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Fluorescence resonance energy transfer (FRET) between ar
excited fluorescence donor and a ground state fluorescence acceptc
has been widely used to study the structure and dynamics of
molecules in the gas phase, solution, and solid $taERET has
been employed in studies of DNA duplex formation, duplex struc-
ture, and duplex protein binding. Elegant studies by Clegg &t al.
and by Hurley and Térusing complementary duplexes possessing
donor and acceptor probes separated by a variable number of bas

pairs have shown that the FRET efficiency is dependent upon them .F-], m s |
vector distance between the chromophores, rather than the numbefre Fuwa  funud  Fumd
of base pairs. Jovin employed an ingenious FRET experiment to [""*"4 T T A
establish the helical handedness of short dupléxes. ey LY ii o
According to the semiclassical vector model proposed bigtEg Nes ST S S G S
the efficiency E, of FRET can be described by eq 1, wh&g is -j‘ ++ e
the distance between the fluorescence donor and acceptoR,and n=s T-j‘ o
is the distance (A) at which half of the energy is transferred (the N
Forster radius}:®
A
E= ROG/[ROG + RDAG] (1) Figure 1. (a) Formulas for the SA linker and PA end cap and two-
dimensional models of SAPAy conjugatesN is the number of A:T base
R, = 0.2108DDA(2,)K2H74('DD] 16 2) pairs separating the chromophores. (b) Side view of a molecular model for
conjugate SA-PAg. The SA and PA linkers are located at the top and
k=1©,;"8,— 3(ere)(e,e) 3) bottom, respectively, of a B-DNA base pair domain. Vectors indicate the

chromophore electronic transition dipoles and the center-to-center distance.
The SA and PA vectors are fixed relative to long axes of the adjacent base

The value ofR, is described by eq 2, wher#.) is the donor/ pairs at angles of 17 and Orespectively.

acceptor spectral overlap integralis a geometric factor associated

with the orientation of the donor and acceptor dipoles, mizithe (SI) are indicative of the formation of a compact folded struc-
refractive index of the medium separating the donor and acceptor.tyre in which PA isz-stacked with the adjacent base pair.
The value ofc is described by eq 3, where, &, and g, are the  poly(dA)—poly(dT) base pair domains, known as A-tracts or
unit vectors of the donor and acceptor transition dipoles and distancep'.pNA, were selected based on their regular helical strucfures.
between their centers. Whereas the distance dependence of FRET The absorption and fluorescence emission spectra of the isolated
has been extensively documented, the orientation dependence haga and PA chromophores are shown in Figure 2a. The SA chro-
been observed only for a small number of systems having fixed mophore can be selectively excited at 337 nm, at which wavelength
donor—acceptor orientatiohWe report here the efficiency of FRET  pa has weak absorbance. The SA fluorescence spectrum overlaps
for a series of DNA conjugates in which a stilbene dicarboxamide yith the PA absorption spectrum, with a calculated overlap integral
(SA, donor) and perylenedicarboxamide (PA, acceptor) are co- Joa = 3.0 x 1014 Thus SA serves as the singlet energy donor and
valently attached to opposite ends of an A:T base pair duplex pa as the acceptor.

domain consisting of 412 base pairs. The results demonstrate for  The fluorescence spectra of the SRA, conjugates are shown

the first time the systematic dependence of FRET efficiency upon j, Figure 2b. Quantum vieldd) and lifetime ¢) data for SA are

the orientation factor, thus confirming the orientation dependence ghown in Figure 3a,b (tabular data provided in SI). The values of

predicted by Foster theory.
Capped hairpin conjugates SA&RAy possessing a SA hairpin

@; andzp for SA increase as the number of base p&irseparating
SA and PA increases, reaching values Kbr= 12 comparable to

linker and PA end cap at opposite ends of a base pair domain,ose for SA-linked hairpins lacking the PA acceptdr & 0.35

consisting ofN A:T base pairs (Figure la) were prepared and
characterized as described in Supporting Information (Sl), using
procedures previously employed for capped hairpins with stilbene
chromophores at both ends of the base pair donfairiee high
melting temperature and well-developed CD spectra of-BA,
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andz = 2.1 ns)!® However, the increases are not continuous with
N. The values of®; for PA display an inverse correlation with
those for SA, decreasing in noncontinuous fashiorbagor SA
increases. The values offor PA are the same as that of a PA-
linked hairpin (6.5t 0.1 ns) and are independent of the length of
the base pair domain, as expected for an irreversible energy transfer
process.
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Calculated values for the SA quantum yield and lifetime obtained
using the oriented dipole model and using a constant value of
2/3 are shown in Figure 3a,b, along with the experimental data. The
experimental values are seen to be in good agreement with the
values obtained using the oriented dipole model, but not with those
provided by the averaged dipole model. Agreement with the oriented
dipole model requires that the PA dipole be aligned with the duplex
(as observed for SA-capped hairginand not randomly oriented.
The discrepancy between the experimental data and averaged dipole
model is particularly noticeable fof = 7—9, the observed singlet
lifetime being as much as 5 times longer than the singlet lifetime
predicted by the averaged dipole model. The oriented dipole model
predicts near-zero values of for these conjugates (Figure 3c), in
accord with the inefficient quenching of the SA donor fluorescence
quantum yields and lifetimes.
‘ _ To summarize, the use of A-tract DNA base pair domains as a
(’;_;g;’h’ ¢ i-iol(f’(‘j)eh’\'};?i‘\’ge;f(us\g 2?]30?Xo&aqyé“&'ez‘;i”%?gﬁ'e-)fﬂgftra helical scaffold has permitted the first systematic study of the effect
structures) in methanol solution. (b) Fluorescenée spectra of Fo\ of.chror.noplhore orientation upon F,RET efﬂmency. The effgct of
capped hairpins in aqueous buffer (k5106 M, 10 mM phosphate, pH orientation is most pronounced at distances near thst€oradius
7.2, 100 mM NaCl). Excitation wavelengta 337 nm. (33 A, as calculated using? = %). At shorter distances, rapid
electron exchange (Dexter) quenching may preclude observation
of the local maximum ind; and zp predicted forN = 2 (Figure
3).13 Since the Frster radius is determined by the spectral overlap
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041 A Tyt integra_l and the donor_ qyantum yield (_eq 2_), it should be possible
031 /o /-/ to design capped hairpin systems with either shorter or longer
0.2 4 - Forster radii. Such systems may provide sensitive probes of DNA
S 4 gy conformational changes whi_ch occur upon intercalation or binding
00 - —v—calculated «* of small molecules or proteins.
04 w—m—w—w—
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