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Electric field pulses induce a substantial increase of the light scattering intensity of double-helical DNA. The relative change
of light scattering and also the reciprocal relaxation time constants under electric field pulses increase with increasing
nucleotide concentration. These observations. together with a large difference between dichroism orientation time constants
and light scattering time constants under electric field pulses. demonstrate that the main part of the light scattering effect is due
not to field-induced orientation but to interactions between DNA helices. From the concentration depzndence of the light
scattering time constants we obtain, according to an isodesmic reaction model, association rate constants in the range 3x10¢
M ™! helices s~ ! for DNA with approx. 300 base-pairs. These values are at the limit of a diffusion-controlled DNA association
and do not show any dependence upon the field strength. The dissociation rate constants k, decrease strongly with increasing
field strength E and thus demonstrate that the interactions between the helices are induced by the electric fickd. This conclusion
is consistent with independent measurements which do not reveal any DNA association at zero field strength. The observed
linear relation between log(ky) and E? suggests a field-induced reaction driven by dipole changes. According to this
interpretation the change of dipole moment should be in the range of approx. 1400 debye. Tke dissociation rates for DNA
helices with approx. 300 to approx. 800 base-pairs strongly increase with increasing salt concentration (measured in the range
1-5 mM jonic strength), whereas the association rate constants remain virtually unchanged. Measurements of the linear
dichroism in the same range of DNA chain length demonstrate that for long field pulses of e.g.. 40 us, the amplitude
approaches a maximum value and then decreases. The dichroism relaxation curves observed after long field pulses exhibit a
component with a positive dichroism and an increased decay time. These observations suggest the formation of a DNA
aggregate with an unusual arrangement of the bases.

1. introduction

Electro-optical methods have been widely used
for the analysis of biological macromolecules. The
data obtained from electro-optical experiments,
e.g., rotational diffusion coefficients or the re-
duced dichroism, provide valuable information on
the structure of macromolecules in dilute solution
[1,2]. Electro-optical data proved to be particularly
useful for the characterization of structures with
some symmetry such as nucleic acids [3-10]. How-
ever, application of electric field pulses to biologi-
cal macromolecules requires special caution, since
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the field pulses may induce conformation changes
[11-16]. Some of these conformation changes may
be induced already at moderate field strength. In
most of the cases investigated the reaction is driven
by the dissociation of ion complexes accompanied
by a polarisation of the ion atmosphere around the
polymer molecules. The ion displacement may re-
sult in the dissociation of ordered structures, for
example, the transition from the a-helix to the coil
form in polypeptides or from double helices to
single strands in polynucleotides. According to
these examples it seems that the action of electric
fields upon biopolymers is always ‘destructive’.
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However, in the present communication we pre-
sent evidence for a ‘constructive’ action of electric
fields resulting in interactions between nucleic acid
helices. This reaction was found during investiga-
tions of the DNA conformation by measurements
of light scattering changes under the influence of
electric fields.

2. Materials and methods

DNA from calf thymus was obtained from
Boehringer GmbH., Mannheim. Part of this DNA
was sonicated and the fragments separated by
Sepharose 4B column chromatography. The aver-
age length of the resulting DNA samples was
determined by analytical zone sedimentation using
a Beckman model E centrifuge equipped with a
photoelectric «canner. The evaluation was based
upon the data given by Studier {17]. DNA from
the bactericphages A, PM2, plasmid pBR32Z,
poly[d(AT)! and poly[d(GC)] were also obtained
from Boehringer gmbH, Mannheim. T2 and T4
DNA were purchased from Miles Laboratories,
Inc. T7 DNA was isolated by phenol extraction
from phages, which were kindly provided by Pro-
fessor M. Schweiger, Innsbruck. All DNA samples
were dialysed extensively against ‘NCE7 buffer
containing 1 mM NacCl, 1 mM sodium cacodylate
(pH 7). 0.2 mM EDTA. A buffer with a 2-fold
concentration of the same components is denoted
2 x NCE7 and correspondingly a buffer with half
the concentration of NCE7 is denoted 1,/2X
NCE7. For measurements of light scattering all
the samples were filtered through 0.45 pm mem-
brane filters. Concentrations were determined after
filtration by absorbance measurements using the
extinction coefficients given by Allen et al. [18].

The field pulses were generated with an instru-
ment constructed by Grunhagen [19]. Changes in
the light intensity resulting from absorbance or
light scattering changes were measured with the
optical setup described previously [20}. The cell
used for measurements of light scattering was simi-
lar to the fluorescence temperature jump cell de-
scribed by Rigler et al. [21]. The cell body was
constructed from black dynal with electrodes of
platinum or gold at a distance of 14.4 mm. The

intensity of scattered light was recorded by two
photomultiplyers both at right angles with respect
to the incident beam and their signals averaged by
a photometric control unit. The electric field
strength and the optical signal as a function of
time were stored on a Tektronix 7612D program-
mable transient digitizer interfaced to an LSI
11 /23 from Digital Equipment. Amplitudes were
evaluated with the aid of graphic routines using
the LSI 11/23. For the evaluation of time con-
stants the data were transferred to the computer
centre of the Gesellschaft fur wissenschaftliche
Datenverarbeitung, Gottingen. The convolution of
relaxation curves by the detection system was con-
sidered by a simple exponential deconvolution
procedure [9]. Since the length of field puises was
not exactly reproducible, the calculation of aver-
age relaxation curves after termination of field
pulses from several individual curves required a
special numerical procedure: first, the time of pulse
termination was determined from the record of the
electric field strength and then the various curves
were projected on the curve resulting from the
longest pulse, with time scale zero at pulse
termination. When the data were recorded with a
change in the sampling interval, the curves were
projected via linear interpolation.

3. Results

When DNA molecules in a dilute buffer solu-
tion are subjected to an electric field pulse, the
intensity of scattered light recordea at right angles
with respect to an incident light beam is strongly
increased. As shown in fig. 1 the scattered inten-
sity approaches a stationary value during a field
pulse of about 150 us. After termination of the
field pulse the scattered intensity relaxes back to
its original level. The field-induced increase cf
scattered intensity is observed for DNA prepara-
tions from various organisms such as
bacteriophages A, PM2, T2, T4, T7, plasmid
pBR322 and calf thymus. Since the effect remains
after repeated phenol extraction, it is not likely to
be associated with some contamination. Measure-
ments at different wavelengths in the range
313-436 nm demonstrate that the relative change



D. Porschke et al./ Electric field -induced double helix interactions 227

300C -0

2500
|30

Tm

10

imv]
2000

1500

1000

500+

Rt LR LR LSNPS,

L LT TEpapuph——

a T T T T T T T T T [}

T
Q L 100 150 200 250 300 350
t fpsi

Fig. 1. Light scattering intensity AJ of 2 DNA sample with
approx. 430 bp as a function of time (continuous line. left
scale) under an electric field pulse £ (broken linc, right scalce)
(452 pM nucleotide residues; 1,/2 > NCE7 buffer: 20°C: rise
time of the detection unit 10 us).

of light intensity induced by a given field pulse is
not dependent upon the wavelength. This result
may be expected for, e.g., a field-induced reaction
with a change in the molecular weight: in a first
approximation both the scattered intensity /;, and
its change A7 depend upon (1/A)* and thus AI/],
remains constant. For a further analysis of the
field-induced effect we use two different types of
information obtained from field-jump experiments
as shown in fig. 1: (1) the amplitude given by the
difference in the light intensity between the field
free state and the stationary state approached dur-
ing a sufficiently long electric field pulse; (2) the
time constant(s) describing the approach to the
stationary state in the electric field and the reverse
reaction io the field free state.

3.1. Amplitudes

The relative increase of scattering intensity
A1/I, has been measured as a function of field
strength E for many DNA samples under differ-
ent conditions. Although ArI/], always increases
with E (cf. fig. 2), the functional relationship
between these parameters can be very different. In
some cases the increase appears to be almost lin-
ear, yet there are also cases where the slope
d[AI/1,1/d E increases or decreases with E. Thus,
it is not simple to fit the dependence of the ampli-
tudes upon the field strength with a general model.
As shown in fig. 2, the relative amplitudes AI/1,
increase with increasing DNA concentration. This
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Fig. 2. Light scattering amplitudes AJ/J, for calf thymus
DNA as a function of the electric ficld strength: (+) 896 pM,
(X) 658 uM, (Q) 308 uM, (&) 151 uM. (3) 77 u M, (*) 37.4
pM:; 20°C. NCE7 buffer.

effect — observed for all different DNA samples
used in the field-jump experiments ~ indicates that
the field-induced reaction involves interactions be-
tween DNA molecules {22,23]. For a simple orien-
tation phenomenon or a field-induced intramolec-
ular reaction AI/I; should be independent of the
DNA concentration. Usually, it is possible to
evaluate thermodynamic parameters from the con-
centration dependence of jump amplitudes. How-
ever, light scattering intensities may be strongly
influenced by wvarious factors (cf. textbooks of
biophysical chemistry). Thus, our quantitative
evaluation was mainly based upon relaxation time
constants. Nevertheless, the amplitudes can be
quiie instructive, at least for a qualitative compari-
son. For example, the amplitude induced by a
given field pulse at a constant nucleotide con-
centration and a DNA chain length of 430 base-
pairs (bp) increases with decreasing buffer con-
centration. This observation indicates that the in-
teractions between DNA molecules in the presence
of electric fields increase with decreasing salt con-
centration. An alternative explanation of this ob-
servation by a simple orientation phenomenon with
an increasing dipole moment at decreasing salt
concentrations can be excluded again owing to the
dependence of the effect upon the nucleotide con-
centration.
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While the salt dependence of the amplitudes is
relatively strong for low chain lengths around 400
bp. the salt dependence observed in the range 1-5
mM is rather smail for DNA molecules with ap-
prox. 800 bp. A high-molecular-weight DNA from
calf thymus with approx. 10000 bp even showed a
reverse salt dependence with an increase of ampli-
tudes at increasing salt concentrations in the range
1-10 mM. Due to the conductivity of the solutions
it is difficult to apply defined field pulses of
sufficient length at high salt concentrations. Under
these conditions the field jump is always accompa-
nied by a sizable temperature jump. Thus, it was
not possible to follow the reaction of high-molecu-
lar-weighi DNA to still higher s2it -oncentrations.
Experimen:s performed at a constant salt and
nucleotide concentration (2.4 mM and 150 uM,
respectively) demonstrate that the relative ampli-
tude increases strongly with chain length N for
helices with N < 1000 bp. However, for chain
lengths N > 1000 bp the further increase of the
amplitude with N is comparatively small.

As shown in fig. 1 the “off’-field reaction curve
has a small *blip’ indicating the presence of a fast
relaxation process with an amplitude opposite to
that of the slow one. Usually the fast relaxation
effect is more clearly seen in the ‘off” than the ‘on”
relaxation curve. However, in the case of a DNA
sample with approx. 250 bp. for example, the fast
process is also seen in the on relaxation curve (fig.
3). The relative amplitude of both the fast and the
slow process depends upon the polarization of the
incident light beam. The relative amplitudes of
both processes are maximal for an incident light
beam polarised parallel to the electric field vector.
When the incident light is polarised perpendicular
to the electric field the sign of the amplitude
associated with the fast process is reversed, whereas
the amplitude of the slow process is reduced but
does not change its sign. The reversal of the ampli-
tude suggests by iits similarity to the reversal of
dichroism amplitudes that the fast process reflects
the orientation of double helices by the electric
ficld. This interpretation is supported by a corre-
spondence of the time constant found for the fast
process detected by measurements of light scatter-
ing with the orientation time constant found by
dichroism measurements. However. the time con-
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Fig. 3. Light scattering intensity of a DNA sample with approx.
250 bp as a function of time r under an electric field pulse of 36
kV /cm: the beginning and end of the pulse are indicated by
arrows (585 uM nucleotide residues; NCE7 buffer; incident
light beam polarised parallel to the electric field; rise time of
the detection unit 1.2 us; average of 4 experiments).

stant of the fast process is close to the limit of time
resolution of our light scattering detection and
thus cannot be characterised with high accuracy.
Some questions remain concerning the interpreta-
tion of the fast process. It is difficult to reconcile
the presence of a fast amplitude in the off relaxa-
tion and its absence in the on relaxation, as found.
for example, for a 430 bp DNA in 1,/2 NCE7 (cf.
fig. 1), with an interpretation by a simple orienta-
tion phenomenon. The dependence of the fast
amplitude upon field strength and nucleotide con-
centration also does not seem to be consistent with
a simple orientation phenomenon in all cases.
These problems will be investigated in more detail
with an improved detection system.

3.2. Time constants

When electric field pulses induce a small per-
turbation, the on- and off-field relaxation curves
should be equivalent. For the present systems we
observe a difference between the on and off re-
laxation curves, which is particularly large at high
field strengths indicating large perturbations. Un-
der these conditions the on-field relaxation proves
to be particularly instructive. The data obtained
for a DNA sample with 430 bp in 1/2 X NCE7
buffer are used as an example. In this case the
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on-field relaxation curves can be accurately repre-
sented by a single exponential; from the data
shown in fig. 1, for example, we evaluate a time
constant of 38 pus. This process is clearly slower
than the slowest component (0.54 us) detected in
the on-field orientation curve measured for this
DNA sample by linear dichroism under corre-
sponding experimental conditions. Thus, the pro-
cess detected by measurements of light scattering
does not simply reflect the orientation of the DNA
helices by the electric field. The different nature of
the phenomena detected by light scattering and by
linear dichroism is also demonstrated by a strong
difference in the field dependence of the relaxation
process. While the on-field time constants ob-
served by linear dichroism decrease with increas-
ing field strength, the opposite dependence is found
in light scattering experiments. For the DNA with
430 bp in 1/2 X NCE7 buffer the on-field time
constant increases with field strength from 12 us
at 4.5 kV /cm over 20.5 us at 13 kV/cm to 38 us
at 24 kV/cm. This dependence upon the field
strength is quite unusual and indicates a special
mechanism of the field-induced reaction.

More information on this reaction may be ob-
tained by measurements at different DNA con-
centrations. As shown in fig. 4 the reciprocal time
constants measured at a given field strength in-
crease linearly with the nucleotide concentration.
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Fig. 4. Reciprocal relaxation time constants 1 /7, measured for
the on-field process as a function of the nucleotide concentra-
tion c,, at different ficld strengths: (+) 24 kV /cm, (X) 18.6
kV /cm. (O) 130 kV /cm. (&) 10.2 kV /em: average length of
DNA 430 bp: 1,/2x NCE7 buffer: 20 °C).

This result clearly demonstrates that the field-in-
duced relaxation is due to an intermolecular pro-
cess of DNA helices. The most simple mechanism
to describe the observed concentration dependence
of relaxation time constants is a dimerisation
according to
k.l .
Monomer + monomer = dimer (1)
kd
with a reciprocal relaxation time constant [22,23]
1/7 = 4k ,[monomer] + &, (2)

However, the simple dimerisation mechanism is
probably not correct. It is difficult to envisage a
DNA-dimer structure, which would prevent as-
sociation of further DNA helices. It is more likely
that the reaction proceeds to higher degrees of
association. Evidence for this is provided by the
amplitude data. The relative changes of light
scattering induced by electric fields do not ap-
proach saturation at high DNA concentrations as
may be expected for a simple dimerisation. Instead,
the amplitudes continue to increase at high DNA
concentrations as may be expected for an iniinite
association reaction. In the absence of information
about details of the infinite association we use a
simple “isodesmic’ association model, which as-
sumes equivalent equilibrium constants for con-
secutive association steps. This model has been
used, for example, to describe the stacking of
nucleic acid bases [24]. The reciprocal relaxation
time constant is given by

1/7=2k,Sc+ kg 3)

where ¢ is the sum of the concentrations of
monomer, dimer, trimer, etc., assuming that each
of these aggregates has the same potential for
association. As can be seen from eqgs. 2 and 3 an
evaluation according to the infinite, isodesmic as-
sociation model provides the same rate constant
for dissociation as the simple dimerisation model,
whereas the rate constants of association differ by
a factor of 2. The magnitude of the association
rate constants is obviously dependent upon the
concentration units used for the evaluation. Al-
though polynucleotide concentrations are usually
given in monomer units, in the present case con-
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centrations in terms of mol helices/dn? are more
appropriate, since the process described is an as-
sociation reaction of helices. Using the isodesmic
reaction model we obtain an association rate con-
stant bk, = 2.4 X< 10'° (M helices) ™! s™'. The order
of magnitude indicates a diffusion-controlled as-
sociation process (cf. section 4). As shown in fig. 4
the association rate constants are virtually inde-
pendent of the field strength, whereas the dissocia-
tion rate constants decrease strongly with increas-
ing field strength. This result obtained from the
concentration dependence of relaxation time con-
stants clearly demonstrates that the degree of as-
sociation increases with increasing field strength.
The decrease of k, with increasing field strength
(at constant &k values) shows that the electric field
pulses induce association of DNA helices. Dissoci-
ation rate constants have been evaluated for field
strengths ranging from 5 to 28 kV /cm. As shown
in fig. 5 for the case of a DNA with 430 bp the
logarithm of &, is a linear function of the square
of the electric field strength. From the extrapola-
tion of log &, to E2=0 it is apparent that the
degree of association in the absence of electric
fields is very small under the present experimental
conditions.

The on-field relaxation curves have been
evaluated for various DNA samples using pulses
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with an average field strength of 24 kV /cm. The
parameters obtained for various chain lengths and
salt concentrations are compiled in table 1. At a
given DNA and buffer concentration the relaxa-
tion time constants tend to decrease with increas-
ing chain length. Since the faster processes are
more difficult to characterise quantitatively. the
accuracy decreases with increasing chain length.
Due to these difficulties it also cannot be excluded
that the field-induced ‘association’ process is partly
intramolecular for DNA samples with a high num-
ber of base pairs.

According to the data available the rate con-
stants of ‘intermolecular’ association are almost
independent of the chain length, when calculated
on the basis of monomer concentration units. A
rather clear increase with chain length appears
when these rate constants are given in units of
helix concentrations. A smaller increase with chain
length is observed for the rate constants of dissoci-
ation. The chain length variation of the ‘equi-
librium’ constants calculated from the rate con-
stants is rather small and remains within the limits
of experimental accuracy. The dependence of the
field reaction upon the ionic strength is mainly
reflected by the rate constants of dissociation,
which show a strong increase with ionic strength.

All the kinetic parameters discussed above have
been evaluated from the on-field relaxation curves.
Obviously, the off-field relaxation curves should
be consistent with the interpretation given above
on the basis of the on-field process. We are using
again the results obtained for the DNA with 430
bp as an example. The off relaxation is accurately
represented by two exponentials with time con-
stants of 71 =1+ 0.5and » =265+2 us (1/2X
NCEY7 buffer). The amplitude of the fast process is
opposite to that of the slow process and is usually
much smaller (cf. fig. 1). Since the time constant of
the fast process is at the limit of time resolution of
our light scattering detection, this process could
not be analysed with sufficient accuracy (cf. sec-
tion 3.1). Measurements over a range of concentra-
tions revealing a strong concentration dependence
for the on relaxation time (cf. fig. 3) did not show
any concentration dependence of the time con-
stant T, associated with the slow off-field relaxa-
tion process. Apparently, the term describing the
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Table 1

Rate parameters obtained from concentration dependences of the on-field relaxation process using electric field pulses of 24 kV /cm

Evaluation according to an isodesmic model. Estimated accuracy of rate constants +20%

Buffer Average F3 kP kg K
chain length M~? M™!? s M~?
monomer s~ '] helices s~ '] helices]
1/2xNCE7 © 800 7.2x107 13 x10'° 5.8x10° 20 x10°
500 5.0% 107 5.0x10'° 3.7x10° 13 x10°
430 2.8x107 2.4x10'° 1 x10° 24 x10°
370 1.9x 107 1.4x10% 0.8x10* 17 x10%
NCE7 800 10.3x107 16 x10'° 68 103 2.4 x10°
500 6.9 x 107 6.8x10' 34 x10° 2.0 x10°
430 8.2x107 7.1x 10 26 x10? 2.7 x10°
370 4.4x10° 3.3x10'° 29 x10? 1.1 x10%
255 45%10° 23x10" 24 x10° 1.0 x10°
2% NCE7 430 6.8x107 5.8x10'" 135 x10° 0.43 % 10°
370 5.5x107 4.0x10" 110 x10? 0.37x10°

association for this process is negligible compared
to that for the dissociation. This interpretation is
supported by the dependence of the dissociation
rate constants k4 upon the field strength. The k4
value extrapolated for zero field strength (10° s~1)
is rather close to the value 1/7, = 3.8 X 104 s~ L
Thus, the off-field relaxation essentially represents
the dissociation of complexes formed during the
field pulses. Similar data have been obtained for
other DNA samples. An additional component in
the off-field relaxation curves with time constants
in the range of 100 us to 1 ms is observed for
longer DNA samples. The nature of this process
has not yet been elucidated. It may resuit from the
dissociation of large DNA aggregates.

3.3. Dichroism measurements

It may be expected that the field-induced inter-
actions of DNA are also reflected in the electric
dichroism and the orientational relaxation time of
the DNA samples. Thus, we measured the dichro-
ism of some samples under conditions correspond-
ing to those of the light scattering experiments. It
is well known that electric fields accelerate the
orientation of DNA helices in the direction of the
electric field vector, vhen the field strength is
above a certain limit value (cf. ref. 9). Due to this
acceleration effect the dichroism of a DMNA sample

with, e.g., 430 bp, induced by a field pulse of 14
kV/cm appears to reach a stationary. maximal
level already within a few microseconds. However.
application of longer field pulses reveals a de-
crease of the electric dichroism after approx. 10 us.
Part of the decrease in the electric dichroism may
be explained by a decrease in the field strength
due to conductivity of the sample. However, a
quantitative comparison demonstrates that the de-
crease of the dichroism cannot be explained by the
decay of the field strength alone. Apparently, the
electric field induces some reaction of the DNA
sample. This interpretation is supported by the
relaxation curve observed after termination of the
field pulse. The light intensity passes a minimum
before relaxing towards the level observed before
the field pulse. This peculiar effect in the off-field
relaxation curve is not observed after short field
pulses. An exponential analysis of the relaxation
curves in the field free state reveals a time constant
of 23 4+ 3 ps as the slowest component appearing
after short field pulses (e.g., up to 10 us at 14
kV/cm). This time constant corresponds to the
value expected according to the average length of
the DNA helices used in the experiment. The
slowest component detected after long field pulses
is about 50 + 10 us and is associated with an
amplitude opposite to the conventional one (fig.
6). The increase in the orientation relaxation time
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induced by long field pulses indicates some associ-
ation of DNA strands to a complex with larger
molecular dimensions and probably also with re-
duced flexibility. The positive component of the
dichroism decay curve suggests an unusual orien-
tation of DNA bases in the complex. The length of
field pulses required for the induction of the un-
usual dichroism effect is compatible with the times
required for induction of the light scattering ef-
fects. Thus, it is likely that the light scattering and
dichroism effects reflect the same molecular pro-
cess.

Measurements at the magic angle do not pro-
vide evidence for any field-induced change of the
DNA absorbance under the conditions of the pre-
sent experiments. Thus. the field-induced reaction
does not involve any large extent of DNA de-
naturation. It is known from independent inves-
tigations that DNA denaturation is only induced
when the electric field strensth exceeds a threshold
value which is dependent upon DNA chain length
and iounic strength [14]. The measurements de-
scribed in the present investigation were per-
formed well below the corresponding denaturation
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Fig. 6. Dichroism relaxation curves measmed for a DNA
sample with approx. 430 bp at 248 nm after electric field pulses
of constant field strength (14.1 KV /cm) but different lengths:
tay 5.1 ps. (b) 15.7 us and (c) 44 pus. The intensity level at the
end of the field pulses are indicated by arrows: curves a and b
are shifted against ¢ by 200 and 100 mV. respectively.

thresholds except for some experiments with DNA
of particularly high chain length.

Measurements of the electric dichroism at vari-
ous wavelengths, A, with strongly different ab-
sorbance of DNA (e.g., 289.4, 296.7, and 302.2
nm) exhibit very different absorbance changes re-
sulting from field-induced orientation {factor of
approx. 15 between 289.4 and 302.2 nm), but show
an almost constant relative contribution of the
positive dichroism effect. Thus, it is unlikely that
the positive dichroism merely is a side effect result-
ing from a change in turbidity, since the observed
amplitudes are not at all consistent with a (1,/A)*
dependence which should be expected for effects
due to light scattering in a first approximation.

3.4. Control experiments

The rate constants of dissociation measured at
different field strengths (fig. 5) indicate that there
should be very little association at zero field
strength. This prediction has been checked by
various experiments. The scattering intensity of
DNA measured at a detection geometry equivalent
to that used in the field-jump experiments in-
creases linearly with the concentration and thus
does not provide evidence of any strong associ-
ation. More detailed measurements of DNA light
scattering by various authors {25-27] showed that
the second virial coefficient derived from the con-
centration dependence is positive over a broad
range of salt concentrations and thus does not
provide any evidence for DNA association. Mea-
surements of dynamic light scattering performed
by C. Koitz on one of our samples (=430 bp in
1/2 X NCE7 buffer) aiso did not provide any
evidence for strong association. Finally, we char-
acterised the sedimentation velocity of one of our
DNA samples (= 500 bp in buffer NCE7) over a
wide range of concentrations and also did not find
any indication of association.

4. Discussion

The influence of electric fields upon light
scattering of DNA has been studied by various
authors [28-33]. In general. changes in the light
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scattering induced by electric ficlds have been
attributed to the orientation of DNA helices. In
the present investigation the main part of the
observed scattering changes is attributed to an
association reaction. Evidence for our interpreta-
tion comes from measurements over a wide range
of concentrations. Apparently, the concentration
dependence of field-induced scattering effects has
not been studied over a sufficiently wide range in
previous investigations. However, the main dif-
ference between the present and earlier investiga-
tions is in the range of field strengths applied to
the DNA solutions. The field strengths applied in
previous investigations apparently did not exceed
200 V/cm, whereas the range of field strengths
used for the present measurements was 4-28
kV /cm. According to the strong dependence of
the rate parameters upon the field strength (cf. fig.
5), it may be difficult to characterise a field-in-
duced interaction of DNA at low field strengths.
However, it is expected that at least some of the
field-induced DNA interaction remains at low field
strengths.

The main arguments in favour of the field-in-
duced DNA interaction may be summarised as
follows:

(1) The relative change of light scattering for a
given field pulse strongly increases with increasing
nucleotide concentration. If the scattering change
were merely due to an orientation of the DNA, the
relative effect Af/J, should not depend upon the
DNA concentration in the limit of ideal condi-
tions. However, from the present amplitude mea-
surements alone it is difficult to exclude contribu-
tions to non-ideal light scattering intensities from
effects other than DNA association. For example,
the scattering intensity may be affected by changes
of the polymer conformation and/or the second
virial coefficient (cf. textbooks of biophysics). More
information on the interactions of large particles
may be obtained by measurements of scattered
light at different angles. However, our measure-
ments were restricted to a fixed geometry due to
the construction of our field-jump apparatus. In
the absence of more detailed intensity measure-
ments our conclusions are mainly based upon the
information resulting from relaxation time con-
stants.

{2) According to dichroism measurements the
orientation of a DNA sample by an electric field
pulse is faster by factors up to 70 than the time
constant of the scattering effect observed under
the same experimental conditions (cf. section 3.2).
This result clearly demonstrates that at least for
DNA samples with approx. 400 bp the process of
orientation can be clearly separated on the time
scale from the main part of the scattering effect.

{3) The concentration dependence of the time
constants associated with the scattering changes is
not compatible with a simple orientation mecha-
nism. The increase of the reciprocal on-field re-
laxation time with increasing nucleotide con-
centration provides clear evidence for interactions
between DNA molecules under electric field pulses.
This concentration dependence also shows that the
observed scattering effect does not resuit from
‘orientational interactions’ described recently by
Marion et al. [34] for ‘congested solutions’.

{4) The rate constants of dissociation measured
as a function of the field strength clearly show the
direction of the field-induced reaction: the interac-
tions are relatively small at zero field strength, but
increase strongly with increasing field strength.
This conclusion is consistent with resuits from
independent investigations showing the absence of
interactions between DNA helices (positive second
virial coefficient) at zero field strengths [25-27].

According to previous investigations electric
fields usually induce the dissociation of macro-
molecular structures {11-16]. Thus, a field-induced
association reaction of DNA has hardly been ex-
pected, since the high negative charge density of
DNA helices should lead to repulsion especially at
low ionic strength. Under these conditions a very
special force is required to drive an association
reaction. Some information on the driving force is
available from the dependence of the rate con-
stants upon the electric field strength. The linear
relation between the logarithm of the dissociation
rate constant and the square of the electric field
strength suggests that the reaction is induced by
some change of dipole moments [18,35]. It is well
known that equilibrium constants X depend upon
thz electric field strength E according to

dink AM
dE|  RT @
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where AM is the change of the molar dipole
moment upon reaction, R the gas constant and 7T
the absolute temperature. The change of the molar
dipole moment upon a reaction between compo-
nents 7 is given by
v. p2

AM=Nyf(e.m) B g (5)
where N, is Avogadro’s number, p; molecular di-
pole moments of the reactants with their stoichio-
metric coefficieats »; and f(e, n) a correction fac-
tor for the ‘internal’ and “directing’ field [36]. Eq.
5 is valid in the range p, E/kT < 1. Integration of
eqgs. 4 and 5 provides

Y, p?
Ink=f(e,n)—=E*+In K, (6
fle.n) ors o )
where K is the equilibrium constant at zero field
strength. As a simple approximation we use the
correction factor f(e, n) derived for spherical
molecules [36,37]

(n?+2)’e(2e + 1)
3(2¢ + n?)?

Sfle.n)= (7)

According to these equations we may evaluate an
approximate value for the change of dipole mo-
ment required to explain our experimental data.
From the slope —2.36 X 10~ !> m*/V2 of the plot
of log k, vs. E? we obtain a change of dipole
moment Lr, p? in the range of 1400 debye. This is
a large change and almost seems to be beyond the
range of possible molecular dipole changes. How-
ever. it has been demonstrated that the dipole
moments of DNA helices induced by electric fields
can be as high as 5000 debye [3,10]. Compared to
these dipole magnitudes the change required to
explain the field-induced association appears to be
acessible.

It is generally accepted that the DNA dipole
moment results from a polarisation of its ion
atmosphere. However, a detailed molecular model
of the polarisation and in particular of its satura-
tion at relatively low field strength remains to be
developed. Under these ciscumstances it is difficult
to postulate a model for the apparent increase of
the dipole moment in the associated state, espe-

cially in the absence of detailed information about
the structure of the associated state. The DNA
helices may form side-by-side aggregates [38], but
an end-to-end association similar to the phenome-
non of pearl chain formation [39,40]} is also possi-
ble. Some information on the structure of the
aggregates may be obtained from dichroism mea-
surements using DNA restriction fragments of
uniform length (unpublished results). These ex-
periments should also provide more information
on the unusual DNA aggregate associated with a
positive dichroism.

The rate constants for the field-induced associa-
tion of DNA are very high, when calculated in
units of M ™! helices s~ 1. We may compare these
values with an estimate for a diffusion-controlled
reaction. For this purpose we use a translation
diffusion coefficient of 2.5 % 10-7 cm? s~1,
evaluated from measurements of dynamic light
scattering for a DNA with 190 bp [41]. When we
assume a reaction radius corresponding to the
length of the DNA and a steric factor of 1 we
arrive at a rate constant of 2.4 x 10'° M~! s~
This value is of the same order of magnitude as
observed for our short DNA samples. The increase
of the experimental association rate constants with
chain length can hardly be explained in terms of
translational motion of whole polymer spheres,
but is apparently associated with segmental mo-
tions of the polymer chains.

The field-induced interaction of nucleic acids is
probably not essential for their biological function.
Nevertheless, it is important to know about this
reaction for several reasons. First of all it may
strongly affect the results obtained in the analysis
of nucleic acid structures by electro-optical meth-
ods. Recently, these methods have been widely
used to investigate the structures of different dou-
ble helices, chromatin and various intercalation
complexes, for example. All these applications re-
quire great caution to avoid any field-induced
association reaction. The new reaction demon-
strates an activity of electric fields which has not
yet been described in this form at the molecular
level and may be important for bioelectric phe-
nomena. It may also be useful for a further under-
standing of the nature of electric field effects in
polyelectrolytes.
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