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The stationary electric dichroism of DNA restriction fragments with chain lengths of 399, 587 and 859 base 
pairs (bp) is shown to be positive at low electric field strengths in the range up to about 1 kV/cm; the 
dichroism is changed to values with the usual negative sign at higher electric field strengths. A positive 
dichroism at low field strengths has been observed in buffers with Na ‘-cations of various ionic strengths from 
1 to 11 mM. Experiments with reversal of the electric field vector indicate that the alignment is induced by a 
permanent electric moment at low field strengths; when the field strength is increased, the contribution from 
an induced dipole moment increases and becomes dominant at high field strengths. Thus, the permanent 
dipole mechanism is prevailing in the range with positive values of the dichroism found at low electric fields, 
whereas the induced dipole mechanism is dominant in the range with negative values of the stationary 
dichroism found at high electric fields. In contrast to these results obtained in buffers containing only 
monovalent ions, the electric dichroism is negative in the whole accessible range of electric field strengths, 
when the buffer contained 100 FM Mg ” The stationary values of the dichroism are negative under all tested . 
conditions of buffer concentrations and electric field strengths for DNA double he&s with 95, 179, 2X,4361 
and 48502 bp. The positive dichroism found in the intermediate range of chain lengths is reduced and finally 
changed to the standard negative dichroism by UV irradiation. Positive values of the linear dichroism are 
predicted by Monte Carlo simulations for ensembles of wormlike chains with the charge density and optical 
parameters of DNA double helices, when the polarizability alone the chain axis is negligible and when the 
internal mobility is frozen. The positive dichroism is due to the fact that virtually all DNA fragments are bent 
by thermal agitation; most of these bent DNA’s are asymmetric and, thus, are associated with permanent 
dipole moments; the majority of dipole vectors in a given range of chain lengths is perpendicular to the 
end-to-end vector and, thus, leads to positive values of the linear dichroism at low degrees of bending. The 
model predicts a chain length dependence consistent with the experimental one due to a superposition of 
chain length dependences of the dipole moment and of the dichroism. The change from positive to negative 
values of the linear dichroism at increasing field strengths suggests some increase of the polarizability with the 
field strength, but may also be partly due to field induced stretching. The absence of the special effect in the 
presence of Mg*+ indicates a particularly high compensation of the phosphate charges by this ion. The time 
constants of electrooptical rise curves observed in the range with the positive stationary dichroism are rather 
close to those of the decay curves. It is shown by Brownian dynamics simulations that this result is consistent 
with the existence of a permanent dipole moment. The deviation from the standard expected for permanent 
dipoles is due to the fact that in the present case the dipole vectors are mainly perpendicular to the long axis 
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of the molecules. The decrease of the positive dichroism by UV irradiation is consistent with the interpretation 
of the data by a frozen ensemble of configurations and indicates that photoproducts introduce flexible joints 
into the DNA chains. 

Keywords: Bending dynamics of DNA; DNA restriction fragments; Electrooptics; Photoreaction; Wormliie chain model 

1, Intmduction 

Double helical DNA has been a favored object 
for electrooptical investigations [l-15], partly be- 
cause of its biological relevance but also because 
of its high electrical and optical anisotropy lead- 
ing to large electrooptical effects, which can be 
characterized most accurately. According to the 
structure of the DNA double helix, its electric 
dichroism and birefringence are expected to be of 
negative sign. This expectation has been con- 
firmed throughout the available scientific litera- 
ture. In the present investigation it is shown that 
double helical DNA in a given range of chain 
lengths and salt concentrations exhibits both sta- 
tionary electric dichroism and stationary birefrin- 
gence of positive sign under conditions where the 
double helices are clearly native. Moreover, the 
electric field strengths applied in the present 
experiments are lower than those used in most 
previous investigations and, thus, the results of 
the present experiments are less likely to be af- 
fected by field induced changes of conformation 
and should be more representative of the native 
state of these molecules than the results of any 
previous investigations. 

The present results might have caused consid- 
erable irritations if obtained some decades ago. 
Now, the structure of DNA has been established 
beyond doubt and owing to progress in the theo- 
retical interpretation of electrooptical data, posi- 
tive values of the linear dichroism can be ex- 
plained without claiming an unusual molecular 
structure of DNA or unconventional electrical 
parameters. In this context, the information ob- 
tained from the new experiments is on a more 
special level: as shown below, the data tell us new 
details about the structure and the dynamics of 
DNA double helices and also reveal information 
on the mode of ion binding. 

2. Materials and methods 

The DNA fragment with 587 base pairs (bp) 
was prepared from the plasmid pUCBM20 (ob- 
tained from Boehringer Mannheim) by the re- 
striction nuclease HueIII. The fragments with 
179, 256 and 859 bp were prepared from the 
plasmid pRW574 (kindly provided by W. Hillen) 
by HaeIII digestion; the fragment with 95 bp was 
obtained from the same plasmid by EcoRI diges- 
tion. The fragment with 399 bp was cut from a 
pUC18/19 plasmid with an insert from the DNA 
of chirorwmw thummi thummi by EcoFU and 
HindIII. The fragments were separated by ion 
exchange HPLC. hDNA was obtained from Phar- 
macia, pBR322 DNA was from Boehringer 
Mannhehn. All DNA samples were dialyzed ex- 
tensively, first against 1 M NaCl, 10 mM Na- 
cacodylate pH 7, 1 m M EDTA and finally against 
1 mM NaCl, 1 mM Na-cacodylate pH 7.0, 0.2 
mM EDTA (buffer A) or against 1 m M NaCl, 1 
mM Na-cacodylate pH 7.0, 100 pM MgCl, 
(buffer B). 

The samples were exposed to electric field 
pulses in standard cuvettes of 1 cm optical path- 
length with an insert machined from teflon, hold- 
ing platinum electrodes at a distance of 4.8 mm. 
Electric field pulses were generated by a Cober 
pulse generator model 606; two of these genera- 
tors were combined for pulse reversal experi- 
ments. Linear dichroism signals were recorded by 
an optoelectronic detection system, which has 
been developed for measurements of tempera- 
ture jump relaxation [16]: a 600 W Hg/Xe lamp 
was used as a light source together with a Schoef- 
fel GM250 grating monochromator; the dichro- 
ism was measured at the 248.2 MI mercury line; 
the light was polarized by a glan prism obtained 
from Halle (Berlin); part of the light beam was 
reflected by a quartz plate on a reference multi- 
plier; the reference signal was used for compen- 
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sation of lamp fluctuations transmitted into the 
signal of the dichroism detector. The output sig- 
nal was recorded together with the enforcing 
electric field by a Tektronix 7612D programmable 
digitizer. The data were transferred via an LSI 
11/23 to the facilities of the Gesellschaft fir 
wissenschaftliche Datenverarbeitung mbH GGt- 
tingen and were analyzed by various fitting proce- 
dures, including an exponential fitting routine 
with an efficient deconvolution algorithm [17]. ._________ Iv 
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3. Results 

3.1. Electrooptical experiments 

When solutions of DNA fragments with 587 bp 
or with 859 bp are exposed to electric field pulses 
of e.g. 500 V/cm, the transmission of light polar- 
ized parallel to the electric field vector is clearly 
decreased (cf. Fig. 1). Measurements at the magic 
angle orientation of the polarized light do not 
reveal any field induced conformation changes 
under these conditions and, thus, the experiments 
demonstrate a positive electric dichroism for na- 
tive double helical DNA. Measurements at differ- 
ent electric field strengths reveal a maximum of 
the positive electric dichroism at rather low field 
strengths, usually in the range below 1 kV/cm 
(cf. Fig. 2). At higher field strengths the electric 
dichroism is changed to values with the standard 
negative sign. The dependence of the reduced 
linear dichroism AC/E on the electric field 
strength is strongly influenced by the salt concen- 
tration (cf. Fig. 2). Positive values of the dichro- 
ism have been observed for the fragment with 587 
bp in the range of salt concentrations from w 1 
mM to m 11 m M in buffers containing monova- 
lent ions. A maximal value in the positive dichro- 
ism is observed at an ion concentration corre- 
sponding to 2.4 mM. In contrast to the results 
found in buffers containing monovalent ions ex- 
clusively, no indication of any positive dichroism 
effect has been observed in a buffer containing 
100 pM Mg2+ ions (buffer B). 

More information on the nature of the dichro- 
ism effect is provided by the dicbroism risecurves 
and by the transients observed upon pulse rever- 
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Fig. 1. Intensity changes AI of light, which is polarized 
parallel to the electric field vector and is transmitted through 
a solution of a 587 bp fragment, as a function of time t during 
exposure to an electric field pulse E (dashed line) of 3 
different electric field strengths (a, b and c; buffer A at 2”C, 

DNA helix concentration 0.121 PM). 

sal (cf. Fig. 1). Pulse reversal leads to a large 
change of the electrooptical effect with a tran- 
sient reversal of the sign of the dichroism; this 
change is particularly large in the range of elec- 
tric field strengths, where the stationary values of 
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Fig. 2. Stationary values of the electric dichroism AE/E for the DNA fragment with 587 bp at 20°C as a function of the electric 
field strength E in two different ranges of E and in buffers of different salt concentrations: (t ) l/2 buffer A (ionic strength 
Zs1.2 mM), (x) buffer A(Zz2.4 mM), (01 buffer A+5 mM NaCl (I= 7.4 mM), and (A) buffer A+10 mM NaCl (Zr12.4 

mM). 

the dichroism are positive. The changes observed 
upon pulse reversal decrease with increasing elec- 
tric field strength and are relatively small-but 
still clearly existent-at the highest field 
strengths, which can be generated by the elec- 
trooptical instrument used for the present mea- 
surements. According to the standards known in 
the literature [18-221, the special effects, which 
are observed most clearly at low field strengths, 
would be assigned to the presence of a perma- 
nent electric moment and/or to some polarizabil- 
ity in the direction perpendicular to the long axis 
of the double helix. 

More detailed information may be expected 
from a quantitative analysis of the time constants. 
All transients require at least two relaxation pro- 
cesses with amplitudes of opposite sign. In the 
case of the risecurves and the curves induced by 
pulse reversal, the time constants associated with 
the relaxation processes are rather close to each 
other and the amplitudes obtained from fitting 
procedures are particularly high, but compensate 
each other to a large degree. It is remarkable that 
the largest time constant of the dichroism rise 
curves and also the largest time constant of the 
transients observed upon pulse reversal are not 
larger than the largest time constant observed in 
the dichroism decay (cf. Fig. 3). For permanent 
dipoles it may be expected according to Benoit 

[ZO] that the largest time constant associated with 
electrooptical risecurves in the limit of low field 
strengths is three times ‘larger than the corre- 
sponding time constant of the decay curves. Thus, 
the present observations appear to argue against 
an orientation mechanism involving a permanent 
dipole moment. However, as shown below, this 
argument is not conclusive in the present case. 

The special effects described above for the 
case of a DNA fragment with 587 bp have also 

30 
Y 

+“r x 

t + + N 
20 t + 

ISi * 

lOI.,.,.,.,.,.,.,. 
0 200 400 600 600 1000 1200 1400 1600 

E [v/cm1 

Fig, 3. Time constants T,! (+ ) and T,? (X) obtained by fitting 
of dichroism rise curves measured for the DNA fragment with 
587 bp at different electric field strengths E. The average 
value of the slow decay time constants found for the same 
solution is indicated by an arrow (buffer A, 2o”C, DNA helix 

concentration 0.176 NM). 
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been observed for DNA fragments with 399 bp 
and with 859 bp. According to its reduced elec- 
trophoretic mobility in polyacrylamide gels, the 
fragment with 399 bp has been classified as 
“curved”, but its electrooptical parameters proved 
to be rather close to those of standard DNA 
fragments in an independent investigation; it has 
been demonstrated that the close correspondence 
is due to fluctuations of the long range structure 
[23]. Positive values of the electric dichroism have 
neither been observed for DNA fragments with 
95 bp, 179 bp and 256 bp nor for pBR322 DNA 
(4361 bp) or ADNA (48502 bp). Thus, positive 
values of the electric dichroism are only found in 
a restricted range of intermediate chain lengths. 

According to theory it should be expected that 
the birefringence effects for a given solution are 
analogous to those observed by dichroism detec- 
tion. This has been verified by measurements 
with the 859 bp fragment in buffer A: the bire- 
fringence is positive at low field strengths and is 
negative at high field strengths; the birefringence 
transients are also in close analogy with those 
observed by dichroism detection. 

Because of its high negative charge density, 
double helical DNA is not expected to aggregate 
under the conditions of the present experiments. 
Nevertheless, it is important to check, whether 
the special effects described above might be due 
to some association reaction between the double 
helices. Some concentration dependence is found 
in the positive stationary dichroism of the 587 bp 
fragment: at high DNA concentrations the mag- 
nitude of the positive dichroism is somewhat 
larger than at low DNA concentrations. However, 
a constant level of the positive dichroism is found 
at low DNA concentrations. A constant value of 
the positive dichroism has been found also for the 
fragment with 859 bp in the range from 28 nM to 
88 nM helii concentration (Fig. 4). These results 
demonstrate that the positive electric dichroism is 
characteristic of the internal structure of the DNA 
fragments. The enhancement of the positive 
dichroism at increasing DNA concentrations may 
be due to some aggregation or due to some long 
range interactions between DNA fragments_ 

The dichroism effects described above have 
been recorded at rather low electric field 

ox P 
+ 

2- s, 
de/& 
*103 

+5! 0 

l- dJx : 

-11 . , . , . , , . 
0 200 400 600 800 1000 

E [v/cm1 
Fig. 4. Reduced electric dichroism AC/E for the DNA frag- 
ment with 859 bp as a function of the electric field strength E 
at different DNA concentrations: (+) 28.3 nM, (X) 57.1 nM 
and (0) 87.7 nM (concentrations in units of double helices; 

buffer A, 20°C). 

strengths, where orientation effects are expected 
to be far from saturation. The rather complex 
dependence of the measured stationary values of 
the dichroism cannot be described by any of the 
available orientation functions. Under these con- 
ditions it is of interest to analyze the field strength 
dependence of the amplitude A, associated with 
the slow relaxation process. The A,-values can be 
determined at a satisfactory accuracy by fitting of 
dichroism decay curves. As shown for the exam- 
ple of the fragment with 859 bp in Fig. 5, this 
amplitude saturates at a rather low electric field 
strength. The field strength dependence of A, is 
consistent with an orientation function for a per- 
manent dipole and cannot be fitted by an orienta- 
tion function for an induced dipole. The magni- 
tude of the permanent dipole resulting from a 
least squares fit is remarkable: 70400 D. The 
ratio of the amplitudes A,/A, associated with 
the fast and with the slow relaxation process is a 
non-linear function of the electric field strength 
(data not shown). Extrapolation to field strength 
E = 0 leads to a ratio AI/A, = - 0.44 (for the 
fragment with 859 bp; experimental conditions cf. 
legend to Fig. 5). 

The experiments showing a positive electric 
dichroism may be repeated many times for a 
given solution, but the amplitude decreases grad- 
ually with an increasing number of shots. For a 



132 D. Porschke/Biophys. Chem. 49 (l!I94} 127-139 

10- 

0' . I 
0 1 2 3 

E [kV/cm] 

Fig. 5. Dichroism amplitude associated with the slow relax- 
ation process found in the dichroism decay of the DNA 
fragment with 859 bp in 1 mM NaCI, 1 mM Na-cacodylate 
pH 7.0, 100 PM EiDTA at 2°C. The continuous tine repre- 
sents a least squares fit by a permanent dipole model with a 
dipole moment 2.3.5X lo-= Cm ( = 704Otl D) and a limit 
reduced dichroism of 0.00305; the dashed line represents a 
least squares fit of the data by an induced dipole model 
(polarizability 1.34 x lOeD, limit reduced dichroism 0.00226). 

typical series of experiments with 40 shots over 
the whole range of electric field strengths up to 4 
kV/cm, the decrease of the positive dichroism 
amplitude was about 15%. A decrease of the 
amplitude has not been observed, when the ori- 
entation effects were recorded by birefringence 
detection at 365 nm. Independent experiments 
showed that the decrease is due to a photoreac- 
tion and is not due to any effects caused by the 
electric field pulses. When the DNA samples are 
irradiated at 248 nm for longer periods (2 60 s in 
our instrument), the positive electric dichroism is 
finally changed to a negative one. As discussed 
below, the denaturation of a very small region of 
the double helix may be sufficient already for 
suppression of the positive dichroism. 

3.2. Wonnlike chain model 

The experiments described above demonstrate 
a positive electric dichroism for double helices in 
a given range of chain lengths and salt concentra- 
tions. Furthermore, the transients observed upon 
pulse reversal indicate that the field induced 
alignment in the range with a positive electric 

dichroism is caused either by some permanent 
electric moment or by a polarizability, which is 
dominant in the direction perpendicular to the 
helix axis. Now it has to be shown, whether these 
observations are consistent with the known 
molecular structure of DNA double helices. 

It is expected that straight DNA double he- 
lices with a B-type structure exhibit a negative 
electric dichroism. Thus, the special effects de- 
scribed above are probably due to the fact that 
the double helices are subject to bending by ther- 
mal agitation. It has been shown by model calcu- 
lations that bent forms of DNA usually bear 
considerable “permanent” electric moments, 
which result from asymmetric distributions of 
phosphate charges [24]. For an explanation of the 
results presented above, it should be demon- 
strated that this effect may lead to positive values 
of the electric dichroism for the distributions of 
bent DNA forms, which are expected to exist 
under the given experimental conditions. 

Distributions of DNA configurations have been 
generated according to the standard wormlike 
coil model by algorithms described in the litera- 
ture [25-271. The dipole moments due to the 
phosphate charges associated with the non-sym- 
metric DNA configurations must be referred to 
the center of diffusion, which has been computed 
by bead model simulations [28,29]. These simula- 
tions also provide the diffusion coefficients of any 
given configuration. The tensor of the extinction 
coefficients is obtained by addition of the contri- 
butions from the chain segments. These parame- 
ters of a given configuration are used for the 
calculation of the electrooptical transient for this 
configuration according to the procedure de- 
scribed Wegener et al. [30]. Transients have been 
calculated for large numbers of configurations, 
which have been generated independently; sum- 
mation of these provides the electrooptical tran- 
sient for distributions of configurations. It should 
be noted that this procedure is valid, when the 
transition between individual configurations is 
slow compared to rotational diffusion [23,27]: the 
time constant(s) for configurational transitions rC 
should be larger than the time constant(s) of 
rotational diffusion TV. Thus, the model describes 
a “frozen” ensemble of configurations. 
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Fig. 6. Limit electric dichroism (AE/E~ simulated according 
to the DNA wormlike chain model for different chain lengths 
N in bp; the effective charge associated with phosphate 
residues is 0.15 X [elementary charge]; polarizability terms are 
assumed to be negligible; (+) persistence length p = 2000 & 

(X)p=5Mtok 

In order to simplify the analysis and to demon- 
strate the influence of permanent moments re- 
sulting from asymmetric charge distributions, a 
major part of the simulations has been restricted 
to the case, where the contributions from polariz- 
ability terms are negligible. As a first step, it is 
useful to analyse limit values of the electric 
dichroism (he/&, predicted for “frozen” distri- 
butions of wormlike chains. These values are 
given for complete orientation of the ensembles 
expected at infinitely high electric field strength. 
As shown in Fig. 6, the (AE/E),-values are posi- 

tive in a broad range of chain lengths. For an 
explanation of the numerical results it must be 
recalled that virtually all DNA molecules are 
bent by thermal agitation-including the short 
ones (cf. Fig. 7). Most bent forms of short DNA’s 
are similar to circular arcs; their dipole moment 
arising from the phosphate charges is in radial 
direction [24]; this dipole vector leads to a posi- 
tive dichroism, provided that the bending angle of 
the “arc” remains small; obviously, in the case of 
short DNA’s the bending angle remains limited 
for most configurations. The limitation in the 
magnitude of the dipole moment expected for 
short DNA’s is not reflected in the (he/e),-val- 
ues (cf. Fig. 6), because these values are given for 
infinitely high electric field strengths. For long 
DNA molecules the dipole vector is more often 
in the direction of the long axis of the molecules 
and, thus, the limit dichroism decreases with in- 
creasing chain lengths; finally, at high chain 
lengths the dichroism is negative. 

For a comparison with the present experimen- 
tal results, the dichroism contributions of individ- 
ual configurations have to be weighted according 
to the magnitude of the dipole moment. These 
weighted contributions are calculated according 
to the procedure of Wegener et al. [30] using the 
“alignment tensor”, which provides the contribu- 
tions for the limit of low electric field strengths, 
i.e. in the regime of the Kerr law. The Ae/E-val- 
ues calculated by this procedure are positive at 
low chain lengths, show a maximum for interme- 

Fig. 7. Configurations generated according to the wormlike chain model for a contour length corresponding to the persistence 
length. 
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diate chain lengths (cf. Fig. 8) and finally de- 
crease to negative values at high chain lengths. 

The average values shown in Fig. 6 and 8 
represent broad distributions of different configu- 
rations with widely different values of the linear 
dichroism and of the dipole moment. The distri- 
bution resulting from a simulation for the frag- 
Tent with 587 bp at a persistence length of 4500 
A (cf. Fig. 9) demonstrates that the average posi- 
tive dichroism results from a large contribution of 
configurations with a electric dichroism in the 
range around +0.4 and with dipole moments 
around 10000 D. 

The simulations show that the electric dichro- 
ism of DNA wormlike chains within a given range 
of chain lengths is positive, provided that the 
electric parameters are determined by the loca- 
tion of the phosphate charges and that contribu- 
tions from polarizability terms are negligible. It 
remains to be shown that positive values of the 
dichroism may be expected for the fragments 
used in the present investigation. According to 
the wormlike chain model, the Ae/e-value for 
the fragment with 587 bp is positive only% when 
the persistence length is as high as 4500 A. The 
dichroism decay simulated under these conditions 
is close to the experimental one observed at low 
electric field strengths and requires two time con- 

Fig. 9. Number of configurations found in different ranges of 
the dipole moment fi and of the limit electric dichroism 
(AC/& from a simulation for a DNA double helix with 587 
bp with a total number tf 8000 random configurations; persis- 
tence length p = 4500 A; the average limit reduced dichroism 
is tO.0863; the stationary reduced dichroism (at low field 
strengths) is t 2.43 x 10e3; the average decay time constants 
are 71 = 6.3 ps, T* = 72.2 ps; the maximal dipole moment in 

the ensemble is 43460 D. 

stants for fitting; in view of the approximations 
and in the absence of any systematic fitting of the 
data, the values 71 = 6.3 ps and 72 = 72.2 ps are 
in satisfactory agreement with the experimental 
ones (TV = 9.1 f 0.4 ps, 72 = 48.3 f 2 ps in buffer 
A; all values at 20°C). 

3.3. Permanent dipoles with ekctrooptical rise 
curves different from the case of Benoit 
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Fig. 8. Stationary electric dichroism At/r siiulated accord- 
ing to the DNA wormlike chain model for different chain 
lengths N in bp; the be/e-values are weighted according to 
the dipole moment of individual configurations (average of 
6000 to 10000 configurations); polarizability terms are a$ 
sumed to be negligible; (t ) persisttnce length p = 2000 A, 

(x)p=XIOOA. 

The interpretation of the experimental data 
given above on the basis of permanent dipole 
moments arising from asymmetric distributions of 
charges appears to be in contrast with the experi- 
mental dichroism rise curves. According to Benoit 
[20] it is expected that the electrooptical rise of 
permanent dipoles is much slower than their 
electrooptical decay. However, Benoit has calcu- 
lated electrooptical transients by an anaIytica1 
treatment for ellipsoids of revolution with the 
dipole vector along the axis of revolution and has 
not considered cases with special combinations of 
dipole moments and diffusion coefficients. A spe- 
cial feature of the permanent dipoles described 
above is the perpendicular direction of the dipole 
vector with respect to the long axis of the 
molecule, which determines the slowest mode of 
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Fig. 10. Dichroism risetime constants T: (+) and 7,’ (X) fro?! 
Brownian dynamics simulations for a circular arc of 300 A 
length and with a bending angle of 0.3 x 2~ (corresponding to 
30% of a circle) at different electric field strengths E. The 
larger exponential time constant of the dichroism decay is 

indicated by an arrow. 

rotational diffusion. Dichroism risecurves have 
been calculated for this special case by Brownian 
dynamics simulations. The procedure used for 
the simulations has been described [31,32]; the 
input parameters were generated by the proce- 
dures for bead model simulations described 
above. 

Although the Brownian dynamics approach can 
be applied for any combinations of parameters, 
simulations are given below for a relatively simple 
case, which should be sufficient to demonstrate 
the principle. A circulartrc of DNA is used with 
a contour length of 300 A corresponding to 88 bp 
and a bending angle of 0.3 X (2~), i.e. the overall 
shape corresponds to 30% of a circle. Electroop- 
tical rise curves simulated for various electric 
field strengths can be represented by two expo- 
nentials with amplitudes of opposite sign; the 
decay curves also require two exponentials with 
amplitudes of opposite sign. As shown in Fig. 10, 
the larger one of the risetime constants ap- 
proaches the value found for the larger decay 
time constant at low field strengths. In spite of 
some limitations in the accuracy of the simulated 
time constants due to a limit in the number of 
trajectories, it is clear that the rise time constants 
for low field strengths are far from the values 
expected according to Benoit. 

In order to check the validity of the simulation 
procedure, rise curves have also been simulated 
for the other limit case, where the permanent 
dipole is directed parallel to the long axis of the 
molecule. In this case the rise curves obtained in 
the limit of low fields strengths are consistent 
with the predictions of Benoit. 

4. Discussion 

Although the eIectrooptica1 parameters of 
DNA molecules have been investigated repeat- 
edly in many different laboratories, positive sta- 
tionary values of the electric dichroism have not 
been reported yet in the literature. In the present 
laboratory, electrooptical effects used to be char- 
acterized mainly in the range of high electric field 
strengths, where the stationary electric dichroism 
of DNA always appeared with the standard nega- 
tive sign. Some reports [33,34] have been given on 
electrooptical transients induced by pulse rever- 
sal; which suggested the existence of permanent 
dipole moments or the existence of a strong po- 
larizability perpendicular to the helix axis. How- 
ever, a quantitative interpretation of such tran- 
sients has not been described in the literature yet. 
Some authors have tried to explain evidence for a 
permanent dipole associated with double helices 
by fluctuations of ion binding on straight DNA 
models [35]; as discussed recently [36], this inter- 
pretation is not consistent with the experimental 
observations. Further evidence against the inter- 
pretation by fluctuations has been obtained by 
pulse reversal experiments on sufficiently short 
DNA fragments, which have been evaluated by 
an appropriate deconvolution routine (in prepa- 
ration). 

The interpretation given above on the basis of 
a wormlike chain model appears to be consistent 
with all essential experimental informations avail- 
able. Obviously, this interpretation should be sub- 
ject to further experimental tests and simulations 
should be extended to more complex models. 
Nevertheless, some major conclusions appear to 
be justified already at the present stage: 

First of all, positive values of the electric 
dichroism for DNA double helices appear to- 
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gether with permanent dipoles. The special shape 
of the dichroism rise curves and of the dichroism 
transients upon pulse reversal may also be at- 
tributed to a strong polarizability component per- 
pendicular to the long helix axis, but there is 
hardly any evidence for this interpretation: first 
of all, the polarizability of objects like DNA is 
known to be maximal in the direction of maximal 
extension. Furthermore, various simulations dur- 
ing the present and previous projects [23,24,27] 
never revealed the unusual electrooptical tran- 
sients, when the alignment was only due to stan- 
dard polarizability terms. Finally, a strong argu- 
ment against the interpretation by a polarizability 
perpendicular to the long axis comes from the 
disappearance of the positive electric dichroism 
in the presence of Mg*’ ions. It is known that 
the condensation of Mg2+ ions to DNA double 
helices is much more extensive than that of 
monovalent ions. Thus, the effective charge of 
phosphate residues is expected to be much lower 
in the presence of Mg 2+ than in the presence of 
Na+, whereas the polarizability of double helical 
DNA is known to be hardly affected upon addi- 
tion of 100 ,uM Mg 2+ [9]. According to the 
predictions of polyelectrolyte theory [37,38], the 
charge density of a line charge modelled in anal- 
ogy to the DNA double helix is reduced to 12% 
in the presence of Mg2+-ions. This prediction is 
based on electrostatic interactions and does not 
consider coordination effects. The present experi- 
ments suggest that the charge density of DNA is 
reduced by Mg2+-ions to values below 12%; the 
reduction beyond the value expected from poly- 
electrolyte theory may be due to coordination 
effects. 

The main experimental observations are shown 
to be consistent with a “frozen” ensemble of 
configurations simulated according to the worm- 
like chain model. Simulations on ensembles of 
configurations with a high internal mobility should 
be useful for comparison and should facilitate a 
more detailed ,assignment of processes, but these 
simulations require more extensive computations 
[39,40]. According to a straightforward interpre- 
tation of the available experimental data, the 
evidence is against a high internal mobility of 
DNA under the present experimental conditions. 

This evidence comes from the time constants of 
the dichroism transients observed upon pulse re- 
versal: if the internal mobility would be high (i.e. 
the time constants for internal transitions would 
be clearly lower than the overall rotational diffu- 
sion time constant), the time constants of the 
electrooptical transients should be much shorter 
than observed. This expectation is based on the 
fact that the direction of the dipole of a bent 
DNA configuration with a high internal flexibility 
may be turned around by motion of the terminal 
segments; such motion should be fast for flexible 
chains. 

The present evidence on low rates for configu- 
rational transitions appears to be in contradiction 
with previous observations on bending time con- 
stants [9,41]. The contradiction is reconciled by 
the fact that the bending time constants were 
obtained under special experimental conditions: 
the DNA fragments were exposed to high electric 
field strengths leading to particularly high stretch- 
ing forces. It is very likely that stretching at high 
field strengths is mainly in the “elastic” limit; this 
type of stretching is expected to revert quickly 
with time constants determined by hydrodynamic 
friction. The other limit case with relatively high 
barriers of activation for transitions between dif- 
ferent configurations leads to distributions, which 
are virtually “frozen” during the time of the 
reIatively short electrooptical transients. Various 
modes of internal transitions including the ex- 
treme ones may be present simultaneously in a 
given polymer chain. A close analogy exists in the 
case of protein folding, where both fast and slow 
modes have been observed, in proteins the slow 
modes are represented by e.g. the ck-truns tran- 
sition of proline residues. It is very likely that 
activation barriers exist also in configurational 
transitions of DNA double helices. It should be 
added that the time limit of configurational tran- 
sitions, which may be resolved by measurements 
of the electric dichroism, is defined by the rate of 
overall rotational diffusion: thus, the time con- 
stants of internal transitions within DNA for a 
frozen ensemble need not be larger than = 50 ps 
at 20°C and may be even somewhat smaller than 
that value. 

The hydrodynamics of frozen configurations is 
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expected to be strongly affected by perturbations 
like local denaturation. For example, the dissoci- 
ation of a few base pairs may introduce a flexible 
joint, which may change the rotational diffusion 
of a long DNA chain entirely, if this joint is 
located somewhere in the central part of the 
chain. From this point of view, it is not at all 
surprising that the unusual electrooptical re- 
sponse described in this communication is more 
sensitive than standard electrooptical response 
curves towards damages accumulating with an 
increasing number of experiments (cf. Section 3). 
This sensitivity may be useful for future experi- 
ments on the infhrence of various ligands on the 
long range structure of DNA. The example of the 
photoreaction, which induces a strong decrease 
of the positive dichroism and finally a change to a 
negative one, is consistent with the present inter- 
pretation. The standard UV-photoproducts of 
DNA nucleotide residues interrupt base stacking 
in the double helix and, thus, it must be expected 
that these photoproducts introduce flexible joints. 

Some of the new experimental results, which 
are not yet explained by the wormlike chain model 
with frozen configurations and with non-symmet- 
ric charge distributions, require a separate discus- 
sion: The model is very useful to explain the 
permanent dipole moments observed at low elec- 
tric field strengths, but the change of the orienta- 
tion mechanism from the permanent to the in- 
duced dipole type remains unexpIained. It is pos- 
sible that this change is partly due to field in- 
duced stretching, which is more efficient at higher 
field strengths. Stretching decreases the perma- 
nent dipole moment and, thus, contributions from 
polarizability terms may become dominant. Ac- 
cording to model calculations on field induced 
stretching [421, however, major contributions from 
stretching would not be expected at the low field 
strengths, where the change of the orientation 
mechanism is observed. In the absence of simple 
and complete explanations on other levels, the 
change in the electric response may be attributed 
to an increase of the polarizability with the field 
strength. Due to the complexity of polyelec- 
trolytes it is conceivable that shielding by 
counterions leads to an induction range of the 

polarizability at low field strengths. This hypothe- 
sis may be tested by further experiments. 

The interpretation of the new electrooptical 
data by the wormlike chain model implies unex- 
pectedly high values of the “dynamic” persistence 
length. Recent independent experiments indi- 
cated that the dynamic persistence length is in 
the range around 1000 A [23], under conditions 
where electrostatic shielding is quite efficient due 
to the presence of Mg2+ ions or of high monono- 
valent ion concentrations. Most of the present 
experimental data have been collected at rather 
low ionic strengths, where a strong contribution 
from “electrostatic persistence” must be expected 
[43-451. A particularly large electrostatic persis- 
tence together with a strong chain length depen- 
dence of this parameter has been computed re- 
cently by Fenley et al. [45] for a helical and 
constant dielectric model. At 1 mA4 salt the 
electrostatic persistence length calculated for a 
600 bp fragment is about 1200 A according to this 
model and, thus, the effective persistence length 
is at least in the order of magnitude required for 
explanation of the present results. Fenley et al. 
[45] do not favour the “constant dielectric” model, 
because “it possesses a strong dependence of the 
binding fraction on salt, which is not found exper- 
imentally”. It may be noted that the present 
experimental results on the salt dependence of 
the positive dichroism may be explained by a 
combination of an increase in the degree of ion 
binding and a decrease of the polarizability with 
increasing salt. According to the chain length 
dependence of the electrostatic persistence pre- 
dicted by Fenley et al., the persistence lengths 
compiled recently for low salt concentrations [14] 
have to be revised, because most of the experi- 
mental data were collected for relatively low chain 
lengths. Another reason for a reinterpretation of 
the persistence lengths found at low salt concen- 
trations in the absence of Mg2+ are the special 
effects [27] resulting from the existence of perma- 
nent dipole moments. Finally, a further problem 
for a quantitative assignment of the dynamic per- 
sistence length comes from the fact that DNA 
double helices are not only bent by thermal agita- 
tion but also are inherently curved. Even DNA 
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fragments without anomalous gel mobility are 
expected to be curved to some degree. According 
to the model of Bolshoy et al. [46], the DNA 
fragments with 587 and 859 bp are both some- 
what curved: model calculations on the predicted 
equilibrium configurations provide a positive 
electric dichroism for the 859 bp fragment, but a 
negative one for the 587 bp fragment (calculated 
for the case of negligible polarizability). Due to 
the limitations in the prediction of DNA curva- 
ture and also in the calculation of electrooptical 
data from given structures, small deviations from 
predictions must be interpreted with caution. 
Both procedures for prediction of DNA curva- 
ture and for calculation of electrooptical tran- 
sients should be refined for a more detailed as- 
signment of structures in solution. 

The electric moment leading to a positive elec- 
tric dichroism of DNA double helices appears to 
be a permanent one according to standard elec- 
trooptical criteria. In fact, this special dipole mo- 
ment is permanent in the sense that it does exist 
in the absence of an external electric field. How- 
ever, the special dipole moment is clearly not 
permanent for individual molecules with respect 
to time and, thus, does not correspond to the 
type of dipoles which have been defined as per- 
manent ones originally. The special type of dipole 
moment described in the present investigation 
may be denoted as a dipole moment due to 
configurational fluctuations. A related dipole mo- 
ment resulting from fluctuations has been de- 
scribed by Kirkwood [47] for the case of proteins: 
protons may fluctuate between different sites of 
binding and, thus, may generate an anisotropy of 
the charge distribution; this may be reflected by 
dielectric effects, which are hard to distinguish 
from those due to standard permanent dipoles. It 
may be added that dipoles of macromolecules 
may also result from fluctuations in the binding 
of other ligands [48]. Furthermore, it should be 
mentioned that still another type of permanent 
dipole moment has been found previously in DNA 
double helices: the polarizability of DNA may 
approach saturation in a given range of field 
strengths [8] and above that range the dipole 
moment remains independent of the field strength 
as in the case of permanent dipoles. Thus, a 

rather large number of different dipole moments 
must be distinguished in the case of macro- 
molecules; obviously, the wide variety of different 
electric moments is due to the complexity of 
these macromolecules with respect to their struc- 
ture and dynamics. 

In summary, the unexpected experimental re- 
sults have been explained by a model, which 
describes the fluctuations of double helical DNA 
and their inference on electric parameters in 
terms of a frozen ensemble. Unusual electric 
properties of polyelectrolytes, including DNA, 
have been discussed frequently, but have not 
been explained in any sufficient detail previously. 
The present results, obtained from experiments 
and from simulations, contribute to a better un- 
derstanding of these complex electric phenom- 
ena. In addition, the electrooptical results prove 
to be useful for the characterization of the inter- 
nal DNA dynamics. The experimental data indi- 
cate that bending and/or curvature of the DNA 
fragments used in the present investigation is 
limited. Furthermore, the data indicate that dou- 
ble helices are less flexible with respect to the 
dynamic persistence and also with respect to the 
rate of internal configurational transitions than 
implied in the past. 
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