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Abstract: The one-electron oxidation of a series of DNA oligonucleotides was examined. Each oligomer
contains a covalently linked anthraquinone (AQ) group. Irradiation of the AQ group with near-UV light results
in a one-electron oxidation of the DNA that generates a radical cation (electron “hole”). The radical cation
migrates through the DNA by a hopping mechanism and is trapped by reaction with water or molecular
oxygen, which results in chemical reaction at particular nucleobases. This reaction is revealed as strand
cleavage when the irradiated oligonucleotide is treated with piperidine. The specific oligomers examined
reveal the existence of three categories of nucleobase sequences: charge shuttles, charge traps, and
barriers to charge migration. The characterization of a sequence is not independent of the identity of other
sequences in the oligonucleotide, and for this reason, the function of a particular sequence emerges from
an analysis of the entire structure. Qualitative potential energy landscapes are introduced as a tool to
assist in the rationalization and prediction of the reactions of nucleobases in oxidized DNA.

The one-electron oxidation of DNA is an important biological In a seminal discovery, Kawanishi and co-workers showed
process because it leads to nucleobase damage and to possibtbat the reaction of radical cations in duplex DNA normally
mutationst Numerous investigations over the past decade have occurs primarily at GG steg$. This finding is currently
revealed that the radical cation (“hole”) formed by electron loss understood on the basis of oxidation potentials. Guanines are
from DNA can migrate long distances through the duplex by a the most easily oxidized of the four DNA nucleobases, and both
hopping mechanisrr4 Eventually, the migrating radical cation ~ calculationd® and kinetic measuremertsindicate that GG
is consumed at traps in an irreversible reaction with water or S€duénces have a lower oxidation potential than an “isolated”

molecular oxygefis The efficiency of this long-distance charge guanine. These relatively low oxidation potential sites serve as

migration is determined by the specific sequence of nucleobasesShaIIOW traps where the radical cation pauses long enough to

: : . . permit irreversible reaction with water or molecular oxygen to
in the DNA oligomer. In some cases, the trapping reaction at a . .

. . . occur. These conclusions have been expanded on the basis of
particular nucleobasekf,p) is much faster than hopping from

b o b qt . ds f i int of calculations that identify the nucleobases on thsi@e of a
ase 1o basekio), and transport proceeds from the point o guanine as the primary determinant of the extent of oxidative

charge injection through just a few base pairs. For other yamagdsi14pyrines lower the oxidation potential of the guanine
sequences of nucleobases, hopping is much faster than trappingyore than pyrimidines do, and this accounts for the GG effect
and radical cation migration over very long distances is a5 \well as for the observation that a guanine with an adenine
observed. These charge transport properties of DNA and its on its 3-side is also an especially reactive siteConsistent
ability to self-assemble have led to suggestions that it may be with this view, Giese and co-workers have observed that radical

useful in the construction of molecular electronic devigs. cations are transported efficiently through TGT sequences, and
that the relative reactivity of those “isolated” guanines is much
(1) Hsu, G. W.; Ober, M.; Carell, T.; Beese, Nature 2004 217-221. lower than it is for those in G(n > 1) sequence¥:’
(2) Ly, D.; Kan, Y.; Armitage, B.; Schuster, G. B. Am. Chem. Sod.996
118 8747-8748. (10) Ito, K.; Inoue, S.; Yamamoto, K.; Kawanishi, B.Biol. Chem1993 268
(3) Henderson, P. T.; Jones, D.; Hampikian, G.; Kan, Y.; Schuster, Brds. 13221-13227.
Natl. Acad. Sci. U.S.AL999 96, 8353-8358. (11) Sugiyama, H.; Saito, 0. Am. Chem. S0d.996 118 7063-7068.
(4) O'Neill, M. A,; Barton, J. K.J. Am. Chem. So@004 126, 11471-11483. (12) Senthilkumar, K.; Grozema, F. C.; Guerra, C. F.; Bickelhaupt, F. M.; Lewis,
(5) Kasai, H.; Yamaizumi, Z.; Berger, M.; Cadet,JJ.Am. Chem. S0d.992 F. D.; Berlin, Y. A.; Ratner, M. A.; Siebbeles, L. D. A. Am. Chem. Soc.
114, 9692-9694. 2005 127, 14894-14903.
(6) Misiaszek, M.; Crean, C.; Joffe, A.; Geacintov, N. E.; ShafirovichJV. (13) Voityuk, A. A.; Rosch, N.; Bixon, M.; Jortner, J. Phys. Chem. B00Q
Biol. Chem.2004 279 32106-32115. 104, 9740-9745.
(7) Liu, C.-S.; Hernandez, R.; Schuster, G.BAmM. Chem. So2004 126, (14) Senthilkumar, K.; Grozema, F. C.; Guerra, C. F.; Bickelhaupt, F. M.;
2877-2884. Siebbeles, L. D. AJ. Am. Chem. So@003 125, 13658-13659.
(8) Di Ventra, M.; Zwolak, M.DNA ElectronicsNalwa, H. S., Ed.; American (15) Armitage, B. A.; Yu, C.; Devadoss, C.; Schuster, GJBAm. Chem. Soc.
Scientific Publishers: Stevenson Ranch, California, 2004; Vol. 2, pp-475 1994 116, 9847-9859.
493. (16) Giese, B.; Wessely, &ngew. Chem., Int. ER00Q 39, 3490-3491.
(9) Braun, E.; Keren, KAdv. Phys.2004 53, 441-496. (17) Giese, B.; Biland, AChem. Commur2002 667—672.
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Figure 1. Structures of the DNA oligomers used in this work.

We report here the results of a systematic study of radical
cation transport in DNA oligomers containing TGT and CGC
sequences. We analyzed the reactivity of radical cations in

oligomers containing only such isolated guanines and compared

that with similar constructs that also contain GG steps or an
8-oxo0-7,8-dihydroguanine (8-oxoG), which due to its &g
is a deep trap®1® The results show that the reactivity of a

8-oxo G (8)

room temperature overnight. Samples were irradiated in microcentrifuge
tubes in a Rayonet photoreactor (Southern New England Ultraviolet
Company, Barnsford, CT) equipped with-8350 nm lamps at ca. 30
°C. After irradiation, the samples were precipitated once with cold
ethanol (10QcL) in the presence of glycogen, washed with 80% ethanol
(100uL), dried (speedvac, low heat), and treated with piperidine (100
mL, 1 M solution) at 90°C for 30 min. After evaporation of the
piperidine (speedvac, medium heat), lypholization twice with water (20

particular nucleobase in a DNA oligonucleotide is not deter- |y ang suspension in denaturing loading buffer, the samples (3000
mined exclusively by its oxidation potential. Specific reactivity cpm) were electrophoresed on a 20% 19:1 acrylamide:bisacrylamide
can be understood only by considering the set and sequence ofel containing urea (7 M) at 70 W for 90 min. The gels were dried,

bases in the entire oligonucleotide. In this regard, the propertiesand the cleavage sites were visualized by autoradiography. Quantization

of nucleobase radical cations are complex functions whose
values emerge from consideration of the interactions of all
nucleobases of the DNA oligomer among themselves.

Materials and Methods

[y-32P]ATP radioactive isotopes and T4 polynucleotide kinase were
purchased from New England Biolab and storeet20 °C. Unmodified
DNA oligomers and AQ containing complementary oligomers (HPLC

of cleavage bands was performed on a phosphorimager.

Results

The seven duplex DNA oligonucleotides examined in this
study, shown in Figure 1, were prepared, purified, and charac-
terized by standard proceduf®sEach duplex contains an
anthraquinone group (AQ) linked to &-t&rminus and &2P

grades) were synthesized as described elsewhere on an Applied@diolabel & in Figure 1) at the Sterminus of the complemen-

Biosystems DNA synthesizé?. The extinction coefficients of the
oligomers were calculated using the Online Biopolymer Calculator, and

tary strand for analysis of strand cleavage reactions by autora-
diography. DNA(1) contains the nine base pair sequerice 5

the absorbance was measured at 260 nm. Reverse-phase HPLC wa€GCGCGCGC-3in the central region of the labeled strand

performed on a Hitachi system using a Microsorb-MV C18 reversed-
phase column (4.6 mm i.ck 25 cm length, 300 A) from Rainin with
an oven temperature maintained at®& The oligonucleotides gave
the expected mass spectra. UV melting and cooling curves were
recorded on a Cgrl E spectrophotometer equipped with a multicell
block, temperature controller, and sample transport accessory. CD
spectrum was recorded in JASCO J-720 spectropolarimeter.
Cleavage Analysis by Radiolabeling and Polyacrylamide Gel
Electrophoresis (PAGE).DNA oligonucleotides were radiolabeled at
the B-end with [y-32PJATP and bacterial T4 polynucleotide kinase.
The radiolabeled DNA was purified by 20% PAGE. Samples for
irradiation were prepared by hybridizing a mixture of “cold” and
radiolabeled (10 000 cpm) oligonucleotides with AQ or non-AQ
complementary strands in sodium phosphate buffer {pH.0) and
water (to a total volume of 2@L). Hybridization was achieved by
heating the samples at 9C for 10 min, followed by slow cooling to

(18) Sheu, C.; Foote, C. 9. Org. Chem1995 60, 4498-4503.

(19) Kanvah, S.; Schuster, G. Blucleic Acids Res2005 33, 5133-5138.

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

delimited on both flanks by sequences that do not contain
guanines. Each G Baa C onboth its 3- and 3-sides in this
central region of DNA(1). DNA(2) is constructed similarly
except that it contains a nine base paT&TGTGTGT-3
sequence central region in which each G hal onboth its 5-
and 3-sides. In contrast, the central-bBGTGTGTGT-3 se-
qguence of DNA(3) is flanked at both ends by GG steps; similarly
for DNA(4), GG steps flank its SCGCGCGCGC-3central
sequence. In DNA(5), the BsTGTGTGT-3 central sequence
is flanked by a GG step on its-8ide and an 8-0xoG on its
5'-side @ in Figure 1), and similarly for DNA(6), a GG step
and an 8-oxoG flank the'82GCGCGCGCG-3central se-
guence. DNA(7) is unique, its central-5GTG(T),GTGT-3
sequence of TGT nucleobases contains a §Egment in the
middle, and it is flanked on the'side by an 8-oxoG and on
the 3-side by a GG step.

Irradiation of an AQ-linked duplex DNA oligomer at 350
nm, where only the AQ absorbs, injects a radical cation into
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of the four guanines in the central region of DNA(1), which
6 6 indicates that for this sequence of nucleobdsgsfrom G to
10 G acros a C bridge is much faster thdg.p, Consequently,

trapping of the radical cation occurs with equal probability at
each of the four essentially equivalent guanines in this oligo-

- & .EG " *Go nucleotide. Similarly for DNA(2), where the single base bridge
G "*G between guanines is a T, irradiation and piperidine treatment
- results in equal cleavage at all four guanines (see Figure 2 and
A G N G Figure 3), which indicates in this case too thag, is much
e -4 greater tharkya, From these findings, it would appear appropri-
Bh & * $c I G ate to conclude that the one-electron oxidation of duplex DNA
P will lead to extensive reaction at guanines in CGC or TGT
G G sequences. However, examination of DNA(3) through DNA-
G - - G (7) shows that this will not always be the case.
The central region of DNA(3) contains the same set of TGT
i~ I+ nucleobases as DNA(2) except that it is flanked by GG steps
c I & GG GG on both sides. Figure 2 shows the results of irradiation of DNA-
- . - - - (3) after its subsequent treatment with piperidine. Strand
cleavage occurs predominantly at thfegbianines of the two
DOUAY);. LA 2] DOt i) | ZA(4) GG steps. The reactivity at the'-6 of the GG step is

Figure 2. Autoradiograms from the irradiation of DNA(1) through DNA-  approximately 10 times greater than that of a guanine embedded

(4). The lanes labeled D are the dark controls, no irradiation. The samples ; P
in lanes labeled 10 were irradiated for 10 min (8 lamps, 350 nm) and then in the TGTGTGTGT sequence as shown by quantitative

treated wih 1 M piperidine, which causes strand cleavage at highly oxidized Phosphorimagery in Figure 3. It is important to note that the
guanines, before gel electrophoresis. PP is at the 5terminus of the amount of strand cleavage observed at the distal GG step (the

labeled oligomer. The guanines are indicated by a G, and the guanines thaty o tarthest from where the radical cation is injected at the AQ)
are part of a GG step are indicated with arrows. . . .
is the same as the proximal GG step (closest to the AQ), which

oil il GG ot P shows that for this oligomeksp is greater tharkyap and that
g~ T thermodynamic considerations control the reaction’s outcome.
i A nearly identical result is obtained from the irradiation of DNA-
0.3 (4). In this case too, strand cleavage is dominant at the
« 5'-guanines of the GG steps that flank the central CGCGCGCGC
O 024 sequence. In both of these examples, introduction of “remote”
o GG steps modulates the reactivity of the isolated guanines, and
= it would appear appropriate to conclude that the one-electron
0 oxidation of DNA will always cause extensive reaction at GG
steps. However, the examination of DNA(5) and DNA(6) shows
0.0- that this is not the case.

DNA(1) DNA(2) .
Figure 3. The ratio of the strand cleavage at a particular guaning @& Both DNA(S) and DNA@) have GG steps preceding the
the total amount of strand cleavage at all guanines in the oligomgy (G~ C€ntral regions that contain the TGT and CGC sequences,
determined by phosphorimagery of oligomers DNA(1) through DNA(4).  respectively, and the central regions are followed by an 8-0xo0G.
The speckled bars represent the isolated guanines in the central regionte results of their irradiation and piperidine treatment are
whereas the solid gray bars represent th& %f the GG steps, and the L L
crosshatched solid gray bars are theS3of the GG steps. shown in Figures 4 and 5. There is virtually no strand cleavage
at the GG step or at any guanine in the central region. All of
the DNA that migrates through the oligomer by hopping until the measurable light-induced reaction occurs at the 8-0xoG even
it is irreversibly trapped by reaction with,® or O, to create though it is 19 base pairs (ca. 65 A) from the site of charge
an oxidatively “damaged” DNA nucleobadk.Subsequent injection adjacent to the AQ. Clearly the radical cation must
treatment of the irradiated oligomer with piperidine results in pass through the GG step and the intervening isolated guanines
strand cleavage at highly oxidized damage sitéhe amount before it arrives at the 8-oxoG, but the introduction of this
of strand cleavage at a particular nucleobase at low conversionremote deep trap inhibits reaction at these “normally” reactive
(single-hit conditions) is directly proportional to the relative sites. In this example, introduction of 8-0xoG quenches the
reactivity of that base in the duplex oligonucleotide. reaction of isolated guanines and of GG steps. Thus it seems
Irradiation of DNA(1) and its subsequent piperidine treatment that the one-electron oxidation of duplex DNA should always
results in strand cleavage at each of the four guanines in thelead to extensive reaction at an 8-oxoG. However, the examina-
labeled strand of this compound (see Figure 2). The results oftion of DNA(7) shows that this is not the case.
quantitative phosphorimagery (Figure 3) show that within  The results of irradiation and subsequent piperidine treatment
experimental error the amount of cleavage is the same at eachof DNA(7) are shown in Figures 4 and 5. Surprisingly, there is
essentially no strand cleavage above the background amount at

21) Schuster, G. BAcc. Chem. Ref00Q 33, 253-260. ~ iAr ; H
2223 Cullis, P. M Malone. M. E. Merson-Davies. L. 4. Am. Chem. Soc. the 8-0x0G. Instead, the majority of the reacno_n is observed to
1996 118 2775-2781. occur at the GG step closest to the AQ. In this case, the (T)
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D E2 Discussion

D 5 D 5
' ' ' ' " We have previously shown that the distribution of oxidative

damage following electron loss from DNA oligomers comprised
of regularly repeating sequences of DNA can be understood

:GG - GG simply by consideration of the relative magnitudes of the rates
%G ¢ of charge hopping and charge trappfiigor example, hopping

- G « W G is much faster than trapping in an oligomer composed of
L G G (AAGG) repeats, and the amount of reaction at each GG step
is essentially the same, but trapping is faster than hopping for

L DNA composed of (ATTAGG) repeats, and in this case, GG
" steps react with much greater efficiency if they are closer to

G the site of one-electron oxidation adjacent to the AQ. In these
G sequences, a semilog plot of the amount of reaction at a
particular site is linear with its distance from the point of charge

G . injection. The DNA sequences examined in this work are not

G highly regular, and the experimental results show clearly that

in this circumstance the reactivity of a specific nucleobase
- radical cation must be understood by consideration of all of
G G G the bases in the oligomer. The reactivity of a particular
nucleobase depends on the identity and sequence of the other
bases in the oligomer, and the semilog plot of reactivity and
® 8-0xoG distance is not a simple linear functi&hThe complex relation-
ship between reactivity and sequence can be simplified by
consideration of relative potential energy “landscapes” as shown

= @ sioxoG @ @ 8-0x0G

DNA (5) DNA (6) DNA (7)

in Figure 6.
Figure 4. Autoradiograms from the irradiation of DNA(5) through DNA- ; : e
(7). The lanes labeled D are the dark controls, no irradiation. The samples Consider first the division of segments along the DNA

in lanes labeled 5 and 2 were irradiated for 5 and 2 min, respectively (4 oligomers into three broad qualitative categories: charge
lamps, 350 nm), and then treated kwit M piperidine, which causes strand  shuttles, charge traps, and hopping barriers. A trap is a sequence
cleavage at highly oxidized guanines, before gel electrophoresis®®he  of hases, or single nucleobase, where a radical cation will react
is at the 5terminus of the labeled oligomer. The guanines are indicated by _ . . _— .
a G, and the guanines that are part of a GG step are indicated with arrows.WIth high prObab'“ty} a shuttle is a Se_quence O_f b"?lses where
The 8-0x0G is indicated, and the strand cleavage seen in the dark controlthe charge hops efficiently but there is a low likelihood that
lanes at this site is due to oxidation during piperidine treatment. the radical cation will react; and a barrier is a sequence of
nucleobases that prevents charge migration. For example, in
DNA(1) and DNA(2), the central CGCGCGCGC and TGTGT-
GTGT segments are traps because the radical cation reacts there,
and the A/T sequences that precede and follow these central
segments are charge shuttles; the radical cation passes through
but rarely reacts there. DNA(1) does not contain a hopping
barrier. A complexity is that the characterization of a sequence
as a shuttle, trap, or barrier is context dependent. Consider the
i results from irradiation of DNA(3) and DNA(4). Just as in DNA-
5"‘}"’“‘3 800G (1) and DNA(2), they contain central regions composed of
TGTGTGTGT and CGCGCGCGC segments. In DNA(1) and
DNA(S)  DNA(6) DNA(7) DNA(2), these segments are traps, but in DNA(3) and DNA-
Figure 5. The ratio of the strand cleavage at a particular guaninpt(G (4), they are charge shuttles because little reaction is observed

the total amount of strand cleavage at all guanines in the oligomgj (G ; ;
determined by phosphorimagery of oligomers DNA(S) through DNA(7). there. Instead, reaction occurs predominantly at the GG steps

The amount of reaction at 8-oxd-@eoxyguanine (8-0xoG) is indicated. _Of DNA(3) ?nd _DNA_(4) t_hat are charge traps. This distinction
The speckled bars represent the isolated guanines in the central regionis shown pictorially in Figure 6A and 6B.

whereas the solid gray bars represent th€ %f the GG steps, and the Figure 6A shows the central regions of DNA(1) and DNA-
crosshatched solid gray bars are for reaction at the 8-oxoG. (2) as a two-dimensional potential energy landscape with
! - . “valleys” representing the guanines and “hills” representing the
segment essentially divides the DNA duplex into two parts, and T or C nucleobases. The shading in the figure is proportional
the radical cation cannot get from one part to the other. Since (g the amount of strand cleavage resulting from reaction of the
the initial one-electron oxidation occurs at a nucleobase adjacent,gdical cation at each site. The amount of reaction observed at
to the AQ, the 8-0x0G s in the part of the duplex that is each G of DNA(1) and DNA(2) is the same. The radical cation
inaccessible to the radical cation. In essence, theg@quence s equally distributed, or delocalizédover the four essentially
introduces a sufficiently high barrier to hopping that the radical equivalent guanines, and the reaction is controlled by thermo-
cation is trapped at the available GG step much more often than
it can cross that barrier, which prevents it from falling into the (23) Liu. C.-S.; Schuster, G. B. Am. Chem. So@003 125, 6098-6102.

(24) Barnett, R. N.; Cleveland, C. L.; Joy, A.; Landman, U.; Schuster, G. B.
deep 8-oxoG trap. Science2001, 294, 567-571.

1.0+

S-ox0G B-0x0G
-G of GG

5-G of GG
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essentially always results in reaction and trapping at that site;
the radical cation cannot escape by hopping away. This is shown
TorC in Figure 6C as a very deep valley for the 8-oxoG. In these
cases, the GG step and the TGT or CGC segments behave as
o NG e e charge shuttles, little reaction of the radical cation occurs there,
and the 8-oxoG is the sole charge trap. As in the previous
examples, the outcome of the reaction is controlled primarily
by thermodynamic considerations: charge hopping is fast
(except for the 8-o0x0G) and relative reactivity is determined
by relative oxidation potential. This pattern is broken with DNA-
TorC (7), which contains a hopping barrier.
\'/WW\'/ The labeled strand of DNA(7) is divided by a gl§egment,

G G G G which in this case creates an essentially insurmountable barrier
to radical cation hopping that is represented as a high hill in
Figure 6D. A radical cation introduced into the DNA on either
side of this barrier cannot hop to the other side. That is why
there is no significant reaction at the 8-oxoG of DNA(7); the
C radical cation is consumed by reaction before it reaches that
site. In this case, thermodynamic considerations alone are not
sufficient to explain the pattern of reactivity; the kinetics of
charge hopping play a key role in determining the outcome of
reaction because hopping through thes(3g¢gment is much
slower than trapping.

TorC

8-0x0G Conclusions

TTTT D The construction of potential energy landscapes comprised
of shuttles, traps, and barriers for radical cations in DNA
oligomers is sufficient to permit a qualitative prediction of
reactivity. The key to the application of this approach is the
realization that the characterization of a particular nucleobase,
or sequence of bases, cannot be understood without consider-
ation of that sequence in the context of the entire oligonucle-
8-0x0G otide; that is, interactions between the bases play the determining
GIndex role in controlling the end point of the process. For example,
Figure 6. A schematic representation of the potential energy landscapes IN SOme circumstances, a (T¢equence is a shuttle, in others
for DNA oligomers. A “G” represents an “isolated” guanine in a TGT or it is a trap. Similarly, on one side of a barrier, an 8-0xoG is
%?C Sequence. A "GG’; f?ﬁfes,e”ts two adjacent ?Uag“”es 'trr‘] a GG Stetp-uniquely reactive, on the opposite side, it is unreactive. Likewise,
G eor G(()Br Stegipfgfnn zneyrgllnnde g{hceﬁog?gxgéc i(t)ar?jg SfOI'aS?g)'(DC?- r2a € the chara}cter of an (ATTAG(;—‘.);equence chgnges with the value
deoxyguanine. And “TTTT” represents four thymines. The shading Of n.If nis small, this sequence behaves like a trap or a shuittle,
represents the relative amount of strand cleavage observed at each site aftdyut if n is |arge, it is a barrier. The nucleobases of DNA are

irradiation of a piperidine treatment. Theaxis (G-index) is notdrawn to  themgelves individual entities that function collectively in the
scale and represents the position of guanines, GG steps, and 8-oxoG alon

the DNA oligomer; the intervening barriers may be one base pairorseveral.%‘nViro_ﬂment Of the oxidized oligomer to create .Compl(-.:‘X
behavior that is not a property of a single entity. This

dynamic considerations. This is essentially equivalent to saying phenomenon is characteristic of systems exhibiting emergent
that hopping is much faster than trapping throughout the entire functionality?> Each nucleobase or sequence of bases in an
sequence of nucleobases in DNA(1) and DNA(2). The situation oxidized oligomer has a set of fixed properties and a set of side
is only slightly different for DNA(3) and DNA(4) as depicted effects. The fixed properties include its oxidation potential and
in Figure 6B. Because they have slightly lower oxidation the proclivity of its radical cation to react with,® or G,. The
potentials, the valleys representing the GG steps are somewhaside effects influence the properties of other bases in the
deeper than those for the isolated guanines, and as a consesligomer. This understanding permits the prediction of reactivity
guence, the thermodynamic distribution of the radical cation for one-electron-oxidized DNA oligomers using qualitative
favors the GG steps. Significantly, the amount of reaction at potential energy landscapes that goes beyond the previous
the two GG steps, one before and one after the central sequenceynderstanding that reactivity is controlled by oxidation potential.
is essentially the same, which shows that hopping is faster than
trapping and the reaction outcome is determined solely by s
thermodynamic considerations.

The properties of DNA(5) and DNA(6), depicted in Figure
6C, can also be understood using the landscape model. Thes
oligomers contain an 8-o0xoG, which functions as an irreversibly JAO60655L
deep trap1.9 The Eox of 8-0x0G 's_ so much !Ower than _that Of_ 25) Steels, L.Towards a theory of emergent functionalitMIT Press:
the other DNA nucleobases that its conversion to a radical cation Cambridge, MA, USA, Paris, France, 1991; pp 4351.

Relative energy
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