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The dynamic behavior of the DNA bases plays an important role o} N\7 N p /N\\(NHZ
in processes that are critical to the maintenance and function of }/—«N_H___N NN N\Z/’%N_,L HN
the duplex. These include electron transport along the duplex and N = o’ N\= ;:N\\/N
many fundamental DNAenzyme interactions. The conformational e O 6 i ap O

propgrties of the DNA du.plex Cfan be probed usirlg the fluorescent Figure 1. Base pair structures of AP with thymine (left) and AP with
ade.n'ne an.alogue, 2-aminopurine (AP)’ shown in Figure 1. WHhen guanine (right). Further details are given in the Supporting Information.
AP is substituted for a natural base in duplex DNA, its fluorescence

is strongly quenched. A primary mechanism of this quenching is fiyorescence decays using time-correlated single-photon counting
charge transfer between excited AP (ABnd nelghk?orlng bases,  (supporting Information). Three duplexes (Table 1) were examined,
most favorably electron transfer from guanine (G) to AR a series each containing a single AP in a different sequence context: GPG,
of studies elucidating the influence of base stack structure and cpc and TPA where AP is designated P. In GPG, AP is paired
dynamics on charge transport in DNA, Barton, O’Neill, and co- with G. In CPC and TPA, AP is paired with T. The base pair
workers have used the fluorescence intensity of AP as a probe of 4\ ,ctures are shown in Figure 1.

the yield of electron transfer from G to APIn a recent study, || jc| at 293 K all three duplexes show four exponential decays
they have reported a dramatic increase in fluorescence 'ntens'ty(Table 2), with parameters similar to those observed in aqueous

when AP-labeled duplexes are rendered rigid in a frozen matrix at buffer (Supporting Information). The high concentration of LiCl

7; K, ctonflrrplng the ﬁ_ruualf ;;)FI)e of base motion in mediating appears to cause some perturbation to the base-stacking interaction
¢ ?‘Fge‘ ranslerdqtfjlenc Ing o wdi ¢ AP-labeled DNA sh (changes in the magnitude and amplitude of the short decay
ime-resolved fiuorescence studies o -labele show components), and the difference in extrahelical environment is

that the duplex exists in a multiplicity of conformational states, . .

: . apparent as a shortening of the longest component in all cases
manifested by a complex decay that can be described by the Sum(Su orting Information). Freezing the duplexes at 77 K has a
of four exponential componertwith typical lifetimes of<100 ps, PP g ) g P

~0.5 ns,~2 ns, and~10 ns. It is generally accepted that the very dramatic effect on the. dgcay functions. In all cases the shortest

short component €100 ps) corresponds to a highly stacked decay component is ellmlnat(?d, and for TPA the segond subnano_—
conformation in which AP is efficiently quenched by interbase second component also.vanlshes. The correspgndlng ghanges n
charge transfet.The long lifetime,~10 ns, is attributed to an fluorescence .quantum yield (T.able.2) arg consistent with those

unstacked conformation in which AP protrudes from the duplex reported previously on the basis of intensity measurenfents.

structure3® The existence of intermediate lifetimes indicates the . V\.lle sl?atil f'_rSt C%?s'df)r duplex;ashCP(; and C;PG which show
existence, in the excited state, of conformational structures inter- similar behavior. The absence of the shortest decay component,

mediate between the two extremes, but the number and nature ot in the frozen matrix at 77 K demonstrates conclusively that rapid
these conformational states remains unknown. If the ensemble ofcharge-transfer quenching is entirely the consequence of base
conformational states in DNA were static, on the time scale of the dynamics and is eliminated when the bases are static, even when
excited-state lifetime, the measured decay times would reflect the AP iS stacked and paired with G. The conformational structure that
different intrinsic nonradiative decay rates of distinct ground-state 1S Subject to rapid quenching can be accessed only by thermal
conformations, with their amplitudes proportional to the equilibrium fluctuations of the bases at room temperature; it is not a minimum-
populations of these conformations. However, base dynamics during®n€rgy geometry on the ground-state potential energy surface but
the excited-state lifetime may contribute substantially to the a vibrationally excited-state in which the optimal stacked structure
measured decay, as proposed recently for AP in oligodeoxynu-for rapid charge transfer is attained. This supports the principle of
ceotide trimers. In this picture, those structures that are closely conformational gating of charge transfer proposed by Barton et
stacked at the moment of excitation result in the fast decay al-****and confirms previous suggesti6rishat the lowest energy
component, while the slower components reflect the rate of conformation does not correspond to the fastest quenching rate.

exchange between unstacked (unquenched) and stacked (rapidly The heterogeneity of the AP decay function persists at 77 K,
quenched) states. and the observation of three decay components indicates the

To investigate the nature of the conformational states that give existence of a number of discrete, static conformational states that
rise to the heterogeneous decay of *Adhd the role of base  can be characterized by three distinguishable intrinsic decay times.
dynamics in populating these states, we have examined theFor simplicity we will refer to these as three conformations,
fluorescence decay of rigid AP-labeled duplexes at 77 K. We have although as discussed below, each decay time is representative of
adopted the methodology of O'Neill and Barfoiw freeze AP- a family of several geometrical structures with similar nonradiative
labeled duplex oligodeoxynucleotides in 10 M aqueous LiCl, to decay rates. These conformations correspond to minima on the
give a stable, transparent glass at 77 K, and have recorded theipotential energy surface, and the dynamic conformational population
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Table 1. Base Sequences of the Duplexes motion required to facilitate charge transfer from G to" Atitough

Duplex |Sequence interven?ng baseé':rhis supports the asserﬁon that electron transfer
5 ACTGGTACAGTATCAGGPGCTGACCCACAACA from G is the major channel for quenching of A&nd suggests

GPG | TCCG-3 that this may be the only channel for nonradiative decay of &P
3 ‘L‘é"(\;%CQTGTCATAGTCCGCGACTGGGTGTTGT the subnanosecond time scale. However, the persistengstuws

ope 5; _CACGéGCCTAACGATATCGTGCGTACGAGC_%/ that nonra(_:iiative decay on th_e nano_se_cond time scale can still occur
g/ g;gg8%%%?&2gﬁmgg?gggﬁgg;%%53/ when AP is remote from G in the rigid duplex.

TPA |3 S TGOOCGOATTGOTATAGCACGCATGOTCG. 5 Although the decay parameters of TPA at 77 K are markedly

different from those of GPG and CPC, we do not infer from this

Table 2. Fluorescence Decay Parameters and Relative Quantum that the conformational structures adopted by the TPA duplex are

Yields for Duplexes GPG, CPC and TPA in 10 M LiCl significantly different from those of the other two. In fact, the
similarity of the decay parameters of all three duplexes at 293 K
2}2},‘2’1;931( 61/11715(5)1%52; 62/91;5(8’*223)) ;3/9“(50({*33)) ?/5 “&)(&4)) 5"‘;5 suggest that their conformational behavior is similar. Our interpreta-
GPGTIK |-  076(033) 3.6(0.51) 10.1(0.16) |0.40 tion is that the decay time of ARAn frozen duplexes of similar
CPC 293K [0.06 (0.67) 0.34(0.16) 2.0(0.07) 7.9(0.10) [0.10 conformational structure can be quite different, depending on the
CPCT77K | - 0.79 (0.40) 3.7(0.34) 9.9(0.26) |0.51 relative location of AP and G. Thus, the absence-oh TPA at
oy %2315 022(0.69) 054(0.15) %zg Eg:?i; Zf'}((zg;)@ ?é? 77 K does not indicate the absence of conformations of geometry

similar to those that display lifetimes in GPG and CPC, but that
aFl g red at 3 emissi lenath AP in these frozen conformations of TPA is inaccessible to electron
uorescence decays were acquired at 3 emission wavelengths an o -
analyzed globally to yield the reported lifetimes lifetime$ Amplitudes dtransfer from G and exhlblts.a longer lifetime. At 293 K, base
(A) showed little variation with emission wavelength and are reported for motion allows these conformations of TPA to access charge-transfer
370-nm emission. (Full decay data are shown in Supporting Information). active structuré€ characterized by an ARifetime 7. By a similar

Quantum yield relative to free AP-riboside under the same COﬂdItI.OnS.‘ argument, the large amplitude of the 11.3-ns component does not
(Relative quantum yields were determined from the decay parameters; their.

values are consistent with the observed increase in steady-state fluorescencidicate a Iarge_ population of a anformation with AP extrahelical,
intensity on cooling to 77 K). but shows that in~80% of the multiplicity of structures represented

that exists at 293 K is frozen into these static structures when the py vz andzs in GPG and CPC, ARin TPA is free from quenching

duplex is cooled to 77 K. n Itthe ”?'d dtl;]plte;. q . foundly infl th |
The similarity of each of the lifetimes, andzs, respectively, at I clear that base dynamics profoundly Influence the popufa-

77 and 293 K implies that the intermediate decay times measuredt'ont_S alnd ptLOIOE_rtIElS Oftthi c(;)nforma?ontil stfta_tes Of_ thetdltjﬁlex' In
at 293 K are essentially the intrinsic lifetimes of conformational particutar, the highly stacked geometry that gives 1ise 1o the very

states whose populations remain constant on the time scale of theShort decay time of AP-labeled DNA can be attained only through

excited-state decay. In duplex GPG, AP is in close proximity to thermal motion of the bases. This conformation does_not, therefore,
guanine bases, and quenching of APthese conformations does tcorrespond to the duplex geometry that we perceive from low-
not rely on base dynamics. Indeed, in this duptexandzs become empera_lture crystal structures. N_everthe_less, this appears to be the
shorter at 77 K, implying that thermal excursions from the predominant form of the duplex in solution at room temperature.

equilibrium geometry access structures in which quenching is less Acknow|edgment. We acknow|edge financial support from

efficient. In CPC, there is some lengtheningrefandzs at 77 K, SHEFC and EPSRC. We thank David Dryden for helpful discus-
suggesting that vibrational motion of the bases at 293 K does sions and donation of DNA dup|exes’ Steven Magennis for
enhance quenching of these conformations when AP is not stackedassistance in COSMIC, and Saulius Klimasauskas for donation of

directly with G. The longest decay time;,, characteristic of AP duplexes.

free from interbase quenching, remains similar to that of freé AP

at 77 K. Supporting Information Available: Experimental details; AP-G
The large amplitude of the shortest decay componAgt &t and AP-T base pair structures; fluorescence decay parameters. This

293 K (Table 2 and Supporting Information) shows that a large material is available free of charge via the Internet at http://pubs.acs.org.

proportion of duplexes (60% or more) attains this highly quenched
geometry within picoseconds (or less) of excitation, faster than the
time resolution of the present measurements. It follows that the (1) See for example: (a) O'Neill, M. A.; Barton, J. K. Am. Chem. Soc
majority of duplexes must exist in, or close to, this highly stacked é%?.“u%%Eﬁ;lgé,b)leosﬁ'?"'(‘cg"baméﬁ??ﬁ’.”}a.?'BKa'?tfﬁ,' yangXﬁ'
conformational structure in the ground state at the moment of Chem. Soc2002 124, 13053. (d) Kelley; S. O.; Barton, J. KScience

- - o 1999 283 375.
excitation. Although this is not the equilibrium geometry (lowest (2) O'Neill, M. A.: Barton, J. K.J. Am. Chem. So@004 126, 13234.

energy structure) of the ground state, it appears to be the “normal” (3) (a) Neely, R. K.: Daujotyte, D.; Grazulis, S.; Magenis, S. W.: Dryden, D.
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