
Abstract. The use of Brownian dynamics simulations to
investigate the presence of structural (kinks) and dy-
namic (bulges) anomalies in short DNA stretches is
analyzed in connection with a string-of-beads model. A
scaling method to choose the hydrodynamic transla-
tional and rotational parameters of the beads is pro-
posed and tested on straight, kinked and bulged DNA
fragments 17 nm long. The model reproduces the rigid-
body rotational di�usion for the straight DNA and for
the ¯uorescence polarization anisotropy decay of the
kinked and bulged DNAs the model predicts a di�erent
behavior which is found experimentally.

Key words: Brownian dynamics ± Fluorescence
polarization anisotropy ± DNA ¯exibility

1 Introduction

DNA is generally envisioned as a smooth symmetric
cylinder and its dynamics is characterized by bending
and torsional rigidity. It is known that in the case of base
mismatch one expects some dynamic anomalies, such as
local enhancement of torsional or bending ¯exibility.
When regular DNA fragments are considered, suitable
and robust analytical theories that allow the prediction
of several experimental results are available [1±3]. On the
other hand, Brownian dynamics (BD) simulations are
very useful for analyzing experimental data since no
accurate analytical model appears to be available for
``anomalous'' structures. By modeling DNA as a chain
of touching beads, one can simulate the behavior of the
correlation functions of several spectroscopic responses.

Due to the coarseness of the bead model (each bead
encompasses approximately nine base pairs), some
e�ective structural parameters, such as the DNA radius,
are needed for the simulation of the uniform motion, i.e.
the rigid-body dynamics. The fact that this e�ective
radius does not ®t the expected internal dynamics,
generally diminishes the power of BD as a tool for
quantitatively interpreting the experimental data. The
aim of this paper is to show that, by means of a rescaling
procedure, it is possible to simulate both the rigid-body
motion and the internal dynamics and that it is also
possible make a direct comparison with the experimental
data.

Fluorescence polarization anisotropy (FPA) has been
used as an experimental probe of overall DNA dynamics
and as a test for the applicability of BD simulations. The
FPA technique has proved to be a sensitive technique for
investigating the size and the conformation of short
DNA fragments labeled with suitable ¯uorescent probes
[4±6]. We also apply this analysis to experimental data
from three di�erent 50-base-pair fragments containing
bulged stretches of ®ve base pairs [7]. The e�ect of loops
and bending on short DNA regions has been examined
in recent years with a variety of techniques, such as de-
naturation kinetics [8], gel migration [9], circularization
kinetics [7], ¯uorescence resonance energy transfer [10]
and FPA [6]. Bendings and loops are suggested to be
correlated to base unpairing and to act by favoring the
binding of proteins or the contact between otherwise far
apart regions of the DNA helix [11, 12]: it is therefore
important to assess the amount and the type of anomaly
induced on DNA in solution.

2 Brownian dynamics

The general BD procedure is based on the ®nite
di�erence method for integrating the Langevin equa-
tions for the polymer [13±15] which also takes into
account the coupling between the torsional and bending
dynamics of DNA [16,17]. The DNA segment is
described as a string of touching beads and the bending
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and torsional kinematics are described by assigning the
positions of the center of each of the M beads and the
direction of M-1 reference directions perpendicular to
the bonds. These, together with the bond vectors, de®ne
a local system of reference centered on each bead: the
rotation that brings the (i ) 1)th onto the ith system is
given by the Euler rotation E(ai,bi,ci). Hydrodynamic
interactions are included explicitly in the simulations
by computing the Rotne-Praeger tensor [18].

The model structural parameters are the bead's
translational di�usion coe�cient D0, the rotational
spinning di�usion coe�cient of each bond DR and the
bead-bead distance b0. The choice of the di�usion co-
e�cient is made by keeping the total volume of the string
of beads equal to that of the DNA cylinder. This
equivalence has been proposed by Hagerman [19] and
gives satisfactory agreement between the tumbling dif-
fusion coe�cient of the bead chain and of the corre-
sponding cylinder [20]. As an example, a DNA radius
R� 1.3 nm would correspond to a bead chain with a
bead radius Rbeads� 1.592 nm. This scaling imposes
some coarseness on the model since only DNA lengths
proportional to the bead's radius are possible. In order
to choose the spinning di�usion we impose a constraint
on the total spinning di�usion of the DNA cylinder.
From torsional Langevin dynamics one would predict a
total spinning di�usion for the fragment, Dspin�DR/
(M-1), where DR is the spinning di�usion coe�cient of
the single bond. This assumes a negligible e�ect of the
bending-torsional coupling on the rigid-body spinning
dynamics [16]. On the other hand, one knows accurate
expressions for Dspin such as those given by Garcia de la
Torre [21], where Dspin depends on the total DNA length
(L) and radius (R):

Dspin � KBT
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where p�L/2R is the axial ratio, g is the solution
viscosity at a temperature T. The DR value is found by
inversion of the equation obtained by comparing the BD
(i.e. DR/(M-1)) and the hydrodynamic (Eq. 1) values of
the spinning coe�cient. As an example, a 50-base-pair
DNA simulated with M� 5 beads with b0� 3.184 nm
and DR� 50.15 MHz corresponds to the spinning of a
rod 0.34 nm high and with a diameter of approximately
1.3 nm. The same scaling procedure can be repeated
when a non-touching-bead model is assumed, such as in
simulating long DNA molecules [16]. In this case, beside
the choice of the bead's translational di�usion coe�cient
D0 and of the spinning di�usion coe�cient Dspin, one
must also scale the dynamic parameters [16]. It is clear,
however, that in order to predict details of the DNA
structure it is preferable to adopt a touching-bead
model.

Harmonic intermolecular potentials take into account
the rigidities among the beads through a stretching
potential Us, a bending potential Ub and a torsional
potential Ut.

For completeness we give the form of these poten-
tials:
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where d is the stretching variance, the bending variances,
wi, can be de®ned in terms of the polymer local
persistence lengths Pi through w2

i � b0/Pi, while the
torsional variances, ni, are de®ned through the local
torsional rigidities Ci, n2i;x � b0kBT/Ci. The torsional
and bending parameters are position-dependent and
they are included in the sum over the number of beads in
order to make it possible to employ, when needed,
di�erent values of Ci and Pi for each bead.

The computation of the FPA correlation function
throughout each simulation is accomplished by per-
forming the following average [6]:
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where P2 indicates the second Legendre polynomials, Nm

is the number of time steps, M is the number of beads
and cos(Fi,j,k)� �lk((i+j)dt] á �lk(idt), with �lk�t� indicat-
ing the direction of the intercalated ethidium transition
dipole at the kth position.

3 Simulation details, data ®tting and DNA preparation

BD simulations were performed on a CRAY C92
(CINECA, Istituto Nazionale di Fisica della Materia)
with FORTRAN 77 programs developed in our labora-
tory [16, 17]. BD simulations were obtained by comput-
ing trajectories of 750,000 steps, each time step being
6.7 ps, for a total of 5000 ns. The decays of the
¯uorescence intensities were computed up to approxi-
mately 200 ns where, due to the 20 ns lifetime of
ethidium, they are negligible. For each simulation the
following values of the parameters were kept ®xed:
solution temperature T� 297.15 K, solution viscosity
� 0.9111 cP and stretching parameter � 0.01 which
allows the DNA contour length to be kept constant to
within about 2% [16]. The number of monomers units,
M, the bead diameter size b0 and the bond spinning
di�usion coe�cient are determined for each choice of
the DNA length and radius as illustrated in sect. 4. In
general, di�erent values of the torsional rigidity C
(appearing in the BD as the parameter n) and of the
persistence length P (de®ned through the parameter w)
are assigned to each angle.

The anisotropy of the ¯uorescence of ethidium-DNA
complexes, r(t), de®ned as r�t� � Ijj�t� ÿ I?�t�

ÿ �
= Ijj�t�
ÿ

�2I?�t��, is a measure of the di�erent decay rates of the
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¯uorescence at the two standard polarizations (parallel
and perpendicular to the vertical polarization of the
exciting beam, Ijj�t� and I?�t�, respectively) and contains
information about the macromolecular motion.

In the presence of a small free dye contribution, the
total anisotropy is given by the intensity-weighted av-
erage of the bound and of the free ¯uorophore [22]. The
free dye anisotropy is given by rF �t� � r0eÿt=srot , where
srot is taken to be 100 ps [23], r0� 0.4 and the fractional
intensity of the free dye is called IF.

The FPA decay was measured by detecting the fre-
quency response of the solution to a modulated exciting
beam [24]. The ¯uorescence emission was modulated at
the same frequency as the exciting light, phase-shifted
with respect to the excitation and reduced in relative
amplitude (demodulation). If one de®nes the phase shift
di�erences and the demodulation ratios between the two
polarizations as D/ � /? ÿ /jj and DM � M?=Mjj the
relation between the time domain and the frequency
domain measurements can be expressed simply by a
Laplace transform of the intensity decays at the two
polarization conditions, L�I?;jj��x� in the following way
[23]:
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where Re[L�I?;jj��x�] and Im[L�I?;jj��x�] represent the
real and the imaginary parts of the Laplace transforms
and Ijj�t� � Itot 1� 2r�t�� �=3 and I?�t� � Itot 1ÿ r�t�� �=3.
These relations were used in order to make a direct
comparison between the experimental data and the BD
simulations.

The FPA data were analyzed according to a FOR-
TRAN routine [6]. Ethidium lifetimes were always kept
at 22.5 ns and 1.8 ns for the bound and the free species,
respectively. Data ®tting was accomplished by mini-
mizing the total chi-squared, i.e. the sum of the square of
the normalized di�erences between the experimental and
computed phase di�erences and modulation ratios. The
trial phase di�erences and modulation ratios are the
Laplace transform of the ¯uorescence intensities ob-
tained from the simulated anisotropy [6].

For the FPA measurements, DNA oligonucleotides
were synthesized by the phosphotriester method, as
previously described [6], and successively puri®ed by gel
electrophoresis. The control fragment F0 was obtained
by the reaction of two complementary 50-base-pair se-
quences (seq. 0 and seq. 0c) [6]. The bulged fragment F2
was obtained by annealing two sequences (seq. 5 and
seq. 5c) [6] synthesized with ®ve extra adenines in the
middle with respect to seq. 0 and seq. 0c. The kinked
fragment, which we will refer to as F1, was obtained by
the reaction of seq. 5 with seq. 0c [3]. The fragment F1
has a single insertion of ®ve unpaired bases in one
strand, while F2 has a double insertion or ``bulge'' at the
center of the double ®lament [6]. Ethidium bromide (EB,
Sigma) was added to DNA samples in a ratio of 1 EB/
200 base pairs. Both DNA and EB were dissolved in

STE100 Mg bu�er (10 mM Tris-HCl at pH� 7.4,
100 mM NaCl, 5 mM MgCl2, 1 mM EDTA).

4 Results

A reference duplex, such as the fragment F0, was
simulated by keeping the same values of the rigidities all
over the chain (uniform chain). A bent equilibrium
structure, expected for the fragment F1, was simulated
by means of an additional ``kink'' potential [6]. A bulged
duplex, such as the fragment F2, was simulated by
employing lower values for the bending and torsional
rigidities at the central bond than those assumed for the
rest of the chain. The simulations were ®rst run for a
DNA structure with frozen bending motion and then
compared to known analytical theories for the torsional
dynamics of a DNA chain [3]: very good agreement was
obtained.

In Fig. 1 FPA simulated data for bulged chains are
shown together with the FPA of a uniform one (con-
tinuous lines). The dotted lines show the results for a
chain that was modi®ed by a tenfold weaker torsional
rigidity of the center of the chain, whereas the dashed
lines refer to a chain modi®ed by a tenfold weaker
bending ¯exibility. Both phase and modulation values
are higher for the simulated bulged chains than those for
the reference uniform chain. Moreover, one notices that
the e�ect of a purely torsional joint is that of shifting the
maximum phase di�erence values to higher modulation

Fig. 1. Fluorescence polarization anisotropy (FPA) data from
Brownian dynamics (BD) simulations versus the modulation
frequency. Continuous lines: uniform chain; P� 200 nm,
C� 2.55 ´ 10)19 erg, M� 5, b0� 3.184 nm. Dotted lines: chain
with torsional joint; same parameters as for the uniform chain and
CB�C/10. Dashed lines: chain with bending joint; same parameters
as for the uniform chain and PB�P/10

128



frequencies when compared to the uniform chain curve.
By computing the spinning and tumbling di�usion co-
e�cients for several con®gurations that were sampled at
random from the BD simulations, it appears that a
purely torsional joint does not appreciably modify the
rigid-body rotations of the duplex, while a ¯exible
bending joint has considerable e�ect. In this case the
spinning is slower and the tumbling is faster than in the
reference ``straight'' fragment. This e�ect, however, is
much less pronounced than in the case of a bent duplex,
where, for instance, the spinning di�usion coe�cient was
found to be substantially (40%) lower than that of a
reference one, depending on the value of the bending
angle [6].

It may be of some interest to analyze separately the
e�ect of a torsional and bending joint on either the
torsional or the bending internal dynamics. If a ¯uo-
rescent probe were intercalated with its dipole parallel to
the helix axis, the dipole trigonometric factors depending
on the intercalation angle e would cancel the contribu-
tion of the twisting correlation functions and, conse-
quently, hinder detection of spinning and torsion. Only
bending and tumbling would depolarize the emission in
this case. By simulating FPA decay correlation functions
with such a probe, (e� 0°), one could predict the con-
tribution of the bending motions alone to FPA. FPA
simulations for a uniform and for a bulged chain where
torsional and bending rigidity are reduced fourfold at
the bulge site are shown in Fig. 2A.

In order to follow only the torsional dynamics of the
fragments, we performed BD simulations for the uni-
form and the bulged chain with frozen bending motions.

The corresponding FPA simulated curves in the fre-
quency domain are shown in Fig. 2B. The minor dif-
ferences between the two sets of simulated points show
that the e�ect of the bulge is somewhat smaller on the
torsional dynamics than on the bending dynamics.
However, it is apparent from Fig. 2 that both types
of internal motion provide a signi®cant contribution
to FPA.

5 Discussion and conclusions

As a check of the reliability of the BD simulation, we
show the direct comparison to the experimental FPA
decay of the three fragments F0, F1 and F2. Some
simulation parameters were kept ®xed: in particular the
persistence length is kept at P� 200 nm since this value
is generally taken to be the most likely [25], and the
duplexes studied are short enough not to be in¯uenced
by its exact value (L/P<0.1). On the contrary, since
torsional rigidity is usually a parameter which is
determined from FPA data ®tting, in the simulations
we have chosen to employ three di�erent values,
corresponding to C� 1.7 ´ 10)19, C� 2.55 ´ 10)19 and
C� 3.4 ´ 10)19 erg cm (in terms of the torsional
constant a� 5, 7.5, 10 ´ 10)12 erg). Least-squares ®tting
of the simulated FPA data to the experimental FPA
correlation functions was done by keeping the limiting
dye anisotropy and the free dye fractional contribution
as adjustable parameters.

In order to ascertain which value of the spinning ra-
dius R better describes the experimental data, in addition
to the commonly reported BD value R� 1.3 nm, corre-
sponding to b0� 3.184 nm (i.e. 9.4 base pairs), we also
employed R� 1.1 nm corresponding to b0� 2.694 nm;
and R� 1.0 nm corresponding to b0� 2.45 nm. The
number of bead units employed for the di�erent bead
size values wasM� 5, 6 and 7, respectively. The best chi-
squared values for fragment F0 are obtained with a
DNA radius of 1.1 nm and uniform rigidity constant
values in the range 1.7 ´ 10)19 £ C £ 2.55 ´ 10)19 erg
cm corresponding to torsional constants 5 ´ 10)12 £ a £
7.5 ´ 10)12 erg. The r0 values fall between 0.360 and
0.375 while IF ranges from 0.01 to 0.02.

The FPA decay of fragment F1 was ®tted to di�erent
bent structures as described in detail elsewhere [6], and
was found to be compatible with a bending of approx-
imately 45°. Comparison of the experimental to the BD
simulation data is shown as triangles in Fig. 3.

For each uniform chain simulation, we have tried a
range of likely bulge site rigidities, PB and CB, at the
central chain angle in order to represent the bulged
fragment F2. The values which result in good chi-
squared values are those obeying the relations PB<P,
CB<C and PBCB � PC/10, where the values for P and
C are those found for the reference fragment F0. The
continuous lines in Fig. 3 represent best ®ts obtained
with the BD simulation superimposed on the experi-
mental FPA data. Since in the bead model adopted for
the simulation requirements the bulge size comes out
larger than the expected size (9.4)8 base pairs out of 47
instead of ®ve base pairs out of 50), the bulge site rigidity

Fig. 2A, B. E�ect of a torsional and bending joint on the simulated
FPA. The uniform chain (circles) is simulated with M� 5,
b0� 3.184 nm, P� 200 nm, C� 2.55 ´ 10)19 erg. The bulged chain
is simulated with the parameters of the uniform chain and CB�C/4
PB�P/4 (triangles). A E�ect on the bending dynamics. The two
data sets are obtained by setting the transition dipole angle of the
¯uorescent probe parallel to the helix axis, e� 0. B E�ect on the
torsional dynamics. The two data sets are obtained by freezing the
bending motions as explained in the text
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values should be rescaled by the ratio of the simulated
and the actual bulge sizes. Since the elastic constants
(a or P) are inversely proportional to the mean-square

angular displacement, which scales with the number of
base pairs, one can estimate a scaling factor approxi-
mately given by the ratio of base pairs in the two DNA
stretches. Our estimate of the bulge torsional and
bending rigidities are therefore to be scaled by a factor of
9/5 yielding PBCB � PC/(10 ´ 1.72), which is approxi-
mately PC/30.
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bending angle Q� 45°; for F2, R� 1.1 nm, P� 200 nm,
C� 2.55 ´ 10)19 erg, PB� 1000 nm, CB� 0.64 ´ 10)19 erg,
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