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Superexchange Mediated Charge Hopping in DNA
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We explore the relationship between the electronic-nuclear level structure, the electronic couplings, and the
dynamics of hole hopping transport in DNA. We utilized the electronic coupling matrix elements for hole
transfer between nearest-neighbor nucleobases in DNA [Voityuk, A. A.; Jortner, J.; Bixon, bthRé.J.

Chem Phys 2001, 114, 5614] to evaluate intrastrand and interstrand superexchange electronic couplings,
which determine hole hopping rates within the framework of a semiempirical quantum mechanical-kinetic
model. Calculations of the exponential distanBg dependence of the superexchange mediated intrastrand
electronic couplinggVsuel? O exp(—pR) between guanines (G) in “short"*GI—A),G (n < 3) duplexes
resultin = 0.8—0.9 A1, We interpret the experimental data on time-resolved hole transport in the presence
of a site-specifically bound methyl transferase mutant in DNA [Wagenknecht, H.-A.; Rajski, S. R.; Pascally,
M.; Stemp, E. D. A,; Barton, J. KI. Am Chem Soc 2001, 123 4400] in terms of composite sequential,

interstrand and intrastrand superexchange mediated, and direct interstrand hole hopping. This mechanism

accounts for the rate determining step, for the weak duplex size dependence of the rate, and for the long-
range charge transport induced by interstrand superexchange via shdé\} bfidges, containing a single
mediating nucleobase. For hole transfer via longefrAJ, (n = 3) bridges, the superexchange mechanism is
replaced by the parallel mechanism of thermally induced hole hopping (TIH) via lorga)ns. A kinetic
analysis of the experimental data for hole transport through seven GG pairs separatedipy (fT= 2—5)

bridges across the-35' strand of the DNA duplex [Sartor, V.; Boone, E.; Schuster, GJ.B2hys Chem B,

2001, 105, 11057] reveals that the superexchan@éH crossover occurs at = n, = 3. The explorations of

the range of applicability and the breakdown of the superexchange mechanism in DNA lay the foundations
for the scrutiny of the universality and system specificity of this mechanism in large-scale chemical and
biophysical systems.

I. Prologue The superexchange electronic coupling, eq 1, can be recast as

Wilse Robinson made seminal contributions to modern 2" exponential interimpurity distancB)(dependence

chemical physics, encompassing pioneering experimental and _ B

theoretical explorations of matrix isolation electronic spectros- = Jo exp(= (BI2)R) (22)
copy! radiationless transitior’selementary electronic-vibra-
tional excitations in neat and mixed organic molecular sdlids,
and energy transfer in organic molecular crystéli the latter
context of triplet energy transfer in isotopically mixed molecular
crystals (e.g., naphthalene and benzene), Nieman and Robinson
advanced in 1962 the concept of superexchange mediated triplet
energy transfet> They proposed that the triplet impurity band
of an isotopically mixed crystal is characterized by superex-
change interactions

where 5 = 2In(0E/y)/Ro, Jo = y exp(Ro/2), and R, is the
nearest-neighbor distance. The triplet energy transfeikfate
(27/h)|J1%0, wherep is the density of final states, is given by

kr = (273,°p/h) exp( fR) (2b)

The Robinson superexchange mechanism for triplet energy
transfer was extended by KopelnSdor the exploration of the
percolation model and by Klafter and Jorthéar the study of
J=y(yIOE)" ) A_nderson Io_caliza;ion of t_riplet excitations in substitutionally
disordered, isotopically mixed molecular crystals.
wherey is the nearest-neighbor impurity-impurity exchange ~ When Robinson advanced the superexchange mechanism for
integral anddE represents the energy separation of the impurity {riPlet electronic energy transfer, this mechanism was already
excitation from the center of the exciton band, whergh¥e of much earlier vintage in other fields, i.e., magnetic interactions
< 1, as appropriate for a perturbative treatment, rrepresents 0 Solids and electron transfer (ET) in solution. In 1934 Krarhers
the number of the host molecules separating the two impurities. Studied adiabatic demagnetization in paramagnetic salts, which
indicated that small exchange couplings existed even between
t Part of the special issue “G. Wilse Robinson Festschrift”. Dedicated 10NS separated by one or several diamagnetic groups. Paramag-
to the memory of G. Wilse Robinson, a tribute to his seminal contributions netic ions could exert spin-dependent perturbations in the wave

to science. functions of intervening diamagnetic ions, thereby transmitting
* To whom correspondence should be addressed. . .
*Tel Aviv University. the exchange effect over large distan€edich led to the name
8 Technische Universita “superexchange®.The concept was revived and extended by
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Andersod® and applied by McConn#l to explain magnetic The superexchange interactions are ubiquitous for ET in
interactions and electron exchange in molecular systems. Inbiological systems, e.g., globular proteins, where long-range ET
1959, George and Griffif drew attention to the superexchange occurs, being mediated by the off-resonance superexchange
mechanism in an attempt to interpret electron transfer in bridged electronic coupling with the polypeptide backbdfeSome
metal ion complexes. This stimulated Halpern and Gégel superexchange mechanisms are operative for ET in membrane
calculate the promotion of electron transfer between metal ions proteins, e.g., the photosynthetic reaction centers (RCs) of
by molecular bridges within the framework of superexchange. bacteria and plant$22 The major path of the primary charge
During the last two decades, the generality and importance of separation in wild-type bacterial RCs involves a sequential ET
the superexchange mechanism for ET in the condensed'fiiise  from the bacteriochlorophyl dimer (P), via the accessory
and in biophysical systerts23 has been widely recognized. bacteriochlorophyl (B), to the bacteriophytin (H), because of
The ET rate depends on the details of the electronic structureresonanceéP*—B interaction'®?” Nevertheless, the superex-

of the bridge. A necessary condition for the realization of the change mechanism is operative in a fraction of the wild-type
superexchange in ET pertains to the off-resonance donor-bridgeRCs, because of inhomogeneous energetic broadening, which
electronic coupling. The role of the bridge electronic structure results in an off-resonan¢e*—B interactiort®?2and dominates

in a donor (d)-bridge (B.,B>, ... B))—acceptor (a) system can in some chemically engineered R&sSuperexchange interac-

be inferred from the unistep superexchangelfafe tions also dominate the quinone (Q) reduction process in the
photosynthetic RC, where Trp-M252 mediates ET between H
Koo = 2ﬂ|v ]ZF 3) and Q, contributing in a specific way to the electronic coupling
uper p ' supe through the proteir?

) Another class of charge transfer and transport in biological
whereF is the (donor-acceptor) nuclear FraneiCondon factor  systems pertains to DNA, whose electronic properties are of

and Vsyperis the electronic coupling fundamental interest in the context of radiation damage and
repair3® as well as in the novel areas of electronic-nuclear
V(d—ByV(B,—a)n-1 V(B;;;,—B)) response, dynamics and function of nanostructures, and molec-
Vsuper™ 4) ular electronic systenid:32 The majority of the experimental
oies  AE(d—B,) = AE(d_BJH) information on charge transport in DNA involves positive charge

(hole) migration, i.e., the propagation of the radical cation along
Here V(d—By), V(Bj+1—B;), and V(By—a) are the nearest-  the duplext®-44 Energetic data and computational resiiig 48
neighbor matrix elements, antiE(d—B)) are the energy gaps.  show that G nucleobases act as “resting”, lowest energy, states
The sum in eq 4 is taken over all of the coupling routes (when {5 poles in DNA duplexes, in accord with the experimental
a single route may dominate). Equation 4 is often approximated q5¢533-41 The interrogation of individual elementary steps of

in an exponential doneracceptor distanceR] dependence charge injection, trapping, hopping, and recombination, and their

lifetimes in (intercolated, substituted or capped) DNA was

Vouper= V(d—B,) exp(~fR/2) (5) accomplished by utilizing the arsenal of microsecond to
femtosecond time-resolved methdds3949-51 Concurrently,

where experimental evidence for long-range hole transport over

- distance scales of 4200 A emerged from the experiments of
_ _ Barton$536 Schustef34344 and Giesé* 494252 on guanine
p= (2/R0n)Z In[V(B;,,—B)/AE(d—By, )] + relative chemical yield data.
= The compound mechanism of hole transport in a DNA duplex
dGy(T—A),G...Gyt containing N guanine nucleobases separated

. ) o . by (T—A), bridges between a donor (d) and an acceptor (trap)
andRo is the (average) nearest neighbor spacing in the bridge.;"e ¢ G, GG, or GGG, involves several steps: (i) hole injection

In[V(B,—a)/AE(d—B,)] (5a)

Equations 3 and 5 result in the superexchange rate from d to the proximal @ (ii) a sequence of reverse hole
hopping processes between adjacent guanines, j.and3G.1
Keuper=(271/1)|V(d—B,)|* exp(~BR)F (6) within the bridge, and (iii) hole trapping/detrapping between
_ _ _ _ Gn and t. The individual hole hopping processes (ii) between
in analogy with the Robinson relation, eq 2b. G;j and G.1, which are separated by moderately short-A),

We note in passing that the perturbative expression, egs 3bridges ( < 3), correspond to unistep superexchange mediated
and 4, for the superexchange rate implies that the initial hopping?35+60.3+-42 Each hopping step is induced by super-
electronic wave function involves the mixing of the (zero-order) exchange, off-resonance, electronic coupling betwepan@
bridge states into the donor state. On the other hand, the off- Gj+1 via the (T-A), subbridges. The hole states of the-&),
resonance mixing of the charged donor states into the bridge(n < 3) subbridge are virtual and do not constitute a genuine
states is not involved in the dynamics. chemical intermediate. The kinetic scheme for the individual

The superexchange mechanism was widely applied for unistep superexchange hopping rate is
chemical systems, consisting of rigid or semirigid, covalently
bridged, donoracceptor supramoleculés:1® The fingerprint N Keuper N
of the electronic superexchange interaction constitutes the well- G (T-A)G—G(T-A),G
known exponential distance dependence of the ETfaté23
eq 6. Nevertheless, such an analysis contains the hiddenwhereksy.eris given by egs 3 and 4. This physical picture of
assumption that the nuclear FrardBondon factor, which unistep hole superexchange hopping between guanines separated
contains theR dependent medium reorganization energy, is by ‘short’ (T—A), (n < 3—4) subbridges was proposed and
approximately distance independéh®® Such an assumption analyzed in detaif~>° to account for the experimental yield
is valid for the activationless and/or inverted region but may data of Giese et d242 and of Saito et at! In this paper, we
fail in the “normal” region for ET. utilize the intrastrand and interstrand hole transfer matrix
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element&53to evaluate the superexchange electronic couplings,

which determine hole hopping within the framework of a

guantum mechanical-kinetic model. We explore the compound

hole hopping mechanism in DNA, which involves™GG
superexchange mediation via “short™{R), bridges. Previous
studies of superexchange induced by intrastrand interaftheri$

will be extended for G...G superexchange mediated interstrand
coupling via short bridges. The time-resolved experiments of

Barton et aP! for hole transport in the presence of a site-
specifically bound methyltransferase-ihalQ237W mutant
revealed that the observed hole transport rlate 3—5 x 10°

s1) between the initial and the terminal G is higher by several
orders of magnitude than that inferred from sequential intrastrand

G...G hopping steps for superexchange in this syStete shall
show that these experimental restiitare compatible with a

sequential multistep interstrand hopping mechanism. Of con-

siderable interest is the issue of the range of theA]J, bridge

length for the applicability of the superexchange mechanism in
DNA, i.e., when does the superexchange exponential distance

dependent mechanism break down? For “long™£&), (n >

3) bridges, the G(T—A),G unistep superexchange hopping is
replaced by the (parallel) thermally induced hopping (TIH)
mechanism, which involves thermally induced endothermid G
hole excitation to A followed by multistep hole hopping within

the (A), chain36:5254.60.64The crossover between superexchange

and TIH in DNA occurs ain, = 3—45260.64The interesting
experimental chemical yield data of Schuster édbr hole
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Figure 1. Electronic coupling matrix element (in eV) units between
nearest-neighbor nucleobases in DNA duplexes (from refs 62 and 63).
Both intrastrand and interstrand electronic couplings are presented. Note
the directional asymmetry of the pair electronic interactions. The
intrastrand interactions are the largest, whereas thd G —T, and

transport between seven GG groups, which are separated byA—T interstrand interactions are considerably lower. A notable
(T—A), (n= 2-5) bridges, were presented as evidence for the exception is the AA intrastrand and interstrand electronic couplings,

breakdown of the superexchange mecharfisihese data will
be interpreted in terms of superexchange for the “short’ 2

bridge, superexchange-TIH crossover for= 3, and TIH
transport for “long"n = 3—5 bridges.

Il. Intrastrand and Interstrand Superexchange Coupling

The electronic coupling matrix elements for hole transfer
between nearest-neighbor nucleob&®&scan be utilized for

which are close and large, promoting TIH via long {(&hains (refs

60 and 64). The interstrand G...G electronic coupling, although lower
than the corresponding intrastrand pair interaction, is sufficiently large
to warrant effective interstrand hole hopping.

between nucleobases exhibit a marked angular dependence.
Finally, we note that regarding nearest-neighbor G...G coupling,
which promotes direct hole hopping between guanines, both
the intrastrand and the interstrand coupling are sufficiently large
and both provide a route for hole hopping, although the

the estimates of the superexchange interaction. Although interstrand coupling is lower (Figure le).

complete theoretical estimates of hole transfer matrix elements Two characteristics of the perturbative calculations of the
in DNA duplexes containing up to three Watse@rick pairs superexchange interactions should be noted. First, minimization
were carried out by u® the perturbative superexchange of the number of pair interactions which contribute to the
expression, eq 4, is adequate for reliable semiempirical estimatesuperexchange electronic interaction, eq 4, is essential. For
of the electronic interactions, which rest on the use of pair example, we note that although the matrix elements between
electronic matrix elements, together with empirical energy nucleobases in the Watson- Crick pair are quite large (Figure
gaps®® The pair electronic coupling matrix elements for both 1a), the contribution of the route involving the Watsd®rick
intrastrand and interstrand coupling (Figure 1) depend on the pair interaction will be smaller than that of an intrastrand (or
nature of the nucleobases. Hole transport between guanine holénterstrand) contribution which involves a smaller number of

“resting” states, separated by other nucleobas@s B. , can
occur by superexchange-induced hoppingB@B,...G —
GB;B,...G" (where B,B,, ... #G), portrayed in Figure 1 parts

a—d or, alternatively, by nearest-neighbor interstrand or intras-

trand direct hopping GG — GG" (Figure 1e). The bridge

specificity is dominated by the pair electronic matrix elements,

which determine the electronic couplivgand the ratd O | V|2

V(B1—By)/AE terms. Second, the choice of a dominating single
route for the superexchange contribution is often possible in
DNA. A cursory examination of the pair matrix elements, which
determine the intrastrand’G.G superexchange interactions in
some typical cases (Figure 1), allows us to choose a single
dominating route for these interactions, eq 4. Of course, in some
other cases, as for interstrand couplings (section IlIl), several

for G*...G direct hopping or superexchange. The intrastrand superexchange routes have to be incorporated in the calculation

coupling matrix elements (for idealized structures) fall in the
range 0.03-0.16 eV, being in most cases larger than the

Of Vsuper
For the @&...G superexchange coupling via<R), bridges

interstrand coupling matrix elements between the corresponding(Figure 1 parts a and b), the intrastrand superexchange electronic

nucleobases, which fall in the range 0.6@L06 eV. The only
exception involves the interstrand-A\ coupling, which is

matrix elements, eq 4, were calculated for a single dominating
route. In these calculations, we employed the pair matrix

comparable to and even somewhat larger than, the intrastrandelements (Figure 1), together with the empirical energy gaps

coupling. This exceptional case of-AA couplings263which
is of considerable interest for the mechanism of T

AE(G—A) = 0.22+ 0.05864AE(G—T) = 0.6236and AE(G—
C)= 0.6 eVZThe (T-A), bridge length dependence [dpel?

demonstrates that the many-electron pair electronic couplings(Figure 2) is exponential, as expected. Expres$\igpel? [



7602 J. Phys. Chem. A, Vol. 106, No. 33, 2002 Jortner et al.

SUPEREXCHANGE ¥—G, C ¥— C Gy
10°r 2 /
Vo %
4 \ /
10 F [ ] 5'—G'(T) G-3' 5°—C G(Z) 5 G(") C
clajc
10°F A 5-G*(A) G-3' ¥y—cC T L Gg, ¥— C T Gy
IVsuperlz i clt),c /7 @/ 7
10°% \ Q@ @.\} /@ /@m
/ /
(eV)z A \ 5,_G(2) 0083, 4 C 5 G“) 0.089 A C
10F
) \ PGy 29 A c P — Gl A c
10F ) \ \ \ N,
2 2
£ . . . s N AN
10— 7 3 4 5 5 —C Tu\cw §—c Oposs Ge
n
Figure 2. Exponential distance dependence of the superexchange P—C T C

intrastrand interaction®/sypej? for the two duplexes{ ® — and—a—)
marked on the figure|Vsupel?> data were calculated from the matrix
elements of Figure 1 and semiempirical energy gaps (see text), with a
single dominating superexchange route.

0.089 4 0.049
5 —Ggx——A = G,

#—GyC T GyAC T GyA C T C GyX G
exp(—pR), we obtaing = 0.78 AL for the G"(T),G duplex

andg = 0.92 A1 for the G"(A),G duplex, exhibiting a weak §—C GpA C TGyA C T GyA GyC G C
(15%) bridge specificity. A heuristic common analygg-39.40-42 Figure 3. Electronic matrix elements (in eV; from refs 62 and 63) for
of the superexchange rates in DNA se{ger= (277/1)|Vsupel?F the elementary interstrand and intrastrand..®@ superexchange

0 exp(—pR), neglecting thak dependence df. Theses values mediated hopping (via a single nucleobase) and the direct hole hopping

i ; 2 ; steps in duplex (Il), which is presented on the bottom of the figure
Ok.)tthaltrlled from_ our :hleé)retlgacl) Seihoeg E_fyglg’td. a:jefln actpord (adopted from ref 51). Note that, although the intrastrand superexchange
wi e experl_men al dafa= 0. e o a;me rom n_‘ne- coupling involves a single dominating route, the interstrand superex-
resolved studies of rates for hole injectiér?® and chemical change couplings involve two effective routes.

yield data of hole trappirg4%®42 in DNA. Despite this L ,
apparently good agreement betweenghalues obtained from 25 the slowest rate determining intrastrand iiginvolves
our calculations ofVsypef? and the experimentdyperdata, a  GACTCGe) .superexcha;nge mediation over four nucleo-
further exploration of the distance dependence-afref 25) bases, rendering th&supe* couplings and the unistep rate to
will be of considerable interest. be very low. Using the time-resolved data of Lewis ef&i3?

b (G'AG — GAG" ) = 5 x 10s}, the corresponding

. uper A |
Ill. Superexchange Mediated Interstrand Sequential Hole intrastrand superexchange electronic coupling calculated from
Transport the pair matrix elements® is |ngpe,l = 1.7 x 10%V,

We have demonstrated that intrastrand electronic coupling Whereas the -G intrastrand superexchange coupling is
V2,3 = 3.7 x 10-%V from the pair coupling

can dominate the superexchange intrastrand interaction betwee§@/culated asvg

adjacent G nucleobases. In some cases the interstrand supeffatrix elements and semiempirical energy gaps (section Il).
exchange or direct coupling can be sufficiently strong to warrant Thus, kss = (IVe,ne} VoK, results inkss = 2.4 x 107
interstrand G...G hole hopping. Recent experimental data of S'*, which is lower by 4 orders of magnitude than the
Barton et aP! provide evidence for sequential interstrand hole €xperimental value d€. Accordingly, intrastrand superexchange
transport. Time-resolved hole transport was experimentally iS indeed excludeé!

explored in DNA assemblies in the presence of a site-specifically We propose® that the experimental results of Barton et'al.

bound methyltransferase HhalQ237W mutant in a series of are compatible with composite, multistep, sequential.

duplexes: interstrand and intrastrand hole hopping. For duplex (ll), the
individual hopping G...G steps fall into three categories: (i)
3-G,,C T[GuAC T|C GuX G @nterstrand superexchange med.iated by a s'ingle nucleobase, (ii)
5_C G(Z)A[C TG(“A]G(S)C GC O intrastrand superexchange mediated by a single nucleobase, and
(iii) direct interstrand coupling. The electronic couplinys™|
3'-G,,C T|:G(3)A C TJ{G(S)AC T}C GyX G o for the superexchange mechanism betwe%“paﬁd Gj (cat-
5-C GpA|C TG,A ||C TG,A|G,C GC egories i and ii) were evaluated according to eq 4, using the

pair matrix element&-63which are presented in Figure 3, and
where X is the mutant binding site which inserts a tryptophan the empirical energy gaps (section Il). We also present in Figure

side chain acting as a hole sink, whereas the G nucleobases ar8 the &)...Gy matrix elements for direct interstrand coupling
labeled consecutively according to their ordering in duplex (I). (category iii). The relevant intrastrand and interstrand coupling

As observed by Barton et &t the hole transfer rates from( matrix elements exhibit directional asymmetry in the-8 and
to X, k= 3 x 10°~5 x 10° s71, are close in the longer duplex 3 —5' directions. Although the intrastrand superexchange in-
(I) and in the shorter duplex (). As noted by Barton et5al., duced hopping is well documented both experimentally and

their experimental rates for (1) and (Il) cannot be reconciled theoretically, the interstrand mediation of hopping manifested

with the intrastrand, Sequen’[iaL superexchange hopp|ng mechby the results of Barton et al.is new and interesting, reVeaIing
anism, i.e., (for duplex II) the following features. First, we shall establish that the inter-

strand superexchange couplings via a single mediating nucleo-
[ Kss Ksg base, although lower than a corresponding intrastrand super-

G — Gy —Gr—G ia a si ici
1 (3) (5) @) exchange (via a single nucleobase), are sufficiently strong to
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warrant effective hole hopping between adjacent G nucleobases The most important conclusion emerging from our analysis
on different strands of the duplex and zigzagging between theis that the multistep, sequential interstrand/intrastrand hole

strands. Second, the interstrand superexchange couplings (2hopping via short (¥A) bridges (with one superexchange

< (3), (4)< (5), (3)< (4), and (5)« (6) involve two routes
with comparable contributions (Figure 3). This pattern of
interstrand superexchange coupling is distinct from the intras-
trand superexchange, e.g., 6)(7), which involves a single
dominant route (Figure 3). The contributions of the different

mediating nucleobase) can induce long-range charge transport
over a distance scale of 50 A in DNA, as experimentally
demonstrated by Barton et &l.Of course, the realization of
this mechanism requires the chemical engineering of the DNA
duplex, with the G nucleobases being separated by “short” (T

routes to the interstrand superexchange coupling were arbitrarilyA),, bridges.

taken with the same sign, following our previous discussion of
the phase problem for the coupling routes in DRFA.

The relevant electronic couplings for interstrand/intrastrand
superexchange via single bridges and for direct interstrand
exchange are given by
Gy

—Gy, VE2 =43x 10 %eV

V7 =1.7x 10 %eV

V8 =19x102eVv
(7)

As kj O [VITI?F and the FranckCondon factord= for all of
the nearly symmetricAG = 0) reactions are approximately

IV. Intrastrand Hole Hopping Mediated by (A —T),, Base
Pairs and the Breakdown of the Superexchange
Mechanism

Extensive experimental and theoretical studies have revealed
that intrastrand hole (radical cations) migration occurs through
DNA by a series of short-range hops between adjacent G
nucleobases, which are separated by a bridge fAJF, base
pairs23:33-4553-59 | gng-distance hole transport via G nucleo-
bases separated by two-R), Watson-Crick pairs in the
duplexes GTTGTTG...TTGGG over a distance scale 640
A were experimentally studied by Giese et'&i*? and were
analyze&8-%%in terms of a sequence of TG superexchange
hopping steps. The intrastrand hole migration through the G
bases was interrogated by the relative chemical yields for the
reaction of G with water (reaction rat&). The analysis of the
long-range transport data of Giese et@l resulted i35
k(2)k = 12.5, where&k(2) is the hopping rate between adjacent

equal, we can estimate the rate from the experimental resultsg pases in G(T—A),G. A central question pertains to the range

of Lewis et al¥7-39 ks7 = ki) (G*AG — GAG* ) = 5 x 107

s L Scaling the other rates by the ratios of the corresponding
[V|2 values, we gek; = (]VTI12/|VE712)5 x 10’s™L. We thus
obtain k12 =32x 10 Sﬁl, k23 = k45 =1.4x 10/ Sﬁl, K34 =
kse=1.2x 1P st ke7 =5 x 107 s71 (fit from Lewis’ date?®),
andkzg = 6.2 x 107 s~ We thus infer that the direct interstrand
hole transfer ratek;, andkzg are the largest, being higher by
numerical factors of 1.26 than the ratégs; for the intrastrand
superexchange. Regarding intrastrand and interstrandGs

of applicability of the superexchange mechanism, i.e., whether
increasing the (FA), bridge length will manifest an exponential
decrease of the GT—A),G hopping rate, as appropriate for
superexchange. A negative answer to this question was already
provided by the relative chemical yieldR) data of Barton et
al3%in the duplex GG(A),GG (nh = 4—10), whereR exhibits

a weak bridge length dependence, and by the hole trapping data
of Giese et aP?in the duplex G(T),GGG (= 1—-16), where

R manifests an exponential (superexchange) bridge lemgth (

superexchange mediated rates, the interstrand superexchanggependence fan = 1—3, whereas fon = 4—16 a weak bridge

coupling is sufficiently strong to induce effective hole hopping.
Nevertheless, the superexchange interstrand hopping kates
= k45 and kss = ksg are the lowest among all of the relevant

length dependence, contradicting the superexchange mechanism,
is manifested. The breakdown of the superexchange mechanism
for longer (T-A), bridges, i.e.n = 3—4, was attribute#52.60.64

rates. The rates of the slowest reactions in the sequential kineticto the onset of the TIH mechanism via (Ajhains. The TIH

scheme arés, = ksg = 1.2 x 1P s71, which constitute the rate
determining steps in duplex (ll). Accordingly, the radical
oxidation ratek is expected to be given by these rate-determining

involves endothermic hole activation fromtGo A followed
by hole hopping among A bases and exhibits a weak (algebraic)
G™...G distance dependence.

rates. The composite, sequential interstrand/intrastrand hopping The “transition” between superexchange< n,) and TIH

mechanism in duplexes (ll) and (I) reveals the following
features:

(2) 1t accounts well for the time-resolved data of Barton et
al. > with the calculated rate determining rates = ksg = 1.2
x 10° s71 being in reasonable agreement with the experimental
resulfl k = 3 x 10F—5 x 1P sL

(2) This sequential interstrand mechanism implies a weak
duplex size dependence of the ratfor sequences (1) and (l1),
where the rate determining step is identical. This conclusion is
in accord with the experimental resutfs.

(3) Although the interstrand hole crossing between the two
strands of the duplex is often less effective than the intrastrand
hopping, the “penalty facto?? for interstrand crossing is not
very small and is bridge specific. The calculations of the
individual rates given above result in a “penalty factor” (i.e.,
the ratiop = k;/ke7) of p = 0.024 for G;—G and Gg—G),
whereasp = 0.3 for G,~Gys) and G,—Gs superexchange
coupling. For the direct interstrandG-G) and G,,—Gg)
couplings,p > 1 and no penalty exists.

(n > ny) in DNA is expected to occt#b%%4atn = n, =~ 3—4.
Sartor, Boone, and Schustepresented an experimental study
of hole transport through seven GG pairs within the3 strand
of the DNA duplex presented in Figure 4, where the GG groups
are separated by (A), (n = 2—5) Watsonr-Crick pairs. The
exploration of long-range hole transport between the groups
(GG)I—(GG)N (N =2-7), i.e., over a distance scale of 82 A
for n = 2 and 112 A forn = 5, with changing the (FA),
bridge length f = 2—5), provides a critical scrutiny for the
superexchange mechanism. Schuster @tclalitatively inferred
from their experimental results that the yield data are incompat-
ible with an exponential bridge length dependence of the yield,
pointing toward the failure of the superexchange mechanism
over the entire rang& = 2—5. We shall show that these
experimental yield data of Schuster et®al(Figure 4) are
compatible with a crossover from superexchangae at 2 to
TIH at a higher bridge size.

We proceed with an analysis of the experimental data of
Schuster et & for the shortest bridga = 2, where superex-
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is given by

Jortner et al.

dF,/dt = —(k(n) + 2k )F; + k(N)F,

dF,/dt = k(n)F, — (2k(n) + 3k)F, + k(N)F,
dF/dt = k(n)F, — (3. + 2k(n))F5 + k(n)F,
dF,/dt = k(n)F; — (3k + k(n)F,

n expt.
r2 o

calc.

ol 1.0
&— o
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Figure 4. Kinetic analysis of the experimental chemical yield data of
Sartor, Boone, and Schuster (ref 65) for injection from anthraquionone

(AQ) to GGy and GG followed by hole transport in the DNA duplex

shown on the figure. The experimental normalized relative yields (re

65) for GGJ/GG; (N = 1-7) of the guanine doublets across the-8

8
wherek(n) [ n = 2] is the hole hopping rate between, Gnd

Gn+1 across the (FA), bridge, i.e., GG 0. (GG\+1. K is
the rate of the reaction of (GG)with water33-36.40-44 Ng
evidence is available on the site specificity of the reaction of G
with water. A single parameter fit (Figure 4) of the chemical
yield rate forn = 2 works reasonably well witk(2)/k; = 15.

¢ The experimental data, within their experimental accuracy, are

in accord with the assumption of thermal equilibrium which

direction of the DNA duplex (marked on the top of the figure) are gives “steps” in the G&vs N dependence (Figure 4). The ratio

given for two bridge lengths@) n = 2 and @) n = 5. The kinetic

k(2)/k- = 15 of the rates for the hopping over the= 2 bridge

analysis is based on the assumption of thermal equilibration betweengq the reaction of & with water is in excellent agreement

nearest-neighbor GG hole states. The solid lines represent the result

for the kinetic scheme, eq 8, given for @ —) n = 2 and for ()
n = 5. One-parameter fits of the experimental data are givekilhy=
15 for n = 2 andk/k, = 4 for n = 5, wherek is the Gq (T)nGGn+1
hopping rate andk, is the reaction rate of GGwith water.

with the analysi®55 of the independent experimental d4t42

for the rates of charge hopping/water reaction in thHd TG...
duplex, which givek(2)/k. = 10—12. It is gratifying that good
agreement is obtained betwedrk. data from two labora-
tories#0-42.65

change mediation is expected to occur. The single-strand hole Moving to the longest (FA)s bridge studied by Schuster et

hopping between the adjacent (GG)N = 1—7) doublets

al. % the heuristic analysis based on the concept of thermal

(Figure 4) involves two types of elementary steps: (i) intrastrand equilibration, eq 8, results in a reasonable fit of the experimental

hole hopping (GG(T—A)AGGN+1 (N = 1-7) between
adjacent (GQ) pairs across the singlé 3- 5 strand and (ii)

data withk(5)/k, = 4 (Figure 4). For lower values of= 3 and
4, we used similar fits, estimating3)/k. = 4—5 forn = 3 and

interstrand hole hopping between nearest-neighbor GG groupsk(4)/k. = 4—5 for n = 4. The spread of the experimental data

i.e., in the pairs of doublets in all cases is substantial, as is apparent from Figure 4.
Nevertheless, from Schuster's experiméntnd our analysis

of hole transport in their duplex (Figure 4), we conclude that:

(1) For the shortn = 2 bridge size, the superexchange
mechanism prevails.

(2) The “transition” from superexchange to TIH is exhibited
atn = ny = 3. The superexchangdIH crossover is in accord
with the quantum mechanical kinetic theoretical estinmate
3—4.

(3) At finite temperatures, the superexchange and TIH
channels occur in parallel. However, for short bridges=(1
and 2), the superexchange mechanism dominates. On the basis
of detailed analytical and numerical analy§&%ithe contribu-
3.6 x 1074 eV? (in the 3—5' direction), andV(G\G)?> = 1.8 tion of the parallel TIH mechanism is negligible for the short
x 1073 eV (in the 3—3' direction; Figure 1e) are considerably = 1 and 2 bridge (i.e., less than 5% for= 2). On the other
larger (by more than an order of magnitude) than the superex-hand, for long bridges(> 4) the TIH channel dominates over
change coupling/(GTTG)|2= 2.6 x 10 °eV2 We thus expect  the parallel superexchange channel.
that both the intrastrand and interstrand nearest-neightbh@ G (4) In the TIH domain, i.e., fon = 3, 4, and 5, the G...G
hopping rates are faster by-2 orders of magnitude than the  hopping rate k exhibits a weak bridge size dependence, which
G'TTG superexchange hopping. Accordingly, thermal equilib- predicts a weak (algebraic) dependence of the G.G TIH
rium prevails within each doublet, between the pair doullets  rates, which are expected to be give®tly= 1/{1/k; + [(n —
= 1 andk = (1), and within the triplets of doublet$ = 2 and 1)/ka—a] exp(A/ksT)}, wherek; is the G'A endothermic hole
3, k=(2;N=4and5k=(3);N=6and 7k=(4). Onthe injection rate A is the energy gap for the injection, akl_a is
basis of our energetic dat&>> we infer that the energies of  the hole hopping rate between adjacent A bases.
(T—A)G*G(T—A) and (T-A)GG"(T—A) duplexes are nearly Schuster’'s experimental déteor the superexchangeTIH
equal. The thermal equilibration implies an equal hole population crossover ah, =~ 3 concur with the experiments of Giese et
probability among the individual G components of the pair of al52 for hole trapping in the &T—A),GGG ( = 1—16)
doublets or of the triplets of doublets mentioned above. The duplex, which gavey, = 3. The weak bridge size dependence
kinetic scheme within this framework for the thermalized of k(n)/k; inferred from Schuster’s data for= 3—5 is consistent
population probabilitiesy (N = 1, ..., 7) with with the relative chemical yield data of Barton et al. for the
GG"(A),GG (n = 4—10) duplex® and of Giese et al. for the
GH(T—A)nGGG ( = 4—16) duplex?? It is surprising that in
the experimental data of Schuster ef%he reduction of the

5—(GG), CC
3-CC (GG,

and in the triplets of doublets

5—(GG), CC (GG) ,—3
3-CC (GG),CC -5

where N =2, K) = 2; N=4, (k) = 3; andN = 6, (k) = 4).
Both the nearest-neighbor-Gs intrastrand couplingV(G|G))|?
= 7.1 x 1078 eV?, the interstrand pair coupling¥(G/G)|2 =

Fi=I[GG] = [GG(l)]' F, =[GG,] =[GG,] = [GG4]
F3=[GG,] =[GG)| = [GG4], F,=[GG¢ =[GG)| =[GG]]
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GG"...GG superexchange rate between 2 and 3 is = k(3)/ with Barton’s36 Giese’s?? and Schuster® experiments (section
k(2) = 0.25, which is lower by a numerical factor of-3 from IV). Indeed, withA = 0.20 eV, = 0.7 A", Ry = 3.38, and

the reduction factor of = exp(—fRg) = 0.1-0.07 expected T = 300 K, we estimate from eq 9 the valuemf= 3.4 This

for superexchange coupling (Figure 2). To establish whether pattern for DNA is qualitatively different from other chemical
k(2) andk(3) indeed correspond to superexchange mediated and biophysical systems, where the paramet®fkgl) is
hopping, it will be important to provide experimental data for considerably larger and the superexchange mechanism is
then = 1 (T—A) bridge in the duplex studied by Schuster et applicable over a large bridge size domain.

al %5 (Figure 4). It should be borne in mind that in the foregoing
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