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Abstract: The efficiency of charge migration through stacked WatsBrick base pairs is analyzed for coherent

hole motion interrupted by localization on guanine (G) bases. Our analysis rests on recent experiments, which
demonstrate the competition of hole hopping transitions between nearest neighbor G bases and a chemical
reaction of the cation Gwith water. In addition, it has been assumed that the presence of units with several
adjacent stacked G bases on the same strand leads to the additional vibronic relaxation prdgess)(G

(GG...G). The latter may also compete with the hole transfer fromGG.G) to a single G site, depending

on the relative positions of energy levels for @nd (G'G...G). A hopping model is proposed to take the
competition of these three rate steps into account. It is shown that the model includes two important limits.
One corresponds to the situation where the charge relaxation inside a multiple guanine unit is faster than
hopping. In this case hopping is terminated by several adjacent G bases located on the same strand, as has
been observed for the GGG triple. In the opposite, slow relaxation limit the GG...G unit allows a hole to
migrate further in accord with experiments on strand cleavage exploiting GG pairs. We demonstrate that for
base pair sequences with only the GGG triple, the fast relaxation limit of our model yields practically the
same sequence- and distance dependencies as measurements, without invoking adjustable parameters. For
sequences with a certain number of repeating adenine:thymine pairs between neighboring G bases, our analysis
predicts that the hole transfer efficiency varies in inverse proportion to the sequence length for short sequences,
with change to slow exponential decay for longer sequences. Calculations performed within the slow relaxation
limit enable us to specify parameters that provide a reasonable fit of our numerical results to the hole migration
efficiency deduced from experiments with sequences containing GG pairs. The relation of the results obtained
to other theoretical and experimental studies of charge transfer in DNA is discussed. We propose experiments
to gain a deeper insight into complicated kinetics of charge-transfer hopping in DNA.

Introduction Unlike such proteins as cytochromes or the photosynthetic
reaction center, DNA is not primary an electron-transfer spécies.
Charge migration phenomena in DNA have attracted much Nevertheless, the orderettelectron system of the common
interest because of relevance to the generation of danemge  DNA bases in duplex B-form DNA (referred to here simply as
mutations? In addition to biO'OgiCﬁ' implications, the under- DNA) provides an appropriate pathway for the motion of excess
standing of this phenomenon is central for further development charges once generated on extended and well-defined stacks of
of DNA-based molecular technologies, especially for electro- base pairs. The latter condition is fulfilled under exposure of
chemical sequencing techniguExperimental and theoretical  DNA to ionizing radiation,8in the case of certain light driven
studies of charge migration in DNA have also been triggered processe&:®-1! and for specially constructed DNA analogues
by the idea of doing “chemistry at a distandegind by potential

application of DNA as a molecular wire in mesoscopic electronic 2‘5‘3 (Tal;r,(/cl’ivrk’i\‘ﬁ Jc /Iia'rlt_(()ert‘s’iiég??chl'glaﬁc?é ZF(e)lEZ-Os%bfhoff I Nature
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Charge Hopping in DNA

with functional groups that allow the formation of radical cations
upon activatioriz-14
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In this paper we present a hopping model for charge migration
in DNA and apply it to the kinetic analysis of two distinct sets

The subsequent motion of charges generated in DNA by theseof strand cleavage data used to obtain information about the
physical and chemical means is a controversial matter that hasefficiency of hole migration in DNA. One set involves the data
been probed by different experimental techniques. These includeon the relative reactivity of a guanine (G) radical catioh G

pulse-radiolysis time-resolved microwave conductiditjirect

and of charge trapped by a distant triple guanine unit (GGG)

measurements of electrical current as a function of the potentialwithin one of the strands of the hef%!* Another includes

applied across a few DNA molecule®! fluorescent quench-
ing,!®> and femtosecond transient absorption measureménts.

strand cleavage intensities measured at different positions of
guanine pairs GG in base pair sequeriéédWe demonstrate

Various experiments exploit pendant or intercalated donors andthat these two sets of experimental data can be described within

acceptord/~1° fluorescent analogues of adenine chemically
incorporated in base pair sequerfeand a photocleavage

two important limits of the proposed model. The first limit
corresponds to the case where the relaxation of the positive

reaction for a site-selective generation of charge on a guaninecharge inside a multiple guanine unit, that is, the process

base using an exogenous hole doKdf:21 The discussion of

(GTG...G)— (GG...G), is faster than hoppin#.We show that

results obtained using these different systems and method-in thi_S fast relaxation limit the GG...G unit termi_na_ltes hole
ologied 19922 has been centered around the dependence ofhopping as has been found for sequences containing a GGG

charge-transfer efficiency on the length of-gathway serving

triple.'214Such a strong kinetic restriction does not exist in the

as a bridge between primary donor and acceptor sites. Thesecond limit of our model, where hopping is faster than charge

observed far reaching translocation of chaggé17p190.20.21,23
(up to ~200 A) was found to be in dramatic conflict with the

relaxation. As a consequence, the GG...G unit allows a hole to
migrate further in accord with experiments on strand cleavage

conventional tunneling mechanism of unistep superexchange-exploiting GG pairg!23The sequence and distance dependen-

mediated electron transféd Quantum mechanical calculation

cies of the hole migration efficiency derived within fast and

shows that this coherent superexchange mechanism should leaglow relaxation limits are in reasonable agreement with those

to the reduction of the charge-transfer efficiency by roughly a
factor of 10 for every base pair extension of the DNA bridge.
To resolve the contradiction, recent studfgd-20.22d.e,2629

deduced from the relative reactiif’4 and the cleavage
intensity dat#!-23Nevertheless, we conclude that certain aspects
of the hopping mechanism of charge migration in DNA should

suggest that the long-range charge migration in DNA can be be clarified in more detail. Experiments suited for this purpose
viewed as a series of short-range hops between energeticallyare proposed and briefly discussed.

appropriate guanine bases.
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Figure 1. Schematic picture of rate processes for hole motion along base pair sequences. Fragments between G sites that are not shown in the
scheme consist of AT base pairs only. Notations are given in the text.

the mechanism of hole migration in DNA should be considered. One has to be considered as resonant, and hole migration will occur between

extreme is the unistep superexchange-mediated tunriélifignis the primary guanine cation'Gand GGG via hopping through the G
coherent mechanism yields a charge-transfer tate depending bases. By contrast, only off-resonant coupling should be expected for
exponentially on the length of the bridge, the nearest-neighbor'@, G'C and G' A bases. As a consequence, a
hole is unable to hop from Gto T, A and C, which mediate the
ket = ko EXP(—HR) (1) resonant G— G* interaction via superexchange.
Thus, the motion of “electronic” holes along the DNA bridge can
whereko is the preexponential factor ailis the falloff parameter, be treated as a series of linked hops between G sites. The fast

expected to be of the order of 1-A see, for example, refs 22d and exponentia_l decrease of the tunneling rate with bridge length, see eq
25. The other mechanism involves incoherent hopping between adjacentl, makes direct long-range superexchange transfer much less effective
nucleobases with similar energetics appropriate for temporary localiza- than the multistep hopping process between the G bases, where each
tion of a moving charge. individual step contributes to the overall rate according to eq 1.

There is no dichotomy between coherent and incoherent mechanisms  In what follows we exploit this picture for the analysis of the hole-
of charge migration in donerbridge—acceptor systems. On the transfer efficiency along sequences of stacked nucleobases with different
contrary, each can contribute to the mechanism of the process. Thearrangements and numbers of AT and GC base pairs. To be in contact
contribution depends on what is measured and particularly on the with experiment, particular emphasis will be placed on the sequences
specific relative energies of the charge donor, the acceptor, and thecontaining either a single triple GG&*“ or several GG pair& As
bridge32 If the “bridging states” of nucleobases are very high in energy follows from ab initio calculations of ionization potentiafs®39the
compared with that in the donor and the acceptor, the coherent€nergy of holes on GGG and GG molecular units is lower than the
mechanism will dominate. Otherwise, charge migration will mainly energy of G by about 0.7 and 0.5 eV, respectively. Therefore the triple
proceed by incoherent hoppift..Note, however, that resonance GGG and the pair GG, as opposed to the single G base, are able to
coupling between the hole donor and certain nucleobases in the DNA interrupt the hopping motion of hole.
bridge provided conditions wherein both limiting extremes are opera- 2. Mathematical Formulation. On the basis of the hopping
tive: The superexchange-mediated tunneling controls the rate of the modef®?° and recent experimental findings*?! the rate processes
elementary jump between proximate nucleobases with the same redoxinvolved in the hole migration along these stacks of AT and GC base
potentials, while hopping is responsible for the long-range migration pairs can be depicted by the scheme shown in Figure 1. Following

of charge along the bridge. There are reasons to b@f&\#2°that experimentd?142lwe assume that initially a hole is site-selectively
this mechanistic picture is applicable to the description of the ground- generated on the certain guanine sitg, fér instance by a charge shift
state hole transfer from a guanine (G) radical cation(&@hole donor) from an adjacent desoxyribose catié@? Thereafter, the primary radical

to the hole trap triple GGG (an acceptor) through the bridge of stacked cation G* is able to lose its positive charge in two competitive
Watson-Crick base pairs. Indeed, the data on one-electron redox

potentials of nucleobases in solutignexperimental values of their (37) (&) Colson, A.-O.; Besler, B.; Close, M. D.; Sevilla, M. D .Phys.
ionization potentials in vapoR$,and computational resuts3® show Chem.1992 96, 661-668. (b) Colson, A.-O.; Besler, B.; Sevilla, M. D.
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C thymi T b is hiaher th h G bv-@F eV Phys. Chem1995 99, 1060-1063. (d) Hutter, M.; Clark, T. JAm. Chem.
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The lower energy of Gin comparison with that of A also follows Soc.1996 118 3694-3707. (f) Fernando, H.; Papadantonakis, G. A.; Kim,
from the data on the oxidation potential of nucleobd$éfthis trend N. S.; LeBreton, P. RProc. Natl. Acad. Sci. U.S.A998 95, 5550-5555.

is maintained in DNA, the coupling between the adjacent G ahd G (38) (@) Sugiyama, H.; Saito, 0. Am. Chem. Sod.996 118 7063~
7068. (b) Prat, F.; Houk, K. N.; Foote, C. &.Am. Chem. S0d.998 120,

(34) (a) Skourtis, S.; Mukamel, £hem. Phys1995 197, 367—388. 845-846.
(b) Felts, A. K.; Pollard, W. T.; Friesner, R. A. Phys. Chem1995 99, (39) Saito, I.; Nakamura, T.; Nakatani, K.; Yoshioka, Y.; Yamaguchi,
2929-2940. (c) Pollard, W. T.; Felts, A. K.; Friesner, R. Adv. Chem. K.; Sugiyama, HJ. Am. Chem. S0d.998 120, 12686-12687.
Phys 1996 93, 77—134. (d) Davis W.; Wasielewski M.; Mujica V.; Ratner, (40) G bases are more readily oxidized than A bases-by eV, see:
M. A.; Nitzan, A. J. Phys. ChemA 1997, 101, 6158-6164. (e) Bulatov, Enescu, M.; Lindqvist, LJ. Phys. Chem1995 99, 8405-8411. Much
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Chem. Phys. 200Q 104, 3906-3913. proposed. The key point for our further theoretical analysis of ground-state
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processes, namely hole transfer to the nearest-neighbor guanine basélhis partially hopping-controlled trapping may occur in the case of

G,, and side reactions with watérThe rates of these processes are GG pairs, which do not terminate the hopping process and therefore
symbolized byko; and yo, respectively. Similar competitive decay  allow holes to travel larger distances than the hole trap triple GGG.
channels exist for a positive charge on other sites containing a single Accordingly, a GG pair does not necessarily function as a true hole
G base: a hole can undergo the transition between neighboring singletrap. The same conclusion follows from direct measurements of the
G sites with a hopping rati.1 or can disappear in the side reaction photoinduced charge separation rates in synthetic DNA hairpins, which
with a decay ratec. The situation remains unchanged until a hole has contain two adjacent GC base pairs at varying position in the hairpin
reached the GG...G site with G bases located on the same strand. It isstem??

assumed that at the GG...G step an intermediate staté.(®) can

first be formed, _since a p_ositive charge is transferred to the G base Calculation of Observables and Comparison with

nearest to the single G site currently occupied by a hole. As a next Experiment

step from this intermediate state, two possibilities exist: (i) the

relaxation to the lowest-energy state (GG.".@)lowed by the reaction . . . L .
with water and (i) charge transfer to the adjacent single G sites through 1. Sequences with the GGG TripleEarlier kinetic analysis

. . 4
a segment consisting of AT base pairs only. motivated by experimental studi@d* has shown that the

The above assumption about the charge behavior at the GG...G steyffTiciency of hole transfer in these systems can be deduced from
makes the present model different from those proposed eZf8r° the measurements of the time-independent yi®|(s= O, ...,
Those models suggest a direct transition of a hole to the state N — 1) andYggg for the products formed in the reactions of
corresponding to (GG...G) This suggestion appears to be incompatible water with G* and (GGG}, respectively. The experimental

with experimental result®,which demonstrate that the rates of charge yield datd2!*are given in terms of the total damage ratio
transfer between two single G bases and between a single G and a GG

pair are almost the same. Furthermore, the direct transition of a hole YGGG
to the state corresponding to the radical cation (GGhould be = 4)
irreversible due to the large energy difference betweém@ (GG}, N-1
while experimental results of Schuster and co-workeéfdmply that Z)Y]
holes can continue their motion after visiting GG units. =
To analyze recent experiments on hole transfer along stacks of AT
and GC base paifé;**we introduce the probability?;(t), of finding a or, alternatively, in the form
hole on thej-th G site at timet. In the case of the unbiased hopping
Kij+1 = ki1 for all j anq thgrefore t.he scheme presented in Figure 1 ¢ = Ysad Yo (5)
leads to the following kinetic equation fét(t)
dP (1) To calculate the ratiog and ¢’ within the framework of the
# = —yoP, (000~ VPO — 6;0) — kj1(P(1) — Pia(D) — hopping model, it is instructive to note that in the case of the

hopping-controlled hole trapping at the GGG step eq 2 can be
rewritten as

kj—l,j(Pj(t) - Pj—l(t))(l - 6],0) (2)

whereds q is the Kronecker symbol angj is equal to the relaxation

) bl § . - dP(t)
ratek for each of GG...G sites and coincides withotherwise. Since N P, — _ 8 )Y — k. (1) —
att = 0 a hole was site-selectively generated at the G site jwitfD, dt YoPi(0050 = ¥aP (O = 010 ~ K;11(R (0
the initial condition is given by Pj+1(t))(l — 6i+1,N) — kj,j—l(Pj(t) — Pj—l(t))(l_éj,o) —
Po(t=0)=1,P.o(t=0)=0 ©) K+ PO, 1=01,...N—=1 (6)

Two limiting cases become evident from eq 2 under the steady- Once the solution of eq 6 is known for @llthe ratiosp and¢’

state condition. The GG...G unit separated from the primarily oxidized can be obtained by substitutifi(t) into expressions
G by a sequence without stacked guanines, such as a sitg¢ witk

in Figure 1, can act as an irreversible sink for moving holes. This limit 00
corresponds to the fast relaxation of charge within GG...G, that is, to fo kal,NPNfl(t)dt
the situation where a ratg, of the process (GG...G)— (GG...G) is o= (7)
much larger than the rate of backward charge transféiG(GG) — oo Nt
G*. As a consequence, the process of reversible hopping is terminated J(; (7oPo(t) + VGZPj(t))dt
=

at the GG...G step with a rake-1n. Such a hopping-controlled trapping
mechanism concurs with experimeftd?which explore hole transport

from site-selectively generated"@®o the triple GGG. Another situation j:okN_l NP1 (Dt
arises if the relaxation is slow in comparison with charge transfer. Now | = : (8)
“electronic” holes can either be trapped at the GG...G step with the j/omeO(t)dt

0

effective ratekelkn-1n5/(Kn-1n8 + Knian + Kee) OF reach the next single
G sitej = N + 1 with the ratekal,NkNH,N/(kal,N + kN+1,N + krel)- ) . ) . )
Thus, the trapping process in the limit of slow relaxation is controlled | N€ @bove procedure provides the basis for kinetic analysis of
by hopping to a smaller extent as compared to the fast relaxation limit. the efficiency of hole migration along various base pair
— . . . . sequences with the GGG triple and offers exact analytical results
(41) In addition to the reaction with water, radical cations €n also

undergo deprotonation with subsequent H-abstraction, see SteenBeéul, S. for _Several _|mp_ortant cases. In partlculary@‘_— 0, so that the
Chem 1997, 378 1293-1297. However, according to ref 12 the contribution ~Main contribution to the total damage ratio comes from the
of this process to the measured relative yield is small. If one nevertheless reactions of water with the primary radical catiog'@nd with
assumes that proton transfer is a kinetic competitor for hole transfer, the (GGG), our calculations give

upper limit for hole migration distances estimated by Steenken will be 17 ’

A. This value is much less than migration distances observed in

experimentg?14.17.19b,2021.28)n the basis of these circumstances, we will *

not consider the protonation state of @ our analysis. b=¢ = kN_l:N‘/(; Py-a(0dt _1 1 ©)
(42) Lewis F. D.; Wu, T.; Liu, X.; Letsinger, R. L.; Greenfield, S. R.; 0 y 1 1

Miller, S. E.; Wasielewski, M. RJ. Am. Chem. SoQ00Q 122, 2889 Vo‘[;) Py(t)dt Of—+—+

2902. Koo Ko Ky-an
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Table 1. Efficiency of Hole Migration through Base Pair for cross linked pair (like %,). This permits the use of eq 8
Sequences Bridging the Primarily Oxidized G Site and the GGG to predict the damage ratipand, hence, the efficiency of charge

Triple2 . . - .
P transfer for the DNA bridge with arbitrarily complicated
efficiency expressed in terms of damage ratios sequences of AT and GC pairs (See Table 1)
Sequence v ¢ As follows from eqs 6 and 9, the values ¢fand¢’ for the
exp- theor. exp. theor. irregular sequencdy¥ —VI are determined by the rates for the
T homogeneous sequencedl!, andlll given by the ratios of
1 306" 306" . .
A the corresponding transfer rate and the rate of theeaction.
n IT 80519 §051.9" The direct use of experimental valgé$® of these ratios in eq
6 gives¢ and ¢’ for the polynucleotide sequencég —VIlI
m T4 3.240.6% 3.240.6” without additional fitting parameters, it is assumed to be equal
TGt A to ye. The validity of the latter assumption was verified by the
IV AlAT 348077 28106 308077 26106 best-fit procedure applied to experimental data reported for
regular sequencds, VI, andVIl .24 The sequenciX has been
v TACA 388087 28406 14406 . - .
ATGT 0 A - described as the continuation of the results for sequenaed
wi TTgTT 02509 28604 28506 11 using eq 1. Theo_retlcal resu!ts obtglned (Table ;) are seen
to be in agreement with observatidh¥*within the experimental
v TTGTTGTTGTT 17407 09:0.1% 0.8:0.3 error. In Figure 2 the data of ref 12 are shown together with
the theoretical prediction obtained according to the rules
VI G AGTCAGACGT 340077 315108 074022 formulated above. The nonmonotonic behavior of the charge-
TATA . transfer efficiency (expressed in terms of the damage rétios
X arar 003200157 00362002 and ¢) as a function of the bridge length is described

aTheoretical predictions concerning the efficiency of hole migration satisfactorily within the hopping model.
were based on calculations of the damage ratios from the experimental The analysis performed above is easily applicable to other

data of refs 12 and 14 for sequendeH , andlll . Theoreticall values important aspects of charge transfer in DNA. In particular, eq

in eq 12 were obtained from the solution of eq 6. Errors in theoretical 6 b loited f ifvina the d d fh lati

values were estimated by using experimental errors. can be exploited for specifying the dependence of the relative
ground-state charge-transfer rate on the bridge leRgthhe

Note that the ratek;+ in this equation depend on the lengths, solution of eq 6 shows (see Table 1) that the sequence effect
Ljj+1, of the sequence segments which connect adjacent G sitestrongly suppresses the length dependencg’ ébr irregular
and consist of AT base pairs only. bridges with AT and GC base pairs. This becomes evident from
The expression derived fap' reduces to that obtained by the fact that¢’ are almost equal for bridges composed of
Bixon et al?® as long as all the local & G rates are the same, SequencedV and VIl with lengths R = 17 and 54 A,
ko1 = ... = kn—2n-1. The latter condition is satisfied for the  respectively. Therefore, experiments with irregular DNA bridges
sequences witim repeating AT pairs between G bases= 1, of distinct lengths do not provide unambiguous results. Our
2, ...). By virtue of eq 1 each hopping step in such regular theoretical analysis, however, enables us to clarify the situations
sequences proceeds with the rafe1 exp[—f (m+ 1)I], where where measurements on the distance dependence do make sense.
| is the mean plane-to-plane distance between base pairs. Th@ne case involves experiments with the bridges consisting of
same rate is expected for charge trapping at the GGG stephomogeneous AT sequences. These systems are known to
because in the fast relaxation limit this process is controlled by exhibit exponential distance dependei&® Alternative meas-
hole transfer from ¢_, to the nearest-neighboring G bases of urement¥ explore sequences with regularly arranged G bases
the GGG triple. Hence, for regular sequences eq 9 can beseparated byn repeating AT pairs. For these sequences, the

rewritten as extension of eq 10 to the cagg = yg = y yields
, km . .
p=¢ =I(m+1) — (10) = K 2 sinh@) sinh(1/2) |
Yo y coshg(N — 1/2)) — cosh{/2)

Kn  sinh@)

¥ sinh((N — 1)) (11)

with R, being the length of the bridge between the primary ¢ =
radical cation G" and the hole trap triple GGG.

The above results make evident that the efficiency of hole
migration along a DNA bridge of given length should be
strongly affected by the arrangement and number of G bases.
This prediction of the hopping model is strongly supported by
recent measuremedisof the damage ratios for different 2
polynucleotide sequences. Furthermore, egs 6, 7, and 8 can be A=In|1+ _k,ln T A /-k,lﬂ + ﬁ ~ ik (12)
used for quantitative interpretation of the observed sequence-
dependent charge transfer, if information about the jump rates
for each step of hopping motion is available. The necessary We have defineck, as the jump rate through the sequence
information is provided by theoretical and experimental studies fragment withm repeating AT units between the G bases. The
of hole transfer from G to GGG through one and two AT base approximate expression (eq 12) fdr corresponds to the
pairs1214.33As has been found, the jump rate decreases by aboutexperimental situation wheig, is faster than the reaction rate
a factor of 0.3 for each intervening AT base pair linked directly y. Then for sufficiently short alternating sequences viith<
to the previous patt (like ﬁ?) or about an order of magnitude  k./y“2the dependence of the relative transfer rates on the bridge

whereN is the number of G sites (see Figure i)~ 1 is the
number of AT fragments andl is the decrement given by
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Figure 2. Dependence of the damage ratigpanel A) andp (panel B) on the length of sequences listed in Table 1. ExperimentaP-&aad
results of our calculations are shown by open circles and filled triangles, respectively. Legends near points identify sequences listed in Table 1.

Duplex A

DNA(1) 3-ATG CAC CGA AAA GCC AGT GAC GTA ATC AAT TTC CTT ACA CGC GAC TGG TTC CTT GGT TTC AQ-5
DNA(2) 5-TAC GT|G GCT TTT C[GG TCA CTG CAT TAG TTA AAG GIAA TGT GCG CTG ACC AAIG GIAA CCA AAG-3'

Duplex B

DNA(1) 3-AQ ATT TCC GGC ATG CGA CCA GTA CAC CAA GTC ACC ACT GAA CCA ACG TAC CAT GCA GGC-5'

DNA(2)  5-TAA AlGG CCG TAC GCT [GGIT CAT GT[G GITT CAG T[GG| TGA CTT [GGT TGC ATIG GTA CGT CCG-3

Figure 3. Duplex DNA oligomers with two strands DNA(1) and DNA(2) studied experimentally by Schuster and co-w8rkekathraquinone
derivatives (AQ) which are covalently linked to a DNA(1) strand allow the site-selective generation of holes due to electron transfer from the G
base to the photoexcited AQ. The DNA(2) strand which is complementary to DNA(1) provides the sequence of nucleobases with several isolated
GG pairs.

lengthR, (of regular alternating bridges) is given by the power  Thus, for sufficiently long bridges the hopping mechanism
laws of charge transfer along DNA bridges with regular base pair
sequences exhibits an exponential distance dependence, as does
(13) unistep superexchange-mediated tunneling, cf. eq 1. Rhe
R, parameter is equal to the total leng®hThe falloff parameters
Rb(m + 1) for these two mechanisms are, however, distinct. While the
falloff parametelf in eq 1 is a measure of electronic coupling
In the opposite case of a long bridge eq 11 leads to exponentialbetween donor and acceptor sites, the falloff paramwtier
decrease of both ratios the distance dependence of the damage rétiasd¢’ reflects
both the hopping rate and the ability of the hole to react with
0.9' ~ expnR,) (14) water during the hopping motion along the bridge.

_ 2. Sequences with Several GG Pairddole transfer along
with these sequences manifests itself in the long-range oxidation of
| " GG sites in DNA first demonstrated by Barton and her
n=—-: (%n) colleagues!@A representative example of such systems is the
I(m+1) set of anthraquinone (AQ)-linked duplex DNA oligomers studied
) . ) . by Schuster and co-workétg3(see Figure 3). Experimentg!
The bridges investigated in ref 14 are examples of regular gy, that “electronic” holes are able to migrate along the stack

alternating bridges. The agreement of the experimental IengthOf base pairs, causing reaction at GG steps revealed as strand

dependence and the predictions of eq 11 for the damage ratio :
are demonstrated in Table 1 for sequenéed/|, andVIl . As breaks. It is remarkable that the strand cleavage was observed

follows from eqs 6 and 9 (see sequeiicén the Table 1x./y not only at the GG step closest to the primarily oxidized G site,
3 o
~ 8.9. Accordingly the reciprocal of the decay length for the PUtalso at more remote GG stefs®Hence, charge motion is

damage ratiosy, is equal to 0.03 Al for the typical valud = not terminated by GG pairs. The latter conclusion is consistent
3.4 A reported for of the mean plane-to-plane distance betweenWith recent experimental data on charge separation and recom-
stacked base pait8215This 5 value is determined largely by ~ bination rates in synthetic DNA hairpiftswhich show that

the reaction rate, and is much less than the falloff parameter contrary to the GGG triple, the GG pair does not act as an
B~ 1 A~ calculated for the conventional tunneling mechanism irreversible sink for moving holes. According to our model, this
of unistep superexchange mediated charge transfer in BBNA. suggests that hole trapping at GG steps proceeds in the partially

qml(mRt 1)and¢% I(m+ 1)
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hopping-controlled regime that enables holes to escape trappingTable 2. Relative Cleavage Efficiencie®ge for Various _
at a GG step and to continue their motion along the stack of Sequences of AT Base Pairs Bridging the Primarily Oxidized G Site

base pairs.

Since GG pairs do not absorb all holes, the experimental data
on the strand cleavage yied at each GG stepg € 1, 2, 3, 4)
allow conclusions concerning the efficiency of hole migration
through the (AQ)-linked duplex DNA oligomer. The results are
usually reported in terms of the cleavage ratio

(15)

where the subscript = 1 labels the GG pair closest to the
position of the first oxidized G base.

To estimate the efficiency of hole migration theoretically,
we express in terms of the population probability for theh
pair GG,Pj(t). On the assumption that the rate of the cleavage
process is independent pfthis yields

S P (@t
SRyt

(16)

Now the calculation ofy; is straightforward. All we need to do
is to solve eq 2 and to substitute the result into eq 16. For long

sequences such as shown in Figure 3, the integrals in eq 16

cannot be evaluated analytically, while the numerical procedure
requires knowledge of the parameters ve, ke, and the
hopping rates;+1 between neighboring G sites.

The dominant strand cleavage at the GG step observed in
experiments with sequences containing GG pairs suggests tha
the chemical rateg, andyg are small in comparison with other

kinetic parameters and therefore can be neglected. The necessary

information about the hopping rate between a single G base

and the GG Pair

Sequence Drat

exp. theor.

1d A 10 10
md AA 0.78 071
ma  FE7 0.30 0.43
Ivd AAAA 0.1620.04 021
vd A 0.14+0.02 0.11

a Experimental values were taken from the work of Saito and co-
workers?*® Theoretical values were obtained from fitting eq 18 to the
experimental data.

1

o
-

elative cleavage efficiency, @,

o
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— ]

15 20 25

AT bridge length, R’ (A)

5 10

and a GG pair separated exclusively by AT base pairs can beFigure 4. Dependence of the relative cleavage efficiedgg vs the
deduced from measurements of cleavage efficiencies performed®ndth of AT bridgesR;, between the primarily oxidized G site and

by Saito and co-worket&(Table 2). For this purpose, we extend
eq 2 to the case studied in ref 43, where G is oxidized §o G
via electron transfer to the adjacent photoexcited cyanobenzo-
phenone-substituted uridine (U) incorporated in the B-form
duplex without perturbing the base stacks. Assuming that the
initially formed Gy is quenched by back electron transfer from
the U radical anion with the rate, it can be verified that the
cleavage band intensity, at the GG step is given by

1

yg+mw%

Herek(R,) is the rate of the hole transition from the initially
oxidized G to the GG pair connected by the AT bridge of the
lengthR,, kg is the Boltzmann constant, is temperatures is

the dielectric constant of the water surroundingsjs the
distance between U and the adjacent G base,yaisdhe rate

of the reaction between a hole and the surroundings leading to
the cleavage at the GG step. Equation 17 provides the expressio
for the relative cleavage efficiencle defined as the intensity

I normalized to its value obtained for the sequehde In the
slow relaxation limit, wherédge < (kg + ), the result follows

| ~ (17)

kreI
k(Ry)

&2
ekgTL

Ke + (1 + a- L/R’b))

(43) Nakatani, K.; Dohno, C.; Saito, J. Am. Chem. Sod.999 121,
10854-10855.

the GG pair. Legends near points identify sequences listed in Table 2.
Points are experimental data from ref 43. Solid line was obtained from
eq 18 takingL = 3.4 A, and fitting to the first four points (see text).

from egs 1 and 17

o = 1+c
14 cexpB(R, — L))

(18)

where the constant turns out to be independent &,. As
follows from Figure 4, the dependenck versusR, pre-
dicted by eq 18 fits four experimental points reasonably well if
the falloff parameteg is taken to be 0.29 AL The discrepancy
between numerical and experimental results is within the
accuracy of measurements. The fifth point corresponding to the
bridge with 5 AT base pairs (sequen¢el in Table 2) was not
taken into account in the fitting procedure. According to our
estimations, in this case charge transport becomes incoherent
and involves thermally activated injection of holes from the
initially oxidized Gy™ to the bridge. The contribution of the latter

echanis#fd! increases with the bridge length and may be-
come dominant for bridges with five AT base pairs (sequence
V d).

The 8 value obtained above for the transition & (GTG)
together with the data on the rates of other steps taken from the
data in Table 1 (sequencés-lil ) allow us to describe the
experimental data of Schuster and co-worketsin terms of
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Figure 5. Cleavage ratigp at GG steps vs the position of GG pairs on the strand DNA(2). Experimental results for duplex A and duplex B in
Figure 3 are taken from refs 21 and 23. These results are plotted in panels A and B, respectively. Circles correspond to experimental data. Triangles
are theoretical values of the cleavage ratio calculated from egs 2 and 16.

the hopping model by treating the relaxation ratgas the only as has been observed in experiments with sequences consisting
adjustable parameter. As follows from Figure 5, the calculated of AT, GC, and a single GGG uni&!4 In this situation we
cleavage ratig agrees with the measured valuek;ifis taken actually deal with the donor-bridge-acceptor system, in which
to be about 1/30 of the rate for hole transfer through a single the primary radical cation Goperates as a hole donor, the base
AT base pair. The agreement can be considered as reasonablpair sequence functions as a bridge, and the GGG triple serves
in view of the low precision of the method used to measure the as a hole acceptor (sink).In our analysis of charge transfer in

cleavage efficiency. this system, we have followed the experimental literature in
defining the efficiency of hole migration in terms of damage
Discussion and Conclusions ratios,¢' and¢. This is the actual measured result for ground-

W h logical d inti f ch i state hole migration. The hopping model predicts that for bridges
€ propose a phenomenological description ot charge Mmotion i, 5 certain number of repeating AT base pairs between

in DNA in terms .Of a_hopping mode_l. The model suggests that multiple G bases, the hole transfer efficiency should vary in
the long-range migration of “electronic” holes consists of a series inverse oro ortior; to the bridge leng® for short £)+++($)---
of short-range transitions between G bases separated by A'IJG prop . g . ¢
pairs1214220.28 29T his mechanistic picture allows predictions (c)*** bridges, with change to slow exponential decay for
of the charge migration efficiency for arbitrarily complicated longer bridges. To calculate the actual rate conskapt for

: ; : : hole migration, it is instructive to recognize that in contrast to
base pair sequences if the information about the rate of each ! i )
transit[i)on is fgvailable the damage yieldkcw is defined by the current to the GGG

To deduce the required information, we use experimental 22?@?2?1:1itnhar:ob%;hzcgﬂct)o?farr:gl?hgu(rjrgr?;? t'(l?hit\slvclje;:jnsk?(o
datd?1* on the relative rate of hole transfer from the primary differelgt distagce de enden(?ies!@t,l andg' for se Lences with
radical cation G to the triple GGG through bridges consisting P d

of AT base pairs only. This rate is assumed to coincide with regularly alternating AT and GC base pairs: Whife-1/R,,

the relative rate of the hole jump between two neighboring G~ (45) Recently it has been reported that a hole can be transferred between

: : : - 0 GGG triplets connected by the sequence TTGTT, while the replacement
bases with the same separation distance. The latter assumptlofc’(}’the & bas by A Suppressgs tho p?ocess, seo: Nakatani K. %Ohno, C.

is valid only for the two-stage mechanism of hole transfer from saito, 1.J. Am. Chem. So200Q 122, 5893-5894. This experimental result
G' to GG...G. The mechanism includes (i) a hole jump to the is not in contradiction with our treatment of the GGG triple as an irreversible

G base nearest to the primary radical catioh-6 (G+G G) trap (a sink) in base pair sequences with éméy GGG unit. In the latter
- - & case, which is studied in detail in this paper, the hole transfer from GGG
and (i) a subsequent relaxation of charge G&) — (GG...G) to the neighboring single G is precluded by the large difference in energies

within the GG...G unit. Ab initio quantum mechanical studies of GGG and G'. By contrast, for sequences with several GGG units the

of the GGG triplé* support the existence of the step (i), while hole transfer between two triples does not require an energy expenditure
and can proceed, mediated by the GC base pair that possesses proper

the d'gffsrggnce in the ionization potentials of a single G and g6 qetics. it should be stressed that our treatment of the GGG triple as an
GGGl2%3%provides arguments in favor of the step (ii). If the irreversible trap (a sink) refernly to the situation where hole generation
relaxation is much faster than the charge-transfer step (i), theand transport are not constrained by Coulomb attraction within the primary

G : ; ; radical pair, as it occurs in experiments of Meggers and co-wdrkars!
rate of the process (GG...G)" will be mainly determined Giese et al* In their experiments analyzed in the present work the hole

by the number of AT.pairs §eparating t.he primary radica| Cati(?n injection proceeds via the charge shift from an adjacent deoxyribose cation
and the nearest neighboring G within the GGG triple. This to Go (see Figure 1) to minimize a Coulomb barrier. This is not a case in
justifies the choice of the parameter for calculations of the hole Other experiments with a single GGG, see e.g.: Lewis, F. D.; Liu, X. Y]

.. . . . Liu J. Q.; Miller S. E.; Hayes, R. T.; Wasielewski, M. Rlature 2000
transfer efficiency in sequences with different number and 40651 and Lewis, F. D.; Liu, X. Y.; Liu J. Q. Hayes, R. T.; Wasielewski

position of AT and GC base pairs. M. R.J. Am. Chem. SoQ00Q 122, 12037-12038. As follows from our

The fast relaxation limit discussed above corresponds to the estimations, a strong CO“'OmbiC(ir_“erlaCtior.‘lé’etWiegg hole and a negative
. : . . - . __ion of the electron acceptor (singlet stilbene-4;di¢arboxamide in
situation where GG...G un|t§ actas |rrever5|t_)le traps for mov_lng experimental studies of Lewis et al.) can significantly reduce free energy
holes. Therefore, a GGG triple should terminate hole hopping, changesAG for hole transfer from G to GGG. Furthemore, the estimated
AG values were found to be much less than the differences in the ionization
(44) Yoshioka, Y.; Kitagawa, Y.; Takano, Y.; Yamagushi, K.; Nakamura, potentials of the single G and GGG trigf&tin agreement with experimental
T.; Saito, I.J. Am. Chem. S0d.999 121, 8712-8719. findings of Lewis et al.
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the absolute rat&cy decreases with the bridge length ap- both cases a positive charge is transferred to the G base nearest
proximately as IR,? in agreement with the earlier theoretical to the primary radical cation G If, however, the AT bridge

result?2d In view of the inverse proportionality betwedawy contains two neighboring A bases on different strands, the falloff
andRy?, we expect that the absolute migration rate for sequencesparameter increases by a factor of?ZThis indicates that the
I and VIl (Table 1) will differ by a factor of 50. arrangements of AT bases in the duplex affect the electronic

In the opposite case of slow relaxation, the hopping model €0Upling between the donor and acceptor.
requires that GG...G units should behave as shallow traps, which 1€ small values of the falloff paramet@ifor hole transfer
allow holes to continue their motion along the sequence. Such through AT bridges can be understood if the hole motion within
behavior is typical for GG pairs as is evidenced by the strand the ;truc_tural unit G.._.G...G is considered as _the motion of_charge
cleavage in oligomer DNA duplexes containing several sites C&/Ti€rs in the impurity band of doped semiconductor with the
with two G bases stacked on the same stfd?@43The same Wldth detgrm!ned by thg holle transfer integhalln this case
conclusion follows from the recent study of photoinduced charge the tight-binding approximatigf**enables one to expregs
separation in synthetic DNA hairpifdThe numerical results ' terms ofb, the mean plane-to-plane distance between bases
obtained within the slow relaxation limit indeed concur with " @nd the.dlfference in energies of thg hole when residing on
experimental data on the efficiency of hole migration in duplex 1€ AT bridge and on the G bas, as
DNA oligomers with several GG paif3:>343Thus, the relax- 2. 1A AZ\Y
ation is always fast on GGG, but may be slow on GG. The =75+ 1"‘@
agreement between theory and experiment suggests that the
charge relaxation at each GG step should be almost 30 timesAccording to ab initio molecular orbital calculations of Sug-
slower than the rate for the hole transfer through a single AT iyama and Sait8%2b ~ 0.4 eV if| is taken to be 3.4 A, while
base pair. This implies that a positive charge relaxes at the GGGA is equal to 0.5 e\?> With these values of parameters, the
step faster than at the GG step at least by 2 orders of magnitudeabove equation yield8 = 0.35 A~* in reasonable agreement
The physical reason for the dramatic difference in time scales with the results of the fitting procedure.
of the relaxation process within GG and GGG units currently ~ The above findings call for further experimental and theoreti-
remains unclear. Formation of radical cations (GG)nd cal investigations. In particular, it might be useful to perform
(GGG)* is accompanied by the change in GG and GGG experimental studies of hole migration to a GG pair and a GGG
geometries, as is observed for aromatic hydrocarbon dimertriple employing the same sequences and the same method for
cation radical$® Therefore polaron effects similar to those the site-selective generation of charges. These studies would
proposed by Schusférand Conwelt” will be important for the enable one to obtain more accurate data for comparison of GG
description of the relaxation process. and GGG units as hole traps. Another interesting possibility is
a measurement of the strand cleavage efficiencies in long
sequences, which contain single GGG triples in different well-
defined positions between GG pairs. Such experiments can prove
that zz-stacking of base pairs provides the only pathway for
charge transport in sequences with the length of several hundred
angstroms.

It is also interesting to compare the values of the falloff
parameterg for hole transfer from the primary oxidized G site
to the GG pair and GGG triple through identical bridges
composed of AT base pairs only. The application of the hopping
model to experimental results of Saito and co-workegsves
B =0.29 A1if a hole acceptor is a GG pair. Within the limits
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