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ABSTRACT Fluorescence resonance energy transfer
(FRET) has been used to demonstrate the bending ofDNA and
RNA bhelis for three series of double-stranded molecules
containing bulge loops ofunopposed nucleotides (A.,
n = 0-9). Fluorescein and rhodamine were covalently attahed
to the 5' termini of the two component strands. Three diferent
methods were applied to measure the FRET efficiencies. The
extent of energy traner within each series increases as the
number of bulged nudeotides varies from 1 to 7, indicting a
shortening of the end-to-end distance. This is consistent with a
bending of DNA and RNA heices that is greater for larger
bulges. The FRET efflciency forDNA molecules with A, bulges
is lower than the efficiency for the corresponding A7 bulged
molecules, although the A, molecules exhibit increased elec-
trophoretic retardation. Ranges of bending angles can be
estimated from the FRET results.

A bulge is created when one or more nucleotides in one strand
of a DNA or RNA duplex are unopposed by bases on the
opposite strand. Bulges in DNA have been postulated as
intermediates in recombination and frameshift mutagenesis
(1) and they are recognized by structure-selective resolving
enzymes (2). In RNA, bulges are important for tertiary folded
structures (3) and have been proposed to be necessary for
specific protein-RNA interactions (4-7).
There are several experimental facts indicating that bulges

introduce pronounced kinks into DNA and RNA helices.
Local structural details of smaller bulges (three bases or less)
are provided by NMR (8-10). Structural distortions on a
larger, more global scale are evidenced from the retardation
of bulged DNA and RNA species in gel electrophoresis
(11-16), circularization experiments (12), and electron mi-
croscopy (17). The apparent extent of kinking is dependent
on the sequence and the number of the bulged nucleotides
(12-14) and on the sequence of the flanking base pairs (15).
Only a few quantitative estimates of the bending angles have
been made (8, 9, 11).

Fluorescence resonance energy transfer (FRET) over
macromolecular distances of 20-90 A has been used to
determine global structural aspects of complex DNA mol-
ecules (18-24); small conformational differences between
similar molecules are often detectable (21). If a bulge
creates a bend in DNA or RNA helices, the end-to-end
distance of the helices decreases. This can be monitored by
measuring the efficiency of FRET between dye molecules
that are covalently attached to the 5' termini of the helix
ends. To observe the progressive distortion of the helix axis
we have synthesized dye-labeled double-stranded DNA and
RNA molecules (using fluorescein as donor and rhodamine
as acceptor) containing different numbers of bulged aden-
osine nucleotides (An bulges; n = 0-9) in the central region.
Three different methods for determining the efficiency of

FRET all lead to similar results. Ranges of bending angles
are estimated from the experimental results by using a
geometrical model of a kinked duplex.

MATERIALS AND METHODS
Costrnctlon and Preparation of Fluoresentiy Labeled

DNA and RNA Mdoecules. Oligonucleotides (DNA and RNA)
were synthesized on an Applied Biosystems 394 synthesizer
using P-cyanoethylphosphoramidite chemistry (25) (Cru-
achem, Herndon, VA). A tert-butyldimethylsilyl group (26)
was utilized to protect the 2' position of RNA (MilliGen).
Fluorescein was introduced into the 5' end of the 18-base
DNA oligonucleotides in the final coupling step using a
mixture of 5- and 6-fluorescein phosphoramidites with C6
linkers (Pharmacia). ForRNA only the 6-isomerwas used. C6
linkers with amino groups were introduced on the 5' ends of
all other oligonucleotides as described (21). The tert-
butyldimethylsilyl protecting group was removed by a 16-hr
treatment with 1 M tetrabutylammonium fluoride in tetrahy-
drofuran (Aldrich) (26). Fluorescein phosphoramidite-
labeled strands were purified by reverse-phase HPLC. 5'-
Amino oligonucleotides were purified by anion-exchange and
reverse-phase HPLC prior to conjugation with either rhoda-
mine N-hydroxysuccinimide ester (Molecular Probes) or
5-fluorescein isothiocyanate (for 27-base DNA oligonucleo-
tides) (21). All dye-conjugated species were further purified
by electrophoresis in 20% polyacrylamide/7 M urea gels.
Base sequences of the three series of bulged duplexes (only
the fluorescein-labeled top strands, containing n = 0, 1, 3, 5,
7, or 9 additional adenosine nucleotides An, are shown) are
5'-C3TAG2AnTCG2ATCTCG2-3' (18-bp DNA duplexes), 5'-
C3UAG2AnUCG2AUCUCG2-3' (18-bp RNA duplexes), and
5'-C3TGTG2ATC2AG2AnTCG2ATC2TCG2-3' (27-bp DNA
duplexes). Combinations of dye-labeled oligonucleotides
were hybridized, purified by electrophoresis in nondenatur-
ing 15% polyacrylamide gels, extracted into fluorescence
buffer (90mM Tris borate, pH 8.3/100mM NaCl), and finally
dialyzed against this buffer. For the AO, Al, and A3 bulged
18-bp DNA duplexes, the molecules containing 5- and 6-flu-
orescein isomers are well separated in the final electropho-
resis step.
The ratio of fluorescein to rhodamine absorbance is con-

stant within each series of molecules while the ratio ofdye to
nucleic acid absorbance decreases (data not shown); the
values indicate 100% labeling. All measurements were taken
at 40C to ensure that the molecules were in the duplex form.
This was verified by measuring the melting temperatures.
The absorbances of all solutions were below 0.015 at the
excitation wavelength.

Abbreviation: FRET, fluorescence resonance energy transfer.
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Spectroscopic Methods. Absorption and steady-state fluo-
rescence measurements were taken on a Uvicon 820 (Kon-
tron, Zurich) spectrophotometer and an SLM 8000S instru-
ment (SLM Aminco, Urbana, IL). Corrected emission fluo-
rescence spectra were normalized for lamp fluctuations.
Polarization artifacts were avoided by using "magic angle"
conditions (27). The spectra were processed with a Macin-
tosh IIci computer (Apple). Emission fluorescence spectra,
F(km, kx) (Am and AC are the wavelengths of emission and
excitation), for FRET analysis were collected over a broad
range ofemission wavelengths (A.. = 490 nm, Akm = 500-650
nm; A.. = 560 nm, Akm = 570-650 nm). Fluorescence an-
isotropies, r(km, k,4j, were determined from measurements
of fluorescence intensities by using vertical excitation polar-
izers with vertical (Flo and horizontal (F_) emission polariz-
ers according to r = (F11 - F.J/(F1, + 2F±) (28).
FRET. The rate of dipole-dipole FRET, kT, from a donor

D (fluorescein) to an acceptor A (rhodamine) is given by kT
= (Ro/R)6/lb, where D is the emission lifetime of D in the
absence of A and R is the scalar separation of D and A (29,
30). When R = Ro, kT = 1/7b. R6 is proportional to an
orientation factor (K2) and the fluorescence quantum yield of
the donor. The efficiency of energy transfer is

E = 1/[1 + (R/RO)6]. [1]

For rapid randomization of the relative orientation between
D and A, K2 = 2/3 (30). The low anisotropy of fluorescein
implies that this is a good approximation for this study (see
Table 1) so that for any D-A pair E is sensitive only to the
scalar D-A distance (21, 31).
Data Analysis. FRET efficiencies were determined by

measuring the enhanced acceptor fluorescence, the anisot-
ropy of the donor emission, and the anisotropy of the mixed
fluorescence.
Enhanced acceptor emission. The rhodamine emission

intensity increases in the presence ofenergy transfer, and the
emission intensity of fluorescein correspondingly decreases
(data not shown). The fluorescence intensities ofthe emission
spectra F(Am, 490) (excited at 490 nm, where both fluores-
cein and rhodamine absorb) are fitted to the weighted sum of
two spectra components: (i) a standard spectrum of a duplex
labeled only with donorFD(Am, 490) and (ii) the fluorescence
signal of the sample F(km, 560) (excited at 560 nm, where
only rhodamine absorbs),

F(Aem, 490) = [a FD(Akm, 490)] + [(ratio)A*F(Aem, 560)]. [2]

a and (ratio)A are the fitted weighting factors of the two
spectral components. The fit is made over km = 500-540 nm
(where only D emits) and km = 570-650 nm (where both D
and A emit). (ratio)A is the acceptor fluorescence signal of the
FRET measurement normalized by F(Am, 560) as shown in
Eq. 3 (27):

(ratio)A =
F(km, 490) - [a FD(4m, 490)]

F(Aem, 560)

ED(490)
=E- A(560)

+A(490)
E (560)

(ratio)A is linearly dependent on the efficiency of energy
transfer, E; it normalizes the sensitized FRET signal for the
quantum yield of the acceptor, for the concentration of the
duplex molecule, and for any error in percentage of acceptor
labeling. ED and sA are the molar absorption coefficients of
D and A at the given wavelengths. eD(490)/eA(560) and
EA(490)/EA(560) are determined from the absorbance spectra
of doubly labeled molecules and the excitation spectra of

singly rhodamine-labeled molecules. The emission spectra of
5- and 6-fluorescein isomers are slightly shifted relative to
each other and the quantum yields are different. For the A5,
A7, and A9 bulged 18-bp DNA duplexes, FD(km, 490) in Eq.
2 was represented by a weighted sum oftwo standard spectra
from DNA molecules labeled with single isomers. Single-
isomer E values can be calculated from the measured FRET
efficiencies by using the relative quantum yields of the
isomers. This has been done for comparing the simulated and
experimental E values in Fig. 4.
Donor emission anisotropy. As the rate of energy transfer

increases, the donor fluorescence lifetime T and the donor
emission intensity decrease (29). For different D and A
molecules the decrease in T leads to an increase in the
anisotropy for the donor. By using the Perrin relation ro/r =
1 + r/Tc (32) and assuming a constant rotational correlation
time Tc ofD in all bulged molecules throughout a series, Ecan
be determined from r(518, 490), which measures the anisot-
ropy of only the donor fluorescence

E= 1 - ro/r(518, 490)-1
ro/rb(518, 490) - 1 [4]

rD(518, 490) is the donor anisotropy in the absence of A. The
limiting anisotropy ro of fluorescein was assumed to be 0.35
(33).
Anisotropy of the mixedfluorescence. For doubly labeled

molecules, the measured fluorescence F(590, 490) is com-
posed ofdirectly excited fluorescence offluorescein, FSO,490,
and rhodamine, F5AR490, and sensitized rhodamine emission
excited via energy transfer, FM,14goT. The corresponding
anisotropy, r(590, 490), can be expressed as a weighted
anisotropy (see also refs. 24 and 27):

r(590, 490)

(FD/Ar D/A + (FA/D )A/D + (FAXRET ART590,490 590,490J 590,490 590,490J 590,490 *r590,490)
F+D/A+FfA/D +AXRET590,490 590,490 +r590,490

[E5
where r5%',490, r5Q)49o, and r5gO,o4EoT are the anisotropies cor-
responding to FPgA490, Fg,490, and FVOW. These six quan-
tities cannot be measured directly, due to the spectral overlap
ofD and A. However, they can be calculated from measured
fluorescence signals and spectroscopic parameters of labeled
DNA molecules (24, 27):

FD/A,9 = F(518, 490).FD(590, 490)/FD(518, 490)
= F(518, 490)-0.105

FA/D = F(590, 560).EA(490)/8EA(560)

FAF49T = F(590, 560)eD(490)/EA(560).E

rD/4 = r(518, 490)A9,9

590,490 = r(590, 560) rA(590, 490)/rA(590, 560)

= r(590, 560) 0.95. [6]

F(518, 490) and F(590, 560) measure only the donor fluores-
cence and the directly excited rhodamine emission. The rA
values were determined from singly rhodamine-labeled mol-
ecules. Ifthe donorrotates rapidly before transferring energy
to the acceptor, then rAFRE'T < rD, and r(590, 490)
decreases in the presence of energy transfer. We assume that

5AdI4RET = 0 for deriving E from Eqs. 5 and 6.
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RESULTS AND DISCUSSION

FRET Reveals the Bending of DNA and RNA Helices by
Bulged Nudeotides. The FRET efficiencies (E) become
greater as the number of adenosine nucleotides in the bulge
increases from 1 to 7 (Table 1; Figs. 1 and 2), indicating a
progressive decrease of the distance between the dye mole-
cules. This is consistent with a kinking of the linear duplex
structure at the position ofthe bulge, presumably bending the
helix away from the side of the helix containing the bulge
loop. The progressive increase of the E values is evident for
all series ofmolecules (Fig. 1) and for all three FRET analyses
(Fig. 2). E is increased by m20%o for the series of 18-bp DNA
molecules corresponding to a decrease in the D-A distance of
12-14 A, assuming Ro = 50-60 A (Eq. 1). These results
corroborate the interpretations of gel electrophoresis (Fig. 3
and see discussion below) (11-16), NMR (8, 9), and circu-
larization (12) studies indicating that a bulge introduces a
pronounced kink into double-stranded DNA and RNA heli-
ces. Both the 18- and 27-bp DNA molecules exhibit similar
variations in E as the number ofbulged nucleotides is altered.
As expected, the E values of the 27-bp molecules and their
total variations are considerably lower than for the corre-
sponding 18-bp molecules (Fig. 4), but the trend is virtually
identical for the two series.

Estimation of Ranges of Bending Angle. Even precisely
determined scalar D-A distances in the bulged duplexes can
be accounted for by a range ofpossible conformational angles
(0, 4, and I; Fig. 4) without leading to van der Waals clashes
between the two stems of a bulged duplex. For this reason,
although the absolute and relative distances between the dyes
can be predicted with reasonable accuracy from the mea-
sured E values, it is impossible to make unambiguous inter-
pretations or to calculate exact bending angles 0 without
additional information or assumptions.

Fig. 4 shows expected FRET efficiencies of 18-bp bulged
DNA molecules as a function of 0, assuming that = T =

00, so that the helix bends back, away from the bulge site.
Also shown in Fig. 4 is a FRET simulation where all three
angles are varied simultaneously such that and T = 3/40.
Varying the and T angles in this way, as 0 increases,
generates a folded juxtaposition of the two stems equivalent
to that of the two quasicontinuous helices of the four-way
DNA junction when 0 = 1200 and = T = 90°. As we (19,
36, 37) and others (38, 39) have discussed, this orientation of
two helices is electrostatically and geometrically favorable
for closely juxtaposed DNA molecules.

Using these two curves as limiting cases, we can estimate
ranges of bending angles 0 for the A3, A5, and A7 bulged
DNA molecules (Fig. 4). A3 bulges bend the DNA helices by

FIG. 1. FRET efficiencies of the A,, bulged DNA and RNA
molecules, determined from the normalized acceptor fluorescence,
(ratio)A (Eqs. 2 and 3). See Table 1 for the numerical results.

50-70°, in agreement with NMR studies of DNA duplexes
with an ATA loop (9); A5 bulges induce bends of85-105°; and
A7 bulges bend the DNA helices about 100 more than A5
bulges. Cryo-electron microscopic analysis of 100-bp DNA
molecules with central A7 bulges suggests a bending angle of
=900 (J. Bednar, A.I.H.M., and D.M.J.L., unpublished
data).
The transfer efficiencies of the Al bulged DNA molecules

are not greater than those for the corresponding duplex (Ao)
molecules, although there is evidence that single bulged
purine nucleotides significantly bend DNA helices (15). Our
earlier estimates of the relative positions of the dyes on
simple DNA duplexes (23) would place them on opposite
sides of the helices for the 18- and 27-bp molecules used in
this study. If the dyes are located on opposite sides of the
helix with one dye on the same side as the bulge, it is
understandable that bending the helix even up to 30-40°
would not decrease the distance between the dyes signifi-
cantly, as seen in Fig. 4.
The Progression of FRET Effiiency Changes When Step-

ping from A7 to A, Bulges. In DNA (and to a lesser extent in
RNA) the A9 bulged molecules exhibit lower FRET efficien-
cies than the corresponding A7 bulged molecules (Figs. 1 and
2). This change in the progression of the E values is evident
for all series of molecules and for all three FRET analyses,
suggesting that a new structural perturbation becomes oper-
ative for the A9 bulges that is not apparent for the smaller
bulges. There is no indication of changes in any of the
spectroscopic properties of the dyes to account for the
decrease in E for the A9 bulged molecules. It is significant in
this respect that the 27-bp molecules, for which direct inter-

Table 1. FRET efficiencies of the An bulged DNA and RNA molecules
27-bp DNA 18-bp RNA 18-bp DNA

Bulge (ratio)A (ratio)A (ratio)A r(518, 490) r(590, 490)

AO 0.029 0.184 0.168 0.16 0.17
Al 0.028 0.199 0.158 0.16 0.15
A3 0.036 0.224 0.191 0.16 0.19
A5 0.064 0.327 0.280 0.28 0.25
A7 0.078 0.361 0.352 0.37 0.36
A9 0.064 0.350 0.290 0.33 0.30

(SD) 0.004 0.008 0.006 0.025 0.03

E values were determined from the normalized acceptor fluorescence, (ratio)A (Eqs. 2 and 3); the
donor anisotropy, r(518, 490) (Eq. 4); and the anisotropy of the mixed fluorescence, r(590, 490) (Eqs.
5 and 6). Average standard deviations (SD) were determined from repeated measurements and analyses.
The measured values of anisotropies are r(518, 490) = 0.120, 0.120, 0.119, 0.130, 0.141, and 0.136 and
r(590, 490) = 0.118, 0.120, 0.115, 0.112, 0.100, and 0.104 for n = 0, 1, 3, 5, 7, and 9. For singly labeled
molecules, rD(518, 490) 0.107 for fluorescein and r(590, 560) 0.28 for rhodamine (Eq. 4). Ratios
ofabsorption coefficients (Eq. 3) are eA(490)/eA(560) = 0.085 for both DNA and RNA, eD(490)/EA(560)

0.61 for DNA, and ED(490)/eA(560) 0.70 for RNA.
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FIG. 2. FRET efficiencies of the 18-bp A. bulged DNA mole-
cules, determined from the normalized acceptor fluorescence, (ra-
tio)A (Eqs. 2 and 3); the donor anisotropy, r(518, 490) (Eq. 4); and the
anisotropy of the mixed fluorescence, r(590, 490) (Eqs. 5 and 6). The
data can be found in Table 1.

actions between the dyes are definitely excluded, show the
same discontinuity in the progression of the FRET efficien-
cies. We interpret the variation in E solely in terms ofthe D-A
distances (R); therefore, we conclude thatR is greater for the
A9 than for the A7 bulged molecules. This could result from
decreased bending of the duplex (decreased 0) induced by a
particular structure of the A9 bulge loop. Alternatively the
stems of the Ag bulged molecule may rotate relatively to each
other, changing 4) and T to values that are incompatible with
the steady progression in the series of Aq-A7 bulged mole-
cules.
The gel electrophoretic mobilities of27-bpDNA molecules

containing An bulges up to All progressively decrease as n
increases (Fig. 3). A discontinuity in the mobilities analogous
to that found with FRET between n = 7 and n = 9 is not
observed. Decreased mobilities are usually interpreted solely
in terms of increased bending (12-14); however, this effect
could be due partially to the continuously expanding volume
occupied by the bulges as n increases, especially for shorter
duplexes with longer bulges. Indeed, the electrophoretic
mobilities of a corresponding series of longer, 40-bp bulged
duplexes tend to a plateau value for n > 7 (A. Bhattacharyya
and D.M.J.L., unpublished data). Because there is no quan-
titative theory to estimate the influence of the local structure
of a bulge on the electrophoretic mobility of the whole
molecule, we cannot pursue this question quantitatively at
the present time. Apparently FRET efficiencies and gel

.\ \ V \ v\* \ \ I
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FIG. 3. Gel electrophoresis of 27-bp An bulged DNA molecules.
The sequence is the same as for the FRET experiments. A11,T11 is a
38-bp reference duplex generated by hybridizing the bulged strand of
the All oligomer to its perfect complement. Purified unmodified
oligonucleotides were 5'-32P-labeled with [t-32P]ATP and T4 poly-
nucleotide kinase (34). The hybridized bulged duplex species were
electrophoresed in 15% polyacrylamide gels (29:1 acrylamide/NN-
methylenebisacrylamide ratio) in 90 mM Tris borate, pH 8.3/1 mM
EDTA. The gel was autoradiographed at -700C on Konika x-ray film
with Ilford fast-tungstate intensifier screen.

(I)

FIG. 4. Schematic of the model used to simulate the FRET
efficiency. The double-stranded molecule is divided into two segments
(A and B) ofstandardB-DNA geometry (35), represented by cylinders
for clarity. The darkly and lightly shaded helical vectors represent the
twoDNA strands runningfrom 5' to 3'. The segments arejoined at the
phosphate atom of the unbulged strand, opposite the An bulge. 0,4,
and T represent the relative orientation of segment B to segment A.
0 is the angle between the helix axes of A and B. 4 is the angle
between the planes shown in the figure; one plane is defined by the
joining phosphate atom and the heli axis ofA, and the other plane is
spanned by the two vectors a andb, which are parallel to the A and
B helix axes and cross at the joinWg phosphate atom. ' is the angle
ofrotation ofB around the vector b as shown. The position ofthe dyes
on the ends of the DNA molecule (not shown) is chosen to be
consistent with results from FRET measurements on duplex DNA
(23). Rhodamine is positioned in the middle ofthe major groove at the
heightofthe firstbase-pairplane. FRET efficiencies, E(0, 4,'), were
mapped for different kink conformations from the D-A distances
according to Eq. 1. (Inset) Simulated FRET efficiencies of an 18-bp
DNA molecule as a function ofthe bending angle0. The thin and thick
lines are simulations according to E(0, 0, 0) and E(0, 3/40, 3/40).
Fluorescein and rhodamine are attached to the 7-bp and 11-bp seg-
ments. Ro = 60 A was used for all simulations, and E(0, 0, 0) agrees
well with the experimental FRET efficiencies of the unbulged duplex
molecule. The horizontal lines on the left side of the inset depict the
E values of the 18-bp A. bulged DNA molecules for one of the
fluorescein isomers (see Materials and Methods). The differences
betweenE values for the fluorescein isomer and the measuredE value
lead to only maximally 5° differences in the simulated angles; this is
well within the accuracy with which the angles can be predicted within
this model from the FRET data.

electrophoretic mobilities are sensitive to different aspects of
the molecular structure.
Agreement Between the Various Methods for Determining

the Efficiency of FRET. The FRET efficiency of the series of
18-bp DNA molecules was determined with three different
analyses (Fig. 3) corresponding to different physical aspects:
(i) the transfer ofenergy from donor to acceptor leading to the
enhanced emission of the acceptor, (ii) the increase in the
donor anisotropy due to a decrease in the excited-state
lifetime of the donor, and (iii) the effective depolarization of
the acceptor fluorescence due to rotation of the donor before
transferring energy to the acceptor. The average standard
deviation of the E values calculated from the three methods
is 0.02 (Table 1). This agreement is strong evidence that the
E values are well determined and that the orientation factor
K2 can be approximated by 2/3.
FRET Is Applicable to RNA. The FRET efficiency of the

18-bp RNA duplex Ao is slightly higher than that of the
corresponding DNA molecule. This may be due to the
different helical geometries of DNA and RNA and possibly

Biophysics: GohIke et al.
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dissimilar positions ofthe dyes with respect to the helix ends.
However, the absorption and fluorescence characteristics,
and the fluorescence anisotropies of the RNA-linked fluoro-
phores (fluorescein and rhodamine), are comparable to those
of the DNA-linked dyes. If the positions of fluorescein and
rhodamine with respect to the helix ends are similar in DNA
and RNA, our FRET results indicate that bulged adenosine
nucleotides bend DNA and RNA helices to similar extents.

Condusions. In this study FRET has been used to observe
the bending ofDNA and RNA helices by bulged nucleotides
and to estimate ranges of bending angles for bulges of
different sizes. Three methods for determining the efficiency
of FRET lead to almost identical results. We have recently
extended these fluorescence measurements to monitor con-
formational changes of bulged molecules during thermal
denaturation and to characterize binding of single strands to
bulge loops.
The RNA and DNA structures have been compared di-

rectly by FRET using covalently attached fluorophores. We
have demonstrated that FRET, which has been such an

effective experimental tool for determining structural aspects
of complex DNA molecules (18-24), can be carried over
directly to study complex RNA structures.
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