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Abstract The rotational dynamics of short DNA frag-
ments with or without intrinsic curvature were studied
using time-resolved phase fluorimetry of intercalated
ethidium with detection of the anisotropy. Parameters
determined were the spinning diffusion coefficient of the
DNA fragments about the long axis and the zero-time
ethidium fluorescence anisotropy. We find a significant
decrease in the spinning diffusion coefficient for all
curved fragments compared to the straight controls.
This decrease is likewise evident in rotational diffusion
coefficients computed from DINA structures obtained by
a curvature prediction program for these sequences.
Using a hinged-cylinder model, we can identify the
change in rotational diffusion coefficient with a perma-
nent bend of 13-16° per helix turn for the sequences
studied. Moreover, for some of the curved fragments an
increased flexibility has to be assumed in addition to the
permanent bend in order to explain the data.

Key words DNA torsional rigidity - DNA bending -
Phase fluorimetry - Curvature prediction

Introduction

Sequence-dependent structure variations of DNA, in
particular DNA curvature, play an important role in the
organization and function of the genome. It is known,
for instance, that DNA curves can organize the global
structure of superhelical DNA (Laundon and Griffith
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1988; Pfannschmidt and Langowski 1998; Tsen and
Levene 1997), and that curved segments participate in
transcriptional regulation (Bracco et al. 1989; Griess
et al. 1993; Kim et al. 1995; Léngst et al. 1997; Lavigne
et al. 1992; Ohyama 1996; Perez-Martin et al. 1994; Rojo
and Salas 1991). The possibility of DNA curvature was
first proposed by Trifonov and Sussman (1980), who
pointed out that local kinks in phase with the helical
repeat would cause the DNA helix axis to follow a
globally bent path.

DNA curvature is generally measured by gel migra-
tion anomaly (GMA), i.e. the slower migration of a
curved DNA fragment in a polyacrylamide gel relative
to a straight fragment of the same size. The sequences
that cause GMA when repeated in phase with the helix
pitch are quite well known: the most prominent example
is A, with n > 4. While GMA is an important tool for
characterizing curved DNA in a semiquantitative way,
the quantitative interpretation of GMA data in terms of
DNA curvature angle or flexibility is difficult because
the mobility of the DNA chain in the gel is restricted.

Several groups have studied the conformation of
curved DNA free in solution: electric dichroism mea-
surements on 267 bp DNA restriction fragments from
the kinetoplast of Leishmania tarentolae (Levene et al.
1986) at rather low ionic strength (1.6 mM NaCl)
showed a 20% difference in rotational relaxation times
between two fragments which had a curve either in the
center or near the end of the molecule. Later, electric
dichroism data by Porschke et al. (1993) could not
confirm a strong curvature on 161-399 bp DNA frag-
ments from Chironomus thummi thummi either at low or
at physiological salt concentrations, although they
showed a high gel migration anomaly. These results
suggested an increased rigidity combined with only a
slight curvature. The increased rigidity was also con-
firmed by Levene et al. (1986). Recently, end-to-end
distances for a 31 bp curved DNA and a straight DNA
of the same length were measured using fluorescence
resonance energy transfer (FRET). The change in end-
to-end distance was interpreted as a curvature angle of
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23+ 3° per helical turn for an Ag sequence at 10 mM
NaCl, and the curvature was found to increase with salt
concentration (Toth et al. 1998).

In spite of the observed changes in DNA rigidity, the
question of how much of the DNA curvature is due to
changes in the equilibrium static structure, i.e. a mini-
mum of the bending potential at a non-zero bending
angle, and how much is due to anisotropic flexibility
remains unresolved. Studies of the dynamics of DNAs
with curved and non-curved sequences might help to
understand this problem. One method that has been
used to study the internal dynamics and the rotational
diffusion of DNA is the fluorescence polarization an-
isotropy (FPA) decay of intercalated ethidium, which
probes the local rotational dynamics of the DNA
(Barkley and Zimm 1979; Collini et al. 1995; Thomas
et al. 1980; Wu et al. 1987). Since the rotational diffusion
coefficient of an elongated object about its long axis
(Dspin) 18 inversely proportional to the square of the
hydrodynamic radius about that axis, static curvature or
other deviations from a straight cylinder shape should
manifest themselves in a decrease of Dgpi,. In addition,
FPA is sensitive to the internal motions of the DNA
chain and has been used extensively to study the tor-
sional elasticity of DNA (for a review, see Schurr et al.
1992). Sites of local torsional weakness, such as bulge
loops, have been shown to influence the FPA decay in a
characteristic way (Collini et al. 1998).

In this work, we use FPA in a phase fluorimeter to
study the structure and dynamics of short (30-111 bp)
DNA fragments, some of which contain sequences that
are predicted to be curved and that show GMA. We
show that phased A-tracts that cause GMA do also in-
crease the apparent hydrodynamic radius of the DNA,
consistent with the assumption of a permanent curva-
ture. Furthermore, we can show that the sequence in-
fluences the local twisting dynamics; for some of the
DNAs, an internal joint of lower torsional rigidity has to
be assumed in order to fit the data.

Materials and methods

DNA fragments

DNA fragments with lengths in the range 30-111 base pairs were
prepared either by synthesis (Interactiva Biotechnologie, Ulm,
Germany, or in-house) or from plasmids by restriction cleavage
and HPLC purification. Fragments with sequences predicted to
give a curved structure are labeled as Cn, where n is the length in
base pairs. Fragments predicted to be straight are called Sn (see
Results and Table 1). Fragments prepared by restriction digestion
from plasmids are labeled with the letter p: Sup. The fragments
S80p and S106p were isolated from a Haelll/Hinfl digest of the
plasmid p1868 (Hammermann et al. 1997). S100p and C111p were
prepared by EcoRI/Hindlll digestion of the plasmids pUC18/3A
and pUCI18/4A, respectively (Kremer et al. 1993). The lengths and
average AT contents are listed in Table 1.

The first pair of fragments studied (S100p and Cl11p) were
sequences examined earlier as part of longer fragments with
different gel mobilities (Diekmann 1986). Sequence differences are
highlighted below:

S100p: 5-AATTCTCATG TTTGACAGCT TATCAT (GA-
CAAAGCTC); GATA-¥

Clllp: 5-AATTCTCATG TTTGACAGCT
(GACAAAACTC)g GATA-3

TATCATC

In order to minimize the difference in the base composition of
the fragments to be compared, we also had the following pair of
fragments synthesized:

S100: 5-GGGCCGCCCG (GACAAAGCTC)s GGGCCGC-
CCG-¥

C100: 5-GGGCCGCCCG (GCAAAAGCTC)3 GGGCCGC-
CCG-¥

The common characteristic of these sequences is the repetition
of adenine bases in phase with the helical pitch of the DNA. It is
known that A-tracts longer than 3A lead to anomalously slow
migration in polyacrylamide gel electrophoresis. A pair of shorter
fragments with stronger relative curvature was also constructed:

S31: -CTATATACGG CGTATATACGG CTATATA-
CGG-3

C31: $-CAAAAAACGG CGAAAAAACGG CAAAAAAC-
GG3

In order to compare DNAs with different lengths and from
different preparations, fragments without repetitive sequences were
prepared from plasmids (S80p, S106p); S80 with the same sequence
as S80p was also synthesized:

S80, S80p: 5-GGCCCCAGTG CTGCAATGAT ACCGC-
GAGAC CCACGCTCAC CGGCTCCAGA
TTTATCAGCA ATAAACCAGC CAGCCGG-
AAG-¥

S106p: 5-GAGTCCAACC CGGTAAGACA CGACTTA-

TCG CCACTGGCAG CAGCCACTGG TAA-
CAGGATT AGCAGAGCGA GGTATGTAGG
CGGTGCTACA GAGTTCTTGA AGTGGT-3’

Fragments obtained through restriction presented in some cases
sticky ends: this is indicated by bold italics on the respective ends.

All fragments were HPLC purified (Merck LiChroSpher 4000
DMAE, with solvents containing acetonitrile, KCIl, and phosphate
buffer), concentrated by vacuum centrifugation, and desalted
through a NAPS5 column (Pharmacia) into 10 mM Na-cacodylate
buffer at pH 7.5. DNA concentrations varied between 0.05 and
0.5 mg/mL. For the FPA measurements, ethidium bromide was
added to achieve a ratio of one ethidium per 200 bp. FPA mea-
surements were done in quartz cuvettes with an optical length of
0.3 cm at 25 °C.

Purity, length, and mobility of the samples were controlled by
gel electrophoresis on 12% polyacrylamide gels in TBE buffer at a
field strength of about 10 V/cm for about 3 h at a temperature of
34 °C. Gels were observed by UV illumination after ethidium
staining. Thermal melting curves of the DNA fragments in solution
were recorded by absorbance at 260 nm on a Cary 4E spectro-
photometer (Varian, Mulgrave, Australia) equipped with a Peltier
thermoregulator. The heating rate was 0.2 °C/min in the temper-
ature range 25-95 °C. Circular dichroism spectra of the samples
were measured in 1 mm quartz cuvettes on a Jasco 520 spectro-
polarimeter in the 220-320 nm region using a DNA concentration
of 0.5-1 mg/mL at 25 °C.

Fluorescence polarization anisotropy

FPA decay measurements were obtained with a frequency domain
K2-ISS (Urbana, Ill., USA) fluorimeter operating at modulation
frequencies between 1 and 40 MHz. The excitation light was the
green 514.5 nm output of an argon ion laser (Spectra Physics 2025)
at a power of 500-700 mW; for further details see Collini et al.
(1992). Digital data acquisition and storage were provided by the
ISS-A2D ACD card inserted in a personal computer. For each set
of data, 25 logarithmically spaced frequencies were employed in the
range 1-40 MHz with a cross-correlation frequency of 80 Hz. A



550 nm long-pass filter was used to separate the scattered excitation
light. The temperature was kept at 7=24.5 °C by a recirculating
thermostat and directly checked by a thermocouple inserted in the
cell compartment.

Data were analyzed using a Fortran routine minimizing y* for
phases and modulations according to the Marquardt algorithm
(Collini et al. 1995). The ethidium fluorescence lifetimes were
measured for some of the samples and always found to be very
close to 22.5 ns and at 1.8 ns for bound and free dye, respectively.
The trial phase differences and modulation ratios were the Laplace
transform of the fluorescence intensities obtained from a theoretical
expression of r(¢) for the straight or curved cylinder, or the flexible
joint model (see eq. 1 in Collini et al. 1995). We computed the
relaxation times of the internal motions according to a fixed value
of the local hydrodynamic radius R=9.5 A, i.e. the consensus value
for the DNA B-helix (Eimer and Pecora 1991; Fujimoto et al.
1994). Unless otherwise explicitly stated, the persistence length,
Pg4yn, and the torsional constant, o, have been kept at Pgy, =200 nm
and o=8 x 1012 erg (1 erg=10" J) according to recent experi-
mental results (Song and Schurr 1990). In order to account for
curved DNA structures we used the global hydrodynamic radius,
Ry, as a fitting parameter in the computation of the spinning and
tumbling diffusion coefficients of DNA. Further fitting parameters
were the limiting anisotropy, ro, and the fraction x¢ of free ethidium.

Theory
FPA decay

In the following, we briefly review the theory of the FPA
of ethidium intercalated into DNA as measured in a
phase fluorimeter. The measured fluorescence anisotro-
py, r(t), is the normalized difference between the fluo-
rescence decays detected for polarizations parallel, 7,(?),
and perpendicular, 7,(¢), to the vertical polarization of
the exciting beam:

r(t) = (I (2) = L) (I (1) + 20.(1)) (1)

With the exception of very short times (< 1 ns) when
wobbling may occur, the ethidium probe can be con-
sidered firmly bound, thereby suffering the same type of
diffusive motions as the host macromolecule. Within this
approximation, the probe anisotropy is reporting the
DNA internal and overall diffusive motions.

At length scales greater than a few base pairs, DNA
can be regarded as a flexible elastic filament with mean
cylindrical symmetry and a straight equilibrium struc-
ture. When the dye wobbling is uncoupled from the
torsional and bending motions of DNA, the expression
of the FPA is given as a product of several contributions
(Schurr 1984):

r(t) =r0 > L(t)Calt)Fy(t)exp(—n’Dst)
n=-2

x exp(— (6 — n*)Drt) (2)
The internal correlation functions 7,(f) depend on the
angle ¢, between the dye transition dipole and the
polymer axis of symmetry (e.g., o= 70.5° for ethidium).
They are essentially time independent since the wobbling
relaxation time (of the order of a few picoseconds) is
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below the time resolution of our FPA setup. However,
wobbling manifests itself in a limiting anisotropy factor
ro < 0.4, which would be the theoretical maximum for an
immobile fluorophore at random orientation. C,(¢)
represents the internal twisting correlation function:

C,(t) = exp|—n* (A (1)) 3

where A¢r(r) is the torsional displacement of the
subunits around their z-axes (here identified as the long
symmetry axis of the cylinder). F,(¢) are the correlation
functions of the internal bending motions:

Ft) = exp| — (6 — n*) (Ady(1)7)] )

where A¢g(?) is the bending angular displacement per-
pendicular to the helix axis. Explicit expressions of the
average square angular displacements can be found in
Schurr (1984) and depend on the DNA dynamic per-
sistence length, Pgyy, its torsional elastic constant, and
on the local hydrodynamic radius, R. The dynamic
persistence length is the contribution to the total per-
sistence length P that is due to Brownian deformations
of the chain. In general, the persistence length of DNA
can be thought to consist of three contributions (Song
and Schurr 1990):

N N B
P P Pyow den

(5)

where Pg is the persistence length due to sequence-de-
pendent deviation from the ideal straight B-DNA
structure, Py, 1S the contribution due to slow structure
variations on the time scales >1 ms, and Pgy, is the
contribution due to local elastic deformation that relax
on faster time scales. Pgy, has been estimated to ~210 nm
(Song and Schurr 1990).

The leading terms in r(f) corresponding to the rigid
body spinning and tumbling rotation are related to the
diffusion coefficients for the spinning, Ds, and tumbling,
D1, DNA helix motions. They can be computed, for a
straight cylindrical DNA fragment, according to rela-
tions given by Tirado and Garcia de la Torre (1980):

B kpT
 3.841anLR2(1 + &)

_ 3kpT[In(p) + 07]

D
r nl3

(6)

N

where p is the DNA axial ratio, 5 is the solution vis-
cosity, T the temperature, and ds and dt are correction
factors which take into account the finite length of the
DNA and depend on its axial ratio. For DNA fragments
with slight deviations from a straight equilibrium, one
expects little variation in D, since the end-to-end dis-
tance does not change very much; Dgs, however, should
be significantly slower because the average expanse of
the DNA about the long axis of rotation increases.

In the presence of a small free dye contribution, the
total anisotropy is given by the intensity-weighted
average of the bound and of the free fluorophore
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(Lakowicz 1983). The free dye anisotropy is given by:
re(t) = roexp (— t/Trot) (7)

where 7, is taken to be 100 ps and ry=0.4 (Collini et al.
1992).

The above model corresponds to a DNA with uni-
form dynamic properties along the chain. Unfortunate-
ly, no analytical theories are available for non-uniform
chains, and one must resort to numerical Brownian
dynamics simulations in many cases. An approximate
and simplified model for short non-uniform chains can
be a flexible joint, where the fragment is envisioned as a
couple of rods connected by a harmonic torsional
spring. Additional internal motions in the two rods can
be considered separately in the limit of high internal
coupling of the two arms. This simplified model has been
already used successfully for the analysis of the FPA
spectra of bulged DNAs (Collini et al. 1998). The
modifications to the FPA decay that can be considered
are then:

2
r(t) =10 Y Cra(t)Cu(t)F) u(t)F, (t)exp(—n”Dst)
n=0

x exp(— (6 — n*)Drt) (8)

where the functions C,(L,t) and F,(L,t) are the tor-
sional and bending anisotropy contributions due to the
internal dynamics of each half of the molecule of total
length L. The contributions Cy,(¢) and F; ,(¢) arise from
the joint dynamics (Schurr 1984):

Cont) = exp(—n*(Adr(1)”)) 9)

and

Fya(t) = exp(—(s — ) <A¢B(t)2>>

Their mean square displacements can be written as (Doi
and Edwards 1986):

(Agn(t)”) = 203(1 — exp(~1Tn))
and
(Agr()*) = 203(1 = exp(—iT'r)

where the two relaxation rates I'g and I't are related to
the variance of the angular displacements o and o1 and
to the spinning and tumbling diffusion coefficients D3p;y
and DYy of the two DNA halves as I't = DY /0%
and T'g = D}y\p /08

The FPA data shown in the Results section are ob-
tained by detecting the FPA decay in the frequency
domain (Lakowicz and Maliwal 1985; Weber 1977). A
radiofrequency (MHz) modulated excitation beam
forces the fluorescence emission to be modulated at the
same frequency, but phase shifted with respect to the

(10)

(11)

(12)

excitation and reduced in its relative amplitude (de-
modulation). The phase shifts and modulations are re-
corded at each frequency for each polarization direction
and then compared by computing the phase differences
and the demodulation ratios:

Ap(w) = ¢ (0) = ¢y(w) AM (w) = ML (w)/M) ()

(13)

which are related to the Laplace transform of the
intensity decays at the two polarization conditions,
L(I, I))(®), in the following way (Lakowicz 1983):

L(1)(w)
L(1y) ()

We recall that [,(¢)=1lo(1+2r(¢))/3 and I,(¢)=1lo X
(1-r(2))/3. In this way, the fluorescence anisotropy decay
in the time domain (Eq. 2) can be related, through Eq. 13,
to phase differences and demodulation ratios in the
frequency domain (Collini et al. 1992). Owing to the La-
place transform that relates Eq. 2 to Eq. 13, the depen-
dence of the measured frequency spectra on the DNA
dynamical and structural parameters is not evident and
must usually be inferred from numerical simulations.

= AM(w)expliAp(w)] (14)

Prediction of the curvature and hydrodynamic
properties of the DNA fragments

The three-dimensional trajectories of the helix axes of
the studied sequences were predicted by our program
Curvature (Schitz and Langowski 1997), using the set of
wedge angles published by Bolshoy et al. (1991) (the
program runs on Linux systems and is available through
the authors upon request). The rotational diffusion co-
efficients of DNA fragments about the long axis (spin-
ning) and about the short axis (tumbling) were
determined by modeling the molecule as a stack of N,
rings of radius R,, each composed of N, touching
spheres of radius ¢ (Tirado and Garcia de la Torre
1979). The centers of the rings lic on the trajectory de-
fined by the helix axis. The rotational diffusion coeffi-
cients were computed according to the general scheme
given by Garcia Bernal and Garcia de la Torre (1980),
where the small coupling between the translational and
rotational diffusion coefficients is taken into account.
The hydrodynamic equations were solved numerically as
described earlier (Collini et al. 1995), obtaining the three
eigenvalues of the rotational matrix. Two of these
eigenvalues were always very close for short fragments
(within 10% for kink angles 0 <70°); therefore we av-
eraged them in order to get the spinning diffusion co-
efficient, while the third one was interpreted as the
tumbling diffusion coefficient. This computational
approach has been checked previously on a 50 bp frag-
ment (Collini et al. 1995), finding a 2-4% agreement
with the smooth cylinder result. Diffusion coefficients
of the 31 and 100 bp fragments were also computed



Table 1 Characteristics of the DNA fragments used. Length, N, in
base pairs, and AT content of the DNA fragments. A-rep indicates
the number of adjacent A base pairs and the in-phase repetition
number (in parentheses) in the sequence. The curvature angle is the
angle between the ends of a circular arc fitted to the overall shape
of the fragment calculated as described in the text. Ry, is the best fit
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hydrodynamic radius obtained from the complete FPA data with
«=8 x 107'? erg. The average value of the limiting anisotropy is
ro=0.38+0.01. The tumbling and spinning diffusion coefficients
Dt and Dg were simulated as described in the text from the com-
puted shape of the DNA fragments. The Dt and Dg values from a
fit to the FPA data are given in the last section of the table

Name Bp AT (%) A-rep. Curvature Ry Simulated From fit to FPA data
angle (°) (A)
Dt Dg Ds/Dr Dt Dg Ds/Dr
(MHz) (MHz) (MHz) (MHz)
S31 31 58 0 10.5 11.5 4 29.1 7 4.0 25.6 6
C31 31 58 ©) 3 149.1 - 4 16.4 4 3.7 20.9 6
S80 80 41 0 40.6 9.2 0 9.0 32 0.4 13.2 30
S80p 80 41 0 - 9.3 - - - - - -
S100 100 40 3)38 101.9 7.7 0.2 33 18 0.3 16.8 62
C100 100 40 48 201.8 - 0.4 1.5 4 0.2 11.1 45
S100p 100 57 3)7 110.9 10.2 0.2 4.0 23 0.2 10.2 42
S106p 106 44 0 37.6 9.25 - - - - - -
Clllp 111 61 48 196.3 - 0.2 1.2 6 0.2 6.6 38

from a simplified bent rod model for illustrating
the effect of bending angle. Here the DNA radius is
taken as Rp=R.,+o=1nm, and N,=10. This
leads to o= Rp sin(n/Ny)/(1 + sin(n/N)) =0.236 nm and
R, =0.764 nm. The number of stacks for the 31 bp and
the 100 bp fragments are N, =23 and 73, respectively. In
order to avoid superposition of spheres at the kink, the
two arms of the bent rod were slightly displaced along
the axis of the half-rod. This leads to a negligible in-
crease in the total contour length of the model.

For the evaluation of the diffusion coefficients of the
actual DNA sequences investigated by FPA, we used the
helix axis predicted by the Curvature program, on which
we placed stacks of rings composed of four spheres
(Ns=4). In this case, o= Rp sin(n/4)/(1+sin(n/4)) =
0.415 nm when assuming Rp =1 nm. The discreteness of
the model results in a systematic underestimate of the
contour length of the modeled fragments. Moreover, the
displacement of some stacks of rings along the helix axis,
at the sites of high curvature, leads to models slightly
longer than the actual fragments. We estimate that these
effects might give an uncertainty of about 20% in the
ratio of the spinning to the tumbling coefficients.

We note also that a set of programs for computing
the hydrodynamic properties of model objects consisting
of spherical subunits exists in the public domain
[HYDRO (Garcia de la Torre et al. 1994) and SOLPRO
(Garcia de la Torre et al. 1997)]. These programs use
essentially the same algorithms as described here.

Results and discussion
Curvature analysis of the DNA sequences

The three-dimensional structure of the nine fragments
was predicted using our program Curvature (Schitz and
Langowski 1997). Table 1 shows estimates of the
bending angles which were obtained from the angle be-
tween the ends of a circular arc fitted to the overall shape

of the fragment. Likewise, the table shows the spinning
and tumbling diffusion coefficients calculated as shown
in the Materials and methods section. It can be seen that
the ratio of spinning to tumbling diffusion coefficients is
much lower for the fragments with predicted curvature
than for those predicted to be straight. This effect is even
more striking for the longer fragments, since an increase
of the Dg/D+ ratio would be expected for a simple rigid-
rod model. The dependence of the diffusion coefficients
on the length, L, and radius, R, for a straight rod is
Dt~ 1/L? and Dg ~ 1/(LR?), and therefore the ratio
Ds/Dt should increase as (L/R)*. The simulated ratios,
on the contrary, are not changing appreciably with the
DNA Iength for the curved fragments owing to their
strong curvature. As shown below, the Dg/Dt ratio
measured in solution increases in general with DNA size
for both straight and curved fragments. This is not only
because the longer sequences tend to deviate from a
straight line (see “bending angle” in Table 1) simply due
to sequence variations, but also due to the thermal
bending motion of the helix.

Gel migration anomaly of the 100 bp sequences
with phased A-tracts

We have compared the gel migration properties of our
S100 and C100 fragments with 320 bp fragments studied
earlier (Kremer 1992), which contained the same 80 bp
repetitive sequences flanked by 160 and 80 bp of random
DNA. From the gel pictures in Fig. 1 we determined
the retardation of the curved fragments to 50% for the
320 bp and 4% for the 100 bp long fragments. For the
31 bp fragments, no significant retardation is detectable.
Curved and straight 320 bp fragments were not distin-
guishable in FPA measurements (data not shown).
However, the length of these DNAs being more than
twice the persistence length (50 nm), we suppose that the
structural effect of the curvature is masked by the overall
flexibility of the fragment. In summary, the gel electro-
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Fig. 1 Demonstration of the anomalous gel migration behavior of
fragments S100 (/eft, lane 1) and C100 (left, lane 3) in comparison
with longer fragments containing the same repetitive sequences
S320 (right, lane 1) and C320 (right, lane 3). Both gels were 12%
polyacrylamide. The start of the left gel is marked by the horizontal
line. Lanes 2 in both gels are Bio-Rad markers containing a ladder
of 50, 100, 200, 300, 400, 500, 700, 1000, 1500, and 2000 bp DNA
fragments. The photos are negative video images of the actual
ethidium-stained fluorescent gels

phoresis experiments and the computer simulations in-
dicate a subset of fragments that are expected to behave
as straight cylinders (the S series) and another one (the C
series) that should exhibit some degree of permanent
curvature.

Differences in the melting profile and CD spectra
are not unambiguous signs of curved structure

In a series of papers, Chan and co-workers (Chan et al.
1990, 1993, 1997) have characterized differences in the
thermal melting profile and the CD of DNAs containing
or lacking oligo-A tracts. The sequences studied were
poly(dA)poly(dT) and repeats of As blocks in phase
with the helix repeat. They saw a rather broad pre-
melting transition centered around 32 °C for the oligo-A
containing sequences which they associated with a
straightening of the sequence-induced bend.

In our case, the fragments S100 and C100 both have
the same base composition and differ only by a dinu-
cleotide inversion in eight positions; S100 has an A4 and
C100 an Aj; repeat. The thermal melting analysis and the
CD spectra of these two fragments show large differ-
ences (Fig. 2); however, in contrast to the results by
Chan et al., we find a much broader transition for the
non-curved C100 fragment than for the curved S100
sequence. While CD and melting are sensitive to local
structure differences, some global structural change must
be present in order to explain the large differences.
However, we see here that the presence of a pre-melting
transition must not necessarily be correlated with the
presence or absence of sequence-induced bending. A
systematic study of sequence effects on CD spectra
would be necessary to explore this problem completely,
but this is outside the scope of the present paper. We
note that such global effects of local sequence changes
have been observed in other cases (Song et al. 1990).
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Fig. 2 Thermal denaturation curves and derivatives (upper panel)
and CD spectra (lower panel) of S100 (solid line) and C100 (dashed
line) measured in 10 mM Na-cacodylate buffer

FPA measurements
Two classes of FPA spectra

The phase shifts of the straight fragments (Fig. 3) in-
crease with the modulation frequency and at
v &~ 10-15 MHz reach a maximum that depends on the
number of DNA base pairs: the shorter the DNA, the
larger the phase shift. A comparison of the two families
of fragments is given in Fig. 4, where the phase shifts
and the modulation ratios of the pairs of fragments
(S100, C100 and S31, C31) are shown. While for the
straight fragments the phase shifts clearly decrease at
frequencies above the peak, the curved fragments either
exhibit a much less pronounced decrease or reach a
plateau value in this region. Beside the peculiar behavior
of the phase shifts at high frequencies, one also notices
that the modulation ratios of the C100 fragment are
systematically lower than those of the S100; much
smaller differences are observed for the other couple
(S31, C31), probably due to the small size of the frag-
ment. Similar behavior is observed for other pairs of
fragments of equal length belonging to the S and the C
families. Therefore, the different behavior of the FPA
data seems to correlate with the predicted ““anomalous”
structure of the fragments.
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Fig. 3 FPA phase shifts measured for the S family of fragments,
ie. S31 (M), S80p (A), S100p (A), and S106 (@), with 31, 80, 100,
and 106 base pairs. The solid lines are the best fit w1th a straight
cylinder model with torsional rigidity =8 x 10'* erg and
persistence length =200 nm
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Fig. 4 Phase shifts and modulation ratios for the fragments S31
(H), C31 (O), S100 (@), and C100 (O). The solid lines indicate the
best fits from a straight cylinder model with torsional rigidity
=8 x 10'* erg, per51stence length P=200 nm, and the hydrody-
namic radii reported in Table 1

The fragments belonging to the S family can be suc-
cessfully fit to a straight-rod model. Examples of the fit
accuracy are given in Fig. 3 for the S31, S80p, S100p,
and S106 fragments. The solid lines are best fit curves
corresponding to a hydrodynamic radius R,=10 £ 1 A.
Averaging over all the S family, one obtains
R,=9.5 + 1.4 A with *> ~ 1.5.

On the other hand, the DNAs of the C family cannot
be successfully analyzed by the same straight cylinder
model even when varying the torsional constant, o, and
the dynamic persistence length, Py, as free parameters
of the fit. An example of FPA data taken on the C100
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fragment is given in Fig. 4 together with data from the
S100 “‘straight” fragment for comparison.

Ry and rg are the most important parameters
influencing the FPA spectra

In order to understand the origin of the behavior of the
curved sequences we have simulated FPA decays for
different values of the global hydrodynamic radius, Ry,
the limiting anisotropy, ro, and the torsional constant, o
Figure 5 shows that the largest effect in the low-fre-
quency region (v<10-15 MHz) is due to the change of
the hydrodynamic radius and of the limiting anisotropy;
the data are not very sensitive to the torsional constant.
The effect of DNA length shown in the upper panel
indicates that small errors (<10%) in the length of the
fragments do not affect appreciably the FPA data.
However, comparing these simulations to the experi-
mental findings (see Figs. 3 and 4) still offers no
straightforward explanation for the “anomalous” fea-
tures of the spectra of the curved fragments at high
frequencies.

FPA spectra of curved fragments
can be fitted by the straight cylinder model
in the low-frequency region

From Fig. 5 one also realizes that the hydrodynamic
radius can be determined much more precisely by ana-
lyzing the lower frequency part of the spectra, since the
torsional constant o is not affecting the experimental
data at v<10 MHz very much. We have therefore ana-
lyzed the spectra of all fragments in the frequency region
1.2<v <12 MHz, leaving the hydrodynamic radius and
the limiting anisotropy as free fitting parameters (see
Table 2). The torsional constant o has been kept at
a=8 x 102 erg; however, the quality of the fit was al-
most insensitive to the value chosen for o (data not
shown). The data of all the fragments can be fit satis-
factorily, and the best fit Ry, and ry values are reported in
Table 2. The limiting anisotropy, ry, does not vary ap-
preciably and is found to be ry=0.36 + 0.02. The av-
erage values of the hydrodynamic radii over the straight
and curved fragments are slightly but systematically
different: R,=9.7+1.3 A and R,=11.3+1.3 A for the
two sets of fragments (see Table 2). For the S family, the
average value of the hydrodynam1c radius from the fit in
the low-frequency region is R, =9.7+1.3 A. This is in
excellent agreement with the value from a fit up to
40 MHz of modulation frequency, R,=9.5+1.4 A, and
confirms the validity of the low-frequency fit.

A larger hydrodynamic radius is compatible
with curved structures of the DNA

The ratios of the hydrodynamic radii of curved and
straight DNAs with similar lengths, i.e. C31/S31, C100/
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Fig. 5 Simulations of the phase @ b
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Table 2 Best fit values of the analysis of the low-frequency part of
the spectra (v<12 MHz). The last column reports the ratio of the
hydrodynamic radii of curved to straight fragments with similar
length

F name Bp Curvature rg Ry, [A] XZ Reur/R
S31 31 N 0.36 11.1 2.6 -
S100 100 N 0.38 8.0 1.0 -
S106p 106 N 0.38 9.6 5.5 -
Average - - - 9.7 - -
Standard - — - 1.3 - -
dev.
C31 31 Y 0.33 12.2 5.2 1.1
C100 100 Y 0.36 9.8 0.7 1.2
Clllp 111 Y 0.37 12.0 1.5 1.3
Average — - - 11.3 - -
Standard — - - 1.3 - -
dev.

S100, and Cl111p/S106p, are ~1.1, 1.2, and 1.3 (see
Table 2). In order to understand this result, we must
consider that a small curvature of the helix axis would
induce an effective larger DNA radius in FPA mea-
surements which are sensitive mainly to the overall
spinning diffusion motions of the fragment. A curved
DNA would have a lower spinning diffusion coefficient
due to the larger expanse in the direction perpendicular
to the average long DNA axis. This reduced spinning
diffusion coefficient can then be interpreted by a fitting
procedure in terms of a slightly larger DNA radius.
Simulations of the rotational diffusion coefficients of
bent rods, as explained in the Materials and methods
section, indicate that for a 20° bending angle the tum-
bling coefficient changes by about 1-4%, while the
spinning diffusion decreases by 10-35% (Fig. 6). This
would suggest that the ca. 10-30% change observed in
the apparent hydrodynamic radius obtained by FPA is

almost completely due to the change in the spinning
diffusion.

Before resorting to more accurate numerical compu-
tation of the spinning diffusion coefficient of the DNA
fragments, it is interesting to give an intuitive prediction
of the dependence of the spinning diffusion coefficient
upon the bending angle. Since a measure of the inertia
related to rotational motions of a rigid body around an
axis is given by its momentum of inertia around this
axis, I, we can estimate an effective radius, R, by com-
paring the momentum of inertia, Is, of the straight cyl-
inder to that of the bend rod, I, of equal mass M. The
first is computed around the cylinder symmetry axis and
is given by Is=MR?/2. For a bent rod the spinning

1 1 1 10
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—O0—O0—O—0—F 01
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E - —
E”’ ‘\A\A §
\A —
\A
A&—
¢ m—un—un—u—5—F
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0 40 80 120

curvature angle [deg]

Fig. 6 Tumbling (squares) and spinning (triangles) diffusion
coefficients simulated as described in the text for 31 bp (open
symbols) and 100 bp (solid symbols) DNA fragments with a central
kink as a function of curvature angle. The curvature angle is the
angle of a circular arc passing through the end points and the
central joint of the fragment



motion occurs around an axis passing through the center
of mass of each of the rod segments, and the momentum
of inertia can be computed for small bending angles, 0,
as Iy ~ MR*/2+tan(0/2)°’ML*/48. By comparing the
two expressions, one defines an effective radius for small
bending angles, Rei” ~ R>+607L?*/96, which is not ex-
actly equal to the DNA hydrodynamic radius measured
by fitting the FPA spectra, but is expected to depend
upon the bending angle in a similar fashion. As an ex-
ample we consider the 31 bp fragments, for which the
ratio of the hydrodynamic radii obtained by the analysis
of the FPA data is ca. 1.1 and the length is ca. 100 A,
giving 0 ~ 25° for the bending angle. This value is less
than our previous estimate, 0 ~ 44°, made on the same
sequence at this salt concentration by means of fluo-
rescence resonance energy transfer (FRET) (Toth et al.
1998). The reason for the deviation between the two
methods might be first of all the higher uncertainty of
the FPA analysis; second, in the case of a dynamic
equilibrium between strongly and weakly bent struc-
tures, shorter distances are given more weight in FRET
owing to the R ¢ dependence of the energy transfer.

The simple estimate of the bending angle is confirmed
by the more precise calculation using the hydrodynamic
model described in the Materials and methods section.
Table 1 compares the calculated spinning and tumbling
rotational diffusion coefficients for the DNA structures
predicted from the Bolshoy model with the experimental
ones. The agreement is quite good for the 31 and 80 bp
fragments; the theoretical spinning coefficients for the
100 and 110 bp fragments are, however, much smaller
than the measured ones. This shows that the deviations
from the rigid shape due to Brownian motion become
important here and lead to a structure that is on the
average less expanded about the long axis than a rigid
shape would be.

The high-frequency part of the spectra
of the curved fragments suggests non-uniform
dynamic properties of the DNAs

The FPA spectra at high frequencies, particularly the
plateau of the phase shift at v>15 MHz, indicate an
additional faster relaxation mode in the FPA decay.
From the simulations reported in Fig. 7 one can see that
these spectral features cannot be explained by anoma-
lous values of basic DNA parameters such as hydrody-
namic radius or elastic constants. A possible way to
describe the experimental trends appears to be a non-
uniform elasticity of the fragment. We have tested this
hypothesis by considering a simplified model of a flexible
torsional and/or bending joint.

In this case, in addition to the DNA torsional con-
stant, o, length, L, and radius, R}, tWwo more parameters
are introduced, namely the bending and torsional vari-
ances of the angular displacements of the dye due to the
relative motion of the DNA about the joint. It must be
stressed that this is only an approximate and simplistic
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Fig. 7 Simulations of the phase shifts for a 31 bp straight DNA
fragment (solid line) and with a torsional (o1 =0.3, dashed line) or
bending (o5 =0.3, dotted line) joint in the center of the structure

model for some anomaly in the elastic properties of a
short DNA fragment in the center of its structure. We
can casily estimate the effect of such an anomaly on the
FPA spectra by simulating the decay for a purely tor-
sional joint, i.e. F;,(t) =1, or a purely bending joint, i.e.
C;n(t)=1. From Fig. 7 one can see that while the
bending joint simply increases the phases towards higher
values, the torsional joint induces a leveling off of the
data at higher frequencies, very similar to what is found
experimentally.

In conclusion, we have brought into evidence a
small but systematic increase in the apparent hydro-
dynamic radius of DNA fragments which correlates
positively with helix axis curvature predicted by com-
puter simulations or from gel migration anomaly. It is
noteworthy that our results from fit with a straight
cylinder at v<15 MHz, though mostly qualitative, put
into evidence the presence of curvature in solution.
Moreover, by comparing the whole FPA decay with a
simple approximate model, we suggest that the source
of the anomalous behavior at higher frequencies,
shown by some fragments with bent structure analyzed
here, may be due to enhanced torsional flexibility of
these molecules.
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