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ABSTRACT: The sequence-induced curvature of DNA fragments free in solution was characterized by
measurements of the end-to-end distance using fluorescence resonance energy transfer (FRET). The 31
bp oligonucleotides were labeled at their 5′ ends with fluorescein as the donor and rhodamine X as the
acceptor. We compared a curved oligonucleotide with three phased A6 blocks and a control containing
(AT)3 instead of the A6 blocks. The increased efficiency of energy transfer of the A6-containing DNA
indicates the existence of a permanent sequence-induced curvature, the magnitude of which is in good
agreement with estimates from theoretical curvature predictions. Energy transfer efficiency and
correspondingly curvature increases with NaCl concentration.

The three-dimensional folding of DNA in the cell is
important both from a purely mechanical point of view (i.e.,
how can two meters of DNA fiber be packaged into a nucleus
less than 10µm in diameter), as well as for its biological
function, e.g., in long-range transcriptional regulation when
an enhancer interacts with a promoter several thousand base
pairs away (1). DNA is a rather stiff polymer, with a
persistence length of 50 nm, but it exists in most circum-
stances in a compact state: for instance, in chromatin, where
the curvature radius of DNA around the nucleosome is about
5 nm, or in virus particles. DNA must be strongly bent in
all these cases, and it has been suggested that local structure
variations such as sequence- or protein-induced curvature
can support the required distortion of the DNA.
The first correlation between DNA sequence, local struc-

ture variations, and DNA bending was pointed out by
Trifonov and Sussman (2), who observed in a Fourier
analysis of nucleosome-containing DNA sequences a repeti-
tion of AA dinucleotides with a period of 10.5 base pairs/
turn, corresponding to the helix pitch of B-DNA. Their
hypothesis was that certain sequence elements in DNA could
induce a permanent curvature of the helix axis when repeated
in phase with the helix pitch. This was later confirmed in
numerous cases by the discovery that natural and synthetic
DNA sequences with repeating A-blocks showed anoma-
lously slow migration (gel migration anomaly, GMA) on
polyacrylamide gels (as reviewed in (ref3), and could be
ligated into small circles with much higher efficiency than
random sequences (for a review see ref4). Permanent
curvature has also been observed for some DNAs in electron
microscopy (5-7). The standing interpretation of all these
results is that blocks of at least four adjacent adenines cause
local deviations in the helix axis that will accumulate to an
overall curve when repeated in phase with the helix pitch.
Such repeated An (n > 3) blocks were identified in
kinetoplast DNA (8) and at the origin of replication ofλ
phage (9), where both GMA and increased cyclization

probability were found, and in a human mitochondrial DNA
sequence by GMA (10). In all those cases the biological
function requires curvature of the DNA.

The common characteristic of the methods for curvature
detection mentioned so far is that the conformation of the
DNA is not determined in its free solution state: the mobility
of the chain in the gel, on the electron microscope grid or
bound to a ligase, is restrained. Only very few free solution
measurements of curved DNA structure have been pub-
lished: Electric dichroism measurements on 267 bp DNA
restriction fragments from the kinetoplast ofLeishmania
tarentolae(11) at rather low ionic strength (1.6 mM NaCl)
showed a 20% difference in rotational relaxation times
between two fragments that were identical in sequence except
for circular permutation, which places a curve either in the
center or near the end of the molecule. Later an electric
dichroism study (12) could not confirm a strong curvature
on 161-399 bp DNA fragments fromChironomous thummi,
either at low or at physiological salt concentrations, although
they showed a high gel migration anomaly. These results
suggested an increased rigidity combined with only a slight
curvature. An increased rigidity was also supposed by Levene
et al. (11); on the other hand, Koo et al. (13) assumed the
standard value for the persistence length for A-tract se-
quences. Thus, the issue of A-tract flexibility is still under
discussion.

Hydrodynamic parameters of 320 bp DNA fragments were
measured by analytical ultracentrifugation and dynamic light
scattering, but no difference were found between fragments
that show a high degree of GMA and those that do not (14),
although from curvature modeling a large structural differ-
ence had been expected.

One problem with solution structure measurements of
DNA fragments longer than the persistence length (150 bp)
is that eventual structural changes can be “washed out” by
their flexibility. It would be therefore desirable to obtain
reliable solution measurements of DNA curvature for shorter
fragments. One such study has been done by Sun et al. (15),
who used NMR on short fragments of 10-12 bp to detect
the structural deformation in the presence of a single A tract.
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A study of phased A tracts, however, would be intractable
with present NMR technology because it would require the
analysis of DNAs at least 20 bp long.
A method that has often been applied for distance

measurements in biological macromolecules is fluorescence
resonance energy transfer (FRET) (16). In this method a
donor fluorophore D is used whose emission spectrum
overlaps with the excitation spectrum of a nearby acceptor
fluorophore A. When the donor is excited, energy can be
transferred from D to A by dipole-dipole interaction, causing
A to be excited in turn and emit fluorescence. The energy
transfer efficiencyE and therefore the increase in acceptor
fluorescence depends among other factors on the distanceR
between D and A; it decreases strongly with distance because
of the dipole-dipole interaction.E can be calculated from
an analysis of the emission spectrum of the sample and
related to the distanceR between the dyes:

The constantR0 is called the Fo¨rster radius. Its value depends
on the dyes and their chemical environment. With conven-
tional organic dyesR0 values of up to 60 Å can be reached,
enabling energy transfer to be measured up to a distance of
120-130 Å.
Because of its strong distance dependence, FRET has also

been called a molecular ruler. In the field of nucleic acid
structure FRET has been used to analyze the helical
arrangement of short DNA fragments (18), the geometry of
the four-way junction (19) or bulge loops (20), and the
structure of ribozymes (21).
The aim of the work in this paper is to measure the

distance between the ends of a DNA fragment free in solution
by FRET. Since in curved DNA the average dye-to-dye
distance is smaller than in a straight DNA fragment with
the same number of base pairs, one can use FRET to estimate
its curvature. Since the expected bending angle/A tract is of
the order of 25°, several phased A tracts will be necessary
to affect the end-to-end distance of the fragment sufficiently
so that a change in the energy transfer efficiency can be
observed. Assuming a Fo¨rster distanceR0 ) 60 Å, which is
among the largest known, we can still expect a measurable
energy transfer for distances around 100 Å. We therefore
chose a fragment length of 31 bp for our measurements, long
enough to accommodate three A6 tracts with a predicted
change in end-to-end-distance of 8% according to the
Bolshoy algorithm (22).

MATERIALS AND METHODS

DNA Fragments.Single-stranded oligonucleotides were
purchased from MWG Biotech in Ebersberg (Germany). One
strand was labeled with covalently linked rhodamine X (RX;
C6 carbon linker) on the 5′ end, and the complementary
sequence was labeled with fluorescein (FL; C3 carbon linker)
on its 5′ end. Nonlabeled DNAs of the same sequence were
purchased as well.
The sequences were constructed to fit two requirements:

short enough (<120 Å) to be measurable by FRET but
having as many as possible phased repetitions of long A
tracts to maximize the curvature. The best compromise was
found between 3 and 4 helix turns. We chose a length of 31

bp, close to 3 complete helix turns, with repetition periods
of 10 and 11 bp.
The sequences used were

As a control, a shorter linear sequence L(29) was also
constructed, which was identical to L except for a missing
AT-TA in the center.
The curvature of sample C was predicted by our program

Curvature (23) based on the algorithm by Bolshoy et al. (22).
We obtained a theoretical value of 80°; sequence L had no
curvature.
The donor/acceptor pair fluorescein/rhodamine X was

selected because of its high Fo¨rster radius [R0 ) 59.6 Å (24)].
Fluorescein was present as a single isomer (5) and was
attached to the 5′ end of the DNA via a C3 amino linker;
rhodamine X was a mixture of the 5 and 6 isomers
(Molecular Probes) and was attached to the 5′ end of the
DNA via a C6 amino linker. The only difference between
the linear and curved sequences is the alternation of A and
T bases; the sequence in the immediate environment of the
dyes was the same for both samples.
The single-stranded oligonucleotides were HPLC-purified

until they showed only one band on a polyacrylamide gel,
either by ethidium staining or by direct fluorescence of the
label. Since the unlabeled DNA differs significantly in
mobility from the labeled one, we supposed that less than
1% of the delivered single strands was unlabeled.
Sample Preparation.For sample annealing we mixed

complementary strands at equimolar concentrations in 10
mM Tris-HCl, 0.1 mM EDTA, and 100 mM NaCl at pH)
7.5, incubated at 50°C for 40 min, and cooled them down
slowly to 20 °C. Completeness of annealing was checked
with gel electrophoresis (0.5µg of DNA, 14% polyacryla-
mide gel, buffer TBE 10%, 150 V, 3 h, ethidium staining
and observation with UV light). Less then 1% single strands
remained after the reaction. We produced four species of
double-stranded DNA fragments: nonlabeled (nl), single-
labeled with fluorescein (sF) or with rhodamine X (sR), and
double-labeled (dl).
FRET measurements on theacceptor sidewere done on

double-labeled samples, diluting them into 2 mL of the
annealing buffer without NaCl. NaCl concentration was
adjusted stepwise with 10 mM Tris-HCl, 5 M NaCl, and
0.1 mM EDTA, pH) 7.5. Single-labeled samples were used
to determine concentration-independent spectral ratios.
For the measurement on the donor side we prepared two

samples. In mix 1, half the DNA was double-labeled and
the other half was nonlabeled; in mix 2, one-fourth was
double-labeled and the rest was a mixture of single-labeled
and nonlabeled duplexes. Mix 1 was prepared by mixing
equimolar concentrations of nonlabeled and double-labeled
samples that had been separately denatured at 80°C and
slowly reannealed; mix 2 was prepared by first mixing the
nonlabeled and double-labeled samples and then denaturing

E) 1

1+ (R/R0)
6

(1)
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and reannealing. This way we could ensure that both samples
had undergone the same denaturing and reannealing steps.
Since the total DNA concentration of the two samples was
the same, we could avoid absolute concentration measure-
ments. The mixing procedure is shown in Figure 1.
Low sample concentrations were used to avoid inner filter

effects in the fluorescence measurements. Absorbances at
the dye absorption maxima were held below 0.03, represent-
ing dye concentrations below 500 nM.
Absorption and Emission Spectra.Absorption spectra were

measured on a Cary-4E spectrometer (Varian, Mulgrave,
Australia) between 220 and 750 nm, with an OD accuracy
of 0.001. Emission spectra were measured with an SLM-
Aminco 8100 fluorescence spectrometer (SLM, Urbana, IL)
using a 150 W xenon lamp. Fluorescence spectra were
measured relative to the lamp intensity and corrected for the
instrument response and buffer signal. Emission spectra were
collected with 4 nm monochromator slit width for excitation
and emission light. Excitation wavelengths were 495 nm for
the donor and 585 nm for the acceptor. The excitation spectra
were detected between 500 and 700 nm. For all measure-
ments the samples were thermostated at 20°C. Quartz
cuvettes with a path length of 1 cm were used. The numerical
treatment of the collected data was done with the program
KaleidaGraph on a Macintosh computer. For the determi-
nation of the energy transfer efficiency, either whole spectra
or integrated spectral regions were used: the integration
extended over(5 nm in the absorption spectra and(10 nm
in the emission spectra.
Circular Dichroism.For concentration determination of

dye-labeled oligonucleotide duplexes, CD spectra were
measured on a Jasco J-710 CD spectrometer in 1 mm
rectangular cells (Hellma, Mu¨llheim, Germany). No CD
signal was found in the visible region, and the shape of the
CD spectrum was the same for dye-labeled and nonlabeled
DNA. We then determined the DNA concentration ratio of
two samples by dividing their CD spectra and averaging over
the regions 235-250 and 260-285 nm.

RESULTS

The efficiency of energy transfer between donor and
acceptor was determined both from the enhancement of the
acceptor emission and from the decrease of the donor

emission in the presence of the acceptor. In our case, when
the expected energy transfer efficiency is very small, both
types of measurement have several possibilities of error. On
the donor side, one compares two samples that should have
the same donor concentration, but unfortunately all simple
concentration measurements are influenced by the presence
of the acceptor in an unknown way. On the acceptor side,
the background emission due to overlap with the donor
emission and direct excitation of the acceptor is comparable
with the enhancement due to the energy transfer and increases
the noise, but in a controllable manner.
In the following we describe the procedures that we have

followed for determining the energy transfer efficiency on
the acceptor and on the donor side.
Energy Transfer Determination from the Enhancement of

Acceptor Emission.Wemeasure for a double-labeled sample
the following fluorescence spectra: (1) excited at the donor
excitation wavelength (495 nm),dlF495; (2) excited at the
acceptor excitation wavelength (585 nm),dlF585; and (3) the
absorption spectrum,dlA. From independent measurements
on single-labeled duplexes we calculate the following
concentration-independent spectral ratios: (A) ratio of
fluorescein emission at its maximum (520 nm) and at the
maximum of the rhodamine X emission (610 nm)

and (B) ratio of the rhodamine X emission at its emission
maximum (610 nm) excited at its excitation maximum (585
nm) and at the fluorescein excitation maximum (495 nm)

As the excitation spectrum and the absorption spectrum of
rhodamine X are proportional, this last ratio is the same as
the ratio of the rhodamine X absorbances at these two
wavelengths:

In our measurements we always used the fluorescence
emission ratio instead of the absorbance ratio because it was
less noisy.
All spectral ratios are calculated by integrating over a

spectral region of(10 nm for the fluorescence spectra and
(5 nm for the absorption. Using these ratios we can
decompose the measured spectrum 1 (dlF495) at the emission
maximum of the acceptor into three components:

whereT is the tail of the emission of the donor

D is the emission due to direct excitation of the acceptor

and EE is the enhanced emission of the acceptor due to
energy transfer. Therefore we have

FIGURE 1: Sample mixing scheme for FRET measurements by
decreased donor emission: (b) fluorescein label; (×) rhodamine
X label.

sFf ) sFF 520
495/sFF 610

495 (2)

sRf ) sRF 610
585/sRF610495 (3)

sRa) sRA585/sRA495) sRf (4)

dlF 610
495) T+ D + EE (5)

T) dlF 520
495/sFf (6)

D ) dlF 610
585/sRf (7)
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Analogously, we can decompose the absorbance of the
double-labeled sampledlA into the absorbance of its com-
ponents at the absorption maximum of the donor:

where the rhodamine X part is calculated as

and the fluorescein part follows as

Finally, the efficiency of energy transfer is calculated from
the enhanced emission of the acceptor relative to its direct
emission, divided by the absorbances of the respective
components (25):

Figure 2 summarizes the measured and calculated spectra
that were used for calculating the energy transfer efficiency
from acceptor enhancement.
The accuracy of this method depends mostly on the quality

of the spectra of the double-labeled sample. The fluorescence
spectra had a signal-to-noise ratio in the critical region (600-
620 nm) greater than 200, and the absorption spectrum at
both dye maxima had a signal-to-noise ratio higher than 20.
The factors used in the calculation were obtained by

averaging repeated measurements on different single-labeled
samples. For rhodamine X, the value ofsRf ) sRa ) 16.5(
0.1 was found for all samples at all ionic strengths. For
fluorescein,sFf was slightly dependent on the salt concentra-
tion; its value was around 21 and was independently
determined for every sample preparation. We can conclude
that even though a large number of spectral data have to be
taken into account for the computation, the relative accuracy
calculated from the measurement errors forEA is (10%,
better than its absolute repeatability of(0.01.
Energy Transfer Determination from the Decrease of

Donor Emission.As outlined in the Materials and Methods
section, we prepared two samples at exactly the same DNA,
donor, and acceptor concentrations: mix 1 is a 1:1 mixture
of double-labeled and unlabeled double-stranded DNA, and
mix 2, prepared from mix 1 by denaturation and renaturation,
contains double-labeled, single-labeled at acceptor or donor,
and unlabeled DNAs at equal concentration. Sample 2 has
therefore only half the amount of double-labeled molecules
as sample 1.
We measured the fluorescence spectra of samples mix 1,

1F495, and mix 2, 2F495, with excitation at the donor
wavelength (495 nm). The energy transfer leads to a
fluorescence decrease

whereFda is the fluorescence at the donor emission in the

presence of the acceptor andFd is that in its absence. In our
mixing scheme,Fd is the same for both samples, and it does
not need to be measured independently. In mix 2 only half
the donor molecules take part in the energy transfer, so we
have

This way we avoid absorption measurements for the deter-
mination of concentrations of single- and double-labeled
samples, such measurements being rather difficult because
of the overlap between DNA and dye absorbances, and the
very small absorbances involved. However, two minor
corrections should be taken into account, which influence
Ed only to the second order.
Mixing Ratio k.When the double-labeled and nonlabeled

samples are mixed, the mixing ratio may differ from 1:1. Its
real value (k:1) was determined from CD measurements of
the two samples before mixing (see Materials and Methods).
Absolute Concentration Ratio c of Samples 1 and 2.

Evaporation or adsorption to the reaction vial could lead to
some loss of material during reannealing; this has to be taken
into account in the calculation. The value of c can be obtained
from measurements of the fluorescence spectra excited at
585 nm, where only rhodamine X will be excited.

The corrected equation forEd is

EE) dlF 610
495- (dlF 520

495/sFf) - (dlF 610
585/sRf) (8)

dlA495) FdlA495+ RdlA495 (9)

RdlA495) dlA585/sRa (10)

FdlA495) dlA495- (dlA585/sRa) (11)

EA )
EE/FdlA495
D/RdlA495

(12)

Fda) Fd(1- Ed) (13)

FIGURE 2: Calculation of enhanced acceptor emission: ())
measured spectrum 1, excitation at 495 nm (dlF495) (- - -)
measured spectrum 2, excitation at 585 nm (dlF585); (‚‚‚) calculated
direct excitation of the acceptor (D); (- - -) calculated normalized
fluorescein emission tail (T); and (s) calculated enhanced emission
(EE). Spectra 1 and 2 were taken on the curved sequence at 20°C
in 10 mM Tris-HCl and 500 mM NaCl at pH) 7.5. The
calculations are described in the Results section.

1F 520
495

2F 520
495

)
1- Ed
1- Ed/2

(14)

c)
1F 610

585

2F 610
585

(15)

Ed ) 1- x
1- x/(1+ k)

where x)
1F 520

495

1F 610
585

2F 610
585

2F 520
495

(16)
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Accuracy.For this method fewer spectra have to be taken,
and they can be determined with better signal-to-noise ratio
(>300). Thek value can be determined with(5% relative
error, but its effect is small: aroundE ) 0.1, a 100%
variation in k causes only a 10% variation inE. The
repeatability ofEd was found to be(0.01.
For estimating whether the expected small change in

energy transfer could be measured by our method, we
compared two linear DNAs of 31 and 29 base pairs. [samples
L and L(29)]. Here the energy transfer values measured from
the decrease of the donor emission at 100 mM NaCl were
4.6%( 1% for the 31 bp and 10.7%( 1.5% for the 29 bp
long linear fragment, well distinguishable. The corresponding
distance difference of 14%( 7% was in reasonable
agreement with the predicted change in end-to-end distance
of approximately 7%.
FRET Measurements Show the Presence of CurVature of

Short DNA in Solution.Energy transfer efficiencies were
determined from the enhancement of acceptor emission at
different salt concentrations and from the decrease of donor
emission at 100 mM NaCl. All data are presented in Figure
3, which shows that above 10 mM NaCl the efficiency of
energy transfer of the curved DNA tends to be higher than
that of the linear one. While the measurements on the donor
and the acceptor side agree very well for the linear DNA,
the curved samples show some difference between the two
methods. This deviation may be rationalized by variations
between sample preparations or the generally larger error
for the donor-side measurement.
Energy Transfer and CurVature Angle Increase with NaCl

Concentration.Figure 3 shows a significant increase of the
efficiency of energy transfer above 10 mM salt concentration
for both sequences. The increase is more pronounced for
the curved sequence; the difference between the energy
transfer efficiencies of the two sequences increases with salt
concentration. The salt-dependent change of the efficiency
of energy transfer may be due to changes in the dye-to-dye
distance and/or changes in the fluorescence characteristics
of the dyes, which influence the Fo¨rster radiusR0.
To separate these two effects, we studied the spectroscopic

characteristics of single-labeled double-stranded DNAs.
Rhodamine X seems to be very stable: neither absorbance
nor fluorescence changes between 3 and 500 mM NaCl. On
the contrary, the fluorescein absorbance shows a 50%
increase from 3 to 500 mM NaCl, while the emission varies
nonmonotonically. These changes influence the value of the
Förster radius:

whereQd is the quantum yield of the donor in the absence
of the acceptor,J is the overlap integral,κ is the orientation
factor, andn is the refractive index of the medium. As the
dyes in both samples have the same nucleotide neighbors,
one may suppose that their orientation factors behave in the
same manner as a function of salt.
From the measured absorbances and emissions we calcu-

lated the relative changes in the quantum yield and the
overlap integral for both sequences as a function of NaCl
concentration and took into account preparation-dependent
quantum yield variations as well. We obtained the salt-
dependent ratios of the Fo¨rster radiiRc0/Rl0 and could then
calculate the relative dye-to-dye distances for the two DNAs,
Rc/Rl:

Supposing that the linear sequence remains straight under
the salt conditions used,Rc/Rl represents the ratio of the end-
to-end distance of the curved molecule to its contour length
and is presumably independent of the optical properties of
the dyes. Approximating the geometry by a circular arc as
shown in Figure 4, one can calculate the curvature angleR
(expressed in radians) from

We define the specific curvatureRs as the curvature angle
in degrees per helical turn. Figure 5 presents the specific
curvature of our A6 sequences as a function of salt concen-
tration. A strong increase is observed between 10 and 500
mM NaCl: the specific curvature angle changes from 23°
(4° to 41° ( 4°.
Dye-to-Dye Distance Decreases at Higher Salts.Up to

now we calculated energy transfer efficiencies and relative
dye-to-dye distances directly from the measured fluorescence
and absorption spectra. For determining absolute dye-to-dye
distances we need two more parameters: the Fo¨rster radius

FIGURE 3: Dependence of the energy transfer efficiency, on the
NaCl concentration determined from enhanced acceptor emission
on the curved (9) and the linear (0) sequence and from decreased
donor emission on the curved ([) and the linear (]) sequence.

R0 ) 0.211(n-4Qdκ
2J)1/6 (17)

FIGURE 4: Calculation of the curvature angle (R) from the contour
length (corresponding toRl) and the end-to-end distance (Rc) of
the curved sequence.

FIGURE 5: Specific curvature angle as a function of NaCl
concentration calculated from the FRET measurements (9) and
computer prediction corresponding to 30 mM NaCl (0).

Rc
Rl

)
Rc0
Rl0[El(Ec - 1)

Ec(El - 1)]1/6 (18)

sin(R/2)
R/2

)
Rc
Rl

(19)
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(R0) and the orientation factor (κ). Lacking a better alterna-
tive, these parameters were adopted from literature data
where the dyes were bound to DNAs in the same way as in
our case (24). The values taken areR0 ) 59.6 Å for the
linear sequence at 0.1 M NaCl, andκ2 ) 2/3 in all cases.
The use of the value2/3 for κ2 can be justified by anisotropy
measurements: the measured anisotropy of rhodamine X is
0.2 ( 0.02 at all ionic strengths in both samples, and the
values for fluorescein were between 0.05 and 0.07. It has
been shown (26) that usingκ2 ) 2/3 with anisotropies of this
size leads to an error in the determination of the mean dye-
to-dye distance of less than 1%, which is generally accepted
in FRET applications (18, 24).

The calculated dye-to-dye distances are presented in Figure
6. The curved sequence shows a significant monotonic
decrease in the dye-to-dye distance of about 20% between
10 and 500 mM NaCl. The dye-to-dye distance of the linear
sequence is significantly higher in this salt concentration
range than that of the curved sequence. The slight salt-
dependent decrease of the dye-to-dye distance of the linear
sequence might reflect either a real decrease of the DNA
end-to-end distance or a salt dependence in the Fo¨rster radius
or the mobility of the dyes (we also note that the energy
transfer efficiency for the linear DNA stays constant above
100 mM salt while the apparent end-to-end distance still
decreases).

At 100 mM salt the good agreement of the apparent dye-
to-dye distance for the linear fragment with the end-to-end
distance of a 31 bp DNA supports our choice for the values
of R0 andκ. We also assume that these values are the same
for the curved sequence since the base pairs immediately
adjacent to the dyes are the same for the two fragments.
While the absolute values for the end-to-end distance might
be influenced by a salt dependence of the dye orientation
and/or the Fo¨rster radius, the curvature values are calculated
from the distance ratiosRc/Rl and eventual changes in the
ratio of the Fo¨rster radii Rc0/Rl0. Thus, they will be
independent of salt-dependent effects in first approximation.
For a better understanding of the photophysics of fluorescent
labels attached to DNA, this problem may merit further
investigation, but this is beyond the scope of our present
report.

Comparison with Model Predictions.The Bolshoy model
(22; 23) predicts an end-to-end distance ofLl ) 101.6 Å
and Lc ) 93 Å for the linear and curved sequences,
respectively. The parameters in this model are mostly related
to gel experiments in buffers of 40 mM monovalent ions
(Tris-HCl); thus they have to be compared to the experi-

mental data at 30 mM NaCl, which also contained 10 mM
Tris-HCl.
To estimate the theoretical dye-to-dye distance, we also

have to take into account the lengths of the linker arms of
the dyes, and we have to average the efficiency of energy
transfer over all possible different orientations of the dyes
with respect to the DNA. The lengths of the two linker arms
were taken as 7.5 Å (C3 linker) and 13.5 Å (C6 linker). For
the averaging we used a simplified distribution of the dye-
to-dye distance with uniform probability between their
maximal and minimal extended positions. The averaged
energy transfer efficiency was calculated by assuming a
Förster radius of 59.6 Å and integrating eq 1:

Different geometrical approaches were used to estimate
the theoretical average energy transfer efficiency. An upper
estimate (1) is that the dyes are isotropically mobile, i.e.,
the linker arms may bend back into the DNA without steric
hindrance.The simplest estimate (2) is to set the average dye-
to-dye distance equal to the DNA end-to-end distance. A
more realistic geometry (3) is to suppose that the dyes may
bend back to the DNA but cannot touch it. Table 1 presents
the calculated mean energy transfer efficiencies and the
averaged dye-to-dye distances for these three cases, as well
as values interpolated from the measurements for 30 mM
salt.
These results show that the theoretical energy transfer

efficiencies are quite sensitive to the chosen geometry. Our
experimental results are inside the range covered by the
different approaches. This fact strengthens our assumptions
concerningR0 andκ2, but the data do not allow us to favor
a choice between the geometries. On the other hand, the
relative lengths of the two sequences (Rl/Rc ) 1.09) and
therefore the specific curvature angle do not depend on the
dye-arm geometry, which justifies the use of these simplified
models. The averaged value of 27.3° as calculated from the
curvature predictions for an assumed ionic strength of 30
mM excess NaCl agrees within error limits with the value
of 28.7° ( 4° interpolated from our measurements (see
Figure 5).

DISCUSSION

The most important results of this work are a direct
demonstration of sequence-induced DNA curvature in free

FIGURE6: Dye-to-dye distance as a function of NaCl concentration
as determined from the FRET measurements for curved (9) and
linear (0) sequences and calculated end-to-end distance from
curvature prediction for curved (2) and linear (4) sequences.

Table 1: Energy Transfer Efficiencies and Averaged Dye-to-Dye
Distances at 30 mM Na+ a

EL (%) EC (%) RL (Å) RC (Å) Rl/RC

dyes isotropically
mobile (1)

5.2 8.6 96.6 88.4 1.09

dyes fixed at DNA
ends (2)

3.9 6.5 101.6 93 1.09

dyes mobile,
excluded (3)

3.6 5.8 103 94.8 1.09

experiment 3.6( 1 4( 1 103( 5 93( 5 1.10( 0.1
aCalculated from eq 20 for different assumptions about the dye

geometry (see text) and compared to values interpolated from experi-
mental data.

Eh )

∫RminRmax dR

1+ (R/R0)
6

Rmax- Rmin
(20)
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solution and the characterization of NaCl-dependent changes
of the curvature.
The demonstration of curvature in solution was possible

by choosing a short DNA sequence with very high predicted
curvature and the high sensitivity of FRET for distance
measurements in biopolymers. Earlier studies in solution
were done with methods that require either very low ionic
strength (electric dichroism) or longer DNA (light scattering,
ultracentrifugation), circumstances that may diminish the
effect of curvature.
The sensitivity and accuracy of the FRET measured by

steady-state emission could be increased by a sample
preparation technique that avoids direct concentration mea-
surements. FRET measurements are routinely used in the
region of 10-60% energy transfer efficiency, but even in
that well-measurable region, comparison between donor- and
acceptor-side measurements is often missing or shows
inconsistency in the literature. With simple emission mea-
surements on the set of donor-only or acceptor-only labeled
and double-labeled samples we confronted the same dif-
ficulty. Therefore we applied two different sample prepara-
tion and data analysis methods to obtain consistent energy
transfer efficiencies from measurements on the donor and
acceptor sides at the 3% to 10% level. At this low transfer
efficiency the data analysis also had to be refined: in the
detection of the enhanced acceptor emission the background
contributed by the emission tail of the donor and direct
excitation of the acceptor is as high as the contribution from
energy transfer. We used spectral integration instead of
single-wavelength measurements and concentration-inde-
pendent spectral ratios, which increased the reproducibility.
The FRET-detected specific curvature is strongly salt-

dependent, increasing from 23° to 41° per A6 block between
10 and 500 mM NaCl. This result is in some contradiction
with other studies: in gel electrophoresis below 60 mM NaCl
(27) or in electric dichroism measurements below 10 mM
NaCl concentration (11), no change or even a decrease of
the curvature caused by monovalent salts was reported. Other
methods such as cyclization kinetics or crystallization are
very limited in their choice of salt concentrations; neither
have electron microscopic studies of DNA curvature focused
on monovalent salt dependence. The theoretical models used
in the field also do not incorporate ionic effects. The
discrepancy between our FRET observations and the gel
migration experiments suggests that Na+ concentrations>
10 mM have a different influence on the geometry of DNA
in solution than on the gel anomaly.
Using the Bolshoy model whose parameters correspond

to 40 mM monovalent ions, we obtain a curvature angle of
27.3°/A tract for the same sequence, in good agreement with
our measurements. Recent fluorescence polarization anisot-
ropy measurements on the same, nonlabeled sequences also
prove the presence of curvature with a comparable angle
(Toth et al., unpublished data). A quantitative comparison
to results obtained on other sequences containing phased A6

tracts is difficult because of the salt dependence discussed
above. Koo et al. (13) fitted results from ring-closure
experiments in the presence of 70 mM Tris and 10 mM
MgCl2 with Monte Carlo simulations and obtained a
curvature angle of 17-21°/A6 tract. Taking into account that
Mg2+ ions are supposed to increase the curvature (27-29),
this value is somewhat lower than in our case. However,
the effects of Mg2+ as well as other ions and temperature

effects have not yet been studied on molecules free in
solution. FRET seems to be a good method of choice to
continue such investigations.
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