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DNA Curvature in Solution Measured by Fluorescence Resonance Energy Transfer
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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 theirehids with fluorescein as the donor and rhodamine X as the
acceptor. We compared a curved oligonucleotide with three phasétbéks and a control containing

(AT)s instead of the A blocks. The increased efficiency of energy transfer of thec@ntaining 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 probability were found, and in a human mitochondrial DNA
important both from a purely mechanical point of view (i.e., sequence by GMAI(). In all those cases the biological
how can two meters of DNA fiber be packaged into a nucleus function requires curvature of the DNA.

less than 1Qum in diameter), as well as for its biological  The common characteristic of the methods for curvature
function, e.g., in long-range transcriptional regulation when getection mentioned so far is that the conformation of the
an enhancer interacts with a promoter several thousand basg)NA is not determined in its free solution state: the mobility
pairs away {). DNA is a rather stiff polymer, with @  of the chain in the gel, on the electron microscope grid or
persistence length of 50 nm, but it exists in most circum- phoynd to a ligase, is restrained. Only very few free solution
stances in a compact state: for instance, in Chromat'”’Wheremeasurements of curved DNA structure have been pub-
the curvature radius of DNA around the nucleosome is about |ished: Electric dichroism measurements on 267 bp DNA
5 nm, or in virus particles. DNA must be strongly bent in  yestriction fragments from the kinetoplast béishmania
all these cases, and it has been suggested that local StrucCtur@rentolae(11) at rather low ionic strength (1.6 mM NaCl)
variations such as sequence- or protein-induced curvatureshowed a 20% difference in rotational relaxation times
can support the required distortion of the DNA. between two fragments that were identical in sequence except
The first correlation between DNA sequence, local struc- for circular permutation, which places a curve either in the
ture variations, and DNA bending was pointed out by center or near the end of the molecule. Later an electric
Trifonov and Sussman2], who observed in a Fourier  gichroism study 12) could not confirm a strong curvature
analysis of nucleosome-containing DNA sequences a repeti-on 161-399 bp DNA fragments fron€hironomous thummi
tion of AA dinucleotides with a period of 10.5 base pairs/ gijther at low or at physiological salt concentrations, although
turn, corresponding to the helix pitch of B-DNA. Their they showed a high gel migration anomaly. These results
hypothesis was that certain sequence elements in DNA couldsggested an increased rigidity combined with only a slight
induce a permanent curvature of the helix axis when repeated,ature. An increased rigidity was also supposed by Levene
in phase with the helix pitch. This was later confirmed in gt 4|, (L1); on the other hand, Koo et all3) assumed the
numerous cases by the discovery that natural and syntheticgtandard value for the persistence length for A-tract se-

DNA sequences with repeating A-blocks showed anoma- gyences. Thus, the issue of A-tract flexibility is still under
lously slow migration (gel migration anomaly, GMA) on  giscussion.

polyacrylamide gels (as reviewed in (r8f, and could be
ligated into small circles with much higher efficiency than
random sequences (for a review see #f Permanent
curvature has also been observed for some DNAs in electron
microsco —7). The standing interpretation of all these . :
results isrt)ga? blgcks of at Ieastgfour agjacent adenines cause"’Ilthoth from curvature modeling a large structural difter-
local deviations in the helix axis that will accumulate to an €"¢® had been expected.

overall curve when repeated in phase with the helix pitch. One problem with solution structure measurements of
Such repeated A(n > 3) blocks were identified in ~ DNA fragments longer than the persistence length (150 bp)
kinetoplast DNA ) and at the origin of replication of is that eventual structural changes can be “washed out” by

phage 9)' where both GMA and increased Cyc"zation their ﬂeXIbI'Ity It would be therefore desirable to obtain
reliable solution measurements of DNA curvature for shorter

. . fragments. One such study has been done by Sun df=). (
Corresponding author.
* Present address: SAP AG, Neurottstrasse 1, D-69190 Walldorf, Who used NMR on ShQrt fragments of 202 bp FO detect
Germany. the structural deformation in the presence of a single A tract.
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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 fd}, (
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A study of phased A tracts, however, would be intractable bp, close to 3 complete helix turns, with repetition periods
with present NMR technology because it would require the of 10 and 11 bp.
analysis of DNAs at least 20 bp long. The sequences used were
A method that has often been applied for distance
measurements in biological macromolecules is fluorescence 'linear' (L):

resonance energy trar)sfer (FRETBY In this .method a FL- 5-CTATATACGG CGTATATACGG CTATATACGG-3
donor fluorophore D is used whose emission spectrum
overlaps with the excitation spectrum of a nearby acceptor 3-GATATATGCC-GCATATATGCC GATATATGCC-5-RX

fluorophore A. When the donor is excited, energy can be  ‘curved (C):
transferred from D to A by dipoledipole interaction, causing

A to be excited in turn and emit fluorescence. The energy
transfer efficiencyE and therefore the increase in acceptor 3-GTTTTTTGCC-GCTTTTTTGCC GTTTTTTGCC-5-RX
fluorescence depends among other factors on the disRnce

between D and A; it decreases strongly with distance becauseAs a control, a shorter linear sequence L(29) was also
of the dipole-dipole interactionE can be calculated from  constructed, which was identical to L except for a missing
an analysis of the emission spectrum of the sample andAT-TA in the center.

FL- 5-CAAAAAACGG CGAAAAAACGG CAAAAAACGG-3'

related to the distanck between the dyes: The curvature of sample C was predicted by our program
Curvature 23) based on the algorithm by Bolshoy et &2,
_ 1 1) We obtained a theoretical value of ' 8&equence L had no
1+ (R/RO)G curvature.

The donor/acceptor pair fluorescein/rnodamine X was

. . lected b fits highrBter radi =59.6 A 24)].
The constani, is called the Foster radius. Its value depends ISZIeuG(})?eesce%C?/\L/J;g (F)JrleZerlwgtJ ;S a:r:linlglse%?sonﬁra(nd(zvglls

on the dyes_ and their chemical environment. With conven- attached to the'Send of the DNA via a §amino linker:
tional organic dyes, values of up to 60 A can be reached, '
enabling energy transfer to be measured up to a distance o Molecular Probes) and was attached to thesd of the
120-130 A. ] ] DNA via a G amino linker. The only difference between
Because of its strong distance dependence, FRET has alsgne |inear and curved sequences is the alternation of A and

been called a molecular ruler. In the field of nucleic acid T pases; the sequence in the immediate environment of the
structure FRET has been used to analyze the helicalgyes was the same for both samples.

{hodamine X was a mixture of the 5 and 6 isomers

arrangement of short DNA fragmentsg), the geometry of The single-stranded oligonucleotides were HPLC-purified
the four-way junction 19) or bulge loops 20), and the  yntjl they showed only one band on a polyacrylamide gel,
structure of ribozymes2(l). either by ethidium staining or by direct fluorescence of the

The aim of the work in this paper is to measure the |abel. Since the unlabeled DNA differs significantly in
distance between the ends of a DNA fragment free in solution mobility from the labeled one, we supposed that less than
by FRET. Since in curved DNA the average dye-to-dye 19 of the delivered single strands was unlabeled.
distance is smaller than in a straight DNA fragment with Sample PreparationFor sample annealing we mixed
the same number of base pairs, one can use FRET to estimateomplementary strands at equimolar concentrations in 10
its curvature. Since the expected bending angle/A tract is of mM Tris-HCI, 0.1 mM EDTA, and 100 mM NacCl at pkE
the order of 25, several phased A tracts will be necessary 7.5 incubated at 50C for 40 min, and cooled them down
to affect the end-to-end distance of the fragment sufficiently slowly to 20°C. Completeness of annealing was checked
so that a change in the energy transfer efficiency can bewith gel electrophoresis (0,59 of DNA, 14% polyacryla-
observed. Assuming a"Fster distanc&®, = 60 A, which is mide gel, buffer TBE 10%, 150 V, 3 h, ethidium staining
among the largest known, we can still expect a measurableand observation with UV light). Less then 1% single strands
energy transfer for distances around 100 A. We therefore remained after the reaction. We produced four species of
chose a fragment length of 31 bp for our measurements, longdouble-stranded DNA fragments: nonlabeled (nl), single-
enough to accommodate three facts with a predicted  |abeled with fluorescein (sF) or with rhodamine X (sR), and
change in end-to-end-distance of 8% according to the double-labeled (dl).

Bolshoy algorithm 22). FRET measurements on tleceptor sidevere done on
MATERIALS AND METHODS doublel—labeled samples, diluting them into 2 mIT of the
annealing buffer without NaCl. NaCl concentration was

DNA FragmentsSingle-stranded oligonucleotides were adjusted stepwise with 10 mM Tris-HC5 M NaCl, and
purchased from MWG Biotech in Ebersberg (Germany). One 0.1 mM EDTA, pH= 7.5. Single-labeled samples were used
strand was labeled with covalently linked rhodamine X (RX; to determine concentration-independent spectral ratios.

Cs carbon linker) on the '5end, and the complementary  For the measurement on the donor side we prepared two
sequence was labeled with fluorescein (Fkc@rbon linker)  samples. In mix 1, half the DNA was double-labeled and
on its 8 end. Nonlabeled DNAs of the same sequence were the other half was nonlabeled; in mix 2, one-fourth was
purchased as well. double-labeled and the rest was a mixture of single-labeled

The sequences were constructed to fit two requirements:and nonlabeled duplexes. Mix 1 was prepared by mixing
short enough €120 A) to be measurable by FRET but equimolar concentrations of nonlabeled and double-labeled
having as many as possible phased repetitions of long Asamples that had been separately denatured &C8and
tracts to maximize the curvature. The best compromise wasslowly reannealed; mix 2 was prepared by first mixing the
found between 3 and 4 helix turns. We chose a length of 31 nonlabeled and double-labeled samples and then denaturing
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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
m'x'"“?_ﬁJ \ the donor side, one compares two samples that should have
the same donor concentration, but unfortunately all simple
a 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
denaturation, slow renaturation emission and direct excitation of the acceptor is comparable
mixing with the enhancement due to the energy transfer and increases
1 ki1 the noise, but in a controllable manner.
In the following we describe the procedures that we have
E: mix 2 ; mix 1 followed for determining the energy transfer efficiency on
the acceptor and on the donor side.
1 j Energy Transfer Determination from the Enhancement of

Acceptor EmissiorlVe measure for a double-labeled sample

Fieure 1: Sample mixing scheme for FRET measurements by the following fluorescence spectra: (1) excited at the donor

decreased donor emission®)(fluorescein label; £) rhodamine  €Xcitation wavelength (495 nm)F*%5; (2) excited at the
X label. acceptor excitation wavelength (585 ni#i>8% and (3) the

) ) absorption spectrunf!A. From independent measurements
and reanneallng. This way we could ensure that both sampleson Sing]e_|abe|ed dup|exes we calculate the f0||owing

had undergone the same denaturing and reannealing stepgoncentration-independent spectral ratios: (A) ratio of
Since the total DNA concentration of the two samples Was fluorescein emission at its maximum (520 nm) and at the

the same, we could avoid absolute concentration measuremaximum of the rhodamine X emission (610 nm)
ments. The mixing procedure is shown in Figure 1.

Low sample concentrations were used to avoid inner filter SFr — SFp 4gg5FF 495
effects in the fluorescence measurements. Absorbances at o 52 610
the dye absorption maxima were held below 0.03, represent-
ing dye concentrations below 500 nM.

Absorption and Emission Spectisbsorption 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- S =Rp SﬁSRFg?g (3)
Aminco 8100 fluorescence spectrometer (SLM, Urbana, IL)
using a 150 W xenon lamp. Fluorescence spectra wereAs the excitation spectrum and the absorption spectrum of
measured relative to the lamp intensity and corrected for therhodamine X are proportional, this last ratio is the same as
instrument response and buffer signal. Emission spectra werehe ratio of the rhodamine X absorbances at these two
collected with 4 nm monochromator slit width for excitation wavelengths:
and emission light. Excitation wavelengths were 495 nm for
the donor and 585 nm for the acceptor. The excitation spectra SRy — SR JSRA — ke (4)
were detected between 500 and 700 nm. For all measure- 89 495
ments the samples were thermostated at°€0 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 ovet5 nm in the absorption spectra aftd0 nm
in the emission spectra.

Circular Dichroism.For concentration determination of
dye-labeled oligonucleotide duplexes, CD spectra were di- 495 _
measured on a Jasco J-710 CD spectrometer in 1 mm Feo=T+D+EE )
rectangular cells (Hellma, Miheim, 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

Measurement

)

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)

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 spectrufi?*®) at the emission
maximum of the acceptor into three components:

whereT is the tail of the emission of the donor

DNA. We then determined the DNA concentration ratio of dIF JSFf (6)
two samples by dividing their CD spectra and averaging over

the regions 235250 and 266-285 nm. D is the emission due to direct excitation of the acceptor
RESULTS _dp 58(5j Rf 7)

The efficiency of energy transfer between donor and
acceptor was determined both from the enhancement of theand EE is the enhanced emission of the acceptor due to
acceptor emission and from the decrease of the donorenergy transfer. Therefore we have



8176 Biochemistry, Vol. 37, No. 22, 1998 Toéth et al.

EE="F - CFEPD - CFETTH @ T T
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Analogously, we can decompose the absorbance of the
double-labeled sampl#A into the absorbance of its com-
ponents at the absorption maximum of the donor:

/.
l i
1

dl __ Fdl dl
Pugs = ""Aygs+ " Aygs 9)

where the rhodamine X part is calculated as

emission (rel.units)
[o)] [o.]

"Ags= dIA'ssstRa (10) 4 ’ Y
and the fluorescein part follows as P \L\// h \-
" s95="Pyg5 — (dlAsaJSRa) (11) 0 :,MM s /"2‘\%
Finally, the efficiency of energy transfer is calculated from 500 550 600 650 700

the enhanced emission of the acceptor relative to its direct A [nm)

emission, divided by the absorbances of the respectiveFIGURE 2:  Calculation of enhanced acceptor emissior:) (
componentsZ5): measured spectrum 1, excitation at 495 n#F*@9) (— — —)

measured spectrum 2, excitation at 585 @#°¢9); (-++) calculated
direct excitation of the acceptobj; (- - -) calculated normalized
EE/':d'A495 fluorescein emission taillj; and () calculated enhanced emission
= (12) (EE). Spectra 1 and 2 were taken on the curved sequence’a 20
in 10 mM Tris-HCI and 500 mM NaCl at pH= 7.5. The
calculations are described in the Results section.

Figure 2 summarizes the measured and calculated Spectryresence of the acceptor aFglis that in its absence. In our
that were used for calculating the energy transfer efficiency mixing schemeFq is the same for both samples, and it does
from acceptor enhancement. not need to be measured independently. In mix 2 only half

The accuracy of this method depends mostly on the quality the gonor molecules take part in the energy transfer, so we
of the spectra of the double-labeled sample. The fluorescencg, e

spectra had a signal-to-noise ratio in the critical region {600

D/RdIA495

620 nm) greater than 200, and the absorption spectrum at 1495 4 E
both dye maxima had a signal-to-noise ratio higher than 20. 520 _ d (14)
The factors used in the calculation were obtained by Foe 1-Ey2
averaging repeated measurements on different single-labeled
samples. For rhodamine X, the valuestff=sRa = 16.5+ This way we avoid absorption measurements for the deter-

0.1 was found for all samples at all ionic strengths. For mination of concentrations of single- and double-labeled
fluorescein i was slightly dependent on the salt concentra- samples, such measurements being rather difficult because
tion; its value was around 21 and was independently of the overlap between DNA and dye absorbances, and the
determined for every sample preparation. We can concludevery small absorbances involved. However, two minor
that even though a large number of spectral data have to becorrections should be taken into account, which influence
taken into account for the computation, the relative accuracy Eq only to the second order.
calculated from the measurement errors Earis +10%, Mixing Ratio k.When the double-labeled and nonlabeled
better than its absolute repeatability 60.01. samples are mixed, the mixing ratio may differ from 1:1. Its
Energy Transfer Determination from the Decrease of real value k:1) was determined from CD measurements of
Donor EmissionAs outlined in the Materials and Methods the two samples before mixing (see Materials and Methods).
section, we prepared two samples at exactly the same DNA, Absolute Concentration Ratio ¢ of Samples 1 and 2.
donor, and acceptor concentrations: mix 1 is a 1:1 mixture Evaporation or adsorption to the reaction vial could lead to
of double-labeled and unlabeled double-stranded DNA, and some loss of material during reannealing; this has to be taken
mix 2, prepared from mix 1 by denaturation and renaturation, into account in the calculation. The value of ¢ can be obtained
contains double-labeled, single-labeled at acceptor or donor,from measurements of the fluorescence spectra excited at
and unlabeled DNAs at equal concentration. Sample 2 has585 nm, where only rhodamine X will be excited.
therefore only half the amount of double-labeled molecules

as sample 1. 'F
We measured the fluorescence spectra of samples mix 1, c= 2 585 (15)
IF4%5 and mix 2, 2F*%5 with excitation at the donor 610
wavelength (495 nm). The energy transfer leads to a . .
fluorescence decrease The corrected equation fdgy is
1 4952 585
Faa=Fa(1 — Ep (13) E — 1—x h _ Fs20 F 610 16
d_l—xl(l+k) where X_1F5852F495 (16)

whereFg, is the fluorescence at the donor emission in the 610 " 520
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©5uy 10 100 1000 length (corresponding t&) and the end-to-end distancB.) of
¢ (NaCl) mM the curved sequence.

Ficure 3: Dependence of the energy transfer efficiency, on the

NaCl concentration determined from enhanced acceptor emission £ i TR L
on the curved) and the linear{) sequence and from decreased = 40
donor emission on the curve® and the linear<{) sequence. % 355 i + I E
= F E
Accuracy For this method fewer spectra have to be taken, E’sof Jf f
and they can be determined with better signal-to-noise ratio 8 o5k ®
(>300). Thek value can be determined with5% relative g 205 T

error, but its effect is small: arounB = 0.1, a 100% E—
e . i . 10 100 1000
variation in k causes only a 10% variation i&. The ¢ (NaCl) mM

repeatability ofEq was found to bet0.01. - .
Ipzor estinxatind whether the expected small change in Ficure 5: Specific curvature angle as a function of NaCl
g P 9 concentration calculated from the FRET measurememjsafd

energy transfer could be measured by our method, We computer prediction corresponding to 30 mM Nagl).(
compared two linear DNAs of 31 and 29 base pairs. [samples

L and L(29)]. Here the energy transfer values measured fromwhereQq is the quantum yield of the donor in the absence
the decrease of the donor emission at 100 mM NaCl were of the acceptor] is the overlap integrak is the orientation
4.6%+ 1% for the 31 bp and 10.7%: 1.5% for the 29 bp  factor, andn is the refractive index of the medium. As the
long linear fragment, well distinguishable. The corresponding dyes in both samples have the same nucleotide neighbors,
distance difference of 14%t 7% was in reasonable one may suppose that their orientation factors behave in the
agreement with the predicted change in end-to-end distancesame manner as a function of salt.
of approximately 7%. From the measured absorbances and emissions we calcu-
FRET Measurements Show the Presence of/&ure of lated the relative changes in the quantum yield and the
Short DNA in SolutionEnergy transfer efficiencies were overlap integral for both sequences as a function of NaCl
determined from the enhancement of acceptor emission atconcentration and took into account preparation-dependent
different salt concentrations and from the decrease of donorquantum yield variations as well. We obtained the salt-
emission at 100 mM NacCl. All data are presented in Figure dependent ratios of the Fier radiiR.o/Ro and could then
3, which shows that above 10 mM NacCl the efficiency of calculate the relative dye-to-dye distances for the two DNASs,
energy transfer of the curved DNA tends to be higher than R/R:
that of the linear one. While the measurements on the donor
and the acceptor side agree very well for the linear DNA, R. Ry
the curved samples show some difference between the two ﬁ - %
methods. This deviation may be rationalized by variations
between sample preparations or the generally larger error
for the donor-side measurement.

-

E(E — 1) (18)

E(E. — 1)] e

Supposing that the linear sequence remains straight under
) the salt conditions use&/R, represents the ratio of the end-

Energy Transfer and Cuature Angle Increase with NaCl 4 onq gistance of the curved molecule to its contour length
ConcentrationFigure 3 shows a significant increase of the .4 is presumably independent of the optical properties of
efficiency of energy transfer above 10 mM salt concentration o dyes. Approximating the geometry by a circular arc as

for both sequences. The incyease is more pronounced forghouwn in Figure 4, one can calculate the curvature aagle
the curved sequence; the difference between the energyexpressed in radians) from

transfer efficiencies of the two sequences increases with salt

concentration. The salt-dependent change of the efficiency sin@/2) R

of energy transfer may be due to changes in the dye-to-dye a2 = ﬁ (29)

distance and/or changes in the fluorescence characteristics

of the dyes, which influence the Eter radiusR,. We define th ii t th t |
To separate these two effects, we studied the spectroscopic € define the specilic curvatutg as the curvature angie |

characteristics of single-labeled double-stranded DNAs. n degt;rees fper helical turn. Flgurefs p;esen;[s t?{e specific

Rhodamine X seems to be very stable: neither absorbancetcr:?ilgnuf gtrgrl:r ?nsc?g;seg?saiag:ea:vggcblec?\jvge2a10022§e£(-)0

nor fluorescence changes between 3 and 500 mM NacCl. Oan NéCI' thegs ecific curvature anale chanaes from 23

the contrary, the fluorescein absorbance shows a 50%jE40 o 41; Iy P 9 9

increase from 3 to 500 mM NacCl, while the emission varies Dye-to-Dye Distance Decreases at Higher Salfs. to

nonmonotonically. These changes influence the value of the 90 .
now we calculated energy transfer efficiencies and relative

Forster radius: dye-to-dye distances directly from the measured fluorescence
and absorption spectra. For determining absolute dye-to-dye

— —4 2n1/6
R, = 0.211f "Q«J) (17) " distances we need two more parameters: thstEoradius
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<10 O Table 1: Energy Transfer Efficiencies and Averaged Dye-to-Dye

3 105 ¢ IDE E Distances at 30 mM Na?

g100 7= i 7 T E 9 9 A A

2 o5 + B % EL(%) Ec%) R(A) R(A) RR

2 g0t AA+ E dyes isotropically 5.2 8.6 96.6 884  1.09

B 85 E mobile (1)

° E 13 dyes fixed at DNA 3.9 6.5 101.6 93 1.09

Z 80 i ? E ends (2)

75 5 S dyes mobile, 3.6 5.8 103 94.8 1.09
1 10 100 1000 excluded (3)
¢ (NaCl) mM experiment 361 4+1 1035 93+5 1.10+0.1

Ficure 6: Dye-to-dye distance as a function of NaCl concentration 2 Calculated from eq 20 for different assumptions about the dye
as determined from the FRET measurements for curl§caqd geometry (see text) and compared to values interpolated from experi-

linear (0) sequences and calculated end-to-end distance from mental data.
curvature prediction for curveda and linear A) sequences.

(Ro) and the orientation factok). Lacking a better alterna- Mental data at 30 mM NaCl, which also contained 10 mM

tive, these parameters were adopted from literature data1is-HCI.

where the dyes were bound to DNAs in the same way as in 10 estimate the theoretical dye-to-dye distance, we also
our case 24). The values taken arB, = 59.6 A for the have to take into account the lengths of the_ linker arms of
linear sequence at 0.1 M NaCl, ardl = %5 in all cases.  the dyes, and we have to average the efficiency of energy
The use of the valu¥; for «2 can be justified by anisotropy trqnsfer over all possible different orientations c_)f the dyes
measurements: the measured anisotropy of rhodamine X igWith respect to the DNA. The lengths of the two linker arms
0.2+ 0.02 at all ionic strengths in both samples, and the Were taken as 7.5 A (Jinker) and 13.5 A (G linker). For
values for fluorescein were between 0.05 and 0.07. It hasthe averaging we used a simplified distribution of the dye-
been shownd6) that usinge? = %3 with anisotropies of this ~ to-dye distance with uniform probability between their
size leads to an error in the determination of the mean dye-Maximal and minimal extended positions. The averaged
to-dye distance of less than 1%, which is generally accepted@nergy transfer efficiency was calculated by assuming a

in FRET applications 8, 24). Forster radius of 59.6 A and integrating eq 1:
The calculated dye-to-dye distances are presented in Figure R, drR

6. The curved sequence shows a significant monotonic me‘ax—s

decrease in the dye-to-dye distance of about 20% between "1+ (RRy)

10 and 500 mM NaCl. The dye-to-dye distance of the linear E= Riax — Rrin (20)
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 lineal
sequence might reflect either a real decrease of the DNA
end-to-end distance or a salt dependence in thetéoradius

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).

r 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
At 100 mM salt the good agreement of the apparent dye- the calculated mean energy transfer efficiencies and the
to-dye distance for the linear fragment with the end-to-end ayeraged dye-to-dye distances for these three cases, as well
distance of a 31 bp DNA supports our choice for the values a5 values interpolated from the measurements for 30 mMm
of Ry and«. We also assume that these values are the sameggt.
for the curved sequence since the base pairs immediately Thege results show that the theoretical energy transfer
adjacent to the dyes are the same for the two fragments.eficiencies are quite sensitive to the chosen geometry. Our
While the absolute values for the end-to-end distance m'ghtexperimental results are inside the range covered by the

be influenced by a salt dependence of the dye orientation gitferent approaches. This fact strengthens our assumptions
and/or the Foster radius, the curvature values are calculated concerningR, and«?, but the data do not allow us to favor

from the distance ratioR/R and eventual changes in the 5 chojce between the geometries. On the other hand, the
ratio of the Foster radii R/Ro. Thus, they will be  (gjative lengths of the two sequence®/R. = 1.09) and
independent of salt-dependent effects in first approximation. iherefore the specific curvature angle do not depend on the
For a better understanding of the photophysics of fluorescentdye_arm geometry, which justifies the use of these simplified
labels attached to DNA, this problem may merit further odels. The averaged value of 27 calculated from the
investigation, but this is beyond the scope of our present c\yature predictions for an assumed ionic strength of 30
report. mM excess NaCl agrees within error limits with the value
Comparison with Model Prediction$he Bolshoy model of 28.7 + 4° interpolated from our measurements (see
(22, 23 predict; an end-to-end distance lof= 101.6 A Figure 5).
and L, = 93 for the linear and curved sequences,
respectively. The parameters in this model are mostly relatedDISCUSSION
to gel experiments in buffers of 40 mM monovalent ions  The most important results of this work are a direct
(Tris-HCI); thus they have to be compared to the experi- demonstration of sequence-induced DNA curvature in free
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solution and the characterization of NaCl-dependent changeseffects have not yet been studied on molecules free in
of the curvature. solution. FRET seems to be a good method of choice to

The demonstration of curvature in solution was possible continue such investigations.
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