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ABSTRACT Single-stranded DNA (ssDNA) is an essential intermediate in various DNA metabolic processes and interacts
with a large number of proteins. Due to its flexibility, the conformations of ssDNA in solution can only be described using
statistical approaches, such as flexibly jointed or worm-like chain models. However, there is limited data available to assess
such models quantitatively, especially for describing the flexibility of short ssDNA and RNA. To address this issue, we
performed FRET studies of a series of oligodeoxythymidylates, (dT)N, over a wide range of salt concentrations and chain
lengths (10 # N # 70 nucleotides), which provide systematic constraints for testing theoretical models. Unlike in mechanical
studies where available ssDNA conformations are averaged out during the time it takes to perform measurements, fluorescence
lifetimes may act here as an internal clock that influences fluorescence signals depending on how fast the ssDNA
conformations fluctuate. A reasonably good agreement could be obtained between our data and the worm-like chain model
provided that limited relaxations of the ssDNA conformations occur within the fluorescence lifetime of the donor. The
persistence length thus estimated ranges from 1.5 nm in 2 M NaCl to 3 nm in 25 mM NaCl.

INTRODUCTION

Single-stranded DNA (ssDNA) is an essential intermediate

in many DNA metabolic processes such as replication, re-

combination, repair, and transcription and is specifically

recognized by many proteins. It is therefore important to

understand the general physical properties of ssDNA,

especially its conformational flexibility. Such information

is also of interest for RNA studies because stretches of un-

paired bases are ubiquitous in RNA. Due to its intrinsic

flexibility, the structures of isolated ssDNA in solution

are not well defined and thus statistical descriptions are

necessary to characterize them. However, there is limited

quantitative data available that can be used to assess existing

models for ssDNA flexibility, especially for short oligo-

deoxynucleotides that are in common use for studies of

ssDNA and their interactions with proteins.

Early attempts to assess and describe the flexibility of

polymeric ssDNA and RNA (Achter and Felsenfeld, 1971;

Eisenberg and Felsenfeld, 1967; Inners and Felsenfeld,

1970) were hampered by the inability to obtain mono-

disperse samples. More recent studies of ssDNA flexibility

have used a variety of experimental approaches including

mechanical stretching of natural ssDNA (Maier et al., 2000;

Smith et al., 1996), transient electric birefringence (Mills

et al., 1999), fluorescence resonance energy transfer (FRET)

(Deniz et al., 2001), fluorescence recovery after photo-

bleaching (Tinland et al., 1997), thermal melting profiles of

DNA hairpins (Kuznetsov et al., 2001), and atomic force

microscopy (Rivetti et al., 1998). The above-mentioned

measurements were made on both long (�100 nucleotides)

polydisperse sequences (Maier et al., 2000; Smith et al.,

1996) and short (\100 nucleotides) monodisperse sequences

(Deniz et al., 2001; Kuznetsov et al., 2001; Mills et al., 1999;

Rivetti et al., 1998). The data were interpreted using flexible

polymer models such as freely jointed chain (Flory, 1969) or

worm-like chain (Kratky and Porod, 1949) models, yielding

estimates of the persistence length. Although such models

and their modified forms have proven useful for character-

izing long ssDNA (Dessinges et al., 2002; Koch et al., 2002;

Montanari and Mezard, 2001; Smith et al., 1996; Storm and

Nelson, 2003; Zhang et al., 2001), as well as very long

duplex DNA (Bustamante et al., 1994; Hagerman, 1988),

their validity for describing the conformational statistics of

short ssDNA where the chain length, unit base length, and

persistence length are similar, has not been well established.

Oligodeoxythymidylates (oligo-dT) do not have basepairing

capabilities under the conditions used in our experiment

(Saenger, 1984), and thus should provide a better example of

a flexible polymer, and are widely used for studying ssDNA-

protein interactions. In this work, we have used single-

molecule FRET measurements of fluorescently labeled

oligo-dT to examine the conformational flexibility of ssDNA

over a wide range of NaCl concentrations (from 25 mM to

2 M) and chain lengths (10–70 nucleotides) to obtain a

comprehensive set of data against which the applicability of

various statistical models can be tested.

FRET between donor and acceptor fluorophores is widely

used to examine the conformational properties of biological

molecules to which they are attached (Selvin, 2000). FRET

applied at the single-molecule level (Ha et al., 1996)

provides a powerful means of observing the dynamic struc-

tural changes of biomolecules as well as subpopulations in a

heterogeneous mixture (Brasselet et al., 2000; Deniz et al.,

2000; McKinney et al., 2003; Rothwell et al., 2003; Schuler

et al., 2002; Zhuang et al., 2000). The energy transfer
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efficiency, E, defined experimentally as the fraction of the

excitation of the donor that results in the excitation of the

acceptor, is related to the characteristic Förster distance, R0,

and the distance, R, between the two fluorophores by

E ¼ 1=f11 R=R0Þ6
� �

: (1)

We measured R0 experimentally and this allowed us to

relate FRET measurements directly to the distance. The

direct benefits of performing a single-molecule measurement

include the ability to discriminate against inactive acceptor

molecules (Deniz et al., 1999).

MATERIALS AND METHODS

Oligodeoxynucleotides

Oligodeoxynucleotide sequences were 59-Cy5 GCCTCGCTGCCGTCGC-

CA-39-Biotin and 59-TGGCGACGGCAGCGAGGC(T)N Cy3-39 where N

ranged from 10 to 70 and were synthesized and purified as described (Cheng

et al., 2001). Cy3 and Cy5 were incorporated in phosphoramidite forms and

biotin was added as BiotinTEG CPG (all three from Glen Research, Sterling,

VA) during automated synthesis. The DNA was gel purified and annealed at

1:1.5 ratio of Cy3:Cy5 strands in 10; 30 mM concentrations in 20 mMTris,

pH8.0, and 500 mM NaCl.

Fluorescence spectra

Fluorescence emission spectra were measured in Tris 12; 20 mM (original

20 mMTris buffer was diluted upon adding appropriate amount of 5 MNaCl

solution, reaching 12 mM Tris for data obtained at 2 M NaCl). We

independently confirmed that this range of Tris concentrations does not have

detectable effects on the FRET data if [NaCl] [ 100 mM), pH 8.0 at

24(61)8C and the [NaCl] specified in the text using 532 nm excitation (Jobin

Yvon, Edison, NJ). The donor quantum yield was measured relative to

rhodamine 101 in ethanol. Absorption spectra were obtained using a Perkin-

Elmer spectrophotometer (Shelton, CT) and fluorescence anisotropies were

measured using an ISS fluorometer (Champaign, IL).

Single-molecule fluorescence

Single-molecule fluorescence data were taken at 24(61)8C with a prism-

type total internal reflection microscope (Funatsu et al., 1995) based on an

inverted microscope (Olympus IX70) with 603 water objective (Olympus,

Melville, NY) and an intensified CCD camera (Intensified Pentamax, Roper

Scientific, Trenton, NJ). DNA was added at 10 pM to the sample cell coated

by bovine serum albumin-biotin and streptavidin. Measurements were taken

in a buffer of Tris 12 ; 20 mM pH 8.0, containing an oxygen scaveng-

ing system (0.1 mg/ml glucose oxidase, 0.02 mg/ml catalase, 1%

b-mercaptoethanol, and 7% (w/w) b-D-glucose), and [NaCl] between 25

mM and 2 M. The donor and acceptor emission were collected simul-

taneously using a 100-ms bin time by separating the two wavelengths with

dichroic beam splitters (635DCLP, Chroma, Rockingham, VT) and re-

directing the beams onto separate sides of the CCD face. 10 frames of data

were averaged to yield single molecule donor and acceptor intensities, ID
and IA. The experimental configuration results in three corrections that have

been made to the raw data: a small background fluorescence signal, small

contributions of the signal occur from direct excitation of the acceptor, and

some donor fluorescence is detected in the acceptor channel (together typi-

cally accounting for ;15% of the donor signal). These contributions were

subtracted from the raw data to obtain a corrected value of E¼ IA / (IA1 ID),
where IA and ID are the corrected intensities of the sensitized emission of the

acceptor and the donor emission, respectively (Ha et al., 1999). The cor-

rection process can yield negative values for IA or ID if FRET is very high or

very low, respectively, which in turn can result in E values slightly[1 or\0.

Simulations

Metropolis Monte Carlo simulations (Metropolis et al., 1953) as described in

the Results section were performed using MATLAB (Mathworks, Natick,

MA) to compare the experimental data to the worm-like chain model. The

probability distribution function of the end-to-end distance of a polymer as

reported by Thirumalai and Ha (1998) was used to determine whether or not

each randomly generated step in the simulation should be accepted.

RESULTS

Fig. 1 shows a schematic of the DNA constructs used in our

experiments. EachDNA contains an 18 basepair duplex DNA

possessing a 39-(dT)N tail of varying length (N ¼ 10–70

nucleotides). The donor fluorophore, Cy3, was covalently

attached at the 39 end of the (dT)N. The acceptor fluorophore,
Cy5, was covalently attached at the 59 end of the com-

plementary strand of the duplex DNA, near the base of the

(dT)N tail. The whole DNA molecule including the fluoro-

phores is denoted here as dT10, . . . , dT70 depending on the tail

length N. This geometry allows us to probe the end-to-end

distance of the (dT)N tail, while maintaining nearly identical

local environments of the fluorophores for all tail lengths.

Ensemble fluorescence spectra in bulk solution

Fig. 2 A shows three fluorescence emission spectra of DNA

molecules of the type shown in Fig. 1 with N ¼ 23 (dT23) at

[NaCl] ¼ 50 mM, 400 mM, and 2 M, displaying clearly

anticorrelated, [NaCl]-dependent changes in donor and

FIGURE 1 Schematic of the dTN tailed, fluorescently labeled DNA. The

lengths of the 39-single-stranded DNA ranged from N ¼ 10–70 dT with the

donor (Cy3) at the 39 end of the tail and the acceptor (Cy5) attached to the 59
end of the complementary strand. The molecule was labeled with biotin at

the 39 end of the complementary DNA strand that forms the duplex region to

immobilize it on a streptavidin-coated quartz surface. The whole constructs

including the fluorophores are denoted here as dT10, dT15, . . . for N ¼ 10,

15, . . ..
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acceptor signals without significant changes in the individ-

ual spectral shapes. We used the ratio between the peak

intensities of acceptor and donor spectra (IpeakA =IpeakD ) only as

a relative measure of FRET in bulk solution because of the

presence of inactive acceptor species (see Fig. 3 A). Fig. 2 B
shows that the values of IpeakA =IpeakD increase steeply with

[NaCl], saturating around 1 M NaCl. Also shown in Fig. 2 B
are the total intensities, IpeakA 1IpeakD , which remain relatively

constant (within 13%) for all [NaCl], reconfirming the

anticorrelated nature of the fluorescence changes. These

FRET changes are consistent with a reduction in the average

end-to-end distance of the dT23 at higher [NaCl] as expected

from additional Na1 binding to the dT23 and/or screening of

electrostatic repulsion between the negative charges on the

DNA backbone. However, if R0 were to vary with changes in

the [NaCl], a change in FRET would be observed even

without a conformational change in the molecule. R0 is

defined as (Clegg, 1992),

R0 ¼ 9ðln10ÞFD
k
2
JðyÞ

128p
5
NAn

4

� �1=6
;

where FD is the quantum yield of the donor, J(n) is the

spectral overlap between the donor’s emission and the ac-

ceptor’s absorption, n is the index of refraction of the

medium, and k is determined by the relative orientation of

the two dipole moments.

The photophysical parameters that influence R0 have been

measured in bulk solution (Fig. 2). The quantum yield of

Cy3-dT23 (dT23 with Cy3, but without Cy5) varies by 18%,

and the absorbance of Cy5-dT23 (dT23 with Cy5, but without

Cy3) also varies by 18%. The rotational mobility of each dye

at all [NaCl] was examined by measuring the fluorescence

polarization anisotropy, which was 0.23 (614%) for Cy3-

dT23, and 0.30 (68%) for Cy5-dT23 (Fig. 2 D). Although
Cy3 and Cy5 dyes are charged and their interaction with the

DNA may be affected by the changes in the salt con-

centration, relatively constant anisotropy values indicate that

such an effect is not significant here. Although the index of

refraction does not change greatly with [NaCl] (Weast,

1972), the effects of n were still taken into account when

calculating FD (Lakowicz, 1999). We assumed that k2 ¼ 2/3

here to estimate the overall contribution of [NaCl] to R0.

Because the value of R0 calculated using the measured values

FIGURE 2 FRET changes a function of [NaCl] reflect changes in average distance. (A) Bulk solution fluorescence emission spectra of 20 nM dT23 for

several [NaCl]. Anticorrelated behavior is seen between the donor and acceptor intensities as the [NaCl] is changed. (B) The total intensity, IpeakA 1 IpeakD , does

not vary much with [NaCl]; however their ratio, IpeakA =IpeakD , increases with [NaCl] more drastically indicating changes in FRET. (C) Quantum yield (FD) of

Cy3-dT23 and absorbance of Cy5-dT23 (170 nM) at various [NaCl]. (D) Anisotropy of Cy3-dT23 and Cy5-dT23 at various [NaCl].
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of FD, n, and J at each [NaCl] ranged from 59 to 61 Å (only

3.4% change), we conclude that the uncertainties in these

parameters are not significant enough to change R0, and the

observed change in FRET is mostly due to a change in

distance, R. The assumption of k2 ¼ 2/3 is strictly valid only

if the fluorophores freely rotate much more rapidly than the

fluorescence lifetimes, hence, it is only an approximation in

our studies. Although these control experiments were done

for dT23 only, the conclusion is likely to hold for other

ssDNA molecules because the local environment of each dye

is expected to be similar regardless of the tail length.

Single-molecule fluorescence

To estimate absolute values of the FRET efficiency, E, and to
discriminate against any subpopulation of DNA molecules

without active acceptors, we performed single-molecule

FRET measurements. Fig. 3 A shows three representative

histogram plots of data for dT17, dT27, and dT40 in 200 mM

NaCl. The values of E that we report were calculated by

fitting the second peak to a Gaussian distribution and finding

the center. The first peak centered at zero FRET is due to

a population of DNA molecules containing donors, but

inactive acceptors (Deniz et al., 1999). The second peak

shifts to higher E values for shorter tails. Interestingly, the

presence of the donor-only subpopulation serves as a control

from which we can calculate the leakage of the donor signal

to the acceptor detector channel. It also provides an alter-

native method of measuring E via donor quenching (by using

E ¼ 1 � ID / IDo, where ID and IDo are average intensities of
donor for each population with and without the active

acceptor, respectively).
Fig. 3 B shows the average E vs. N obtained at several

[NaCl]. The average E was determined for the two E values

obtained using the two different methods described above.

The two methods are in good agreement with each other with

the largest difference being ;10%. The average E values

along with their relative errors are given in Table 1. Because

the properties of the dyes do not change significantly with

[NaCl], these FRET changes mainly reflect the average

change in distance between the two ends of the (dT)N.

Estimating the contour length of ssDNA

Before making comparison to theoretical models, we need to

estimate the unit length of each base b0 so that the entire

FIGURE 3 (A) Single-molecule FRET efficiency histograms for dT17, dT27, and dT40 in 200 mMNaCl. The peaks at FRET;0 are due to DNAmolecules

possessing inactive Cy5, whereas the other peaks are due to FRET. Also shown are the fits to Gaussian curves. The widths of the histograms are within the

measurement noise. (B) Average FRET efficiencies determined for a variety of tail lengths, N (10–70), and [NaCl] (from 25 mM to 2 M). The lines are

simulations using the worm-like chain model with indicated persistence lengths, ranging from 1.5 nm to 3 nm.

TABLE 1 FRET measurements calculated by IA/(IA 1 ID) and 1 2 IDA/ID and averaged

N 25 mM 50 mM 100 mM 200 mM 400 mM 800 mM 1 M 2 M

10 0.84 6 0.05 0.84 6 0.07 0.86 6 0.04 0.87 6 0.03 0.87 6 0.04 0.88 6 0.04 – 0.90 6 0.02

15 0.66 6 0.06 0.68 6 0.07 0.68 6 0.08 0.74 6 0.05 0.76 6 0.05 0.80 6 0.02 – 0.84 6 0.04

17 0.59 6 0.002 0.60 6 0.06 0.62 6 0.05 0.67 6 0.04 0.68 6 0.07 0.74 6 0.04 0.74 6 0.04 0.81 6 0.02

23 0.38 6 0.06 0.45 6 0.05 0.50 6 0.08 0.54 6 0.07 0.61 6 0.04 0.66 6 0.04 0.68 6 0.04 0.72 6 0.02

27 0.29 6 0.05 0.35 6 0.07 0.38 6 0.06 0.42 6 0.04 0.49 6 0.06 0.55 6 0.05 0.58 6 0.05 0.65 6 0.03

40 0.10 6 0.03 0.12 6 0.04 0.15 6 0.03 0.21 6 0.07 0.256 6 0.02 0.39 6 0.04 0.41 6 0.03 –

70 – 0.07 0.082 0.10 0.15 0.18 0.19 0.21

The error associated with each measurement is calculated by the spread in these two measurements.
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length of a fully stretched ssDNA of N bases, or the contour

length L, is given by L ¼ b0N. To estimate b0, we used the

average of distances between adjacent phosphorus atoms

determined from five crystal structures of ssDNA-protein

complexes and obtained b0 ¼ 6.3 (60.8) Å (Fig.4 A). The
protein data bank identifications are 1A1V, 1UAA, 1EYG,

1J4W, and 1JMC corresponding to the structures of HCV

NS3 helicase bound to oligo-dU (Kim et al., 1998),

Escherichia coli Rep helicase bound to oligo-dT (Korolev

et al., 1997), E. coli SSDNA binding protein bound to oligo-

dT (Raghunathan et al., 2000), Fbp protein bound to mixed

sequence ssDNA (Braddock et al., 2002), and human RPA

bound to poly-dC (Bochkarev et al., 1997). Although it is

possible that interactions with the proteins can significantly

distort the dimension of each nucleotide, 6.3 Å is consistent

with the interphosphate distances of ssDNA that can range

between 5.9 Å and 7 Å depending on the sugar puckering

(Olson, 1975; Saenger, 1984). The 6.3 Å we used is also

close to 7 Å used to fit force versus extension curve by Smith

et al. (1996) and is consistent with 5–7 Å estimated by Mills

et al. (1999).

Comparison to the worm-like chain model

Thirumalai and Ha (1998) derived an analytical expression

for the probability distribution p(r) of the end-to-end distance
of a polymer that obeys the worm-like chain model.

pðr; tÞ ¼ 4pAr2

ð1� r
2Þ9=2 exp

�3t

4ð1� r
2Þ

� �
;

where the normalization constant A is

A ¼ 4ð3t=4Þ3=2 expð3t=4Þ
p

3=2ð41 12=ð3t=4Þ1 15=ð3t=4Þ2Þ ;

and t is the contour length L in multiples of the persistence

length Lp, t ¼ L/Lp, and r is the end-to-end distance R
normalized to the contour length, r ¼ R/L.

Because no time-dependent FRET changes were observed

with time resolutions down to 8 ms (data not shown), we can

assume that the dynamic motion of the ssDNA is fully

equilibrated within 1 s averaging time used for the single-

molecule FRET histograms. If the ssDNA is rigid and

immobile within the fluorescence lifetime of the donor, the

time-averaged FRET efficiency can be obtained by

E ¼
ð1
0

pðrÞ 1

11 rL
R0

� 	6 dr:

The other extreme case entails conformational fluctuations

rapid enough to be averaged within the fluorescence lifetime

of the donor. The instantaneous energy transfer rate, kr(R0/

R)6 where kr is the fluorescence decay rate of the donor in the
absence of energy transfer, becomes much larger than kr if
the two dyes are very close to each other (R � R0).

Therefore, even if the probability of close approach is small,

sufficiently fast conformational fluctuations will allow the

energy transfer to occur before the donor decay and would

yield FRET of 100% regardless of N or salt concentrations.

This is clearly not the case in our studies. Nevertheless, there

may be limited, but significant sampling of the phase space

via intramolecular motions within the donor lifetime and this

effect can influence FRET.

To compare our data to the worm-like chain model, we

performed Metropolis Monte-Carlo simulations (Metropolis

et al., 1953) of the end-to-end distance (R ¼ rL) time

trajectories. R is allowed to undergo a biased random walk

between 0 and L taking steps of size d (varied between 0 and
1.2 nm) every one-hundredth of the donor lifetime. Because

the lifetime of Cy3 is ;1 ns, this corresponds to a random

walk in the radial coordinate R with diffusion coefficient

ranging from 0 to 7 3 10�4 cm2/s. We use the probability

function p(r) as the weighting function that determines

whether or not each randomly generated step is accepted. For

each step of the random walk, the energy transfer and donor

fluorescence decay were allowed to occur with rates of kr(R0/

R)6 and kr respectively, and the random walk continued until

energy transfer or donor fluorescence decay occurred. Three-

FIGURE 4 Parameters for worm-like chain model. (A) A

histogram of the distances between successive ssDNA

phosphorus atoms obtained from various ssDNA-protein

crystal structures with the average distance being b0 ¼ 6.3

(60.8) Å. We assumed that the contour length of a ssDNA

with N nucleotides is given by b0N. (B) Root mean square

deviation between E and Esim averaged over all NaCl

concentrations versus the random walk step size d (d). The

line is a second order polynomial fit that shows a minimum

near d ¼ 5.5 Å.
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thousand such random walks were performed and energy

transfer efficiency Esim was determined as the fraction of the

random walks that ended with energy transfer.

For each NaCl concentration, the persistence length was

assigned so that the root mean square deviation between the

experimental E and Esim, D[ +
N
ðE� EsimÞ2=7

� 	1=2

, was

minimized. Here the summation is over all seven values of

ssDNA length N. This process was performed for various

values of the random walk step size d, and the values of D
averaged over all NaCl concentrations is shown in Fig. 4 B as

a function of d. The deviation is minimized at d ¼ 0.55 nm

and grows if d is increased or decreased. Therefore, we fixed
d at 0.55 nm and obtained the persistent length for each NaCl

concentration by minimizing D. The persistence length thus

obtained decreased from 3 nm at low salt (25 mM NaCl) to

1.5 nm at high salt (2 M NaCl) (Fig. 5). Corresponding Esim

vs. N curves are shown in Fig. 3 B overlaid with the

experimental E values.

DISCUSSION

Our choice of studying oligo-dT was made to eliminate any

potential basepairing and minimize base-stacking interac-

tions within the ssDNA structure. In contrast, heterogeneous

DNA sequences were used for mechanical measurements

of force versus extension curves from ssDNA and it was

necessary to incorporate hairpin formations into theoretical

models to account for the experimental data (Dessinges et al.,

2002; Montanari and Mezard, 2001; Zhang et al., 2001).

These mechanical measurements were performed on the

timescales of milliseconds and seconds during which the

available conformational space of the DNA is likely to be

fully sampled. In contrast, fluorescence measurements have

an additional internal clock, the radiative lifetime of the

donor, and fluorescence signals can be influenced depending

on how quickly the relative distance and orientation between

the fluorophores fluctuate compared to the donor lifetime.

Therefore we incorporated limited relaxations of the ssDNA

conformation into the worm-like chain model to compare

with the experimental data.

The best agreement could be obtained with the random

walk step size d of 0.55 nm with the stepping time of ;0.01

ns. This corresponds to a diffusion coefficient of;33 10�4

cm2/s (¼ [0.55 nm]2/2/[0.01 ns]), and simulations assuming

no diffusional motion during the donor lifetime or much

faster diffusional motion yielded worse agreements. This

diffusion coefficient could be an overestimate, however;

additional relaxation processes may exist. For instance, it is

likely that some relative rotations occur between the donor

and acceptor during the fluorescence lifetime because the

measured fluorescence anisotropy values are\0.3. If relative

angles that yield large k2 values are reached frequently, this

could have an analogous effect as having very small

distances, providing an additional source for fluorescence

signal averaging.

Overall, the worm-like chain model can adequately des-

cribe our fluorescence data if it is assumed that some re-

laxation mechanisms are operating during the donor lifetime,

be it diffusional motion of the ssDNA itself or fluorophores’

rotational motion. The persistence length thus estimated

changed by a factor of two from 3 nm to 1.5 nm when NaCl

concentration was varied from 2 M to 25 mM. It is probable

that the screening of the electrostatic repulsion between the

negatively charged phosphate groups is responsible for the

increased flexibility at higher salt concentrations.

There have been three previous studies that estimated the

persistence length of oligo-dT. Rivettie et al. (1998) per-

formed atomic force microscope imaging of DNA molecules

with oligo-dT gaps up to (dT)20. They estimated the per-

sistence length of 1.3 nm for gaps up to five nucleotides and

the persistence length between 2 and 4 nm for larger gaps.

Mills et al. (1999) estimated the persistence length in the

range of 2 ; 3 nm from transient electric birefringence

studies of two DNA duplexes connected by an oligo-dT gap

(12 or 24 mer) in 3; 8 mMMg21 at;48C. Kuznetsov et al.
(2001) used equilibrium DNA hairpin melting profiles to

obtain the persistence length of 1.4 nm in 100 mM NaCl.

Therefore, our results (1.5 ; 3 nm) reasonably agree with

previous estimates that utilized different techniques.

In a previous single-molecule FRET study by Deniz et al.

(2001) it was suggested that oligo-dT in [NaCl]$ 100 mM is

more compact than an ideal polymer. This was based on the

observation that R2/N was a decreasing function of N. In an

ideal polymer, hR2i scales linearly with N hence hR2i/N
should be a constant. Indeed, if we calculate R using Eq. 1

and experimentally determined E values, our data also show

that R2/N is a decreasing function of N (data not shown).

However, this procedure is unlikely to be valid because what

is being averaged in FRET measurements is not R2 and the

apparent deviation from the ideal polymer behavior in their

FIGURE 5 Persistence length decreases with increasing salt concentra-

tion. The graph shows the persistence lengths versus [NaCl] determined by

fitting the experimental data to the worm-like chain model. It was assumed

that the distance between the two fluorophores can change via random walk

with an elementary step size of 5.5 Å every one-hundredth of the donor

lifetime.
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analysis may have originated from the way the data were

compared to the theoretical model.

CONCLUSION

This work probed the conformational flexibility of oligo-dT,

in the range between 10 and 70 nucleotides from 0.025 to 2

M NaCl using FRET, a natural spectroscopic ruler. The data

can be described using the worm-like chain model under the

assumption that the ssDNA can partially sample the avai-

lable phase space within the donor lifetime. The persistence

length thus determined is a moderate function of salt con-

centration and decreases from 3 nm at 25 mM NaCl to 1.5

nm at 2 M. This range of persistence length is in general

agreement with other studies of oligo-dT that utilized

different approaches.
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