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Abstract 

DNA fragments with unusually low electrophoretic mobility due to intrinsic curvature have been analyzed by 
comparison of electrooptical data with results of hydrodynamic simulations. Electrooptical data have been 
collected for three fragments with 161, 196 and 399 base pairs derived from the DNA of Chironotnus thummi 

thmi as repetitive elements by Alu I restriction. The dichroism decay time constants reflecting overall 
rotational diffusion, the bending time constants and the bending amplitudes measured at low salt concentra- 
tions (2.4 m M Na+ and 100 pM MgZC) are rather close to those observed for standard DNA fragments. At 
high salt concentration (0.1 M Naf and 10 mM MgZt> the temperature dependence of the overall rotational 
time constants indicates a slightly increased degree of curvature at low temperature (2°C). The experimental 
data are complemented by hydrodynamic simulations based on predictions of DNA trajectories given by 
Bolshoy et al. [ Proc. Nat1. Ad. Sci. USA 88 (1991) 23121. These trajectories are converted into bead models, 
which are then subjected to thermal fluctuations using a Monte Carlo procedure. For standard values of the 
persistence length and the torsional flexibility, thermal fluctuations induce considerable variations of the 
equilibrium curvature. As a first attempt to find conditions where the predicted trajectories are consistent with 
our hydrodynamic data, we tested a model with a high internal mobility, which has been commonly applied for 
standard DNA fragments. However, the overall rotational time constants predicted for this case are clearly 
smaller than the observed ones, even at high values of the persistence length. Then, we simulated time 
constants in the limit of low internal mobility by calculation of electrooptical transients for large numbers of 
individual configurations. The average of these transients could be fitted by two exponentials at high accuracy, 
although the simulations led to broad distributions of configurations. In this respect the simulated curves are 
very similar to the experimental ones. For standard values of the persistence length and of the torsional 
flexibility, the large time constants r2, reflecting overall rotational diffusion, are still smaller than the 
experimental ones. rTvalues simulated as a function of the persistence length p show a maximum, 
which appears at p = 1000 A for the Alu-fragments. The sa-values simulated at these maxima are consistent 
with the experimental ones within the limits of accuracy. Thus, provided that the curvature has been estimated 
correctly by the model based on gel mobilities and on circularization experiments curved DNA fragments show 
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a relatively low rate of the internal dynamics and also appear to be less flexible than standard DNA’s with 
respect to the dynamic persistence. The difference in the dynamic persistence is negligible, however, if the 
apparent persistence length of standard DNA has a m$jor contribution from intrinsic curvature, corresponding 
to an average static persistence length of about 800 A. In summary, our results indicate that the “deviations 
from linearity” of our curved fragments are not much different from those of standard DNA’s; however, our 
results are consistent with the view that curved DNA fragments are “curved” preferentially in one direction 
with relatively slow modes of configurational transitions and with a relatively high rigidity, whereas standard 
DNA is subject to bending by thermal motion in all directions with (almost) equal probability. 

Keywords: Electrodichroism; Rotational diffusion; Bead model simulations; Flexibility, bending and torsional 

1. Introduction 

The assignment of “curvature” to special DNA 
fragments has been mainly based on unusual mo- 
bilities in gel electrophoresis [1,2]. Various exper- 
imental data have been presented as supporting 
evidence for DNA curvature, including electroop- 
tical data with particularly high rotational diffu- 
sion coefficients for curved DNA samples [3-51. 
However, in one of the electrooptical investiga- 
tions it was found that curved DNA fragments 
could hardly be distinguished from standard DNA 
fragments according to their rotational diffusion 
[6]. This is a challenge in view of the high degree 
of curvature suggested for these special frag- 
ments and the very high sensitivity of electroopti- 
cal decay curves to variations in the effective 
hydrodynamic length; for example, the length in- 
crease caused by insertion of a single intercalator 
like ethidium into a double helix with 100 bp can 
be easily detected by electrooptical measure- 
ments [7]. As a first attempt to explain the unex- 
pected observation, it has been proposed that 
stretching of curved DNA by electric field pulses 
may be “inelastic”, in the sense that stretched 
fragments return to their equilibrium state of 
curvature with a time constant larger than that 
for overall rotational diffusion [6]. However, in 
this case curved DNA fragments would have to 
be stretched considerably already at rather low 
electric field strengths and, thus, the bending 
stiffness of curved DNA would have to be rela- 
tively low. Furthermore, a recent quantitative in- 
vestigation of field induced stretching showed 
that the stretching effect remains small at low 
electric field strengths [S]. Finally, the dichroism 

decay time constants have been measured down 
to electric field strengths of a few kV/cm and 
also have been extrapolated to zero field strength; 
thus, the influence of field induced changes of 
the structure, if existent at all, on the resulting 
time constants should be negligible. Some labora- 
tories have reported reduced electrooptical decay 
time constants for curved DNA fragments, but 
not all of these reports can be taken as conclusive 

La. 
Because DNA curvature has been confirmed 

by enzymatic circularization experiments [9,101 
and also appears to be visible by electron mi- 
croscopy [ll], the existence of curved DNA can 
hardly be questioned. However, the physical mode 
and the degree of curvature remains to be estab- 
lished. In this context, electrooptical methods 
should be very useful for the characterization of 
curved DNA structure and dynamics in solution 
because of their particularly high sensitivity. 

In our present investigation we have extended 
the set of electrooptical data by measurements on 
some DNA fragments with unusually low gel mo- 
bility using the “standard” equipment applied at 
low salt concentrations. In addition, we have used 
a new electrooptical technique [12], which has 
been developed for measurements at physiologi- 
cal salt concentrations. Finally, we present model 
calculations on the hydrodynamics of curved DNA 
fragments. These calculations are based on the 
estimation of all 16 DNA wedge angles by Bol- 
shoy et al. [13]. The DNA structures predicted by 
Bolshoy et al. (cf. also [141) have been converted 
to bead models [ 1.5,16], bending and torsional 
flexibility [17,18] have been introduced using 
Monte Car10 procedures and electrooptical tran- 
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Gents have been calculated [19]. By comparison 
of experiments and model calculations we derive 
information on the structure and dynamics of 
curved DNA in solution. 

2. Materials and methods 

The DNA fragments were prepared from a 
pUC 18/19 plasmid containing an insert isolated 
from the DNA of Chironomus thummi thummi as 
a repetitive element by Alu I restriction [201. This 
plasmid was cut by the restriction nucleases Eco 
RI and Hind III. From the digest, the fragment 
Alu-T with 399 bp ( + 4 Hind III/4 Eco RI single 
stranded residues at the ends) was isolated by 
high performance liquid chromatography (HPLC) 
on Nucleogen (Macherey-Nagel, Diiren, Ger- 
many) according to the procedure of Colpan and 
Riesner [21]. Part of this fragment was digested 
further with Ssp I and Barn HI. Final separation 
by HPLC provided the fragments Alu-1 with 161 
bp (+ 4 single stranded “Barn HI” residues) and 
Alu-2 with 196 bp ( + 4 single stranded “Eco RI” 
residues), without contaminations according to 
gel electrophoresis. 

The fragments were dialysed extensively: first 
against 1 M NaCl, 1 mM Na-cacodylate pH 7.0, 
0.2 mM EDTA, part of the samples were then 
dialysed against 1 mM NaCl, 1 mM Na-cacody- 
late pH 7.0, 200 PM EDTA (buffer E) and 
another part against 1 mM NaCl, 1 mM Na- 
cacodylate pH 7.0, 100 PM MgCl, (buffer M). 
For the measurements in the high salt buffers A 
(100 mM NaCl, 1 m M Na-cacodylate pH 7.0, 
200 pA4 EDTA) and C (100 mM NaCI, 10 mM 
Na-cacodylate pH 7.0, 10 mM MgCl,) the com- 
ponents were added to the samples in buffers E 
and M, respectively. 

The electric dichroism at low salt concentra- 
tions was measured using a pulse generator [22] 
and an optical detection system [231 described 
previously. The electric field pulses in the range 
of 2 to 70 kV/cm were applied to the samples in 
a cell with 10 mm optical path length and a 
distance between the Pt-electrodes of 6 mm. 
UV-radiation damage was avoided by the use of 
an automatic shutter which was opened only for 

short periods of time synchronized to the field 
pulses. The transmission at 248 nm and the elec- 
tric field strength as a function of time were 
recorded by a Tektronix 7612D digitizer. 

The electrooptical data at high salt concentra- 
tion were obtained using a recently developed 
instrument, described in detail elsewhere 1121. 
The pulse generation is based on the cable dis- 
charge technique with pulses up to 45 kV for 200 
ns and rise/decay times of a few ns. The limit 
time resolution of the optical detection unit also 
is a few ns. The cell has 5 mm optical pathlength 
and a distance of 5 mm between the Pt-elec- 
trodes. The instrument is driven by a personal 
computer with automatic sampling via a transient 
recorder (Tektronix 7612D and 7912AD), online 
control of the sample temperature and minimal 
exposure of the sample to UV-light by a com- 
puter driven shutter. 

The computer programs used for simulation of 
electrooptical decay curves were as described 
previously (cf. [16]). All decay curves were simu- 
lated for a temperature of 20°C using a viscosity 
of 1.002 X 1O-3 kg m-l s-l corresponding to 
dilute aqueous solutions. The diagonal compo- 
nents of the local extinction coefficient tensor 
were 9100, 9100 and 1300 corresponding to an 
extinction coefficient of 6500 M-’ cm-’ and a 
limit value of the linear reduced dichroism of 
- 1.2. The polarizabilities were calculated assum- 
ing a quadratic increase with the chain length for 
straight fragments according to pN = N 2 X 7.496 
x 1O-37 [Cm2 V-l] (from experimental data ob- 
tained for standard DNA fragments in buffer M; 
Porschke, to be published). The polarizability 
tensor of curved fragments was calculated by 
simple addition of local contributions according 
to the procedure described by Antosiewicz and 
Porschke 1241. Amplitudes of dichroism decay 
curves were calculated under the approximation 
of the Kerr formalism (cf. [ 191) using an electric 
field strength of 10 kV/cm. 

The DNA chains were represented by beads 
with a radius of 12.5 A; for the fragment Alu-T 
base pairs were substituted by beads at an inter- 
val of n = 4 base pairs (cf. below); for Alu-1 and 
Alu-2 we used n = 3. Simulations are also given 
for the fragment “pK 5” (108 bp), which is pre- 
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dieted to be strongly curved but showed dichro- 
ism decay time constants close to those of stan- 
dard DNA’s in a previous investigation [61; in this 
case we used n = 2. Because of the bead radius 
r = 12.5 ?I, beads centered at terminal base pairs 
add a hydrodynamic equivalent of three base 
pairs; this effect has been corrected by “deleting” 
three base pairs at blunt ends; four single stranded 
residues at both ends were counted as an hydro- 
dynamic equivalent of five base pairs (cf. [25]); 
four single stranded residues at one end were 
counted as an equivalent of two base pairs. The 
experimental dichroism decay curves were evalu- 
ated by an efficient deconvolution routine [26], 
whereas the simulated decay curves were fitted 
by the program “DISCRETE" of Provencher [27]. 

Table 2 

Bending time constants (ns) from dichroism decay. Bending 
amplitudes at 70 kV/cm are given in round brackets. Esti- 
mated accuracy: data for buffer E& 10%; data for buffers A 
and C* 20% 

Temper- AlU-1 Ah-2 
ature 
(“CI E 

A C E C 

2 220 (32%) 370 310 2VO(34%) 490 
10 370 280 280 
20 130 (30%) 320 210 200(36%) 250 
30 110 (30%) 170 (37%) 

3. Results 

3.1. Electrooptical experiments 

rotational diffusion, whereas the fast one is as- 
signed to bending of the DNA double helix. For 
Alu-T three exponentials were required, where 
again the slowest one represents overall rota- 
tional diffusion and the faster ones segmental 
motion and/or bending. The slow time constants 
are compiled in Table 1 and the data on bending 
for Alu-1 and Alu-2 in Table 2. 

In general, the electrooptical data obtained for 
curved DNA fragments are very similar to those 
observed for standard DNA fragments. Thus, we 
do not have to describe the electrooptical experi- 
ments in detail, but simply present the results. 
Whenever the observed time constants showed a 
dependence on the electric field strength, the 
values were extrapolated to zero field strength. 

As described in previous communications [28- 
301 dichroism decay curves for fragments with 
chain lengths N 2 100 bp require more than sin- 
gle exponentials for satisfactory fits. For the frag 
ments AL-1 and Alu-2 two exponentials were 
sufficient. The slow component represents overall 

A first comparison shows that the data ob- 
tained for the curved fragments are rather close 
to corresponding ones measured for standard 
DNA fragments. Some indication for a special 
property of curved fragments comes from the 
temperature dependence of the overall rotational 
time constants. While these constants measured 
in the low salt buffer E scale with the standard 
viscosity/ temperature conversion factor, some 
deviation is found in the data collected in the 
high salt buffer: the overall rotation at 2°C is 
somewhat faster than expected from the 20°C 
data after viscosity/ temperature conversion. This 
suggests a higher degree of curvature induced at 

Table 1 

Overall rotational diffusion time constants [PSI from dichroism decay. Estimated accuracy: data for buffer E$-2%; data for buffers 
A and C*6%. The numbers in parentheses represent the ratios of the respective time constants to those measured at 20°C; the 
numbers expected according to the temperature/viscosity conversion factor are 1.78, 1.35 and 0.77 for 2, 10 and WC, respectively 

Temperature 
(“0 

2 
10 
20 
30 

Ah-l Au-2 Alu-T 

E A C E C E 

3.79 (1.75) 3.14 (1.34) 3.25 (1.50) 5.91(1.81) 5.18 (1.63) 27.4 (1.62) 
2.93 (1.25) 2.91 (1.34) 3.60 (1.13) 24.0 (1.42) 

2.16 (1.00) 2.34 (1.00) 2.17 (1.00) 3.27 (1.00) 3.18 WO) 16.9 WXO 
1.68 (0.78) 2.64 (0.81) 
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low temperatures, in agreement with current 
views on the temperature dependence of DNA 
curvature [2]. 

3.2. Bead model simulations 

3.2. I. Configurations of curved DNA 
Investigations of the inherent curvature of 

DNA double helices during recent years have led 
to a detailed models for the trajectories of curved 
DNA fragments [13,14]. We have used the model 
of Bolshoy et al. [13] for the simulation of elec- 
troop&l transients for our fragments and have 
tested, whether the model and our experimental 
data are consistent with each other. For a com- 

parison of the structures proposed for curved 
DNA fragments with the results of our electroop- 
tical experiments we have used the following pro- 
cedure. 

We started from the experimental estimation 
of all 16 DNA wedge angles by Bolshoy et al. [131 
and also used their program, generously given to 
us by A. Bolshoy and E. Trifonov, for the calcula- 
tion of DNA coordinates from these wedge an- 
gles. This program generates the coordinates of 
phosphate residues and of the centers of base 
pairs, as shown in the example given in Fig. la. 
For the calculation of hydrodynamic parameters, 
the base pairs (or a given fraction of base pairs) 
were converted into beads: the centers of the 

Fig. 1. (a) View of the DNA trajectory predicted by the procedure of Bolshoy et al. for the fragment Alu-1. (b) Each of the 
nucleotide residues of the model in (a) is replaced by a bead of 12.5 A diameter; the resulting model is shown in 3 different 
orthogtnal views. (c) A random selection of 20 configurations generated by a Monte Carlo procedure using a persistence length of 

450 A and a torsional elastic constant of 2 x lo-I9 erg cm at 20°C. The first two beads of each configuration are superimposed. 
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beads were placed to the centers of base pairs 
predicted by the program of Bolshoy et al.; the 
bead radius was 12.5 A. The resulting bead model 
has been used to calculate hydrodynamic parame- 
ters according to the procedures discussed by 
Garcia de la Torre and Bloomfield [15] using a 
modification developed by Antosiewicz and 
Porschke 1161. 

The bead models generated by the procedure 
described above are stiff, whereas DNA double 
helices are flexible: both bending and torsional 
flexibility have to be considered, at least for chain 
lengths 2 100 base pairs. Bending and/or tor- 
sion may occur at any site of the double helix 
and, thus, the number of possible configurations 
is infinitely high. We generate representative en- 
sembles of these configurations by the following 
procedure: 

The trajectory predicted by the program of 
Bolshoy et al. is assumed to represent equilibrium 
bending and torsion angles. Deviations from the 
equilibrium bending angles are described by a 
perturbation angle [Y~, which is taken from the 
distribution 

with 

where it is the number of steps between subse- 
quent beads in units of base pairs, h the helix rise 
per base pair, p the persistence length and F, a 
normalization factor. The direction of the bend- 
ing perturbation is assumed to be isotropic and is 
chosen with equal probability between 0 and 27r. 
The torsional perturbation angle I(, is taken from 
a normal distribution around zero with the stan- 
dard deviation 

where kT is the thermal energy and C the tor- 
sional elastic constant. 

Perturbation angles have been calculated for 
each bead to bead connection leading to an indi- 
vidual “perturbed” configuration. It should be 
useful to look at the variations of the configura- 

tion imposed on DNA double helices by Brown- 
ian motion. Based on the coordinates of the 
model predicted by the data of Bolshoy et al. (cf. 
Fig. la), we generate the bead model, which is 
presented in 3 different views in Fig. lb. Then, 
we apply the Monte Carlo algorithm for the gen- 
eration of thermal fluctuations. A random selec- 
tion of 20 different configurations (cf. Fig. lc), 
calculated wit,h standard values of the persistence 
length (450 A> and of the torsional elastic con- 
stant (2.0 x lo-l9 erg cm) clearly demonstrates 
the large amplitude of fluctuations imposed on 
the DNA by thermal motion. Due to the large 
variation of the configurations, experimental data 
have to be simulated for large ensembles of these 
configurations, in order to arrive at some repre- 
sentative average. The averages given below have 
been calculated for at least lo4 randomly gener- 
ated configurations. 

3.2.2. High rate of internal mobility 
It is not sufficient to include large numbers of 

different configurations, but we have to consider 
also the rate of conversion between different 
configurations. Usually it is assumed that the 
configurations are converted into each other at 
very high rates. In this case representative time 
constants can be calculated from averages of the 
overall rotational diffusion coefficients for indi- 
vidual configurations (cf. [17]). We have used this 
procedure with various values of the persistence 
length and of the torsional elastic constant. In all 
cases, the simulated time constants are much 
lower than the experimental ones (values are 
included in Figs. 3,4 and 5). We have checked by 
controls with straight DNA models that the re- 
sults of our simulation procedure are consistent 
with results published previously (e.g. [17]). 

3.2.3. Time constant of internal conversion larger 
than overall rotational time constant 

Because we cannot explain our experimental 
data by the model based on high internal mobil- 
ity, we test the other extreme and do simulations 
for the case of low internal mobility. This case 
may be simulated by the calculation of electroop- 
tical transients for individual configurations. The 
averages of transients caiculated for large num- 
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bers of configurations are then evaluated in com- 
plete analogy to experimental data by standard 
exponential fitting routines. This procedure is 
correct in the limit, where the rate of internal 
motions is low relative to the rate of overall 
rotational diffusion. 

The input data required for the simulation of 
electrooptical transients are the tensors of diffu- 
sion coefficients, of extinction coefficients, of the 
polarizability and/or a vector of the permanent 
dipole moment 1191. Contributions from a perma- 
nent dipole moment are usually neglected in elec- 
trooptical calculations for DNA double helices 
and, thus, we present calculations without consid- 
eration of permanent dipole contributions first. 
The tensor of diffusion coefficients is obtained 
from the bead model simulation, the tensor of 
extinction coefficients is calculated on the basis 

-7'0 0.1 0.2 03 0.L 0.5 
b 1.' ', ' ; ': : ,' '. : '.' : ,' '.' 
0 10 20 30 

om]_ t [ps3 

As .,0-3 0 10 20 30 
E 

0.31 

Fig. 2. Electrooptical decay curve simulated for the fragment 
Alu-1 using a persistence length 800 A, a torsional elastic 
constant of lx lo-” erg cm and an effective phosphate 
charge zero (average of 3 X lo4 chains). The simulated data 
and the fit by two exponentials (T* = 1.97 /.Ls, 77.8% of the 
total amplitude; 7, = 0.494 ~9) cannot be distinguished; the 
dashed line represents a fit by a single exponential. The upper 
and the lower AAE/&-traces show the residuals for the two 

and the one-exponential fit. respectively. 
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Fig. 3. Slow time constants r2 from electrooptical decay 
curves simulated for the fragment Alu-T at different persis- 
tence lengths p; torsional elastic constants C = 2 X lo-l9 (+ 
and X) and 1X lo-l9 (0) in erg cm; effective phosphate 
charges q = 0.15e (+I and 0.0 (X and 0); 20°C. Some time 
constants calculated from averaged coefficients for overall 
diffusion for the case C = 1 X lOWI9 are given for comparison 
(0). The rz-value calculated for the rigid limit case and zero 

phosphate charge is indicated by the arrow. 

of the model structure resulting from the pro- 
gram of Bolshoy et al.; finally, the polarizability 
tensor is calculated by simple addition of local 
contributions based on experimental data ob- 
tained for standard DNA fragments [24]. 

The dichroism decay curves simulated from 
these input parameters (and also from the input 
parameters discussed below) under the assump- 
tion of a low internal mobility require two expo- 
nentials for a satisfactory fit (cf. Fig. 21, for all the 
helices included in our present investigation. In 
this respect the simulated decay curves are very 
similar to the experimental ones. Although there 
is a continuous distribution of chain configura- 
tions in solution and an almost continuous distri- 
bution in the simulation, the observed electroop- 
tical decay curves can be represented by two 
exponentials at a high accuracy. For molecules 
with high internal mobility, each of the configura- 
tions may be quickly converted into other ones, 
resulting in a fast coupling mode between the 
different configurations, which may contribute to 
the observation of a lower number of exponen- 
tials than may be expected otherwise. However, 
fast coupling is not included in this simulation 
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and, thus, another explanation must be given for 
the observation of a relatively low number of 
exponentials. Apparently, the hydrodynamic pa- 
rameters of the different configurations do not 
vary as much as may be expected according to 
Fig. lc and a dominant part of the exponentials 
“falls” in a relatively narrow range. This may be 
partly due to the fact that compact configurations 
do not contribute to the electrooptical signal as 
much as extended ones, because compact forms 
have relatively low optical and electrical 
anisotropies. Furthermore, it is notoriously diffi- 
cult to separate a spectrum of superimposed ex- 
ponentials. The separation of only two exponen- 
tials may already be a difficult problem, espe- 
cially for experimental data with some noise. Al- 
though the simulated dichroism decay curves do 
not have any noise, it is impossible at the given 
computational accuracy to identify the individual 
exponential components within the superposition. 

Among the two time constants obtained from 
the simulated decay curves, the larger one, TV, 
indicates the average global structure of the DNA 
double helices, which is determined by its equilib- 
rium structure and by the bending and torsional 
flexibility. We started our simulations with the 

2.0 

1 x I 

x 
x 

1.6 + 

t 

l.4,.,.,.,.,.,. ( 
300 500 700 900 1100 1300 1500 

p [Al 

Fig. 4. Slow time constants T* from electrooptical decay 
curves simulated for the fragment Aiu-1 at different persis- 
tence lengths p (x). Torsional elastic constant C = 1 X 10~” 
erg cm; effective phosphate charge zero. Some time constants 
calculated from averaged coefficients for overall diffusion are 
given for comparison (+). The T,-value calculated for the 

rigid limit case is indicated by the arrow. 
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Fig. 5. Slow time constants 72 from electrooptical decay 
curves simulated for the fragment pK 5 at different persis- 
tence lengths p; torsional elastic constants C = 2 X lo-” (+ ), 
4 X lo-l9 (X) and 1 X lo-l9 (0) in erg cm; effective phos- 
phate charges 0.1% (+) and 0.0 (X and 0); 20°C. Some time 
constants calculated from averaged coefficients for overall 
diffusion for the case C = 1 x lo-l9 are given for comparison 
(0). The T2-value calculated for the rigid limit case and zero 

phosphate charge is indicated by the arrow. 

persistence length and the torsional flexibility 
found for standard DNA fragments. The time 
constant resulting from this calculation is larger 
than the one calculated in the limit of high inter- 
nal mobility, but still Iower than the experimental 
value. Because the average global structure is 
strongly affected by the value of the persistence 
Iength p, we have studied the influence of the 
p-value on the magnitude of TV. As shown in Fig. 
3 for the example of the fragment Alu-T, an 
increase of p first leads to an increase of TV, until 
a maximal T2-valye is approached in the range 
p = 1000 to 1200 A followed by a decrease of TV 
at p > 1200 A. A corresponding dependence has 
also been found for the other curved DNA frag- 
ments. However, the maximum of the time con- 
stant appears at somewhat different p-values for 
individual fragments, depending on their length 
and their degree of curvature (cf. Fig. 4 and 5). 
The T,-values found at these maxima are reason- 
ably close to the corresponding experimental time 
constants. 

We have also tested the influence of the tor- 
sional flexibility on the averaged overall rotation 
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time constant r2. As may be expected, changes of 
the torsional elastic constant C do not induce as 
large variations of TV as found for changes of the 
persistence length (cf. Fig. 3 and 5). 

3.2.4. EJects of “permanent” moments of charged 
asymmetric conf&ura tions 

The arrangement of phosphate charges is es- 
sentially symmetric for straight double helical 
DNA and any permanent electric moment of 
these helices is negligible. However, for curved 
DNA fragments the distribution of charges is not 
symmetric anymore and, thus, is associated with 
large “permanent” dipole moments. The magni- 
tude of these dipoles can be huge, because of the 
large number of phosphates and because of the 
large distances between the charges. Calculations 
for a DNA fragment with 179 bp bent into circu- 
lar arcs showed that the corresponding dipole 
moment can be as high as _ 3000 D [24]. For 
these calculations we have used effective phos- 
phate charges, which are reduced in order to 
account for ion condensation. The degree of ion 
condensation is predicted by polyelectrolyte the- 
ory 131,321 for the case of infinitely long line 
charges, but is not known with sufficient accuracy 
for double helices of limited chain length and/or 
of a given degree of curvature. In our present 
calculations we have used effective charges asso- 
ciated with the phosphate residues 4 = OXe, 
where e is the elementary charge. The dipole 
moments of molecules with a net charge have to 
be calculated with respect to the “center of diffu- 
sion”. We obtain the coordinates of this center 
from the bead model simulations (cf. Garcia de la 
Torre and Bloomfield [15]). The direction of the 
dipole is radial for circular arcs and, thus, results 
in a special contribution to the alignment tensor. 

When the special “permanent” dipole moment 
is included in our simulations, its contribution 
leads to a clear reduction of the dichroism decay 
time constants, as shown in Figs. 3 and 5 for the 
examples of the fragments Alu-T and pK 5, re- 
spectively. The reason for this reduction is indi- 
cated by calculations for curved DNA fragments 
[24]: the permanent electric moment may induce 
a contribution with a positive linear dichroism, 

which may lead to an apparent acceleration of 
dichroism transients or even to the appearance of 
a maximum in the dichroism transient 1331. Ef- 
fects corresponding to these predictions have been 
observed in dichroism experiments, but it has not 
been possible yet to establish all conditions for 
the appearance of these special effects quantita- 
tively. One of the difficulties results from the fact 
that the special effects have been observed only 
after pulses of sufficient length, which suggests a 
contribution from some field induced reaction, 
for example dissociation of ions and/or changes 
of the curvature. The special effects are sup- 
pressed at low salt concentration, which is appar- 
ently due to a higher contribution from polariza- 
tion terms than from permanent moments under 
these conditions. In analogy, the appearance of 
the special effects in the simulations may be 
suppressed by selection of high polarizabilities. 
The magnitude of the special effects depends, of 
course, on the magnitude of the phosphate 
charges and would also be modified by a variation 
of the residual charge along the DNA chain. 

In summary, contributions from permanent 
moments reduce the time constants simulated for 
our curved DNA fragments below the experimen- 
tal ones. The comparison of experimental and 
simulated data suggests that the contribution from 
permanent moments is negligible in the case of 
our curved DNA fragments. A potential reason 
for the apparent absence of the special dipole 
effects may be a reduced residual phosphate 
charge in our fragments and/or a non-homoge- 
neous distribution of these charges along the 
chain. Obviously, the special phenomena result- 
ing from permanent moments associated with 
curved DNA fragments require further investiga- 
tions. A complete quantitative description may be 
approached by Brownian dynamics simulations 
with inclusion of the dynamics of both the poly- 
mer chain and the ion association. 

3.2.5. Fast relaxation processes 
The experimental decay curves exhibit rela- 

tively large amplitudes for the fast relaxation 
process(es1, when these curves are measured at 
high electric field strengths E 2 10 kV/cm. It has 
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been shown that the dominant part of the fast 
relaxation amplitudes is due to field induced 
stretching during high electric field pulses, which 
leads to the reverse process of bending after 
pulse termination [28-301. At low electric field 
strengths E I 5 kV/cm, the amplitudes associ- 
ated with fast processes found in the dichroism 
decay curves are much smaller and are compati- 
ble, within experimental accuracy, with the fast 
amplitudes observed in our present simulations. 

4. Discussion 

Curved DNA double helices appear to be es- 
sentia1 for processing of the genetic information. 
Thus, the structure of curved DNA segments and 
their dynamics is of particular interest. We have 
used electrooptical methods for an analysis’ of 
curved DNA, partly because previous experimen- 
tal results obtained in this laboratory [6] ap- 
peared to be in contradiction with current views 
on the structure of curved DNA [1,2]. The elec- 
trooptical measurements described above confirm 
the unexpected results obtained previously. Now, 
these unexpected observations cannot be ex- 
plained anymore by accidental selection of DNA 
fragments, which may not be representative for 
some reason. Our present results obtained for an 
independent set of DNA fragments show that the 
problem is a more general one and add further 
evidence that the overall rotational diffusion co- 
efficient of curved DNA fragments is not much 
different from that of standard DNA of corre- 
sponding length. 

In our present investigation we have also ex- 
tended our measurements to high salt concentra- 
tions. As may be expected for polyelectrolytes, 
there is some decrease of the rotational diffusion 
coefficients, when the salt concentration is in- 
creased from a few m M to 100 m M. As shown in 
a recent investigation of standard DNA frag- 
ments [30], the average persistence length is a 
linear function of the reciprocal square root *of 
the salt concentration. This experimental result is 
in agreement with numerical calctilations on the 
electrostatic contribution to the bending flexibil- 

ity [34,35]. The salt dependence observed for 
curved DNA fragments is similar to that found 
for standard DNA. 

Some indication for a special structure formed 
at low temperatures and high salt concentrations 
comes from the temperature dependence of the 
dichroism decay time constants, which are not 
consistent with the simple viscosity/ temperature 
conversion factor. These results suggest that the 
average degree of curvature of our fragments is 
increased at low temperature [2]. 

Since detailed models for curved DNA’s and 
reliable procedures for hydrodynamic simulation 
are available, we have been able to check, whether 
these models are consistent with our electroopti- 
cal results. The experimental results were ob- 
tained for fragments with a rather high number 
of base pairs and, thus, both bending and tor- 
sional flexibility had to be included in our simula- 
tions. As shown in Fig. lc, standard values of the 
flexibility lead to very large variations of the 
DNA configuration, which appear to be in con- 
trast to the standard schemes shown in the litera- 
ture. In general, DNA double helices are repre- 
sented as single, unique structures in the form 
found in the crystals without any indication for 
potential variations due to thermal motions. This 
type of presentation has contributed to the im- 
pression that double helices are rather rigid 
structures. In our simulations, the dynamics of 
DNA double helices has been described by a 
Monte Carlo procedure for the generation of 
individual configurations. These configurations 
have been used for the simulation of experimen- 
tal data in the limit cases of high and low internal 
conversion rates. 

The results of these simulations show that our 
experimental data can only be described in terms 
of the current view on curved DNA structures, if 
its flexibility is lower than that accepted for stan- 
dard DNA double helices. Another potential ex- 
planation would be an increased helix rise per 
base pair for sequences contributing to curvature, 
which appears to be ruled out, however, by the 
results of both X-ray fiber diffraction and by high 
resolution crystal analysis: the main elements 
contributing to curvature, phased stacks of A-T 
pairs, exhibit a helix rise per base pair of about 
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3.2 A, which is clearly below the average value 
[36-381. When we use a high value of the persis- 
tence length around 1000 A and a low rate of 
internal conversion, the agreement between ex- 
perimental and simulated data is satisfactory for 
those fragments, where the experimental time 
constants are most accurate: for the fragment 
Alu-1 the experimental and the simulated time 
constants are 2.2 and 2.0 ps; for Am-2 we found 
3.2 and 3.0 E.CS (20°C). For the long fragment 
AIu-T the agreement between the experimental 
(16.9 ps) and the simulated (11.5 ps) time con- 
stants is less satisfactory. Finally, a large disagree- 
ment (experimental 1.1 ks, simulated 0.56 ps) 
remains for the fragment pK 5 for yet unknown 
reasons. Part of the disagreement may be due to 
the fact that the dichroism decay of this fragment 
has been studied only in a low salt buffer contain- 
ing EDTA, it should be reinvestigated in a buffer 
containing Mg*+-ions and/or a high salt buffer. 

The persistence length found for our curved 
DNA fragments appears to be in contradiction 
with values derived for standard DNA by various 
experimental techniques. However, the data are 
not directly comparable, because the p-values 
observed for standard DNA’s have been deter- 
mined under the assumption that the equilibrium 
configuration of the double hehces is straight. It 
must be expected that some contribution to the 
standard value of the DNA persistence length 
results from an intrinsic curvature. The apparent 
persistence length papp is given by 
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1 h&p = l/P, + l/Pd 

where ps and pd are the static and the dynamic 
persistence lengths, respectively [39-411. Accord- 
ing to definition the static persistence length is 
attributed to effects resulting from intrinsic cur- 
vature, whereas the dynamic persistence length 
describes the influence of thermal fluctuation? 
We may use the experimental value papp = 450 A 
obtained for standard DNA’s together with the 
value oderived from our present simulations p, = 
1000 A and then arrive at an average static pe!- 
sistence length for standard DNA’s ps i= 820 A. 
This p,-value appears to be reasonable for stan- 
dard DNA sequences and, thus, the dynamic 

persistence length required to fit our present 
experimental data is probably not unusual at all. 

It is important to note that the values of the 
persistence length, including the so-called dy- 
namic persistence length, imply virtually nothing 
on the relaxation time constant of the transitions 
between different configurations. As for any in- 
tramolecular transition, the transitions between 
different configurations may proceed anywhere in 
the time range from ns to s or even to hours or 
years, depending on the magnitude of the activa- 
tion barriers. The influence of the equilibrium 
position on the time constants is negligible in 
most cases. Usually the rate of conversion be- 
tween different configurations is assumed to be 
fast. The existence of fast internal conversions 
has been demonstrated [8,28,29,42], but the rate 
of these conversions are expected to be depen- 
dent on the sequence, the ionic conditions and 
certainly on the temperature. Thus, internal con- 
version may be fast in certain cases and slow in 
other cases. Moreover, we have to expect that 
there can be fast and slow modes of internal 
conversion in the same chain. For example, the 
stretching of chains under electric field pulses 
and the reverse process of bending after pulse 
termination are probably mainly “elastic” and 
their rate appears to be mainly determined by 
hydrodynamics. Thus, the close correspondence 
of bending time constants observed for standard 
and for curved DNA fragments does not neces- 
sarily imply that their dynamics is equivalent in 
all detail. It is very likely that real activation 
barriers have to be overcome for certain types of 
internal transitions. A simple analogy exists in the 
case of proteins, where cis-trans transitions of 
proline residues are particularly slow and most 
other internal elementary transitions are orders 
of magnitude faster. Corresponding barriers are 
likely to exist also for polynucleotide chains and 
remain to be identified. 

The results of our investigation are different 
from those obtained previously in several re- 
spects. First of all, the dichroism decay time 
constants obtained for curved DNA fragments 
obtained in this laboratory are very similar to 
those of standard fragments, whereas the dichro- 
ism decay time constants found in other laborato- 
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ries [3-51 are somewhat smaller than those of 
standard fragments. It is not clear, where the 
difference in the experimental results may come 

from, but also in the cases reported from other 
laboratories the difference between the time con- 
stants for standard and curved fragments remains 
smaller than should be expected according to 
current views on the structure of curved DNA. A 
major difference is in the analysis of the data. We 
did not try to determine a degree of curvature 
from our experimental data; it is clear from our 
simulations that this would be possible only, if we 
would arbitrarily fix some parameters of the DNA 
double helices. We have used the model of Bol- 
shoy et al. [13] as a basis of our interpretation, 
because this model appears to be sufficiently well 
justified. We find that this model is consistent 
with our data, when we use the special hydrody- 
namic properties described above. An increased 
rigidity of curved DNA fragments has been sug- 
gested previously by Levene et al. [5] based on a 
model with high internal mobility. As discussed 
above, we have to use a different model from that 
applied by Levene et al. and get the Bolshoy et 
al. model to agree with our experimental data 
only in the limit of low internal mobility of the 
curved DNA fragments. Obviously our conclu- 
sions are subject to the validity of the Bolshoy et 
al. model, but our conclusions remain valid even 
if DNA curvature is slightly overestimated by this 
model. 

A contribution from slow modes of internal 
conversion in curved DNA segments appears to 
be attractive not only for the explanation of our 
electrooptical data but also as a factor contribut- 
ing to the unusually low mobility of curved DNA 
fragments during gel electrophoresis. In sum- 
mary, the results obtained on the curved DNA 
fragments analyzed in the present investigation 
indicate that their average degree of “deviations 
from linearity” is not much different from that of 
standard DNA fragments. However, these results 
are consistent with the view that curved DNA is 
“curved” preferentially in one direction, whereas 
standard DNA is “bent” by thermal motions ‘in 
virtually all directions with equal probability. Our 
results also indicate that the dynamic persistence 
length of curved DNA is in the range around 
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1000 A and that there is a major component of 
the internal dynamics with a relatively low rate. 
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