a combi-
nation of hole hopping over several guanines and super-
exchange between neighboring guanines, both Bixon et
al.>* and Berlin et al.?> have obtained excellent agreement
between calculated and observed relative rate constants.
Hole hopping involving multiple GG sequences has also
been observed by Schuster et al.'® and N(fiez et al.”™
Hairpins possessing SA linkers and multiple C:G base
pairs (Chart 9) were designed to probe the dynamics of
hole transport from G**, formed via photoinduced charge
transfer, to a GG or GGG sequence separated from G** by
one T:A base pair.®*8 According to the kinetic scheme
shown in Figure 9, the singlet decay time of the SA linker
(zs) should not be affected by the presence of a GG or GGG
sequence remote from the linker. However, if hole trans-
port competes with charge recombination of the initially
formed SA~*/G** radical ion pair, then the SA~* decay time
(ra) should be affected. The values of t; for hairpins
containing multiple C:G base pairs (Chart 9) are, in fact,
similar to those of the hairpins containing a single C:G
base pair (Chart 6). The value of 7, for 2,4,5C:G is similar

1SA*-A-A-G-A-(G),
A \kcs

SA™-A-A-G*-A-(G),

N

SA-A-A-G-A-(G)*

energy

hv

SA-A-A-G-A-(G)p

FIGURE 9. Kinetic scheme for charge separation (kcs) and charge
recombination (ky) in SA-linked hairpins which undergo hole
transport (k and k) to a more distal site containing multiple
guanines. Only the guanine-containing arm of the hairpin is shown.

Chart 9. Decay Times for SA-Linked Hairpins with Hole Transport

Sequences
[SA7
A A7 F
547 [SA7 Foe [SA7 TooA
P | i '?‘ i '?‘ T""A . |
C----G  T---- C----G T----A C----G
1 i | | i 1 1 1 ! T
----- C----G ----A
| i 0 I | | | | | [}
¢ ¢ F GG g GG
¢G §@ GG S
----- St S G - Sy
T-----A R S c----G C----G
2,4,5C:G 3,5,6C:G 356,7C:G  46,7C:G  4,6,8,9C:G
1, ps 3.9 15 22 610 550
T, ns 0.10 1.5, 170 0.92, 295 220 440

to that for 2C:G, indicative of the failure of hole transport
to compete with charge recombination in 2G3 (ke > ky).
However, the values of z, for 4,6,7C:G and 4,6,8,9C:G are
longer than that for 4C:G, indicative of the occurrence of
efficient hole transport (k; > k). Thus, the rate constant
for hole transport is bracketed by the values of k. for 2C:G
and 4C:G (1 x 101 s7t > k, > 2 x 107 s71).%” The longer 7,
for 4,6,8,9C:G vs 4,6,7C:G suggests that multistep hole
transport may compete with charge recombination.5®

In the case of 3,5,6C:G and 3,5,6,7C:G, two decay
components are observed for the anion radical, one
shorter and one longer than that for 3C:G (Chart 9),
indicative of the occurrence of both charge recombination
and hole transport. Nonlinear fitting of the S decay data
for 3,5,6C:G using the exact analytical solution to this
kinetic model in Figure 9 affords rate constants for forward
and return hole transport of k; = (5.6 + 0.6) x 10’ s~ and
kot = (7.5 £ 0.8) x 10% s ~1.37 Similarly, analysis of the S
decay for 3,5,6,7C:G affords values of k; = (8.7 & 1) x 107
stand k_y = (4.3 & 0.1) x 108 s71.38 These rate constants
provide values for the equilibrium constants and free
energies of reaction for the hole-transport processes, Knt
and AGy; shown in eq 7 and 8.
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kt
G™+ GG =G +GG"
Ky = 7.7 1, AG,, = —0.052 & 0.006 (7)

kt
G™+ GGG=G + GGG™
Kpe = 20 £ 1, AG,,, = —0.077 £ 0.005 (8)

Finally, a value of AG® = —0.025 £ 0.005 eV for a hole
localized on a GG vs GGG sequence is obtained by
comparison of eqs 7 and 8.

These values of AGn: are much smaller than the
differences in calculated ionization potentials (Table 3)
but are in good accord with a variety of experimental
observations. First, they are consistent with the small
differences in our values of ks and k., for hairpins which
contain G, GG, and GGG sequences (Chart 8) and the
small difference in the rate constants for oxidation of G
vs GG sequences reported by Sistare et al.”® Second, they
are consistent with observations of hole transport between
multiple GG sequences and between two GGG se-
quences.'®"175 Third, they are consistent with the modest
selectivity observed for oxidative strand cleavage at GG
or GGG vs G sequences. For example, Hickerson et al.”
recently reported that oxidative cleavage of an 18-mer
duplex containing G, GG, and GGG sequences occurred
with a cleavage ratio of 1.0:3.7:5.3, respectively (Table 3).
Using their cleavage data in combination with our equi-
librium data provides relative rate constants for the
chemical step (presumably proton transfer)’’ leading to
strand cleavage at G, GG, and GGG sequences of 1:0.48:
0.27. Thus, the chemical reactivity of a hole on guanine-
containing sequences decreases as its stability increases.

The rather small effects of neighboring bases upon the
dynamics and equilibria for charge-transfer (Chart 8) and
charge-transport processes (Chart 9) suggests that hole
delocalization occurs to only a limited degree in DNA. The
relatively large m-stacking distance and limited orbital
overlap in DNA are no doubt responsible for the weak
interactions between both neutral and oxidized bases.
These observations are consistent with a simple hole-
hopping model for charge transport in DNA?4? and do
not require the involvement of extensively delocalized
polarons.1®

Concluding Remarks

Synthetic hairpins with chromophore linkers have pro-
vided a versatile system for the investigation of photo-
induced charge-transfer processes in B-form DNA. The
synthetic strategy for hairpin synthesis has now been used
to prepare several hundred hairpins with controlled base
sequences and a variety of organic chromophores and one
transition metal complex as linkers. Investigations of the
dynamics of charge separation and charge recombination
reactions involving the excited linker as acceptor and one
or more donor nucleobases by means of transient absorp-
tion spectroscopy have provided heretofore unavailable
details about the mechanisms of both single-step super-
exchange and multistep hole-transport processes. Our
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results are consistent with established theories of photo-
induced electron transfer and hole transport and do not
require the introduction of new paradigms.

In addition to providing an occasion for reviewing past
accomplishments, preparation of this Account prompts
us to consider the future. Can we elucidate the dynamics
of electron injection and transport processes in DNA? Can
either electron- or hole-transport processes occur ef-
ficiently over the long distances needed in a molecular
electronic device? How fast are the chemical reactions
which compete with hole or electron transport? We
anticipate that the unique properties of synthetic hairpins
will permits us to probe these and other challenging
questions about the behavior of DNA.

We are deeply indebted to our students who have contributed
to this project and to our colleagues Martin Egli and Mark Ratner
for sharing their knowledge of DNA structure and electron-transfer
phenomena, respectively. Financial support has been provided by
grants from the Division of Chemical Sciences, Office of Basic
Energy Sciences, U.S. Department of Energy (to F.D.L. and M.R.W.)
and the National Institutes of Health (to R.L.L.).
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