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Fluorescence resonance energy transfer (FRET) between an
excited fluorescence donor and a ground state fluorescence acceptor
has been widely used to study the structure and dynamics of
molecules in the gas phase, solution, and solid state.1,2 FRET has
been employed in studies of DNA duplex formation, duplex struc-
ture, and duplex protein binding. Elegant studies by Clegg et al.3,4

and by Hurley and Tor5 using complementary duplexes possessing
donor and acceptor probes separated by a variable number of base
pairs have shown that the FRET efficiency is dependent upon the
vector distance between the chromophores, rather than the number
of base pairs. Jovin employed an ingenious FRET experiment to
establish the helical handedness of short duplexes.6

According to the semiclassical vector model proposed by Fo¨rster,
the efficiency,E, of FRET can be described by eq 1, whereRDA is
the distance between the fluorescence donor and acceptor, andRo

is the distance (Å) at which half of the energy is transferred (the
Förster radius).2,3

The value ofRo is described by eq 2, whereJ(λ) is the donor/
acceptor spectral overlap integral,κ is a geometric factor associated
with the orientation of the donor and acceptor dipoles, andn is the
refractive index of the medium separating the donor and acceptor.
The value ofκ is described by eq 3, where e1, e2, and e12 are the
unit vectors of the donor and acceptor transition dipoles and distance
between their centers. Whereas the distance dependence of FRET
has been extensively documented, the orientation dependence has
been observed only for a small number of systems having fixed
donor-acceptor orientation.7 We report here the efficiency of FRET
for a series of DNA conjugates in which a stilbene dicarboxamide
(SA, donor) and perylenedicarboxamide (PA, acceptor) are co-
valently attached to opposite ends of an A:T base pair duplex
domain consisting of 4-12 base pairs. The results demonstrate for
the first time the systematic dependence of FRET efficiency upon
the orientation factor, thus confirming the orientation dependence
predicted by Fo¨rster theory.

Capped hairpin conjugates SA-PAN possessing a SA hairpin
linker and PA end cap at opposite ends of a base pair domain
consisting ofN A:T base pairs (Figure 1a) were prepared and
characterized as described in Supporting Information (SI), using
procedures previously employed for capped hairpins with stilbene
chromophores at both ends of the base pair domains.8 The high
melting temperature and well-developed CD spectra of SA-PA4

(SI) are indicative of the formation of a compact folded struc-
ture in which PA is π-stacked with the adjacent base pair.
Poly(dA)-poly(dT) base pair domains, known as A-tracts or
B′-DNA, were selected based on their regular helical structures.9

The absorption and fluorescence emission spectra of the isolated
SA and PA chromophores are shown in Figure 2a. The SA chro-
mophore can be selectively excited at 337 nm, at which wavelength
PA has weak absorbance. The SA fluorescence spectrum overlaps
with the PA absorption spectrum, with a calculated overlap integral
JDA ) 3.0× 1014. Thus SA serves as the singlet energy donor and
PA as the acceptor.

The fluorescence spectra of the SA-PAN conjugates are shown
in Figure 2b. Quantum yield (Φf) and lifetime (τ) data for SA are
shown in Figure 3a,b (tabular data provided in SI). The values of
Φf andτD for SA increase as the number of base pairs,N, separating
SA and PA increases, reaching values forN ) 12 comparable to
those for SA-linked hairpins lacking the PA acceptor (Φf ) 0.35
andτ ) 2.1 ns).10 However, the increases are not continuous with
N. The values ofΦf for PA display an inverse correlation with
those for SA, decreasing in noncontinuous fashion asΦf for SA
increases. The values ofτ for PA are the same as that of a PA-
linked hairpin (6.5( 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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Figure 1. (a) Formulas for the SA linker and PA end cap and two-
dimensional models of SA-PAN conjugates.N is the number of A:T base
pairs separating the chromophores. (b) Side view of a molecular model for
conjugate SA-PA8. The SA and PA linkers are located at the top and
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
pairs at angles of 17 and 0°, respectively.
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A dipole vector model for conjugate SA-PA8 is shown in Figure
1b. The SA and PA transition moments are assumed to be long-
axis polarized, as is the case for the parent stilbene and perylene
chromophores.11 The model is constructed using B-DNA geometry,
which has a slightly larger helical pitch than does an A-tract (36°
versus 34°). The 17° vector angle for the SA linker is based on the
crystal structure of a stilbene-linked hairpin,12 whereas the angle
for the PA linker (0°) was adjusted to obtain agreement between
calculated and experimental data. Values ofκ2 calculated using this
structural model are shown in Figure 3c along with the value ofκ2

) 2/3, which is conventionally assumed for randomly oriented
dipoles.2 Small changes in the interchromophore angle ((10°) have
little effect on the calculated values ofκ2.

Calculated values for the SA quantum yield and lifetime obtained
using the oriented dipole model and using a constant value ofκ2 )
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 hairpins8) and not randomly oriented.
The discrepancy between the experimental data and averaged dipole
model is particularly noticeable forN ) 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 ofκ2 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
helical scaffold has permitted the first systematic study of the effect
of chromophore orientation upon FRET efficiency. The effect of
orientation is most pronounced at distances near the Fo¨rster radius
(33 Å, as calculated usingκ2 ) 2/3). At shorter distances, rapid
electron exchange (Dexter) quenching may preclude observation
of the local maximum inΦf and τD predicted forN ) 2 (Figure
3).13 Since the Fo¨rster radius is determined by the spectral overlap
integral and the donor quantum yield (eq 2), it should be possible
to design capped hairpin systems with either shorter or longer
Förster radii. Such systems may provide sensitive probes of DNA
conformational changes which occur upon intercalation or binding
of small molecules or proteins.
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Figure 2. (a) Ultraviolet (UV) absorption and fluorescence (FL) spectra
of the diol derivatives of SA and PA (2× 10-6 M, see Figure 1 for
structures) in methanol solution. (b) Fluorescence spectra of SA-PAN

capped hairpins in aqueous buffer (1.5× 10-6 M, 10 mM phosphate, pH
7.2, 100 mM NaCl). Excitation wavelength) 337 nm.

Figure 3. (a) Quantum yields (estimated error(10%) and (b) lifetimes
(estimated error(5-15%) for SA fluorescence from SA-PAN conjugates.
These values can be used to determine the efficiency of quenching (eq 1)
from the equationsτD ) τ°D (1 - E) andΦf ) Φ°f(1 - E). (c) Values ofκ2

as a function ofN and calculated distance.
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