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Abstract: We investigated the photoinduced one-electron oxidation of a series of DNA oligomers having
a covalently linked anthraquinone group (AQ) and containing [(A).GG]n or [(T),.GG]n» segments. These
oligomers have m GG steps, where m = 4 or 6, separated by (A), or (T), segments, where n = 1—7 for
the (A), set and 15 for the (T), set. Irradiation with UV light that is absorbed by the AQ causes injection
of a radical cation into the DNA. The radical cation migrates through the DNA, causing chemical reaction,
primarily at GG steps, that leads to strand cleavage after piperidine treatment. The uniform, systematic
structure of the DNA oligonucleotides investigated permits the numerical solution of a kinetic scheme that
models these reactions. This analysis yields two rate constants, knop, for hopping of the radical cation from
one site to adjacent sites, and kiap, for irreversible reaction of the radical cation with H,O or O,. Analysis
of these findings indicates that radical cation hopping in these duplex DNA oligomers is a process that
occurs on a microsecond time scale. The value of ki, depends on the number of base pairs in the (A),
and (T), segments in a systematic way. We interpret these results in terms of a thermally activated adiabatic
mechanism for radical cation hopping that we identify as phonon-assisted polaron hopping.

The current intensive investigation of long-distance charge suspect that this wide range of reported properties is a
transport in duplex DNA is motivated in part by its relevance consequence of difficulties in assigning precise structures to
to two important subjects. First, some mutations in living samples formed from DNA under the unnatural conditions
systems may be a result of charges moving through DNA and required by these experiments.
causing chemical reactions (‘damage”) at some of its beSes.  On the other hand, recent examinations of long-distance
Investigation of charge transport and the concomitant reactionscharge transport through DNA oligonucleotides dissolved in
of the DNA bases is significant because enhanced understandingiqueous buffer solutions have led to a convergence of mecha-
may yield insight into damage prevention or regailecond, a  pjstic views. Experiments reported from several laboratories
growing community envisions use of DNA as a self-organizing show that a radical cation (“hole”) introduced into a duplex
conductor in *molecular electronics” applicationas part of  pNA oligomer in solution, by any of several means, will migrate
the examination for this role, the conductivity of “dry” (or  |ong distances before being irreversibly trapped by reaction with
dehydrated) samples of DNA has been studied in the solid state\y5ter or molecular oxygel~22 An understanding of the
under a range of conditions with broadly varying restifsom mechanism for radical cation transport has been intensively

these experiments, it has been reported that DNA can behavé,,rsyed both using experimental observation and by the
as a proximity-induced superconducta,conducting metat? development and application of theory.

a semiconductot®~12 or an insulatot314 It is reasonable to
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It is now generally accepted that radical cations move long  The second mechanism under current consideration for long-
distances through DNA by a series of short hops, a processdistance radical cation migration in DNA is called phonon-
suggested some time agbAt present, there are two proposals assisted polaron hoppif§.In this view, the radical cation is
under consideration concerning the nature of these hops. In oneself-stabilized in a distortion of the DNA and its nearby
termed the hole-resting site mod@radical cations are localized ~ environment (water molecules and counterions to the phosphate
on individual guanines, because these have the lowest oxidationanions of the backbon®)that spreads the charge over several
potential of the four DNA base¥,and tunnel from guanine to  bases (the polaron). Thermal activation (phonons) causes the
guanine (either on the same strand or, with some kinetic penalty, polaron to hop from one site to a neighboring site. The number
on the complementary strand) through “bridges” composed of of hops required is determined by the extent of charge
AIT or T/A base pairs. Experimental evideRe&restricts this ~ delocalization, and the time scale for these hops is set by the
model to cases where no more than three A/T base pairs separatBeight of the activation barrier. The latter, in turn, is determined
guanines; for longer bridges, some other hopping mechanismby the nature and number of bases that comprise the polaron
is thought to operat&~2° Recent time-resolved spectroscopic and the composition of the bases that form barriers between
measuremen& 22 have yielded results suggesting that tunneling €xtended polaron sité3.Thus, the rate-determining step for
may not be the rate-determining step for radical cation migration Charge migration by phonon-assisted polaron hopping is the
even over distances of one or two base pairs. The fastest possibl&0dulation of the path-dependent free energy by the collective

isoenergetic hop (i.e., from G to G through a single A in the

motion of the DNA and its environment (with time scales

sequence GAG) has been modeled and assigned a rate constafR9ing from femtoseconds to millisecondsJiunneling does

by Lewis, Wasielewski, and co-workéPsthat is 2 orders of

magnitude less than the value expected for tunneling by i | . R
t on long-distance radical cation migration in DNA. We prepared

theory33:34Similarly, Lewis reports that radical cation transpor

throuch a T in thesequence GTG is slower than the transport
through an A; however, these measurements are at the limit of
the spectroscopic method’s reliability and are prone to significant

error3® Clearly, the time required for radical cation transport

in GAG (and especially GTG) is far greater than that for which

large-amplitude structural motions of DNRAvery strongly
modulate base-to-base electronic coupfihgf Consequently,
it is unlikely that calculated tunneling rate constants will be

reliable (even over short distances) that take as a starting point
the assignment of DNA bases to their fixed nuclear positions

obtained by X-ray crystallography of B-form DNAor do not

not play a role.
We report herein an examination of base sequence effects

a series of DNA conjugates containing an anthraquinone (AQ)
group linked to a 5terminus of DNA duplexes having a regular,
repeating pattern, either [(AGG]n or [(T).GGlm; see Figure

1. Irradiation of the AQ injects a radical cation into the DNA
that migrates long distances before it is trapped at the GG steps.
The pattern of reactivity that results is detected as strand
cleavage by means of polyacrylamide gel electrophoresis after
treatment of the irradiated DNA samples with piperidine. The
regularity in the structures of the DNA constructs investigated
here allows development of a straightforward kinetic model that
provides estimates of the hopping times for radical cations in
these sequences that range from 0.1 tqu45These findings

include rarely occurring distorted conformations that are far from help to define the mechanism for radical cation transport in
the canonical structure when the electronic coupling between duplex DNA.

bases is estimated.Even if more complete tunneling rate

calculations were performed, it is unclear that they would fully Materials and Methods

describe the results, and thus, it is necessary to consider

DNA oligomers were synthesized as described elsewhere on an

processes other than tunneling to be the rate-determining stepapplied Biosystems DNA synthesiZzéand purified by reversed-phase

for radical cation migration in DNA.
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HPLC with a Hitachi system using a Dynamax C18 column. All DNA
samples were analyzed by mass spectrometry and by UV melting and
cooling curves. Copies of the mass spectra and a table of the melting
temperature data are available as Supporting Information. Radiolabeled
samples were prepared as previously described.

Samples for irradiation were prepared by hybridizing a mixture of
unlabeled (5.@M) and radiolabeled (10000 cpm) oligonucleotides with
the non-AQ complementary strands (2M) in 10 mM NaPO, buffer
(pH 7.0). Hybridization was achieved by heating the samples 4€90
for 10 min, followed by slow cooling to room temperature overnight.
Samples were irradiated at 350 nm at ca.°80in microcentrifuge
tubes in a Rayonet photoreactor (Southern New England Ultraviolet
Co., Barnsford, CT). After irradiation, the samples were precipitated
once with cold ethanol (106L) in the presence of glycogen (&, 20
mg/mL), washed with 80% ethanol (2 100 L), dried (Speedvac,
low heat), and treated with piperidine (100, 1 M solution) at 90°C
for 30 min. After evaporation of the piperidine (Speedvac, medium
heat), coevaporation twice with water (2Q), and dissolution in dye
solution, the samples (3000 cpm) were electrophoresed on a 20% 19:1
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MWIAQST GG, TG|G, TG G5 T|G G, TG G T G G,T A|T A -3
3JA CC AC|c ACC AlCC ACC|ACCATIAT-S
(2) |[AQFA G G1A G |G AG G3A [G G4 AG GAG GeA T |A T°-3
3TccTrTcClc TCCcTlce TCcCc|TCcCTAIT A-S
@ IAQS T TE G T|TE G T T|IGG T TIG|G{T TG G5|T TIG GgT |A T A"-3
3JAACC A|[ACC AA|ICC AAC|C AACC|AACCAI|TAT -5
@ |AQ5JA A G G A|AIG G A AIG Gy A AIG|G/A AIG Gi|A AIG GgA |A A A”-3
ifrrTcc Tlrcec TTlcc TTClC TTCC|TTCCTITIT T -5
) |[AQST T T TTT TTT TTT TATA -3
3AAACCIAAACCIAAACCIAAACCIATAT -5
© [AQsia A ATHEA A A[HA A AEHA A A[AA A A A A A[EHA T A T -3
afTTCClrTTCcCclrrrTecceclrTrTeccCclrrTTecClrTTcCclrAT A-S
MIAQS T TTEGIT TTTG|GT TTT|EGT T TTI|TIEGT AT A™-3
3AMAACCIAMAAACICAAAAICCAAAIACCATIAT S
® [AQFA AAAGIGIAAAA|GGIAAAINGGIA AIAAGGAIAAAIGGIA AA AGIGA T A T3
AT TTTCICTTTTICCTTTITCCTTI TCCTITTCCHTTTCICTATALS
OIAQS{T TT GG T TTTT|GGT TT|TTGGTI|TTTTGI|GTAT AL
3AAACCIAATTTICCAAAIAACCAJAAAACICATATLY
10)|AQS5{A A AAA|IGGAAAIAAGGAIAAAAGIGGAAAANGGATIAT-3
A TTTTRCT TTIR TCCTM TTTCETTITTRCCT Al &%
AD|AQSA AAGGIA AAAAAIGGAAIANAAAG|GGAAAAAAGGAITAT -3
AT TTCCIT TTTTHCCTT|ITTTTCICTTTTIITCCTIATA-S
(12)|AQ5-A AAGEEIA A AAAMNAGEEIAAAAAAAAGEEIA A AAAANGIEIA T T -3
TTTCCITTTTTITTCCT|TTTTTITTCCTI|ITTTTTITCCTAITA-S
i 2 F 4 5 |6 T & 9 10 |I1 12 13 14 I5 |16 IT I8 19 20 |21 22 23 24 25 |26 27 28 19 30 |31 32 33 34 35 |36 37 38 39 40
* =32p_|abeled nucleotide.
0 0
5"-End
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3'-Cmnp]gi.meni-5

Figure 1. Structures of DNA constructs used in this work.

acrylamide/bisacrylamide gel containing urea (7 M) at 70 W for ca. knop, then only GG steps that are close to the AQ react. In
90 min. The gels were dried, and the cleavage sites were visualized bycontrast, ifkyap is much less thaksep then all GG steps in the
autor__adiography. Quantification of cleavage bands was performed on oligomer react to an approximately equal extent. In cases where
a Fuji phosphorimager. the rates for trapping and radical cation migration are not vastly
different, the amount of reaction at the GG steps falls off with
its distance from the AQ. These experiments provide the data
(1) Experimental Determination of the Distance Depend-  to calculate a unitless parametisio, Which is the ratio oknop
ence of Radical Cation Reaction at GG Stepsg:igure 1 shows to kiap SE€ below.
the series of DNA constructs that we prepared to examine the  There is a barely discernible distance dependence for the
effect of base sequence and sequence length on radical catiomadical cation reaction in DNA(1) where the base sequence
transport in DNA. In these experiments, the extent of reaction (GGT)s generates six GG steps with each separated by a single
is controlled so that, on average, each DNA oligomer reacts T. Figure 3 shows that the amount of reaction observed at the
once or not at all (single-hit conditions). This was demonstrated GG steps of DNA(1) versus the distance from the AQ is
(see the Supporting Information) by showing that, within apparently linear in a semilog plot with a slope -66.003 +
experimental error, the results obtained are independent o0f0.002 A L Thus, in this caséq, does not completely dominate
irradiation time at the relevant extent of reaction. Under these k., Similar plots for the other DNA oligomers examined are
circumstances, the observed pattern of cleavage reveals thehown in Figure 3 for the GG(FBG series and in Figure 4 for
relative rates for charge migratiolngy) and for irreversible the GG(A}GG series of oligomers.
trapping reactionkap) of the radical catiort? A typical result In comparison with the results for DNA(1), there is no
(gel) is shown in Figure 2 for DNA(1); similar gels for the other  experimentally measurable distance dependence for reaction of
DNA constructs examined in this work are available (see the the six GG steps in DNA(2). In this case, a single A separates
Supporting Information). The experimental results from the each GG step in the base sequence (AGGEhe slope of the
guantitative analysis of the effect of distance on reaction apparent line in the semilog plot for DNA(2) is experimentally
efficiency at GG steps for DNA(1) through DNA(12) are indistinguishable from zero—0.002 + 0.002 A1). Conse-
compiled in Table 1. quently, isoenergetic charge migration from GG to GG through
There are obvious patterns in the data that depend on thea single A base occurs much faster than the irreversible trapping
relative magnitudes ddop andkap If Kirapis much greater than  of the radical cation.

Results

J. AM. CHEM. SOC. = VOL. 126, NO. 9, 2004 2879
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Table 1.

DNA (B), GG,/3 GG, GG,/ GGy, GG4/3 GGy, GG4/3 GGy, GGs/3 GGy, GGe/3 GG slope (A1) Keato
1(Th 0.16 0.19 0.17 0.17 0.17 0.14 —0.003+ 0.002 100
2 (A) 0.16 0.20 0.15 0.17 0.16 0.16 —0.002+ 0.002 >200
3(T): 0.32 0.23 0.19 0.11 0.09 0.06 —0.02+ 0.001 10
4 (A)2 0.17 0.17 0.17 0.17 0.16 0.16 —0.001+ 0.0003 >300
5(T) 0.49 0.26 0.16 0.09 —0.03+0.001 3
6 (A)3 0.26 0.20 0.17 0.13 0.12 0.12 —0.009+ 0.001 20
7 (T 0.58 0.27 0.10 0.05 —0.044+ 0.002 2
8 (A)a 0.54 0.23 0.10 0.06 0.04 0.03 —0.034+ 0.003 3
9(T)s 0.69 0.22 0.05 0.04 —0.04+ 0.008 1

10 (A)s 0.63 0.26 0.08 0.03 —0.04+ 0.001 1

11 (A) 0.67 0.20 0.08 0.05 —0.044 0.002 1

12 (A)y 0.73 0.18 0.06 0.03 —0.03+ 0.004 1

aB stands for the base separating the GG stepsnagides the number of baseésThese values are the ratios of the amount of strand cleavage (i.e.,
“counts” from the phosphorimager) observed for théS5at the indicated GG step normalized by dividing each by the total of all counts obtained for the
5'-G’s at each of then GG steps. For DNA(1) and DNA(2) slightly more strand cleavage is observed atfa@at GG. This may be due to back electron
transfer from the GG step closest to the AQ. All of the data are included in the analysis.

123456 78 91011 007
1 DNA 1
..'," 0.5 i ® DNA3
o0 (1 A A 1 A DNAS
-9 = . ® - -1.01 DNA 7
. ® - - - -—;,2_1 5: 4 DNA @
- i 4 Q L
. - - - o
- LlJ'- -2.04
- - - ® g
- £ 254
-
-
- " - -3.04
-
- -35 T T T T T T T T 1
P . 0O 10 20 30 40 50 60 70 80 90
- Distance (Angstroms)
Figure 3. Semilog plots of the amount of strand cleavage at the GG steps
- of the indicated oligomers (see Figure 1) as a function of distance from the

5'-linked AQ. Strand cleavage is normalized to the total amount of reaction
at all GG steps. The distance to a GG step is calculated by assuming 3.4 A

Figure 2. Autoradiogram of the reaction of DNA(L) (repeated three times) P€r base pair. The lines are least-squares fits of the data.

showing strand cleavage following irradiation (350 nm) and piperidine

treatment. The samples were prepared by hybridizing unlabeled{5 0.0 ]
and 10000 cpmi?P-labeled oligonucleotides with the non-AQ complemen- 0.5
tary strand in 10 mM sodium phosphate buffer (pH 7.0). Cleavage products ]
were separated on a 20% denaturing polyacrylamide gel. Lanes 1, 4, and 7 -1.04
are for 0 min of irradiation. Lanes 2, 5, and 8 are for 10 min of irradiation. 1
Lanes 3, 6, and 9 are for 20 min of irradiation. The results are independent — -1.54
of irradiation time, which is an indication of single-hit conditions. Lanes o 1 e—=a
10 and 11 are for MaximGilbert sequencing. o 201
—_ 1 DNA 2
O 254 ® DNA4
Comparison of the results from DNA(1) and DNA(2) reveals % 1 A onas
an apparent acceleration of the charge transport rate by changing  — '3'0'_ DNA 10
the T base that separates GG steps in DNA(1) to A in DNA(2). -3.5- % ot
Of course, the sequence GGTGG of DNA(1) contains an A in 40
its complementary strand opposite the T. These findings indicate 70 10 20 30 40 50 60 70 80 90 100110120
that an additional barrier to charge migration is imposed when Distance (Angstroms)

the br_'dg'”_g A (a purine base with a relat_lv_ely low OX|dat'9n Figure 4. Semilog plots of the amount of strand cleavage at the GG steps
potentialf® is moved from the GG-containing strand to its of the indicated oligomers (see Figure 1) as a function of distance from the
complement, The effect of switching the bridge from A/T to 5-linked AQ. Strand cleavage is normalized to the total amount of reaction
T/A has been investigated previously by thé’dr&nd experi- at all GG steps. The distance to a GG step is calculated by assuming 3.4 A

- per base pair. The lines are least-squares fits of the data.
mentally3%45yielding results that depend very strongly on the

sequence of other bases surrounding the switched bas# pair. o ) ) o )
The slope of the line in the semilog distance plot in this case is

More significant results are obtained from the examination e 9T )
of DNA(3) through DNA(12). For DNA(3), the sequence —0.02+ 0.001 A (Figure 3), which indicates that the trapping
reaction is not overwhelmed by the rate of radical cation

(TTGG) generates six GG steps separated by TT sequences. ™ 8 .
migration. Consequently, approximately 32% of the total

(43) Steenken, SChem. Re. 1989 89, 503-520. reaction of DNA(3) occurs at Gzand 6% occurs at G§In

44) Bixon, M.; Jortner, JJ. Phys. Chem. B00Q 104, 3906-3913. ; ; i

2453 Bla)t(rnett, R. N,; Cleveland},l C. L, Landmgn, U.; Boone, E.; Kanvah, S.; contrast, as has been reported prewot‘:%ly_r DNA(4) in which
Schuster, G. BJ. Phys. Chem. B003 107, 3525-3537. an (A) sequence separates each of the six GG steps, the amount
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Scheme 1. Kinetic Model for Radical Cation Hopping

m m
AQ-B,mni—G w 27— B,y —GG(m-1y—Ba,ryni—"

k TRAP
HOP

Py

‘%ﬂ = (kuor GGy ] ~ k[ GG

d[GG,]
- g = @k ku)[GGs] ~ k(GG ] + [GG5])
d[GGy, )]
Ta (ko + ki) [GGno1)] = ksor([GGn2)] + [GGmy])
d[‘j# = (hor k(GG = hyor GG 1]

of reaction is distributed essentially equally (ca. 17%) among
all of the GG steps and the slope@.001+ 0.0003 A1) of

the semilog plot (Figure 4) is within experimental error of zero.
This comparison reveals more clearly the effect of replacing T
bases separating GG steps with A bases than do the results fro
DNA(1) and DNA(2).

DNA(5), DNA(7), and DNA(9) have (T3 (T)4, and (T}
sequences separating each GG step, respectively, and DNA
(6,8,10,11,12) have (A)sequences separating the GG steps
where n = 3—7, respectively. In each of these cases, the
irreversible trapping reaction competes kinetically with radical
cation migration, as indicated by obtaining nonzero slopes from
the semilog plots of reaction versus distance (Table 1 and
Figures 3 and 4). The slope of the line@.009+ 0.001 AY)
showing the distance dependence for reaction of DNA(6), which
has an (A} spacer sequence, is less than the slopes for DNA-
(8,10,11,12), which have an essentially constant value0o®35
+ 0.002 AL, This change of the distance dependence for radical
cation migration in (A) sequences fan > 3 has been reported
previously® and was attributed to a switch in mechanism from
tunneling whem < 3 to a polaron hopping mechanism when
n > 3.46 Similarly, for the (T), series, the slope of the semilog
plot changes ca. 10-fold from0.003 to—0.03 A1 asn goes
from 1 to 3, and then remains essentially constant-@t04
A-twhenn > 3.

(2) Kinetic Modeling of the Distance Dependence of
Reaction Efficiency for DNA(1) through DNA(12). Scheme
1 shows a simple kinetic model for the migration of a radical
cation through duplex DNA. The DNA assemblies are con-
structed by arranging bases in the order,[{B5G]n, where
(Ba,)n stands for (A) or (T), sequences that separate the GG
steps in a set ain (GG) steps, which is the arrangement of the
constructs shown in Figure 1. The irreversible trapping reaction
of radical cations at the GGthrough GG, steps leads to
formation of products Pthrough R, that are detected as strand
cleavage. There are three key assumptions embedded in thi
scheme. First, radical cations are restricted to locations that
contain GG steps. That is, once on Gi3e radical cation can
hop only to or toward G& Similarly, the radical cation at G&
cannot hop onto bases in the “trailing” (Bequence. Second,
it is assumed thalt,op is independent of direction in the DNA.

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

m

That is, the hopping rate constant from GG to GG across an
(A)n or (T), sequence is the same frorté 3 as it is from 3

to 5. There is experimental evidence to support this assumption.
We recently reported that the amount of strand cleavage at GG
steps that bracket an eight-base-pair (A/T) segment is about the
same whether the radical cation is introduced at then8 or
3-end#? If there were a large dependencekaf, on hopping
direction, this would have caused a significant difference in the
amount of reaction at these GG steps. The third assumption in
this kinetic model is thakyap is the same for the sequence
AGGA as it is for the sequence TGGT. Similar assumptions
have generally been made for the analysis of relative reactivity
data for radical cations in DNAL4"4% and we have tested it

by comparing the relative reactivity of radical cations at GG
steps in AGGA, TGGA, AGGT, and TGGT sequences, where
only small differences are detectet.

The set of differential equations in Scheme 1 can be analyzed
generally forkato (=knopkirap), the dimensionless parameter
whose value is expected to vary within the [(Ba9)nGG]n
constructs. It is important to note that the overall lifetime of
the radical cation (X4 is the same in all constructs and that
this value is determined solely by the rate of the irreversible
trapping reaction.

Results of the simulation of the time-dependent radical cation
population among then GG steps for values d€aio = 1, 10,

and 100 are displayed in Figure 5. These simulations encompass
ca. 80% of the radical cation lifetime, that is, ca. 2.5 times the
value of 1kyap Whenkeago is set to 1 (Figure 5a), the rate of
the irreversible trapping reaction is comparable to the rate of
hopping, and the radical cation is consumed before a significant
population arrives at the distant GG sites. In contrast, ihgn

= 100 or greater (Figure 5c), the rate of hopping is much faster
than trapping and the radical cation eventually populates all of
them GG steps approximately equally. The intermediate case
(kratio = 10, Figure 5b) shows that the radical cation will occupy
all GG steps but that the population distribution will vary with
the distance for most of the lifetime of the radical cation.

The reaction sequence shown in Scheme 1 can also be used
to simulate the relative yields of strand cleavage produgts P
through R, The number of base pairs between the GG step
influences the value okuaio, and this affects the expected
distribution of products. Also, because the DNA constructs we
examined are of finite length and the radical cations are
“injected” entirely at GG, the dependence of product yield on
distance for some values ko will be nonexponential because
GG, and GG, uniquely occupy terminal positions. For the other
GG steps, the efficiency of product formation is proportional
t0 Kirap/(2knop + kirap), but for the terminal GG steps, because
hopping can occur in only one direction, this fraction is
Kira/ (Knop + Kirap). Whenkeatio is a very large valusnop > Kirap,
the distribution of radical cations among the GG steps is
determined primarily by its thermodynamic stability on each
of the GG steps. In this regime, because all of the GG steps

%n the [(Ba9nGG]m constructs are essentially identical and are

expected to have the same ionization potential, the radical cation
will distribute uniformly among then GG steps before any

(47) Kino, K.; Saito, I.; Sugiyama, Hl. Am. Chem. Sod.998 120 7373~
7374.

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

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

(50) Liu, C.-S.; Schuster, G. B. To be published.
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Figure 5. (a—c) Computed time-dependent relative populations at a given GG isdep @ strand with six steps for three different valueskafo. (a)—(c)
correspond to values of this ratio equal to 1, 10, and 100, respectively. The dimensionless units of time are in Wgis of 1/

2.0 - y g y . rapidly removes an electron from the adjacent purine base (Pu),
forming its radical cation (see eq 1).

A AQ AQ:! AQ¥?

g Nb—— b \gu— 15C _ NpPu—o
= o—e—8 % Py—— — > Py—— > Py——
O .

= AQC AQ_ . eq. 1
g El SNt 2 N

2 40t ] ectron Pr—— O; O3 Pr—

Transfer EPY——— _d-’ Py

e The anthraquinone radical anion (AQ formed in this
GG Position (n) reaction loses an electron to molecular oxygen (which forms
Figure 6. Logarithm of the computed final relative populations of reaction sgperomde) and thus leaves the base r'a(J'C?l cation in .the DNA
at a given GG stepnf) in oligomers with six steps displayed for three ~ with no local “partner” for charge annihilatich:52 This is a
different values okio. The circles, squares, and triangles correspond to critical point253 and an important distinction between the

values of this ratio equal to 100, 10, and 1, respectively. The straight lines . . o
are least-squares fits to the corresponding points. The lack of perfect experiments described here and the recently reported time

agreement is a manifestation of subtle nonlinear effects due to end effectsf€solved spectroscopic measurements of charge transport in
as discussed in the text. DNA.0|n the spectroscopic experiments, the electron acceptor

is the singlet excited state of a covalently linked stilbene
significant trapping has occurred, and the slope of the semilog derivative that forms a base radical cation and the stilbene radical
plot of reaction yield versus distance will be near zero. anion having overall singlet multiplicity. Annihilation (charge
Alternatively, whenknop << kirap, the likelihood that the radical  recombination) of this radical ion pair to form ground-state
cation will populate GG is slight, and the semilog plot willbe  products occurs rapidly because it is exothermic and not
approximately linear. However, for cases whkkg ~ kirap, in restricted by spin conservation rules. The rate of this annihilation
principle, the semilog plot will be nonlinear because of the reaction controls the lifetime of the base radical cation. For the
unique circumstances of G@nd GG,. This nonlinearity may  cases studie®,in which a guanine is separated from the stilbene
not be detectable experimentally. If it is, it can be treated by one or two A/T base pairs, the lifetime of the first-formed
explicitly, or it may be avoided by excluding. Rnd R, from guanine radical cation is estimated to be 90 ps and 2 ns,
the data analysis. Figure 6 shows the simulated yields of respectively. Any process for radical cation hopping that requires
products R through B for the cases wherkaio = 1, 10, and  significantly more time than the charge recombination reaction
100. The extent of deviation from linear behavior due to the will not compete successfully and will not be observed in these
end effects is apparent for the case wkgg, = 1; however, it experiments.

is considerably less than the error typical for experimental |, contrast, because the AQformed from irradiation of the
determination of strand cleavage efficiency. The results of covalently linked AQ is consumed by reaction with, Ghere
similar simulations based upon the experimental results reportedis no radical anion within the DNA duplex containing the base
above give the estimates ko for these DNA constructs that  y5gical cation. Consequently, the radical cation lifetime is
are reported in Table 1. determined by the rate of the irreversible trapping reaction
(kwap)->* This is a relatively slow reactiot?, which results in a

Discussion L ) . . .
) . o ) long lifetime for the base radical cation, and this permits the
(1) Generation of a Radical Cation in DNA without an
Internal Radical Anion for Annihilation. Irradiation of AQ (52) Armitage, B. A.: Yu, C.; Devadoss, C.; Schuster, GIBAm. Chem. Soc.
with UV light gives its singlet excited state, and this is followed 1994 116, 98479850 .
L . . i (53) Giese, BCurr. Opin. Struct. Biol.2002 6, 612-618.
by rapid intersystem crossing (ISC) to yield the triplet state (54) The rate constant for the disappearance of the radical cation is bimolecular,

*3) 51 i i * of course, but the concentration of the reagents, water and molecular oxygen,
(AQ*).>*When the AQ is covalently linked to DNA, the A® are large and unchanging and are included in the pseudo-first-order rate
constantk;
(51) Navas Diaz, AJ. Photochem. Photobiol., 299Q 53, 141-67. (55) Giese, B.ga%pichtly, MChemPhysCher00Q 1, 195-198.
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Table 2. Estimates of knop A value forknophas been obtained by Lewis and co-worRers
DNA bridge Knop (57 DNA bridge Knop (571) using time-resolved absorption spectroscopy and kinetic model-
1 (T ~6 x 10° 2 (A) <1 x 1070 ing. These experiments give 167! for the magnitude of the
3 (T 6 x 10° 4 (A)2 isothermal rate constant for radical cation hopping from G to
5 (Ms 2x10° 6 (A3 1x10° G across a barrier formed by a single A (ilsac, a specific
7 (Ma 1x10° 8 (A)s 110 instance of the general rate constiagt). The sequence of bases
9 (T 6 x 10* 10 (A 6 x 10¢ ! 'theg dp)- 4
11 (A)s 6 x 10 in DNA(2) is analogous to that studied by Lewis and co-workers
12 (A) 6 x 10 except that in that case GG steps are separated by a single A in

a The values fok, edh btained f . the sequence GGAGG. Since the radical cation will be slightly
e values foknep reported here were obtained from our measuremen : : g

of kratio and Giese’s estimateof kiap P This value is derived from the data more sta.ble ata GG stgp thgn at a single G (this Stab'“_zat'on
of Lewis and co-worke8and is based on the assumptions that are described Was estimated by Lewis using the same spectroscopic and
in the text. modeling procedure to be0.052 eV), the hopping rate constant

_ S in GGAGG may be somewhat less thar $0%. Consequently,
long-distance migrations (hundreds of angstroms) to occur thatyye have assignekseass < 107 st for DNA(2) in Table 2.

cannot be observed in the time-resolved spectroscopic experi-meany, caution is required in the comparison of this rate

ments. ) ) _ o constant to the others listed in Table 2 because the others are
(2) Values ofkao for Radical Catl(_)n Migration in DNA . converted fromkeao on the basis of the value &fap deduced

Values forkuaio (Table 1) were determined through least-squares py Giese. However, the inescapable conclusion from these data

fits varying the model parameters of the data on the distancejg that radical cation migration in DNA is a slow process. The

dependence of strand cleavage efficiency for DNA(Z) by fastest hop takes 0/1s, and the slowest we have determined,
numerical simulation using Mathematica of the kinetic model (A)n Of (T)y, N = 4, has a lifetime of about 1&s. This is a

shown in Scheme 1. In the (A)keries, values Ok, range much longer time scale than is required for large-amplitude

from ca. 1 for DNA oligonucleotides in which (Afn = 5, 6, motions of the DNA and its water and counterion environniént,

or 7) segments separate GG steps>®00 for DNA(2) and — \yhich we have suggested to be the processes that control the
DNA(4) where the separating segments are (A) andx(A)  gynamics of radical cation migratich4041

respectively. Of course, a value fiio > 200 simply means (4) Mechanism of Radical Cation Migration in DNA. The

that it is too large to be determined by the current method. AS 5pnarently linear semilog plots for radical cation migration in
expectedkaio decreases with the number of A bases separating pNA(1-12) suggest that the distance dependence follows an
the GG steps. Clearly, the valueloyo is related to the number exponential ruleAe’”, wherey is the slope of the line andis

of A bases between the GG steps by a complex rule. For gisiance. Related behavior has been observed by others and was
example, increasing the number of separating A bases from 2jierpreted at first to indicate coherent, rapid, long-distance

to 3 results in a decreaselofi, by a factor of about 10, whereas charge transfer (wirelike DNA¥ However, subsequent experi-
increasing the separating A bases from 4 to 5 results in at most,,ants revealed that other mechanisms must be consitfered.
a 2-fold decrease ikato- This finding, which is similar to the In one mechanistic proposal, two regimes for radical cation
observations of Giese and co-workérgyrovides insight into yansport operate over different distances separating adjacent
the details of the mechanism for radical cation migration. G bases. In this view, whem < 3 for (A), bridges, the radical
The value ofiaio is also dependent on the number of bases ¢4tjon jumps nonadiabatically from guanine to guanine through
separating the GG steps in the (Bpries. It appears thtfaio virtual orbitals of the bridge without ever actually residing on
is somgwhat smaller for this series than for the,(8@ries at the bridging base® Whenn > 4, the charge migration process
an equivalent value farwhennis small (1, 2, or 3). However,  cpanges so that radical cations of the A bases of the bridge
whenn > 3, the (A} and the (Tj series have the same values 5 icipate as real chemical intermediates. In support of this
of katio, @s far as we have determined. This reveals that the yie\y recent calculations show that tunneling may be limited
“kinetic penalty” incurred when the radical cation crosses from 1., 5 syrongly distance dependent solvent reorganization energy
the T-containing strand to its complement to remain primarily (1957 As is clear from inspection of the data in Table 2, the

on low oxidation potential purineg (_A and (_3) is relatively experimental results from investigation of DNA{12) reveal
modest. Whem < 3, the rate-determining step is the crossover, 4 {ransition whem > 4.
but Wh(.en.n > 4, migration through the bridge becomes rate- e proposed the phonon-assisted polaron hopping mechanism
determmln_g. . . ) to explain the observation that = —0.02 A1 for mixed
(3) Assigning Values 10 knop. Our f'nd'nges?r?tkfaﬁo)' n sequence DNA? In this proposal, the radical cation creates a
combination with recent kinetic measuremetttsand the  gpai100 minimum for itself by distorting the DNA structure,
estimate of the rate.constarétsfor irreversible trapping of base \ich delocalizes it over some number of adjacent base pairs
radical cathns K‘rap)_ in DNA' . permit approximation of the (a polaron). The radical cation then hops adiabatically from
rates of radical cation migratiorkio) through the DNA base  inimum to minimum by a thermally activated (i.e., phonon-
sequences examined here. . o assisted) process as a result of the motions of the DNA and its
There have been no reports of the direct determination of g, ent and counterion environmé#tin this view, the radical
krap However, Giese and Spictifydeduced that its value is 6 4t exists as a real chemical intermediate on the A bases of

x| 10* st at pH 7 by analysis of kinetic data in combination the bridge separating GG steps independent of the length of
with product yields. For the DNA sequences examined here,

estimates oknop can be readily generated by using this value (56) Murphy, C. J.; Arkin, M. R.; Jenkins, Y.; Ghatlia, N. D.; Bossman, S. H.;

i i H i ) H Turro, N. J.; Barton, J. KSciencel993 262 1025-1029.
for kiap in Combmatlon with thekatio \_/alues reported in Table (57) Siriwong, K.; Voityuk, A. A.; Newton, M. D.; Rosch, Nl. Phys. Chem.
1. These estimates are presented in Table 2. B 2003 107, 2995-2601.
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Figure 7. A schematic of the free energy surface encountered by the polaron along the symmetric hopping path. In the bridgeless case of AGGAGGA, there
is presumably a barrier at the center of the reaction path. With the introduction of the bridge in the AGGP3equences, the central structure becomes

an intermediate. The new putative transition-state structures now lie between the initial reactant structure and the intermediate. Theleesedrassition
structures may increase with bridge length because they become increasingly distant from the low-energy minima and increasingly “integhediate-li

the bridge. This mechanism is generally accepted as operationabnd this causes the value &fo, to become approximately
when the radical cation migration is across a bridge of more constant at ca. & 10* s~ This relatively simple classical model
than three (A/T) base paif&58:59The experiments reported here of the mechanism for radical cation migration in DNA is
were designed to assess the possibility that this mechanism isconsistent with the data and does not require a change in
also sufficient to explain radical cation hopping over shorter mechanism for bridges of different lengths.

distances.

Transition-state theof§ provides a basis for explaining the ) ) ) ) ) L
effect of bridge length on the rate of radical cation transport & €xamined long-distance radical cation migration in a
without invoking tunneling or a change in mechanism. Figure S€ries of DNA oligomers containing regularly repeating base
7 is a schematic representation of the reaction path where twoPa Sequences. The amount of oxidative reaction (strand
GG steps are separated by an{Bjidge. We arbitrarily assign cleavage) (_jetected at GG steps in th(_ase oligomers a_nd the
the polaron to encompass the AGGA sequence. This means thaPPServed distance dependence of reaction can be explained by
the radical cation is delocalized over these four bases, but it & Simple kinetic scheme involving only two rate constants. This
does not mean that it is spread equally over all of them. The mo_del provi(_jes estimate_s of the_ ratio of _the ra_tes for radical
hopping process then moves the radical cation density smoothlyc@tion hopping and radical cation reaction with water. By
from one AGGA sequence to an adjacent one. For DNA(2), 8ssuming thgt the reaction rate with wate_r is constan?, values
which is composed of repeating (AGG) sequences, there are!0f the hopping rate constant can be assigned. Hopping from
no “additional” bases separating these polarons and thus theré®® GG step to an adjacent GG step is a relatively slow process.
is no intermediate. However, for the other sequences examined, € fastest hop has a half-life of about @4, and the slowest
where as many as six A bases separate the AGGA polarons10P takes about 1s. The hopping rate depends on the number
formation of an intermediate bridge radical cation is possible. @1d kind of bases that separate the GG steps. Itis fastest when
The relative energy of the transition state is related to that of € Separating bases on the GG-containing strand are A and
the intermediate by the Hammond postuléités the number somewhat slower when they are T but. reaches a limit when
of bases in the bridge increases, the relative free energy oftneré are four or more bases separating the GG steps. We
activation AAG?) for hopping increases because the transition ProPose a single mechanism, phonon-assisted polaron hopping,
state resembles increasingly the intermediate. If we further {0 @ccommodate these results and find no need to postulate a
assume that (A)is the limit to the extent of delocalization of ~change of mechanism from tunneling to hopping.
the radical cation (there must be some limit), then longer bridges  Acknowledgment. This work was supported by Grants CHE-
will contain more than one intermediate anG* for the rate- 0070192 and CHE-0213223 from the National Science Founda-
determining step will no longer change. In other words, when tion and by the Vassar Woolley Foundation. R.H. is a Cotrell
the number of bases in the bridge is greater than 4, we presumeScholar of the Research Corp., an Alfred P. Sloan Fellow, and
that the radical cation is not delocalized on the entire bridge, the Goizueta Foundation Junior Professor.

Conclusions

(58) Kendrick, T.; Giese, BChem. Commur2002, 2002, 2016-2017. Supporting Information Available: Experimental figures
(59) ?O%famanova. S. V.; Conwell, E. NI.Phys. Chem. B001, 105 2056~ (PDF). This material is available free of charge via the Internet
(60) Truhlar, D. G.; Garrett, B. C.; Klippenstein, S.J.Phys. Chem1996 at http://pubs.acs.org.

100, 12771-12800.
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