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Guanine is the most readily oxidized of the nucleobases and
is the primary target of one-electron oxidation of duplex DNA  2Calculated ionization potentials for GA, GG, and GGG sequences
by ionizing radiation, chemical oxidation, or photooxidatigh. ~ from ref 13.°Relative yields of oxidative cleavage from ref 11.
Guanine oxidation does not lead directly to strand cleavage but GR‘:gg\éirsag g)f?g;?néisgmac{]akifiSZQSr%tgglgicglgﬁt}ﬁ:b?r);gghts
rather results in the formation of alkali-labile base modifications, ¢, charg'e’recombination in hairpiB€:G, 3,4C:G, and3,4,5C:Gfrom
the presence of which is inferred from gel sequencing experimentsgigyre 1 k, = 7. 1). ¢ Relative equilibrium populations of holes on
following treatment with hot piperidine. Oxidative cleavage at G, GG, and GGG sequences from eqs 1 andRzlative rates of
guanine displays base sequence selectivity, guanines with neigh-guanine cation radical deprotonation at G, GG, and GGG sequences
boring purine bases being more reactive than those with pyrimi- (ki* = ka/[Gn**].
dine neighbors and GG sequences being more reactive than GA

sequences.® Even greater selectivity is observed for cleavage _ H 0
at GGG sequence’.® The theoretical basis for this selectivity St= ’O‘HJ\' O / O N‘<")‘30/
has been investigated computationally by Sugiyama and Saito. o H St
Their results indicate that the ionization potential of guanine is S I Sty St T
; ; ; ; Te---A T----A T----A oA oA
lowered by a neighboring purine, the effect being larger for Lok K toeh S\ G-
guanine vs adenine and for a GGG vs a GG sequence (Table 1). &G ¢c's éJF, ¢ c:; ToorA
Similar results were reported for G vs GG by Pratt et'dh i GG ¢---6 J C-G
view of the large differences in calculated ionization potential, ToooA T4 ¢6 g g g::::g
large differences in the population of holes localized at G vs GG oA A ikl SRR S S U
vs GGG sequences would be expected if rapid hole transport leads 30:G 34C:G 345CG  356C:G  3567C:G
to equilibrium between neighboring sites. If the rates of the a1 ” o1 .5 »

chemical reactions leading to strand cleavage at these sites were"™ P®

similar, then highly selective cleavage should be observed. In fact, T ns 1.9 5.7 8.3 15,170  0.92,295

the observed selectivities for strand cleavage are comparativelyrigure 1. Structures of the stilbene linker and synthetic hairpins and

modest. For example, Hickerson et®alecently reported that  the decay times of the stilbene singlet statg &nd anion radicalf).

oxidative cleavage of an 18-mer duplex containing G, GG, and T- - -A and C- - -G are thymine:adenine and cytosine:guanine base pairs,

GGG sequences occurred with a cleavage ratio of 1.0:3.7:5.3,respectively.

respectively (Table 1). Similar low selectivities have been reported

by Muller et al® and by Saito and co-workef$. these sequences is in fact quite small and that the chemical
The relatively modest selectivities for cleavage at G vs GG vs reactivity of these sequences decreases with increasing hole

GGG sequences suggest that either the relative energies of thesetapbility.

sites are similar or that the more stable sites are much less reactive. \ye have previously reported the synthesis, purification, and

We report here the experimental determination of the dynamics cparacterization of several bis(oligonucleotide) conjugates pos-

of electron-transfer processes involving G, GG, and GGG sessing a stilbene dicarboxamide linker (St) and complementary

sequences. The rate constants for forward and return hole transporb|y T and polyA “arms” which contain one or more G:C base

provide equilibrium constants for hole transport between G and najrs; including the hairpindC:G, 3,4C:G, and3,5,6C:G (Figure
GG and between G and GGG sequences. These results estab“SE).12,13Se|ective charge-transfer quenching of the stilbene singlet

that the difference in thermodynamic stability of holes located at g5t by guanine, but not by the other three common nucleobases
* Address correspondence to either author. E.mail: lewis@chem.nwu.edu N@s permitted investigation of the distance and driving force
or wasielew@chem.nwu.edu. dependence of contact and bridge-mediated charge-transfer

g; f\ggﬁ;vgsé < (Jir;]é\/lng"% J@%%“Sé“ﬁ?ﬁfggo%’ 1109-1151. processes in DNA?13 Hairpins 3,4,5C:G and3,5,6,7C:G con-

(3) Kovalsky, O. I.; Panyutin, I. G.; Budowsky, E.Bhotochem. Photobiol. taining a GGG sequence were prepared for the present StUdy'

199Q 52, 509-517. Molecular modeling and X-ray crystallography indicate that

50((:459?(’1'1'7'; g&kg}g%? M.; Sugiyama, H.; Nakatani, K.Am. Chem.  stilbene-linked hairpins can adopt B-form structures in which the
(5) Muller, J. G, Hickefson, R. P.; Perez, R. J.; Burrows, CJ.JAm. St'lbe_ne IS approxlmately parallel to th_e a_dja(_:ent_baselpm‘e

Chem. Soc1997, 119 1501-1506. transient absorption spectra of the hairpins in Figure 1 recorded

T t(6)hN§kataCi'ng§ ngésasvggé_léé 950h00, C.; Nakamura, T.; Saito, I. at short delay times (22 ps) following 340 nm pulsed laser
e(% v %tadawa V- Takano, Y.; Yamaguchi, K.; Nakamura, €XCitation resemble those of the stilbene linker and are assigned
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Figure 2. Kinetic scheme for charge separatid@and charge recombinatiokf) in (a) hairpins containing one or more guanines separated from the
stilbene linker by two T:A base pairs and (b) hairpins which can also undergo hole trangpomt ki) to a more distal site containing multiple
guanines. Only the guanine-containing arm of the hairpin is shown.

to the stilbene singlet stat&St*. The band shape changes with gt GGL G+ GG

time to that of the stilbene anion radical,"StAnalysis of the
transient decays at 575 nm provides the decay timek3fo(z) K=7.7+1,AG=—-0.052+ 0.006 (1)
and S (ty) reported in Figure 1°

The decay times for the hairpig€:G, 3,4C:G, and3,4,5C:G Gt GGGé G+ GGG™
are assigned to the charge separation!(= k.9 and charge k-t
recombination €, 1 = k) processes, respectively (Figure 2a). K=20+1,AG=—-0.077£ 0.005 (2)
Values ofk, and k, relative to that for3C:G are reported in
Table 1. The modest increasekig(rel) for a GGG vs G sequence  neighboring guanine is larger than that of the second, in accord
is similar to that observed by Meggers et al. in their study of with experimental results and theoretical predictions based on a
radical-induced strand cleavatfeAccording to Marcus theory  tight binding model for charge delocalization insastacked
for electron transfer, the valueslof andk., should be dependent  systemt®
upon the free energy of the electron-transfer proé€he small The experimental values &G° are the first available for hole
differences in these values for hairpins containing G, GG, and equilibria in DNA. These values are considerably smaller than
GGG sequences are seemingly incompatible with the large the differences predicted by Sugiyama and Saitased on
differences in the calculated ionization potentials of these calculated ionization potentials (Table 1). Our values are in better
sequences (Table 1). accord with numerous experimental observations. First, the small

ThelS* decay times for the hairpir$5,6C:G and3,5,6,7C:G values of AG® are consistent with the similar values lof and
are similar to that fol3C:G; however, the S decay times are ker for the hairpins3C:G, 3,4C:G, and3,4,5C:G (Table 1) and
dual exponential with one component having a somewhat shorterthe modest difference in rate constants for oxidation of G vs GG
decay time than that 8C:G and the other substantially longer sequences recently reported by Sistare 2 8econd, they are
(Figure 1). In the case @,5,6C:G this behavior was attributed  consistent with observations that GG sequences are very shallow
to the formation of a hole on the G proximal to the stilbene linker hole traps and do not block hole migration in DN®2and with
followed by hole transport from G to the GG sequence located a recent report by Nakatani et%that hole migration between
farther away from the stilbene linker (Figure 28)Nonlinear two GGG sequences is much more efficient when they are
fitting of the S decay data for3,5,6C:G using the exact separated by a TTGTT than by a TTATT sequefice.
analytical solution to this kinetic model provides rate constants  Finally, our values ofAG® are consistent with the modest

for forward and return hole transportlif= 5.6+ 0.6 x 10’ s™* selectivity for oxidative strand cleavage at GGG or GG vs G
andk; = 7.5+ 0.8 x 1(° s ~1. Analysis of the S* decay for sequence$:%8240ur equilibrium populations, [°], can be used
3,5,6,7C:G provides values ok = 8.7+ 1 x 10’ st andk_ = in combination with the data of Hickerson etégbr piperidine-

4.3+ 0.1 x 10° s™™. These rate constants provide values for the induced strand cleavage (Table 1) to provide relative rate constants
equilibrium constants and free energies of reaction for the hole for the chemical step (presumably proton trarjeleading to
transport processes shown in egs 1 and 2. Comparison of egs ktrand cleavage of the guanine cation radikal (= ka/[Gn™]).

and 2 provides a value &G° = — 0.025+ 0.005 eV for a hole The resulting values df,(rel) are reported in Table 1. These
localized on a GG vs GGG sequence. Thus the effect of the first are average values for the entire GG or GGG sequence and thus
do not reflect the known preference for cleavage at tieed a
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