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ABSTRACT Biopolymers, such as single-stranded DNA (ssDNA), are often described as semiflexible polymers or wormlike
chains. We investigated the length dependence of diffusional properties of homogeneous ssDNA (polythymine) with up to 100
nucleotides using fluorescence correlation spectroscopy. We found that the hydrodynamic radius Rh scales according to a
power law, with an exponent between 0.5 and 0.7 depending on ionic strength I. With Rh being proportional to the square root of
the persistence length Lp, we found that Lp � Im, with m ¼ �0.226 0.01 for polythymine with 100 residues. For comparison, we
performed molecular dynamics (MD) simulations with a force field that accounts for short-range interactions in vacuum, and
determined the characteristic polymer properties end-to-end distance R, radius of gyration S, and persistence length Lp of
various labeled and nonlabeled polythymine derivatives. We found excellent agreement for the length dependence of simulated
S and experimental Rh measured at 100 mM NaCl, revealing that electrostatic interactions are completely shielded in aqueous
solution at such ionic strength. MD simulations further showed that polythymine with .;30 residues can be described as a
semiflexible polymer with negligible influence of the fluorescent label; and that static flexibility is limited by geometrical and
steric constraints as expressed by an intrinsic persistence length of ;1.7 nm. These results provide a benchmark for theories
and MD simulations describing the influence of electrostatic interactions on polyelectrolyte properties, and thus help to develop
a complete and accurate description of ssDNA.

INTRODUCTION

Our understanding of biopolymers, such as polynucleotides,

polypeptides, actin filaments, or microtubules, has greatly

benefited from standard polymer theory (1–5). Dynamic as

well as static flexibility (3) of polynucleotides and polypep-

tides have been investigated using a broad range of exper-

imental techniques. Biopolymers that are stiff on length

scales above the dimension of individual monomers display

polymer characteristics that are weakly dependent on the

molecular structure at the atomic level. Double-stranded

DNA (dsDNA), for example, was found to be a model

polyelectrolyte (charged polymer chain), with structural and

dynamic properties in very good agreement with those of an

ideal polymer. Description as a wormlike chain (WLC)

yields quantitative parameters for static flexibility (6,7).

Most important, the length scale on which a biopolymer

becomes flexible can be described by the persistence length,

and it was found to be ;50 nm for dsDNA (7–9), ;15 mm
for actin filaments (10,11), and ;5 mm for microtubules

(12,13), to name a few. Unstructured single-stranded poly-

nucleotides (ssDNA, RNA) (7,14–18) or unstructured pep-

tides (19–21) exhibit a much shorter persistence length of a

few nanometers or less.

Several contributions have been identified that play an

essential role in determining allowed polymer conformations

and conformational dynamics: 1), the monomer structure

providing degrees of freedom in the polymer backbone due

to rotation around atomic bonds; 2), steric restrictions due to

the presence of side groups; and 3), hydrophobic and elec-

trostatic interactions between side groups or side groups and

backbone. These short-range (van der Waals), as well as

long-range (electrostatic), interactions can strongly influence

the persistence length and/or induce so-called excluded-

volume effects due to impenetrability upon folding of the

polymer on itself, and thus have to be accounted for in a

detailed description of real polymers. (Throughout this work,

we will make the distinction between short- and long-range

interactions with respect to the length scale over which

physical forces extend. This is in contrast to the notion of

Flory and others, who differentiate between short- and long-

range interactions depending on the distance between

interacting polymer segments, such that restricted orienta-

tions of neighboring bonds are due to short-range interac-

tions and excluded-volume effects represent long-range

interactions.) Deviations from simple polymer behavior

have been particularly important for dilute polyelectrolyte

solutions, in which solvated ions can shield electrostatic

interactions and polymer properties become dependent on

the ionic strength of the solvent. The electrostatic influence

has been expressed, originally in Odijk-Skolnick-Fixman

(OSF) theory, through an apparent persistence length Lp that
consists of an intrinsic Lp0 and an electrostatic component

Lpe: Lp¼ Lp01 Lpe (22,23). The accurate scaling behavior of
Lpe as a function of ionic strength I has been predicted to be

between ;I�1 (22–24) and ;I�0.5 (25,26), depending on

specific values for the intrinsic flexibility, the strength of

electrostatic interactions, and the charge density along the

polymer. However, no satisfying theory has been developed
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that covers all situations, in particular the situation that is

valid for ssDNA in aqueous solution (27,28).

Because polymer properties, such as average square end-

to-end distance, radius of gyration, or persistence length, are

deduced from experimental results by applying a certain

polymer model, it is important to verify accordance with the

model. Based on Flory’s seminal work on polymer confor-

mations, Flory, Olson, and co-workers have shown that a

polypeptide, as well as a polynucleotide, chain can be well

described as an equivalent freely rotating chain (i.e., a freely

jointed chain (FJC) with reduced flexibility due to con-

strained bond angles) with a well defined virtual bond of

constant length (1,14,15,29,30). Description as a continuous

WLC, which is the equivalent for long chains, has also been

applied, and becomes more appropriate when the contour

length of the investigated polymer is of a size comparable to

or smaller than the persistence length.

Experimental techniques used to deduce properties of

biopolymers include force-extension measurements, NMR,

light scattering, video imaging, atomic force microscopy,

and various methods to measure translational and rotational

diffusion constants. As diffusion of polynucleotides is

important for a variety of molecular processes (mobility of

nucleotides in the cytoplasm; nuclear uptake of nucleotides

in the cell; separation of DNA fragments by electrophoresis

or Brownian ratchets (31)), the diffusion constant of dsDNA

has been investigated for all size regimes from well below to

well above the persistence length. The translational diffusion

constant most often is a well defined function of the radius of

gyration S. Simple scaling laws for the length dependence

of S were found in dsDNA (7,32) and denatured proteins

(33,34) in accordance with polymer theory (1,4). S was

found to scale with polymer length following a power law

with an exponent between 0.5 and 0.6, provided the contour

length is much larger than the persistence length (35). For

comparison, an exponent of 0.5 is predicted for an ideal

polymer, increasing to 0.588 when excluded-volume effects

are taken into account (1,36). Theoretical predictions, and

some experimental evidence for a WLC with the contour

length on the same order as the persistence length, sug-

gest scaling behavior with a larger exponent (2,36–38).

Diffusion of rodlike polymers in which the contour length is

much smaller than the persistence length, e.g., short double-

stranded DNA, has also been studied extensively by ex-

perimental and theoretical means (39–42).

Experimental observations of diffusion constants for both

ssDNA and polypeptides, on the other hand, are sparse, and a

precise length scaling of S for ssDNA with ,100 residues

has not been reported yet. Salt-dependent changes in struc-

ture and dynamics of ssDNA have been observed for circular

plasmids and viral DNA by dynamic light scattering (43,44),

for short polythymines with a few tens of residues by single-

molecule Förster resonance energy transfer (FRET) (17,45)

or birefringence measurements (16), and for ssDNA with

several thousand residues by force-extension measurements

(7,46). Dessinges et al. have shown that the description of

long, heterogeneous ssDNA as a FJC or WLC model is not

quite accurate at low extension in arbitrary salt conditions,

most likely due to electrostatic self-avoidance inducing

excluded-volume effects and base-pairing or stacking in-

teractions (46–48). Murphy et al. have extracted a salt-

dependent persistence length for ssDNA by comparing

FRET measurements of average end-to-end distances with

predictions of a WLC model (17). Their analysis relied on

the fact that short homonucleotides made of thymine

residues exhibit negligible base-pairing or stacking interac-

tions and that a WLC description is appropriate. Average

square end-to-end distances ÆR2æ are also of interest in the

context of end-to-end contact kinetics. Recently, a simple scal-

ing law, k ; nb, for end-to-end contact rates k and polymer

length n, was revealed for both unstructured peptides (49,50)
and ssDNA (S. Doose, J. Kim, H. Neuweiler, and M. Sauer,

unpublished data; 52) with tens of residues (b¼ �1.5 to�2.1

for either biopolymer). As theory predicts a precise scaling

law as a function of ÆR2æ, it is necessary to know the accurate

length dependence of ÆR2æ for validation. Also, the question
remains as to how well a WLC (FJC) model resembles a real

polynucleotide, in particular at short length scales.

In this work, we compare experimental diffusion constants

of polythymine with polymer properties derived by com-

puter simulation. We use fluorescence correlation spectros-

copy (FCS) to observe translational diffusion of polythymine

labeled with the oxazine derivative MR121 (MR121-(dT)N,

with N ¼ 5, 10, 20, 40, 80, and 100) and determine the

dependence of diffusion constants on polymer length and

ionic strength. To estimate alteration of diffusion constants

by the fluorescent label, we performed molecular dynamics

(MD) simulations for labeled and unlabeled polythymine.

MD simulations were performed in vacuum with a force field

limited to short-range van der Waals interactions resembling

a hard-sphere potential, thus taking geometrical and sterical

constraints into account. The aim of this work is to char-

acterize polymer properties specifically in the context of

polythymine using simulated and measured diffusion exper-

iments, and to compare the results with standard polymer

models. We investigate static properties, such as end-to-end

distance, radius of gyration, and persistence length as a func-

tion of polymer size. A comparison between experimental

and computational results shows that polythymine can be

reasonably well described by a WLC model for .;30

residues. We estimate an intrinsic persistence length and

investigate experimentally how the electrostatic interaction

changes the persistence length as a function of ionic strength.

MATERIALS AND METHODS

DNA samples

Synthetic oligonucleotides of polythymine (dT)N with N ¼ (5, 10, 20, 40,

80, 100) were purchased from IBA (Göttingen, Germany). The fluorescent
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oxazine dye MR121 (53) was kindly provided by K. H. Drexhage (ATTO-

TEC, Siegen, Germany). The 59-ends of polythymine were labeled with

MR121 via an aliphatic C3 amino modifier using classical N-hydroxysucci-

nimidylester (NHS-ester) chemistry. Labeling was performed in phosphate-

buffered saline containing 10% (v/v) carbonate buffer (100 mM, pH 8.5). A

fivefold molar excess of NHS ester was added to 15–20 nM oligonucleotide

and incubated for 2 h at room temperature in the dark. Fluorescently

modified oligonucleotides were purified using reverse-phase (Hypersil-ODS

column) HPLC (Agilent Technologies, Waldbronn, Germany). Separation

was performed in 0.1 M triethylammonium acetate, using a linear gradient

from 0 to 75% acetonitrile in 20 min.

Fluorescence correlation spectroscopy

All FCS measurements were performed on a home-built confocal micro-

scope, as described elsewhere (54). MR121 was excited at 632.8 nm (50 mW

measured at the back aperture of the objective) using a HeNe laser. Photo-

bleaching was not detectable at the chosen excitation power. The collimated

laser beam was coupled into an oil-immersion objective (633, NA 1.4,

Zeiss, Oberkochen, Germany) by a dichroic beam splitter (645DRLP,

Omega Optical, Brattleboro, VT). The fluorescence signal was collected by

the same objective, filtered by a bandpass filter (700DF75, Omega Optical),

separated into two beams using a cubic nonpolarizing beamsplitter (Linos,

Göttingen, Germany), coupled into multimode optical fibers with a diameter

of ;100 mm, and imaged onto the active area of two single-photon ava-

lanche photodiodes (APDs, AQR-14, PerkinElmer, Fremont, CA). The sig-

nals of the APDs were cross-correlated (15 min for each measurement) using

a digital real-time multi-t correlator device (ALV-6010, ALV, Langen,

Germany) with a time resolution as low as 6.25 ns. Fluorescently modified

DNA was diluted to a final concentration of ;1 nM in 10 mM sodium

phosphate buffer, pH 7.0, containing 0-1 M NaCl, 0.1 mM EDTH, and 0.3

mg/ml bovine serum albumin to suppress glass-surface adsorption. DNA

samples were transferred onto a microscope slide and covered by a cov-

erslip. Sample temperature was controlled by a custom-built objective heater

to be constant at 20�C.

FCS data analysis

Fluctuations in the fluorescence signal IðtÞ due to diffusion of fluorescent

DNA conjugates in and out of the detection volume were analyzed via the

second-order autocorrelation function:

GðtÞ ¼ ÆIðtÞIðt1 tÞæ
ÆIðtÞæ2 ; (1)

where Æ æ denotes the time average over the total observation time. Equation

1 can be approximated using a 2D diffusion model for a single species in

combination with an exponential decay accounting for intersystem crossing:

GðtÞ ¼ 1

N
11

t

tD

� ��1

ð11Aexpð�ktÞÞ; (2)

with the number of detected molecules N, characteristic diffusion time tD;

amplitude A, and rate constant k of an exponential decay defined by

intersystem crossing rate and triplet lifetime, as described in (55). The

characteristic diffusion time tD depends on the dimensions of the detection

focus vxy in the x,y-dimension:

tD ¼ v
2

xy=4D; (3)

where D is the diffusion coefficient. The 2D model is valid for detection foci

with vxy � vz ( vz representing the lateral dimension of the focus), and is

of sufficient accuracy to analyze the presented data.

For spherical particles, the diffusion constantD can be expressed in terms

of a hydrodynamic radius Rh according to the Stokes-Einstein relation

D ¼ kBT=6phRh; (4)

where kBT is the thermal energy, and h is the solvent viscosity.

MD simulations

All molecular calculations were carried out with the AMBER 8 molecular

simulation program package (56). Trajectory analysis was partly accom-

plished with Visual Molecular Dynamics (57). Trajectories were simulated

for polythymine (dT)N, with N ¼ (2, 4, 8, 16, 32, 64, 128), and MR121-

labeled polythymines, MR121-(dT)N, of equal length. Further simulations

were performed for abasic sites (dS)N, representing the pure backbone of

ssDNA, and for penetrable polythymine (dTpen)N, a hypothetical ssDNA that

can penetrate itself, since all van der Waals interactions were switched off.

Starting structures were generated from AMBER’s residue library

allnucleic94.lib with LEAP and energy-minimized with SANDER for a

maximum of 10,000 steps using the steepest-descent algorithm for four steps

and conjugate gradient thereafter. MD simulations were run with SANDER

using the AMBER force field FF99 (58), an integration time of 1 fs, and a

nonbonded cutoff of 12 Å. Attractive nonbonded interactions were deacti-

vated using SANDER’s NMR refinement options (HB, ELEC, ATTRACT).

For the simulation of (dTpen)N, van der Waals interactions were deactivated

using SANDER’s NMR refinement options (NB). To ensure sufficient

sampling of allowed conformations, a simulation temperature of 800 K was

chosen. Snapshots were taken from the trajectories every 1 ps starting after

the first 250 ps of simulation time. The offset was set to exclude system

equilibration (heating up from 0 K to 800 K) and to assure relaxation from

the unlikely starting geometry of an extended oligonucleotide. Simulations

were carried out over 20,250,000 time steps of 1 fs each, yielding a usable

trajectory of 20-ns length. Due to the elongated structure derived from the

Leap libraries, AMBER’s internal virtual box was sporadically busted,

leading to abortion of the simulation. This was overcome by restarting the

simulations, with an increased box size, and concatenating the produced

trajectories.

Radius of gyration S was calculated for each MD run using Visual

Molecular Dynamics for each oligonucleotide length. S, as defined by

S
2 ¼ 1

n
+
n

i¼1

ðR~i � R~cmÞ2; (5)

where R~cm denotes the center of mass, R~i the position of atom i, and n the

number of atoms. End-to-end distances R were determined as

R
2 ¼ ðR~H3T � R~O59Þ2; (6)

where R~O59 is the position of oxygen atom O59 in the first nucleic residue

and R~H3T is the position of the capping hydrogen of the last residue’s

39-hydroxyl group. The persistence length Lp was estimated as the

orientational correlation length Lp,oc (59), which is determined from an

exponential fit to the orientational correlation function

Ck ¼ Æcos ukæ ¼ C0 expð�kb=Lp;ocÞ; (7)

where Æcos ukæ denotes a temporal average over the angles between two

virtual P-P bonds separated by k other bonds of length b. Alternatively Lp
was estimated as the projection length Lp,pro (59):

Lp;pro ¼ b+
k

Æcos ukæ: (8)

RESULTS

Experiment

Using FCS, we monitored translational diffusion of poly-

deoxythymine, MR121-(dT)N, labeled site-specifically with
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the oxazine derivative MR121 at the 59-end, in aqueous

solution (depicted in Fig. 1 a). Thymine bases are known to

exhibit negligible base-pairing interactions, and the weakest

base-stacking interactions compared to all other nuclein-

bases. Polythymine is known to behave as an unstructured

polymer that randomly samples a conformational space

depending on its contour length, i.e., the total length along

the polymer backbone. We investigated MR121-(dT)N with

various contour lengths by changing N from 5 to 100.

As a fluorescent molecule diffuses through the confocal

observation volume, it will emit photons in the red spectral

region (emission maximum of MR121 is 673 nm) upon

excitation with 633 nm laser light. For a fixed observation

volume, which is determined by the laser excitation profile

and the detection optics, the observed fluorescence will

fluctuate with a characteristic time constant that depends on

the diffusion constant of the molecule. Analyzing such

fluctuations by calculating the autocorrelation curve of the

fluorescence signal yields a time constant that is inversely

proportional to the diffusion constant (Eq. 3) and directly

proportional to an apparent hydrodynamic radius as defined

by the Stokes-Einstein equation (Eq. 4). All observed cor-

relation functions G(t) could be well fitted by the appropriate
analytical expression (Eq. 2), independent of polymer size.

As we increased the contour length of polythymine, FCS

curves were shifted toward longer diffusion times, revealing

an increase of the apparent hydrodynamic radius (Fig. 1 a).
The accuracy of our diffusion measurements using FCS on

a custom-made confocal microscope was determined by

estimating the relative standard deviation of repeated

measurements (measurement time 100 s, excitation power

50 mW) and found to be ;5% for most of the presented

experiments (the accuracy can be improved to ,1% using

longer measurement times and increased excitation power).

All FCS measurements were performed at a concentration of

;1 nM, making intermolecular interactions negligible. A

small contribution from photophysical processes was found

to be dependent on excitation power (with an amplitude K
well below 0.05 at an excitation power of 50 mW (54)), but

independent of the investigated sample. Diffusion times

were independent of sample concentration and excitation

power for excitation powers well below the saturation limit.

Assuming a diffusion constant of D ¼ 4.26 3 10�6 cm2

s�1 for MR121 (as measured for the structurally similar

fluorophore Atto655 (60)), we calculated diffusion constants

for polythymine to range from ;2.2 3 10�6 cm2 s�1 to

;0.43 10�6 cm2 s�1. Inverse diffusion constants and, thus,
FIGURE 1 Translational diffusion of polythymine measured by FCS. (a)
Normalized FCS data for MR121-(dT)N with N ¼ (5, 10, 20, 40, 80, 100)

(left to right). (Inset) Random structure of polythymine with the sugar-

phosphate backbone (yellow), thymine bases (blue), and the fluorescent label

MR121 attached at the 59-end (red). (b) Hydrodynamic radius Rh

(proportional to the experimental diffusion time tD measured by FCS) of

MR121-(dT)N, as determined in aqueous solution with 10 mM (solid

squares) and 1 M (open circles) NaCl. The solid lines represent power-law

fits with exponents n ¼ (0.696 0.01) and n ¼ (0.506 0.02) for 10 mM and

1 M NaCl, respectively. Error bars, either shown or on the order of the

symbol size, represent the standard deviation of three measurements. (c)

Hydrodynamic radius Rh of MR121-(dT)100 measured by FCS at NaCl

concentrations between 1 mM and 3 M. The data reveals a power-law

dependence with an exponent of a ¼ (�0.11 6 0.01) when displayed and

fitted on a double-logarithmic plot (inset). Error bars represent standard

deviations of three measurements.
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hydrodynamic radii Rh were observed to scale with contour

length (expressed through the number of dT residues N) as

Rh ; Nv for polynucleotides with .10 residues. Below 10

bases, the influence of the fluorophore on the diffusion time

disguises polymer properties. For MR121-(dT)N with 10 ,
N , 100 v varied between 0.5 (1 M NaCl) and 0.7 (10 mM

NaCl) as a function of the ionic strength of the solvent (Fig.

1 b).
In Fig. 1 c, the dependence of Rh on ionic strength is

shown in detail for MR121-(dT)100. Ionic strength was

changed by varying the concentration of sodium chloride

from 0 to 3 M in bidistilled water. Identical results were

found in 10 mM phosphate buffer for NaCl concentrations.
10 mM. The hydrodynamic radius scales with ionic strength

I as Rh ; Ia with a ¼ (�0.11 6 0.01) for NaCl concen-

trations .10 mM (as visible in a double-logarithmic plot

(Fig. 1 c, inset)). For NaCl concentration ,10 mM, Rh

saturates at a constant level.

Simulation

To rationalize our results and study the polymer properties of

polythymine derivatives in more detail, we performed MD

simulations with a focus on geometrical properties, neglect-

ing electrostatic interactions and solvent effects. We sampled

the configurational space of polythymine derivatives using

an Amber force field that was limited to short-range (van der

Waals) interactions in vacuum. The approach constitutes a

hard-sphere model of ssDNA in which excluded volume is

set by van der Waals radii. By this approach, we explored all

constraints on configurational dynamics given by bond

length, bond angles, and bond rotations, as well as excluded

volume due to steric interactions.

We investigated four different polythymine derivatives:

(dT)N, MR121-(dT)N, (dS)N, and (dTpen)N. Simulations of

(dT)N and MR121-(dT)N were performed to probe the dif-

ferences between MR121-labeled and nonlabeled polythy-

mine. A polynucleotide made of abasic sites (dS)N, i.e., a

sugar-phosphate backbone without attached base moieties

(59-phospho-1,2-dideoxy-a-D-ribose), was investigated to test
whether the attached bases have any influence on polymer

conformations. A hypothetical polynucleotide, (dTpen)N, that

is self-penetrable but consists of the same bond configura-

tions and residues as polythymine, was simulated to identify

any excluded-volume effect. The simulation was realized by

switching off all van der Waals interactions.

To ensure sufficient sampling, we performed simulations

at temperatures ranging from 300 K to 1000 K. At a nominal

temperature of 800 K, we observed sufficient sampling of the

geometrically allowed conformational space without severe

stabilization of individual states due to local energy minima.

The temperature was low enough to allow for 1-fs integration

steps without producing instabilities.

For each molecule, with contour length fixed by the

specified number of residues, we extracted three parameters

to characterize the polymer: 1), end-to-end distances R (the

distance between the first and last residues of the DNA

polymer as defined in Eq. 6); 2), radius of gyration S (the

sum over all distances between the actual position of all

atoms and the molecule’s center of mass (Eq. 5)); and 3),

persistence length (Eqs. 7 and 8). Average values of the

square end-to-end distances and the radius of gyration were

calculated directly from the corresponding distribution

functions.

First, we investigated average values of squared end-to-

end distances ÆR2æ and radii of gyration ÆSæ. We present ÆR2æ
(Fig. 2 a) and ÆSæ (Fig. 2 b) as a function of contour length for
the various polymers with 2–128 residues. The double-

logarithmic plot shows that ÆR2æ for all polynucleotides in

which van der Waals interactions induce excluded volume

scales approximately as ÆR2æ ; Nm with an exponent m . 1,

and thus deviates from the power-law dependence of an ideal

polymer (m¼ 1). A power-law fit to ÆR2æ for (dTpen)N yields

an exponent of m ¼ 0.96 6 0.01, and thus confirms the

absence of excluded-volume effects. For comparison power-

law functions with m ¼ 1, as expected for an ideal FJC, and

m ¼ 2, as expected for a rigid rod, are shown as solid lines in

Fig. 2 a. No influence of the attached fluorophore on ÆR2æ
was detected, as data points for MR121-(dT)N and (dT)N
overlay perfectly. Abasic sites, (dS)N, have slightly reduced

ÆR2æ, reflecting a small but significant effect due to steric

interactions of base residues.

The plot of ÆSæ as a function of N confirms the

fluorophore’s influence on total polymer dimensions be-

coming negligible for .;20 residues. ÆSæ scales perfectly

well for unlabeled polythymine over all sizes with 2 , N ,
128 and follows a power law with exponent 0.62 6 0.01.

This result is in perfect agreement with the experimental

observation that the hydrodynamic radius, being propor-

tional to ÆSæ, scales as a power law for .10–20 residues and

deviates for short MR121-(dT)N in a way similar to ÆSæ.
Overall, the length dependence of ÆSæ for labeled poly-

thymine is in excellent agreement with experimental Rh of

polythymine in aqueous buffer with 100 mMNaCl (Fig. 2 c).
The measured power-law exponent of 0.58 6 0.02 is

furthermore in excellent agreement with the theoretical

exponent for a polymer in which excluded-volume effects

contribute, numerically estimated at 0.588 (1).

The length dependence of the polymer dimension is often

visualized through Flory’s characteristic ratio CN ¼ ÆR2æ/
Nb2, where Nb2 is the average square end-to-end distance of

an equivalent FJC. We assumed an equivalent chain with a

virtual bond length b ¼ 0.66 nm, number of segments N
equal to the number of residues, and contour length Lc ¼ Nb.
We found that CN strongly increases for all simulated

polynucleotides except (dTpen)N up to ;20 residues, and

approaches an asymptotic limit CN between 5 and 6 for

(dT)N and between 3 and 4 for (dS)N (Fig. 3 a). The observa-
tion that CN is length-independent and close to 1 for (dTpen)N
shows that short-range (van der Waals) interactions influence
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polymer flexibility to a larger degree than do constrained

bond angles.

Fig. 3 b shows the ratio of average square end-to-end

distance and average square radius of gyration, referred to as

the structure factor: G ¼ ÆR2æ/ÆS2æ. G increases with

increasing contour length for all polymers except (dS)N
and approaches an asymptotic value between 6 and 7 for

.;20 residues. The asymptotic value is close to the struc-

ture factor of an ideal FJC (G ¼ 6; for a rigid rod, G ¼ 12)

(1,61) and again reflects the fact that ssDNA in the limit of

long chains is well described as a polymer with large but not

unrestricted flexibility. G values are reduced for shorter

polymers, as base residues and MR121 contribute more to

ÆS2æ than they do to ÆR2æ.
In Fig. 4, we show radial distribution functions G(r) of

rescaled end-to-end distances r (i.e., R in units of the contour

length Lc: r ¼ R/Lc) for polynucleotides with N ¼ (64, 32,

16, 8, 4) and for corresponding WLCs. The contour length

was estimated by extracting average distances between

successive phosphorus atoms in the DNA backbone. We

extracted a mean P-P distance for each polymer that is

independent of the bond position in a single polynucleotide,

and independent of the number of residues N. All P-P

FIGURE 3 Flory’s characteristic ratio CN (a) and the structure factor ÆR2æ/
ÆS2æ (b) plotted as a function of N for polythymine (solid squares), MR121-

labeled polythymine (open circles), polymer of abasic sites (stars), and
penetrable polythymine (triangles).

FIGURE 2 Polymer properties of polythymine derivatives determined by

MD simulation. (a) Average square end-to-end distances ÆR2æ for

polythymine (solid squares), MR121-labeled polythymine (open circles),

polymer of abasic sites (stars), and penetrable polythymine (triangles). For

comparison, solid lines are displayed, representing power laws ÆR2æ ; Nm

with exponent m¼ 1 (characteristic for an ideal flexible polymer) and m¼ 2

(characteristic for a rod). A power-law fit for penetrable polythymine yields

an exponent of m ¼ (0.96 6 0.01). (b) Average radius of gyration ÆSæ for
polythymine (solid squares), MR121-labeled polythymine (open circles),
polymer of abasic sites (stars), and penetrable polythymine (triangles). A

power-law fit to ÆSæ of polythymine with N . 5 yields an exponent of n ¼
(0.62 6 0.01) and is displayed as a solid line. (c) Hydrodynamic radius Rh

(solid circles) of MR121-(dT)N with N ¼ (5, 10, 20, 40, 80, 100) measured

using FCS in 100 mM NaCl, and average radii of gyration ÆSæ (open circles)
estimated by MD simulations. The data is scaled such that data points for

MR121-(dT)10 overlap. The solid line represents a power-law fit to

experimental data with 20 , N , 100, with an exponent of n ¼ (0.58 6
0.02), in excellent agreement with the prediction of 0.588 for a hypothetical

polymer with excluded-volume effects contributing.
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distances were distributed with a standard deviation of

,20% of the mean value. A further partitioning into smaller

virtual bonds, e.g., partitioning into the two virtual bonds

P-C59 and C59-P, showed no advantage, as relative length

fluctuations for the virtual bond C59-P were comparable to

those of P-P vectors (and those of P-C59 were naturally much

smaller). These results are consistent with earlier calculations

by Olson and Flory, who showed that ssDNA can be de-

scribed as a freely rotating chain with virtual bonds of con-

stant length representing individual P-P vectors (15).

The length of this virtual bond b was 0.66 6 0.07 nm

(mean 6 SD), resulting in a contour length of Lc ¼ bN
between 1.3 nm (N ¼ 2) and 84.5 nm (N ¼ 128). To show in

which size range and to what degree the simulated distribu-

tion function resembles that of a WLC we overlaid simu-

lations with corresponding WLC distribution functions.

Correspondence was based on matching contour length

and average square end-to-end distance ÆR2æ. WLC distri-

bution functions were calculated using the analytical

expression given by Thirumalai and Ha (62). The plots

demonstrate that G(r) for polythymine and G(r) for the

corresponding WLC show better agreement with increasing

contour length, becoming nearly equal for .;30 residues.

For (dS)N and (dTpen)N, simulated and ideal WLC distri-

butions show good agreement for slightly shorter contour

lengths of .;10 residues, again reflecting the influence of

excluded volume (Fig. 4, c and d ).
Attachment of the fluorescent label MR121 at the 59 end of

the ssDNA has only a weak effect on G(r), as presented in

Fig. 4, a and b, where the simulated end-to-end distances are

shown for polythymine with and without MR121 (note that

end-to-end distances are calculated from the first nucleic

residue’s O59 to the last residue’s H3T, neglecting the fluo-

rophore if present).

When plotting distribution functions P(S), where the

fluorophore is now included in the calculation of S, a

difference between labeled and unlabeled molecules appears

(Fig. 5 a). The difference is more pronounced for shorter

polythymines, as is visible in the P(S) overlay for MR121-

(dT)N and (dT)N presented in Fig. 5 a. Whereas P(S) for short
polythymines is considerably broadened and shifted toward

larger values upon MR121 attachment, the fluorophore’s

influence on P(S) decreases with increasing length and

becomes insignificant for .;60 thymine residues. Distri-

bution functions are similar in shape for all molecules with

four or more residues and resemble a Gaussian distribution

with a slight asymmetry.

Last, we estimated the persistence length from simulated

data and interpreted the experimental observation of a salt-

dependent hydrodynamic radius by an electrostatic persistence

FIGURE 4 Distribution functions 4pr2G(r) of radial, contour-length

normalized end-to-end distances r estimated by MD simulations. Distribu-

tion functions are shown for MR121-labeled polythymine (a), polythymine

(b), polymer of abasic sites (c), and penetrable polythymine (d), with 64, 32,
16, 8, and 4 residues, respectively, from left to right. Each distribution is

overlaid with a WLC distribution of equal Ær2æ adjusted by t ¼ Lc/Lp
following Eq. 9. All distributions are normalized to equal integrals.
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length that changes with ionic strength. The persistence length

can be estimated in multiple ways from simulated data (59):

First, we calculated the orientational correlation length Lp,oc
(Eq. 7) and projection length Lp,pro (Eq. 8). We found Lp,pro
values around 1.5 nm to be weakly dependent on the contour

length and slightly smaller for abasic-site polymers. A fit of

orientational correlation functions revealed nonexponential

decays and thus did not yield reliable Lp,oc values. Second,
we calculated the persistence length Lp,WLC for a WLC model

with equal ÆR2æ and corresponding contour length compared

to simulated data. The relation between ÆR2æ, contour length
Lc, and persistence length Lp,WLC is determined by the fol-

lowing equation (61):

ÆR2æ ¼ 2L
2

p;WLCðexpð�Lc=Lp;WLCÞ � 11 Lc=Lp;WLCÞ: (9)

It is important to remember that an increasing deviation

between WLC and simulated end-to-end distance distribu-

tions was found for chains with,;30 residues. This is again

reflected in the plot of Lp,WLC as a function of contour length

(Fig. 5 b), where a slight length dependence appears.

Overall, we determined a persistence length of ;1.7 nm for

polythymine (dT)128, ;1.2 nm for abasic sites (dS)128, and

;0.2 nm for penetrable polythymine (dTpen)128.

We conclude that polythymine with 30–100 residues can

be well described as a WLC with respect to geometric and

steric constraints.

DISCUSSION

The idea that DNA, both in its double- and single-stranded

forms, can be approximated as a semiflexible polymer has

found wide acceptance. In particular, the elastic properties of

dsDNA are well described by a WLC or FJC model (7). For

ssDNA, deviations from WLC behavior were found for low

extension at extremely high and low salt concentrations

(7,46), effects that were rationalized by intramolecular base

pairing and stacking interactions in heterogeneous ssDNA

(47,48), or by excluded-volume effects due to short-range

van derWaals and long-range electrostatic interactions (46,63).

Our measurements of diffusion time reflect an important

polymer property, the radius of gyration, and its dependence

on contour length and ionic strength of the solvent. The

diffusion time observed in an FCS experiment is inversely

proportional to the molecule’s diffusion constant. Assuming

that the diffusion constant is proportional to an apparent

hydrodynamic radius, estimated via the Stokes-Einstein

equation, and, furthermore, that the hydrodynamic radius is

directly proportional to the molecule’s radius of gyration, we

can experimentally determine the radius of gyration of poly-

thymine using FCS.

Our results extend the size range for which translational

diffusion constants of unstructured ssDNA have been ob-

served toward short contour lengths. They confirm that dif-

fusion constants change with length according to a polymer

that is impenetrable due to excluded volume. The degree of

excluded volume is dependent on the ionic strength of the

solvent, confirming that excluded volume is determined both

by steric interactions due to van der Waals forces and by

electrostatic interactions. Using MD simulations, we tested

how much the observed length dependence originates from

excluded-volume effects due to short-range interactions or

from reduced backbone flexibility due to steric interactions

and constrained bond angles, excluding electrostatic inter-

actions. Based on the simulation result that MR121-(dT)N
with N. 30 exhibits distribution functions of end-to-end dis-

tances and radii of gyration comparable to those of an ideal

WLC, and with negligible influence of the fluorophore, we

compared measured diffusion constants to simulated radii of

FIGURE 5 (a) Distribution functions P(S) of radii of gyration estimated

by MD simulations. Distributions functions are plotted for polythymine

(dotted line) and MR121-labeled polythymine (solid line) with 2, 4, 8, 16,

and 32 residues, respectively, from left to right. The contribution of the

attached fluorophore decreases with increasing polymer length, becoming

negligible for MR121-(dT)N with N . 16. All functions are normalized to

equal integrals. (b) Persistence length Lp was estimated by various means

from simulated data: 1), Lp as determined from the corresponding WLC

distribution (Fig. 4) is plotted for polythymine (solid squares), MR121-

labeled polythymine (open circles), polymer of abasic sites (stars), and

penetrable polythymine (triangles); 2), Lp as determined by the projection

length is plotted for polythymine (X), MR121-labeled polythymine (plus signs),
and polymer of abasic sites (diamonds). The persistence length of penetrable

polythymine was too small to be estimated by the projection length.
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gyration. Perfect agreement was found for an ionic strength

corresponding to 100 mM NaCl at a temperature of 20�C.
This result indicates that in 100 mM NaCl solution electro-

static interactions between polythymine residues are perfectly

shielded, such that polymer flexibility is entirely restricted by

geometrical constraints and excluded volume due to short-

range interactions alone.

High-temperature MD simulations in vacuum with a force

field limited to short-range interactions probe all conforma-

tions that are allowed given the limited degrees of freedom in

the sugar-phosphate backbone and steric interactions. These

simulations are conceptually very similar to those carried out

by Olson and co-workers (14,15,29,30). A comparison

between the lengths of various virtual bonds—C59-P, P-C59,

and P-P—in our simulations, and as published by Olson,

showed agreement within 10%. Since no constraint was

made for sugar puckering, we observed two populations in

each distance histogram for virtual bonds that contained the

C39-C49 bond. The distances agreed well with average bond

length estimated for 29- and 39-endo conformations (14). A

dynamic equilibrium of 29- and 39-endo conformations was

detected by numerous NMR studies, justifying our analysis.

The average length for a P-P virtual bond was consistently

found to be 0.66 6 0.07 nm in all simulations, which is in

good agreement with the P-P distance of 0.63 6 0.08 nm

determined by Murphy et al. from various crystal structures

of ssDNA complexes (17). However, it should be noted that

some experimental evidence exists for P-P distances to be

slightly smaller, approaching 0.4 nm (27,64).

We further tested whether the attached bases have any

influence on polymer conformations by simulating polynu-

cleotides made of abasic sites. Our results confirm Olson’s

claim that base residues have a very limited influence on

polynucleotide conformations (30). However, we did find a

small but significant effect that results in an average square

end-to-end distance decreased by ;25% and an average ra-

dius of gyration decreased by;15% for the longest polynucle-

otide (N ¼ 128) in the absence of electrostatic interactions.

Further analyzing simulations for polythymine without a

fluorescent label, we were able to demonstrate that the

polymer properties become independent of the detailed

atomic structure and the limited degrees of freedom when the

contour length exceeds ;30 residues. It is important to note

that for polythymines with ,30 residues a WLC description

with respect to end-to-end distribution functions deviates

significantly from simulated data due to steric and geomet-

rical constraints alone. Taking electrostatic interactions into

consideration, it is possible that deviations from a perfect

WLC distribution might appear for even longer polynucle-

otides. However, there are also regimes in which electrostatic

effects only influence the effective persistence length of a

corresponding WLC, without changing the functional shape

of end-to-end distributions (28).

The most important effect of electrostatic interactions,

however, is on static flexibility as expressed through an

effective persistence length Lp, Flory’s characteristic ratio

CN, or the structure factor G. Both G ; 6–7 and CN ; 5,

which are consistent with previous calculations (45), indicate

that polynucleotides are very flexible biopolymers, compa-

rable to the most flexible polypeptides. Flory has shown that

polypeptides, with virtual bonds well defined as the con-

necting vector between adjacent Ca atoms, exhibit CN
between 2 and 3 for the most flexible peptides (polyglycine)

(65). The main difference lies in the fact that polynucleotides

always represent a polyelectrolyte in which static flexibility

is strongly influenced by electrostatic interactions. Accord-

ingly, Olson et al. found CN . 8 for polynucleotides when

taking electrostatic interactions into account (14).

However, as electrostatic interactions are long-range,

exact theoretical treatments of realistic systems are rare,

and computer simulations are still limited by calculation

power. The behavior of a polyelectrolyte is determined by

the strength of the interaction between charged segments

measured in terms of the Bjerrum length, lB ¼ e2/4pekBT
(where e is the charge per segment, e the dielectric constant
of the solvent, and kBT the thermal energy), screening of

electrostatic interactions by counterions measured in terms of

the Debye screening length, rD ¼ 1/k (with k2 ¼ 4plBI and I
representing ionic strength), and a separation distance

between charged segments, A. For ssDNA in aqueous solu-

tion, lB ; 0.7 nm, rD ; 0.5 nm, and A ; 0.43 nm (66). An

accurate experimental dependence of persistence length on

ionic strength, and thus on electrostatic interactions, could

serve as a benchmark for both theory and computer simulations.

We therefore estimated the dependence of an apparent

persistence length on the solution ionic strength from mea-

sured diffusion times of MR121-(dT)100 at various concen-

trations of NaCl. Squared diffusion times are directly

proportional to persistence length under the following con-

ditions: 1), diffusion times tD are proportional to an apparent

hydrodynamic radius, which itself is proportional to ÆSæ; 2),
ÆS2æ is proportional to ÆR2æ; and 3), Eq. 9 can be approxi-

mated by ÆR2æ ¼ 2LcLp, which is true for Lc/Lp � 1. For

(dT)100, these conditions are valid within experimental un-

certainty and can thus be used to estimate the salt-dependent

persistence length of MR121-(dT)100. We find Lp ; t2D ;
I2a, with 2a ¼ �0.22 6 0.01, changing Lp by a factor of

2 when going from 1 mM to 3 M NaCl. This agrees well with

results by Murphy et al. (17).

Taking into account the bare persistence length as esti-

mated from our MD simulations with electrostatic interactions

excluded, Lp0 ; 1.7 nm, a theory estimating the scaling

behavior of the persistence length with electrostatic interac-

tions has to be valid for strongly charged, flexible polyelec-

trolytes with A ; (Lp0lB)
1/2, which is not the case for the

established OSF theory. Thus, it is not surprising that we find

a scaling behavior that is different from Lp ¼ Lp0 1 I�1 as

predicted by OSF theory and also slightly different from the

alternative scaling behavior Lp ¼ Lp0 1 I�0.5, as suggested

by others (25,26). Our measurements of the scaling law,
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however, are in good agreement with estimates derived by

Laurence et al. (27). Finally, it should be noted that our

estimation of the bare persistence length for polythymine

should equal the experimental persistence length as mea-

sured in 100 mM NaCl. Previous measurements of ssDNA

persistence length in aqueous solution, with an ionic strength

approximately corresponding to a monovalent salt concen-

tration of 100 mM, yielded values between 1.3 and 3 nm

(16–18,67) and indeed agree very well with our results.

CONCLUSION

We have presented length-dependent diffusion constants of

polythymine fluorescently labeled with the oxazine fluoro-

phore MR121 measured by FCS. Single-molecule-sensitive

fluorescence spectroscopy allows experiments to be per-

formed at low sample concentrations excluding intermolec-

ular interactions. Depending on the ionic strength of the

solvent, inverse diffusion constants, which can be interpreted

as hydrodynamic radius, scale with the polymer’s contour

length (i.e., approximately the number of bases N times the

distance between adjacent phosphorus atoms b) as Nv, with v
between 0.5 and 0.7. MD simulations in vacuum, with a

force field restricted to short-range van der Waals interac-

tions, reveal that the simulated radius of gyration scales with

contour length, in agreement with a semiflexible polymer

model taking excluded volume into account (v ¼ 0.588).

Comparison between simulated and experimental radius of

gyration indicates that electrostatic interactions are com-

pletely shielded in the experiment at a monovalent salt

concentration of 100 mM. Simulations further show that 1),

the fluorophore’s influence on the radius of gyration and

other polymer properties is negligible for polythymines with

.;30 residues; 2), polythymines with .;30 residues can

be described as a WLC with respect to end-to-end distance

distributions; 3), steric hindrance due to base residues has a

small effect on static flexibility; and 4), a structure factor of

6–7, a characteristic ratio according to Flory of 5–6, and a

persistence length of 1.7 nm reveal limited static flexibility

imposed by geometrical constraints and steric interactions.

Assuming a WLC behavior, we determined that the exper-

imental persistence length from salt-dependent diffusion

measurements scales with ionic strength as Lp ; I2a with

2a¼�0.226 0.01, which is in contrast to all existing theories.

Our results yield an experimental confirmation that

polythymine with a few tens of residues resembles an

unstructured polyelectrolyte that can be described as a semi-

flexible polymer. The length scaling of the apparent per-

sistence length provides an important experimental result for

verification of polyelectrolyte theories and can thus help to

develop a complete and accurate description of ssDNA.
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