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Abstract: A series of anthraquinone-linked (AQ) duplex DNA oligomers were prepared and investigated.
Irradiation of the AQ injects a radical cation into the DNA. The radical cation migrates through the DNA
and reacts selectively at GG steps, which leads to strand cleavage after treatment with piperidine. The
oligomers investigated in this work were selected to assess the effect on long-distance charge transport of
placing a T base (or bases) in a strand of repeating purine bases. With notable exceptions, the amount of
strand scission decreases with the distance between the AQ and the GG step. The results are consistent
only with models for long-distance transport, such as thermally activated polaron-like hopping, that
incorporate radical cation delocalization over two or more adjacent bases.

Damage to DNA by its one-electron oxidation has been pair to the next is 3.4 A, and each base pair is rotated around
associated with as many as half of all human cantBecause the long axis of the helix by about 36with respect to its
guanine has the lowest oxidation potential of the four common adjacent base paifsThe regular order of stacked bases revealed
DNA bases, its radical cation (formed by loss of an electron) is by this structure led naturally to the proposal that DNA would
ususally involved in oxidative reactions. In duplex DNA, support long-distance, coherent electron transbbinis exciting
guanine radical cations react with water to form mainly 7,8- possibility was revived and supported by measurements of
dihydro-8-oxoguanine (8-OxoG¥ Unrepaired 8-OxoG lesions  apparently rapid photoinduced charge transfer over more than
cause G-T transversions in prokaryotic and eukariotic cells, 40 A between metallointercalators tethered to opposihg 5
which often leads to harmful outcomes. The development of a termini of a 15 base pair DNA duplex, which prompted the
detailed understanding of the mechanism for migration of a suggestion that DNA is a “molecular wir&°However, careful
radical cation from the site of initial DNA oxidation to a remote, kinetic measurements on related systems showed the invalidity
reactive guanine is an important step in the process that will of wire-type behaviot! Recently, Sen and co-workétshowed
lead to a deep understanding of DNA damage and its repair. that the appearance of rapid, long-distance charge transfer for

DNA is a helical polyanion built by the union of two linear DNA linked to metallointercalators could be an artifact caused
polymeric strands that are composed of sugars (deoxyribose)by the formation of aggregates. Currently, there are no data
linked by phosphates. Each sugar contains an aromatic base (Ggonsistent with the existence of a coherent electron transfer
C, A, or T) bound to C1of the sugar. The two strands are process in DNA over a distance greater than one or two base
normally complementary so that when they combine to form a pairs?!3
duplex, each base on one strand forms a Watgnick The crystallographic structure of DNA is not a good model
hydrogen bond with its counterpart on the opposite strand. At for consideration of the possibility that it behaves like a
normal physiological pH (ca. 7.4), the phosphates of the molecular wire in solution because this representation does not
backbone polymer are fully ionized, so there must be a positively reveal the extent of instantaneous disorder inherent in this
charged counterion to neutralize each phosphate anion. Thesassembly. DNA is a dynamic molecule with motions of its
counterions play an important, if underappreciated, role in constituent atoms, corresponding counterions, and solvating
modulating the electronic and structural properties of DNA.  water molecules that occur on time scales that range from

High-resolution X-ray crystallography of DNA reveals ex- femtoseconds to milliseconds or more. This is revealed clearly
quisite details about its structure. In B-form DNA, the medium
most commonly used for the study of long-distance radical (6) Schuster, G. BAcc. Chem. Re00Q 33, 253-260.

X . . . 7) Dickerson, R. EMethods Enzymoll992 211, 67—111.
cation transport in solutiohthe average distance from one base (8) Eley, D. D.; Spivey, D. ITrans. Faraday Socl962 58, 411—415.

(9) Murphy, C. J.; Arkin, M. R.; Jenkins, Y.; Ghatlia, N. D.; Bossman, S. H.;
(1) Beckman, K. B.; Ames, B. NJ. Biol. Chem.1997, 272 19633-19636. Turro, N. J.; Barton, J. KSciencel993 262, 1025-1029.
(2) Kasai, H.; Yamaizumi, Z.; Berger, M.; Cadet,JJ. Am. Chem. S0d.992 (10) Turro, N. J.; Barton, J. KJ. Biol. Inorg. Chem1998 3, 201—209.
114, 9692-9694. (11) Wan, C. Z,; Fiebig, T.; Schiemann, O.; Barton, J. K.; Zewail, APrbc.
(3) Spassky, A.; Angelov, DBiochemistry1997 36, 6571-6576. Natl. Acad. Sci. U.S.A200Q 97, 14052-14055.
(4) Barnett, R. N.; Cleveland, C. L.; Joy, A.; Landman, U.; Schuster, G. B. (12) Fahlman, R. P.; Sharma, R. D.; Sen, D.Am. Chem. So2002 124,
)

Science2001, 294, 567-571. 12477-12485.
(5) McFail-lsom, L.; Sines, C. C.; Williams, L. LCurr. Opin. Struct. Biol. (13) Lewis, F. D.; Zuo, X.; Hayes, R. T.; Wasielewski, M. R.Am. Chem.
1999 9, 298-304. S0c.2002 124, 4568-4569.
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by consideration of careful molecular dynamics simulatiins.  online biopolymer calculator, and their concentrations in solution were
It is apparent from analysis of these simulations that duplex determined from the absorbance at 260 nm, where the anthraquinone
DNA in solution has the standard B-form structure on average, Was replaced with adenine in the extinction coefficient determination.
but at any instant, over long distances (more than two or three Reverse-phase HPLC was performed on a Hitachi system using a

base pairs) the DNA is somewhat disordered. Disorder cannot
be tolerated in a coherent, single-step charge transfer proces

because it greatly reduces the electronic interaction that couples;

one base pair to the neX.Consequently, DNA in solution
cannot be a molecular wire and this mechanistic possibility must
be discarded.

Nonetheless, radical cations introduced into duplex DNA by
one-electron oxidation do migrate long distances before being
trapped at (G) steps ( = 2, 3) by reaction with water or
oxygen®16-18 The mechanism of this long-distance radical
cation migration in duplex DNA is an area of intense experi-
mental and theoretical investigation. The currently considered
mechanistic possibilities for this process fall into two catego-
ries: (i) an incoherent random-walk of multiple, short tunneling
stepst?20(ii) a polaron-like hopping process where dynamical
structural distortions generate delocalized, self-trapped radical
cations of finite spatial extent that are transported by thermal
activation#62-23 The effect of DNA base sequence on the
efficiency of charge transport can provide compelling informa-

S

Dynamax C18 column. Atmospheric-pressure electron impact ionization
mass spectra of the oligomers were obtained by MALDI-TOF mass
Spectrometry. UV melting and cooling curves were recorded on a Cary
E spectrophotometer equipped with a multicell block, temperature
controller, and sample transport accessory. CD spectra were recorded
in a JASCO J-720 spectropolarimeter.

Cleavage Analysis by Radiolabeling and Polyacrylamide Gel
Electrophoresis (PAGE). DNA oligonucleotides were radiolabeled
according to standard procedures either at thensl or 3- end with
[y-?P]ATP and bacterial T4PNK for'8abeling or with p-32P]JATP
and TdT for 3-labeling. Radiolabeled DNA was purified by 20% PAGE
at 400 V. Samples for irradiation were prepared by hybridizing a
mixture of unlabeled (5.@M) and radiolabeled (10 000 cpm) oligo-
nucleotides with AQ or non-AQ complementary strands (a\) in
buffer (pH= 7.0). Hybridization was achieved by heating the samples
at 90°C for 10 min, followed by slow cooling to room temperature
overnight. Samples were irradiated at 350 nm at ca.°B0in
microcentrifuge tubes in a Rayonet photoreactor (Southern New
England Ultraviolet Company, Barnsford, CT). After irradiation, the
samples were precipitated once with cold ethanol (ZQ) in the
presence of glycogen (2, 20 mg/mL), washed with 80% ethanol (2

tion for assessment of these mechanisms. However, previousx 100uL), dried (Speedvac, low heat), and treated with piperidine

investigations of sequence effects have resulted in apparentl
ambiguous finding$324-27 In the work described here, we report
that the effect of base sequence is a collective phenomenon th

results from patterns of interactions between the base pairs of

the duplexz®

Materials and Methods

[y-32P]ATP, [0-*2P]ATP radioactive isotopes and terminal dinucleo-
tide transferase (TdT) were purchased from Amersham Bioscience. T4
polynucleotide kinase (T4PNK) was purchased from New England
Biolab and stored at-20 °C. Unmodified DNA oligomers and
anthraquinone-containing complementary oligomers were synthesized
as described elsewhere on an Applied Biosystems DNA synthésizer.
The extinction coefficients of the oligomers were calculated using an

(14) Beveridge, D. L.; McConnel, K. urrent Opin. Struct. Biol200Q 10,

182-196.

(15) Troisi, A.; Giorgio Orlandi, GJ. Chem. Phys. B002 106, 2093-2101.

(16) Saito, I.; Takayama, M.; Sugiyama, H.; Nakatani, K.; Tsuchida, A,
Yamamoto, M.J. Am. Chem. Sod.995 117, 6406-6407.

(17) Kelley, S. O.; Barton, J. KMetal lons Biol. Syst1999 36, 211—249.

(18) Giese, BAcc. Chem. Re00Q 33, 631-636.

(19) Jortner, J.; Bixon, M.; Langenbacher, T.; Michel-Beyerle, MPEc. Natl.
Acad. Sci. U.S.A1998 95, 12759-12765.

(20) Lewis, F. D.; Wu, T.; Zhang, Y.; Letsinger, R. L.; Greenfield, S. R;
Wasielewski, M. R.Sciencel997, 277, 673-676.

(21) Henderson, P. T.; Jones, D.; Hampikian, G.; Kan, Y.; Schuster, Brd8.
Natl. Acad. Sci., U.S.AL999 96, 8353-8358.

(22) Conwell, E. M.; Basko, D. MJ. Am Chem. So@001, 123 11441-11445.

(23) Giese, B.; Biland, AChem. Commur2002 667—672.

(24) Gasper, S. M.; Schuster, G. B. Am. Chem. Sod997, 119, 12762~
12771.

(25) Meggers, E.; Michel-Beyerle, M. E.; Giese, B.Am. Chem. Sod.998
120, 12950-12955.

(26) Williams, T. T.; Odom, D. T.; Barton, J. K. Am. Chem. So200Q 122,
9048-9049.

(27) Giese, B.; Amaudrut, J.; Kohler, A.; Sporman, M.; WesselyN&ture
2001 412 318-320.

(28) Pullman, B.The Emergence of Complexity in Mathematics, Physics,
Chemistry and BiologyPrinceton University Press: New York, 1997; p
494,

(29) O'Neill, P.; Parker, A. W.; Plumb, M. A.; Siebbeles, L. D. A. Phys.
Chem. B2001, 105

(30) Nunez, M.; Hall, D. B.; Barton, J. KChem. Biol.1999 6, 85-97.

(31) Ly, D.; Sanii, L.; Schuster, G. B. Am. Chem. Sod.999 940Q 0—9410.

(32) Nakatani, K.; Dohno, C.; Saito, . Am. Chem. So200Q 122, 5893-

4

5894.
(33) Sanii, L.; Schuster, G. Bl. Am. Chem. SoQ00Q 122 11545-11546.

y(100;¢L, 1 M solution) at 90°C for 30 min. After evaporation of the

piperidine (Speedvac, medium heat), lyopholization twice with water
20uL), and dissolution in dye solution (0.25% w/v bromophenol blue,
.25% w/v xylene cyanol, 30% v/v formamide in water), the samples
(3000 cpm) were electrophoresed on a 20% 19:1 acrylamide:bisacry-
lamide gel containing urea (7 M) at 70 W for 90 min. The gels were
dried, and the cleavage sites were visualized by autoradiography.
Quantification of cleavage bands was performed on a phosphorimager.

Results

We prepared a series of DNA oligomers that are covalently
linked to an anthraquinone group (AQ) at 'aehd; see Figure
1. Irradiation of these DNA conjugates forms a base radical
cation that can migrate through the duplex until it is trapped at
a GG step by irreversible reaction. The site of reaction is
identified by treatment of the irradiated samples with piperidine
(which cleaves the DNA at damaged sites), gel electrophoresis,
and autoradiography. Because these experiments are performed
under single-hit (i.e., low conversion) conditions where, on
average, each DNA duplex reacts once or not at all, the distance
dependence of the cleavage yields reflects the ratio of rates of
radical cation migration and trapping. If migration is much
slower than trapping, then most reaction will occur at GG steps
near the AQ; however, if migration is considerably faster than
trapping, all GG steps will react with approximately the same
efficiency. We assume that the rate of the trapping reaction is
the same at each GG step, which permits the extraction of
relative radical cation migration rates from the reactivity data.

DNA(1) through DNA(10) contain two AAGGAAGGAA
segments that surround a variable region that contains four base
pairs. In DNA(1) through DNA(5), the AQ is linked at thée-5
end of the GG-containing strand, and this strand is labeled with
32p at its 3-terminus. For DNA(6) through DNA(10), the GG
steps are in the complementary strand, and itdsseled. It is
important to note that DNA(1), (6), (12), and (13) contain only
purines in the GG-containing strand, which has been suggested
to facilitate charge migratio#f.

J. AM. CHEM. SOC. = VOL. 125, NO. 20, 2003 6099
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DNA

(1-5)

S'AQ-AAGG; A

3-TTCC

AGGAAX; X XsXsA AGGAAGGAA A A*-3
TTCCTTY,YY;Y4T TCCTTCCTT T T -5

(6-10)

SAQ-TTCC T
3-AAGG; A

TCCTTY, ;Y Y, TTCCTTCCTT  TT -3
AGGAAXX:XoX; A AGG;AAGGAA A A*-S

5'AQ- A T[E[E A
3-TACC T

T TEERAA TEAA T[E@BA T A T A T+-3

ACCTACCTACCTACCTACC TATA-S

12

5'AQ- A A[IE| A

3-TTCC T

A [FEA A [EEA A [EERA A [EE8A A [ A A A*Y

TCCTTCCTTCCTTCCTTC C TTT -5

13

3-A

5AQ-TTCC T
A

14

SAQ-ATA[GEAA TA[EHA T A
TATCCTATCCTAT

TCLTTCCTTCCTTCCTTCCT

[(XAA TA[RA T AT*-3
CCTAT CCTATA-S

15

SAQ-ATTA
TAATCCT

'Only DNA (1,6) contain the (A/T); sequence (shaded region at end opposite AQ), the
others in this group contain an (A/T), sequence to avoid symmetry. * =P label.

DNA(1-5) X XoXaXyY Y Y:Y,  DNA(6-10) Y. Y. Y YV X Xa X0 X,
(1) AJAAGAUT T, T3T, (6) T T3T, T/ AAAA,
(2) AT2ATIT AT A, (7 TsA;TA /AT AT,
(3) TiAT:AYA TLAT, (8) AT AT ITLASTA,
4) TiAzAzASA T, T3 Ty 9) AT TTAGAR A,
(5) ATAAJT A TTy (10) TiAST, Ti/AT Az A

5' End

NH(CH;);0
w QOO0

Figure 1. Structures of DNA oligomers studied in this work.

Table 1. Relative Clevage Yield at Each GG step

DNA GG4/GG, GG,/GG, GG3/GG, GG4JGG;,  GGs/GG,  GGe/GG,
1 1.00 1.27 0.37 0.37

2 1.00 1.24 0.06 0.05

3 1.00 1.25 0.10 0.08

4 1.00 1.10 0.08 0.08

5 1.00 1.50 0.13 0.10

6 1.00 1.10 0.30 0.27

7 1.00 1.17 0.08 0.07

8 1.00 0.95 0.04 0.09

9 1.00 1.31 0.10 0.10

10 1.00 0.94 0.03 0.03

11 1.00 0.63 0.53 0.49 0.48 0.46
12 1.00 0.98 0.95 0.95 0.94 0.92
13 1.00 0.99 0.96 0.95 0.94 0.92
14 1.00 0.33 0.15 0.11

15 1.00 0.20 0.06 0.04

DNA(1) and DNA(6) contain an (A/g)lsegment between the

(GG), and (GG} steps. Consistent with previous findirgfg’
radical cation migration through this segment occurs with only (12) and DNA(13), where the GG steps are embedded in an
modest attenuation of reaction between (&&)d (GG} (these
data are summarized in Table 1, and copies of the gels areefficiency between (GG)and (GG, which is a distance of ca.

included in the Supporting Information accompanying this 70 A. This behavior indicates that charge migration in this

paper). DNA(5) and DNA(10) are formed by “switching” a

single (A/T) base pair in the (Asegment of DNA(1) and DNA-
(6) so that the sequence between (g@nd (GG) becomes
(A)3(T)(A)4. In stark contrast to the behavior of the ¢Spgment
of DNA(1) and DNA(6), the (A)}(T)(A)4 segment of DNA(5)
and DNA(10) provides a considerable barrier for radical cation Significantly, although a single T is a sufficient barrier to stop

6100 J. AM. CHEM. SOC. = VOL. 125, NO. 20, 2003

0—(Oligomer)-3'
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migration. In contrast to the linear distance relationship usually
observed between the log of the amount of reaction at a GG
step and its distance from the site of radical cation injection,
DNA(1) and DNA(6) and DNA(5) and DNA(10) show a
“stepped” behavior, and the step is far larger for DNA(5) and
DNA(10) than it is for DNA(1) and DNA(6); see Figure 2.
Analysis of the results from investigation of DNA(1) through
DNA(10) shows that this effect is general: Switching any one
of several base pairs in the @)egion of DNA(1) or DNA(6)
causes formation of a significant barrier to migration from (&G)
to (GG). This is a surprising result because there are several
examples where the presence of one or more T bases on a GG-
containing strand has only a modest affect on radical cation
migration}2,21,25—27,30—35

Figure 3 shows plots of the distance dependence of strand
cleavage at GG steps for DNA(11) through DNA(15). These
data reveal a striking effect of specific base sequence. For DNA-

(AAGG)s strand, there is no significant attenuation of reaction

duplex is far faster than irreversible trapping of the radical
cation. In contrast, for DNA(11), where the GG steps are
contained in an (ATGG)sequence, the efficiency of strand
cleavage falls off exponentially with a distance dependence
(slope of the line in Figure 3) 0f-0.005 + 0.001 AL
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(GG), (GG),
0 -- (GG); (GG),
* _*/LA_)s_“_ ] 5 %
-1 — —
| |owam { DNA(S)
= (A)z(T)(A)4
2
v (GG), (GG),
S = 1
10 20 30 40 50 60 70
Distance zgs

Figure 2. lllustration of the “stepped” distance dependence of strand
cleavage at GG steps for DNA(1) and DNA(5) after irradiation and treatment
with piperidine. The size of the “yellow” step is the natural log of the
reduction in the amount of strand cleavage detected at4{@&i&) (GG} of
DNA(1), which contains an (A)sequence between these GG steps. The
sum of “yellow” and “blue” steps is the natural log of the reduction in the
amount of strand cleavage detected at (&&8)d (GG) of DNA(5), which
contains an (AXT)(A)4 sequence between these GG steps. Distance to a
GG step is calculated by assuming 3.4 A per base pair.

0 - v - -
'-'_n ‘1 = o
]
&) A
-
£

3 F A

0 20 40 60 80

Distance (Angstroms)
Figure 3. Plots of the distance dependence of the efficiency of strand

cation is trapped in a shallow minimum localized on a single
base, or delocalized over several bases, and some process causes
it to move from one location to the next until it is finally trapped
irreversibly by reaction with BD. In one variant of the charge-
hopping model, called “hole-resting site”, the radical cation is
localized on individual guanines and tunnels through bridges
composed of A/T and T/A bases, within a strand or from strand-
to-strand, until it is trapped at a guanitfe® Although this was
considered to be a general process when it was first proposed,
now it is viewed to be valid only for bridges of three or fewer
based?In a second possibility, the polaron-like hopping model,

a structural distortion of the DNA stabilizes and delocalizes the
radical cation over several bases. Migration of the charge occurs
by thermal motions of the DNA and its environment (primarily
the Na counterions) that cause bases to be added to or removed
from the polarorf.2141 The key differences between these
representations is that in the hole resting site model, the radical
cation is confined to guanines and migrates by quantum
mechanical tunneling through orbitals of the bridging A/T bases
without ever residing on the bridging bases. In the polaron-like
hopping representation, the radical cation resides briefly on the
bases of the bridge and its migration over this barrier occurs as
a consequence of thermal activation.

We arbitrarily divide the barrier to radical cation migration
into two categories in order to consider the effect of base
sequence in the DNA oligomers studied here. A “high” barrier
to radical cation migration is one that slows the rate of transport
so that the rate of reaction of the radical cation with water occurs
significantly faster than hopping. In contrast, a “low” barrier to
charge migration is one that permits the radical cation to migrate
from DNA reactive site to reactive site considerably faster than
it is trapped by reaction with water. Figure 4 presents a model
that suggests the emergence of base sequence effects consistent
with our experimental findings and adds further support to the

cleavage at remote GG steps. Strand cleavage is normalized to the amounpolaron-hopping mechanistic proposal.

of reaction at GG (except for DNA(11), for which G&is used as the
standard because of the unique placement of)Gistance to a GG step

is calculated by assuming 3.4 A per base pair. The lines are least-square

fits of the data: blue triangles, DNA(12); black squares, DNA(11); red
circles, DNA(14); and green triangles, DNA(15).

efficient radical cation migration through the variable segment
of DNA(1) through DNA(10), five T bases do not prevent
measurable strand cleavage at (gi)DNA(11). Comparable
results are obtained for DNA(14) and DNA(15), where the GG
steps are incorporated in (ATAG&and (ATTAGG), segments
and the slopes are-0.04 + 0.007 and—0.06 + 0.01 AL
respectively. These findings show that the effettaoT (or

multiple T bases) on radical cation migration cannot be .
understood without consideration of the complete sequence of

bases in the duplex.

Discussion

It is undoubtedly true that delocalization of a radical cation

Jwill stabilize it by lowering its energy. It is also well known

that the ionization potentials of the purines (G and A) are
considerably lower than for the pyrimidines (T and C). Each of
the oligomers in the series DNA(2) through DNA(5) and DNA-
(7) through DNA(10) contains one strand with two AAG-
GAAGGAA (all-purine) segments. In contrast, the repeating
all-purine segment of DNA(11) is GGA, and these segments
are isolated by thymines at each end. It is reasonable that
delocalization of a radical cation will be greater in the long
all-purine segments of the DNA oligomers that contain the
uninterrupted AAGGAAGGAA sequence than for DNA(11),

in which GGA segments that are “terminated” by thymines. The
thymines that separate the all-purine segments create barriers
to radical cation migration. The height of barrier formed by the
thymine depends on the sequence of bases preceding and

Numerous experimental observations have now demonstrateJOHOV\”ngI it

undeniably that a radical cation introduced at one location in
duplex DNA can migrate 200 A, or more, and cause a reaction
leading to strand cleavage at a remote guahifés3+36.37
Consideration of the dynamical nature of DNA in solution led

us to propose that this long-distance migration was the result

of a radical cation hopping proce¥sln this view, the radical

(34) Kawai, K.; Takada, T.; Tojo, S.; Ichinose, N. M., J. Am. Chem. Soc.
2001, 123 12688-12689.

(35) Sartor, V.; Boone, E.; Schuster, G.BPhys. Chem. B001, 105 11057
11059.

(36) Nunez, M.; Barton, J. KCurr. Opin. Chem. Biol200Q 4, 199-206.

(37) Shafirovich, V.; Dourandin, A.; Huang, W. D.; Luneva, N. P.; Geacintov,

N. E. J. Phys. Chem. B999 103 10924-10933.

(38) Ly, D.; Kan, Y.; Armitage, B.; Schuster, G. B. Am. Chem. S0d.996

118 8747-8748.

(39) Bixon, M.; Jortner, JJ. Phys. Chem. B00Q 104, 3906-3913.

(40) Jortner, J.; Bixon, M.; Voityuk, A. A.; Rosch, NI. Phys. Chem. 2002

106, 7599-7606.

(41) Berlin, Y. A,; Burin, A. L.; Ratner, M. AJ. Am. Chem. So001, 123
260-268.
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radical cation (the slope for these oligomers in Figure 3 is
indistinguishable from zero). In other words, the reaction of
the radical cation with water at each GG step in DNA(12) and
DNA(13) is equally probable, which indicates that migration is
far faster than is trapping with water.

DNA(14) and DNA(15) contain strands with AGGA segments
separated by T and TT steps, respectively. The all-purine
segments in these cases are longer than those in DNA(11), and
this results in greater stabilization of the polaron and a
concomitant higher barrier to charge migration; see Figure 4.
The relative barrier heights are reflected in the slopes of the
lines in Figure 3: for DNA(14), when one T forms the barrier,

Reaction Coordmate the slope is—0.04=+ 0.007 AL, and for DNA(15), when a TT
Figure 4. Reaction coordinate diagram illustrating the emergence of Step forms the barrier, the slope+9.06+ 0.01 AL If a radical
sequence effects in long-distance charge transport in duplex DNA. The black cation in DNA is localized on only one ba$gthen the barrier
curve represents DNA(4), which exhibits behavior qualitatively similar to 4 crossing the thymine barriers would not depend on the
DNA(2) through DNA(5) and DNA(7) through DNA(10). In these cases, f neighbori b hich is clearly i istent
the radical cation is delocalized and stabilized in polarons, identified sgquence_ 0_ neignoboring bases, which Is clearly Inconsisten
arbitrarily here as AAGGAA sequences in the AAGGAAGGAA segments  With the findings reported here.
surrounding the ATA in the variable region. This delocalization of the radical Inclusion of charge delocalization is the distinguishing feature

cation stabilizes it and results in a high barriaX) at the ATA sequence; ot tha nolaron-like hopping modér? Delocalization is excluded
trapping of the radical cation by water occurs much faster than this barrier .

can be crossed. For DNA(12) and DNA(13), the blue curve, the same N the S.hort f[unneling Steps between “hole res'ting sites” model,
AAGGAA polaron is identified and there are no thymines that create a which is built by assuming that charge localized on G bases
high barrier for hopping from one polaron to the next, which occurs faster qoes not reside on “bridges” composed of A and T ba%akt0
than trapping by water. The red curve represents DNA(11), an intermediate s - :
case where the polaron is assumed to be the GGA sequence, which is Iesérhe “_mlt of charge delocalization is r_]Ot reveal_ed bY th_ese
delocalized and therefore higher in energy than AAGGAA. Consequently, €xperiments. A recent quantum calculation of vertically ionized
the barrier introduced by the ATA sequence is lower than for DNA(4) and d(GAGG)/d(CTCC) in aqueous NaCl solution shows that the
the rate of crossing this barrier is comparable with reaction of the radical radical cation is delocalized over all three G bases of this
cation with water. " .

duplex? The experiments we report here demonstrate that the
delocalization of a radical cation over at least a portion of the
all-purine strands of duplex DNA is necessary to accommodate

for DNA(11) than it is for oligomers containing AAGGAAG- fiqdings f“’f“. thg sequence dependence of radi.cal cation
GAA segments [DNA(2) through DNA(5) and DNA(7) through mlgratlpn efﬂmenqes. For DNA(12) and QNA(lS), which show _
DNA(10)] because the GGA polaron identified for DNA(11) is essentially no distance dependence, it could be that this

smaller (less delocalized) and therefore of higher energy thandeloca_hz_z_;ltlon oceurs over_all 24 bases of_the (AAGSHand,
that formed in the longer all-purine segments. Migration of the a possibility that seems unlikely. However, it is clear that models

polaron over the low barrier in the case of DNA(L1) is for long-distance radical cation transport in duplex DNA that

competitive with trapping by water (slope of the line in Figure require localization of charge on one base are inconsistent with
3 is —0.005+ 0.001 A3). For DNA(2) through DNA(5) and ~ €Se results.

DNA(7) through DNA(10), the barrier created by one or two Acknowledgment. We thank Professor Uzi Landman of the
thymine bases is sufficiently high that the migration of the School of Physics at Georgia Institute of Technology for
radical cation is much slower than its reaction with water and insightful discussions on emergent phenomena. This work was
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The results from investigation of DNA(12) through DNA- sypporting Information Available: - Autoradiograms of PAGE
(15) are consistent with this model and provide further support resuits (15) used in the analysis of strand cleavage for DNA(1)

for it. DNA(12) and DNA(13) each contain a strand with an  through DNA(15). This material is available free of charge via
(AAGG)s sequence. Consequently, there are six GG stepStnhe Internet at http://pubs.acs.org.

embedded in all-purine segments that have no thymines to create
barriers to charge migration. In these cases, within experimentalJAOZ%:{”"|
error, there is no distance dependence to the reaction of the(42) Giese, B.; Spichtly, MChem. Phys. Chen200Q 1, 195-198.

ATA

Relative Free Energy

AR ARGGAA AAGGAA
AAGGAA AAGGAA AAGGAA RAGGAA

As illustrated in Figure 4, the barrier to radical cation
migration imposed by a thymine in an ATA sequence is lower
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