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Effect of Static Magnetic Field on E. coli
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The effect of week static magnetic ®elds on Escherichia coli K12 AB1157 cells was studied by the
method of anomalous viscosity time dependencies (AVTD). The AVTD changes were found when
E. coli cells were exposed to static ®elds within the range from 0 to 110 mT. The dependence of the
effect on the magnetic ¯ux density had several extrema. These results were compared with
theoretical predictions of the ion interference mechanism. This mechanism links the dissociation
probability of ion±protein complexes to parameters of magnetic ®elds. The mechanism was
extended to the case of rotating complexes. Calculations were made for several ions of biological
relevance. The results of simulations for Ca2�, Mg2�, and Zn2� showed a remarkable consistency
with experimental data. An important condition for this consistency was that all complexes rotate
with the same speed �18 revolutions per second (rps). This suggests that the rotation of the same
carrier for all ion±protein complexes may be involved in the mechanism of response to the
magnetic ®eld. We believe that this carrier is DNA. Bioelectromagnetics 22:79±86, 2001.
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INTRODUCTION

An increasing number of investigations have
shown that nonthermal alternating (AC) magnetic
®elds (MFs) of extremely low frequency (ELF) affect
biological systems [Frey, 1994; Goodman et al., 1995].
The effects of AC ®elds have been observed within
relatively narrow frequency bands at so-called reso-
nance frequencies [Liboff, 1985; McLeod et al., 1987;
Blackman et al., 1994; Fitzsimmons et al., 1994; Prato
et al., 1995; Alipov and Belyaev, 1996]. Relatively
narrow windows were also observed in the amplitude
dependencies of the AC ®eld effects [Liboff et al.,
1987; Blackman et al., 1994; Prato et al., 1995]. It has
been found [Liboff, 1985; Blackman et al., 1985] that
the local static MF can signi®cantly in¯uence the
effects of AC ®elds. The static MF is currently
considered as an important parameter during exposure
to AC ®elds [Blanchard and Blackman, 1994; Belyaev
et al., 1994; Prato et al., 1995].

In several papers, the resonance-like effects were
discussed with respect to the cyclotron frequencies 
c

for some ions of biological relevance such as calcium,
magnesium and others [Liboff, 1985; Liboff et al.,

1987; McLeod et al., 1987]. Several mechanisms were
suggested for the observed effects of AC ®elds. The
mechanism of ion cyclotron resonance [Liboff et al.,
1987] predicted effects at cyclotron frequencies and
their harmonics, while the mechanism of parametric
resonance [Lednev, 1991; Blanchard and Blackman,
1994] dealt with cyclotron frequencies and their
subharmonics. Frequency windows were shifted
directly with static magnetic ®eld (DC). Liboff
explained this fact based on proportionality between
DC ®eld and the cyclotron frequency for an ion with
charge q and mass M, 
c � qBDC=M [Liboff, 1985].
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It has been previously found [Belyaev et al.,
1994] that static MFs can affect Escherichia coli cells,
resulting in the same changes in chromatin conforma-
tion as was observed after exposure of cells to
combined AC/DC ®elds. The dependence of this effect
on magnetic induction had several extrema. Cyclotron
and parametric resonance mechanisms could not
explain the observed dependence because of the
absence of the AC ®eld, which could resonate with
characteristic frequencies like 
c of ionic oscillators.
The ®rst theoretical study in terms of the same
classical mechanism for both DC and AC/DC
bioeffects was based on phase modulation of natural
intracellular oscillations by magnetic ®elds [Belyaev
et al., 1994]. This study predicted the wave-like
dependence of the DC ®eld effects on magnetic ¯ux
density, but the effective windows for the magnetic
¯ux density were not calculated.

Consideration of ion dynamics in viscous media
and in heat bath was undertaken by Moggia et al.
[Moggia et al., 1997]. Bioeffects of MF have been
associated by Chiabrera and colleagues [Chiabrera
et al., 1991] with quantum transitions of ions which are
bound to proteins in anhydrous cavities. In general,
this approach could be equally applied to the effects of
both static and alternating MFs. However, no pre-
dictive formulas were derived in these works.

Recently, a new quantum-mechanical mechanism
was suggested. This mechanism is based on an inter-
ference of quantum states of ions bound to protein
inside an idealized cavity [Binhi, 1997a]. According to
this mechanism, superposition of the ion states forms a
nonuniform pattern of probability density of the ion.
This pattern consists of a row of more and less dense
segments. In a DC ®eld, the pattern rotates in the cavity
with the cyclotron frequency. Exposure to the AC ®eld
of speci®c parameters retards the rotation for the large
part of a rotation cycle and facilitates escape of ion
from the cavity. This escape may in¯uence equilibrium
of biochemical reactions to result in a biological
endpoint. The predictions of the ion interference
mechanism were in good agreement with some effects
of combined DC/AC MFs [Binhi, 1997b] and pulsed
MFs [Binhi, 1998]. In the absence of AC ®eld, the
mechanism predicted only one extreme for depen-
dence of biological effect on DC magnetic induction.
This extreme should be observed at `̀ zero'' static MF.
On the other hand, the experiments with E. coli cells
revealed several extrema in such magnetic conditions
[Belyaev et al., 1994]. We noticed that these additional
extrema might be explained assuming that ion±protein
targets of DC ®elds could naturally rotate inside cells.
Indeed, such rotations normally occur in biological
systems.

MOLECULAR ROTATIONS IN E. coli CELLS

Classical example of rotation in E. coli is a rotary
¯agellar motor. In E. coli, several ®laments come
together to form a bundle that rotates at a speed around
300 revolutions/sec (rps) and drives the cell body
forward at speeds of a few tens of microns per second.
The cell body counter-rotates at several rps [Lowe
et al., 1987]. The rotation of ®laments at speeds within
the ELF range was well characterized in E. coli cells
[Berry and Berg, 1996]. The rotation of ATPase that is
embedded in the membranes of mitochondria, chloro-
plasts, and bacteria has been recently characterized
[Noji et al., 1997]. Stable rotation of the F1-ATPase
with an attached ¯uorescent actin ®lament was
observed in vitro in the presence of Mg2�-ATP. The
speed of rotation depended on the length of the
attached ®lament, was at most 4 rps, but should be
higher without a ®lament. The Vaccinia type I
topoisomerase follows a free rotation mechanism for
removing supercoils from DNA, and the rotation rate
of the cleaved DNA strand is about 20 rps [Stivers et al.,
1997].

The process of transcription is connected with
relative rotation of DNA and RNA polymerase [Cook
et al., 1992] and may result in periodic rotation of RNA
polymerase around DNA. Metal ions can be included
in proteins of the transcription complex, such as
transcription factors and RNA polymerase. For
example, E. coli RNA polymerase contains two Zn2�

ions per molecule of enzyme, one ion in both the
substrate binding subunit b and the DNA template
binding subunit b0 [Miller et al., 1979]. Three Mg2�

ions are required for the formation of a transcription
active complex [Suh et al., 1992]. The b0 subunit of
E. coli RNA polymerase contains the preserved motif
with three asparates and is assumed to participate in
formation of the binding pocket of Mg2� [Zaychikov
et al., 1996]. An exchange of Zn ions induced a
conformational switch in transcription factors, which
could have a signi®cant effect on transcription acti-
vation [Gardner et al., 1991].

Other divalent ions may substitute for Zn2� ion in
E. coli RNA polymerase and transcription factors
[Panth et al., 1991; Gardner et al., 1991]. Transcription
factors with zinc-®nger motif were well-characterized
in different types of cells including prokaryotes
[Pountney et al., 1997]. Therefore, there are several
examples of the macromolecular rotations in E. coli
cells covering the range of 4±300 rps. These data
about rotations of ion±protein complexes allowed us
to consider possible effects of static MFs on ion±
protein complexes at such rotations using the ion
interference mechanism.

80 Binhi et al.



In the present work, we i) extend the ion inter-
ference mechanism [Binhi, 1997a,b,c] to the case of
rotating ion±protein complexes, ii) continue the
investigation of the effect of static MFs on conforma-
tion of DNA±protein complexes such as nucleoids in
E. coli cells [Belyaev et al., 1994], and iii) compare the
experimental results with theoretical predictions based
on the ion interference. The rationale for this
comparison is the well-known fact that the conforma-
tion of nucleoids and chromatin are strongly dependent
on the concentration of different ions. For example, Na
ions resulted in relaxation of chromatin and Mg ions
resulted in condensation of chromatin from V-79 cells
[Heussen et al., 1987]. The changes in chromatin
conformation were observed under exposure of E. coli
cells to static MF and ELF MFs and after incubation of
cells in media with different concentrations of Mg and
Na ions [Belyaev et al., 1994; Alipov and Belyaev,
1996; Ushakov and Belyaev, unpublished data]. In
addition, the ELF MF effects were inhibited by the
speci®c chelator of Ca ions, EGTA [Belyaev et al.,
1999]. Therefore, several different ions may be
involved in control of chromatin conformation, both
in intact and magnetically exposed cells.

THEORETICAL MODEL

For most ions of biological relevance, even at
T� 300 K, the de Broglie wavelengths are three to six
times less than their radii, that is, close to the binding
cavity size. For example, the ion±ligand distance in
the calcium-speci®c site in troponin C is 2.4 AÊ

[Satyshur et al., 1988]. This site also binds magnesium.
Bonding radii of Ca2� and Mg2� are 1.74 AÊ and
1.36 AÊ , respectively. The de Broglie wavelengths,
l � 2p�h=p, of calcium and magnesium are 0.28 AÊ and
0.36 AÊ at the mean thermal momentum p � ������������

2MkT
p

.
Thus, at the atomic scale, ions display quantum
properties that cannot be reduced to the behavior of
classical particles. Quantum mechanics appears there-
fore to be necessary to describe the ion states within
the cavity.

The ions bound to proteins within the cavities
will be regarded using a quantum-mechanical ap-
proach described previously [Binhi, 1997a]. Brie¯y,
the Hamiltonian operator of the Schrodinger equation
for an ion with charge q and mass M in a central
potential U is

H � P2

2M
� U ÿ q�h

2M
LB: �1�

Here P � ÿi�hr is momentum operator and
L � ir�r is angular momentum operator. The

origin of spherical coordinates is placed in the center
of the potential U. An ion enters or escapes from the
cavity at a point which is called ionic gate. The MF
can affect this process, resulting in a biological effect.
Given the magnetic ¯ux density BDC � BAC cos�
t�
in parallel with z-axis, the probability density of an
ion near the ionic gate with angular position j � j0, is

p�j0; t��
X
mm0

amm0exp i�m j0 � o0t � o1



sin�
t�

� �h i
;

�2�

where o0 � qBDC=2M; o1 � qBAC=2M; �m �
m0 ÿ m; m � 0;�1; . . . is the magnetic quantum
number. The matrix elements amm0 are constants which
determine the initial conditions for the ion entering
the cavity at t � 0. For example, amm is an initial
population of the state with the magnetic quantum
number m.

In general, the probability of escape P depends
nonlinearly on the ionic density Eq. 2. The dependence
can be reduced to a polynomial series near the
permanent component �p of p. Two initial terms,
linear and quadratic, of the expansion P�p� �
P��p� � P0p ~p� P00pp ~p2=2� . . ., where ~p � pÿ �p, are
left for analysis. Averaging over the time, we get P �
c1 � c2 ~p2, where c1;2 are constant values. The ex-
pression for mean probability of dissociation has
several components. The ~p2 term presents a depen-
dence of P on the parameters of MF and will be
analyzed. In order to simplify calculations, we will
neglect relatively fast oscillations of ~p. For this
purpose, the smoothing average of ~p over the mean
time T of conformational reaction of the protein is
found beforehand. The averaged value of ~p�t�, written
as ~pT , is a (1=2T� � t�T

tÿT
~p�t0�dt0. The value T may be

thought as the characteristic time for the dissociation
of ion±protein complex. For example, this time is
about 0.05±0.1 s for binding of calcium to calmodulin
[Forsen and Lindman, 1981]. The ®nal expression for
mean `̀ magnetic'' component P � ~p2

T of P is as
follows

P �
X
mm0n

jamm0 j2 sin2A

A2
J2

n

�m

2

h0

f 0

� �
;

A � �m
o0


c

� nf 0
� �

� ; �3�

where f 0 � 
=
c and h0 � BAC=BDC are dimension-
less frequency and dimensionless peak value of MF.
Jn is the n-th order Bessel function of the ®rst
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kind, � � T
c is the dimensionless parameter of the
model.

The rotations of metalloproteins were found in
several types of cells. Flagella motor and ATPase have
been well-characterized [Berry and Berg, 1996; Noji
et al., 1997]. MFs produced by rotating macromole-
cules, even if they carry relatively large dipole
momentum d, may safely be neglected. Their values
Bd are much less than the mT level, according to the
estimation Bd � m0d
=4pr2, where m0 is the magnetic
permeability of vaccum, r is the distance to dipole.

Let us consider the ions which are bound to the
rotating proteins. The position of the ionic gate will be
dependent on time. If the macromolecule rotates with
angular velocity �k � �k of discrete quantum set
k � 0;�1; . . ., the angular coordinate of the gate is

j0 � �kt: �4�

The ion probability density within rotating protein can
be obtained from Eqns. 2 and 4 by substitution of
o0 ! o0 � �k. Therefore, the dissociation probability
follows from Eq. 3 after this substitution

P �
X

mm0nk

jamm0 j2jckj2 sin2A

A2
J2

n

�m

2

h0

f 0

� �
;

A � �m
o0 � �k


c

� �
� nf 0

� �
�; �5�

where jckj2 are statistic weights of rotational states.
Rotating complexes in the ion interference mechanism
were ®rst considered in [Binhi, 1997c]. Detailed
calculations for the complexes rotating in both DC
and DC-AC MFs at arbitrary angles to the direction of
B, model validations of the central potential U and the
absence of thermal interactions in Eq. 1 are given in
[Binhi, 2000].

Providing BAC � 0, all Bessel functions except
for J0�0� � 1 disappear in the Eq. 5, resulting in n � 0
in the sum Eq. 5. Then the formula for static MF is

P �
X
mm0k

jamm0 j2jckj2 sin2A

A2
;A � �m

o0 � �k


c

� �
�:

�6�
This formula predicts the maximal effect at BDC � 0
(zero MF). Indeed, the P is maximal at A � 0, or at
o0 � ÿ�k. It results in

�BDC�max � ÿ2k
M

q
�: �7�

For ion±protein complexes which do not rotate
(k � 0), only the maximum of P is at BDC � 0.

Except for the maximum at zero MF, additional
extrema might be due to the rotation of ion complexes
in accordance with Eq. 7. Therefore, the ion inter-
ference mechanism is able to predict a wave-like
dependence of effect on magnetic ¯ux density.

MATERIALS AND METHODS

E. coli K12 AB1157 cells grown in 5 ml of Luria
broth (trytone `̀ Difco'' 10 g/l, yeast extract `̀ Difco''
5 g/l, NaCl 10 g/l) without shaking at 33� C. The
cells reached a concentration of about 109 cells per
milliliter and optical density of OD550 �0.92±1.05 for
18 h. This corresponded to early stationary phase of
growth [Belyaev et al., 1993]. The cells were cen-
trifuged, 10 min, 2800 g, and diluted in the M9 buffer
(3 g/l KH2PO4, 0.2 g/l NH4Cl, 6 g/l Na2HPO4,
1 g/l MgSO4, 0.5 g/l NaCl, pH 7.0) to the concentration
of 4� 107 cell/ml. After dilution, cells were preincu-
bated 30 min before exposure. Preincubation was
performed under the same magnetic conditions as cell
growth. The ambient horizontal and vertical compo-
nents of a geomagnetic ®eld were equal to 20� 1 mT
and 44� 1 mT, respectively.

Cells were exposed to DC ®eld by means of two
pairs of Helmholtz coils. These coils were designed so
that the exposed samples would be in a uniform ®eld.
Horizontal static magnetic ®eld was applied by means
of a pair of 100 turn, 19.6 cm diameter Helmholtz
coils. The coils were oriented in order to create a static
®eld parallel to the horizontal component of the
ambient ®eld. Each coil had a resistance of 7.87 

and an inductance of 4.77 mH. Vertical ®eld was
applied using another pair of 100 turn, 12.8 cm
diameter Helmholtz coils. Each coil had a resistance
of 5.23 
 and an inductance of 2.74 mH. The direct
current were supplied by two power supplies with
stabilization better then 0.025%.

We were concerned about stabilization since
some DC power supplies could produce signi®cant
ripple currents and AC magnetic ®elds. The ripple
current of the chosen supplies did not produce the
oscillating magnetic ®eld more then 30 nT (rms) as
measured with 3D ELF ®eld dosimeter. Background
ELF magnetic ®eld was 50 nT. At the beginning of
experimentation, several experiments were performed
using appropriate con®guration of static magnetic ®eld
created by permanent magnets. In these experiments
we obtained the same data as with DC power supplies
(not shown). Based on this similarity we assumed that
ELF ®elds induced by ripple currents did not affect the
response of cells to the DC ®eld. The experiments with
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static magnets were time consuming, and most part of
data was obtained with DC power supplies. The static
magnetic ®elds were measured using a magnetometer
and calculated by means of measuring a direct current.
The measured and calculated values were equal with
an accuracy of 1%.

Usually, the cells were exposed in a volume of
3.5 ml during 15 min. The lysis was performed 75 min
after exposure, when a maximum effect of magnetic
®elds on the genome conformation was observed
[Belyaev et al., 1994, 1998]. The temperature was
measured in exposed samples using microthermo-
couple with an accuracy of 0.1�C. No measurable
heating was observed during incubation of cells in
Helmholtz coils. The control cells were concurrently
subjected to the same manipulations, except for
exposure.

The changes in the genome conformational state
were measured using the method of anomalous
viscosity time dependencies (AVTD) [Belyaev et al.,
1994, 1997]. Application of this method to ELF-
exposed E. coli cells has been recently described in
detail [Balyaev et al., 1998]. Brie¯y, the AVTD method
is based on radial migration of large DNA±protein
complexes in the high-gradient hydrodynamic ®eld of
a rotary viscometer [Kryuchkov et al., 1995]. Radial
migration of molecular complexes toward the rotating
rotor causes anomalous changes of viscosity that can
be registered by measuring the rotor rotation period as
a function of time. This anomalous viscosity time
dependence strongly depends on the conformational
state of the genome, which in turn is dependent on
DNA parameters such as molecular weight, micro-
medium, and the number of proteins bound to the
DNA. The effects of the speci®c DNA intercalator
ethidium bromide on the supercoiling of DNA loops in
human lymphocytes have been recently measured with
AVTD and neutral comet assay [Belyaev et al., 1999a].
Comet assay has directly con®rmed that the increase in
AVTD peaks has been caused by relaxation of DNA
loops and the AVTD decrease has been caused by
chromatin condensation. Both effects were not dealing
with DNA breaks, as was shown with the alkaline
comet assay.

The AVTDs were measured in the cell lysates at a
shear rate of 5.6/s and a shear stress of 0.007 N/m2.
Each AVTD curve is a set of experimental points
(period of rotation versus time of measurement) which
are recorded by an IBM PC. The maximum period of
rotation T corresponds to maximum viscosity and has
been previously shown to be the most sensitive AVTD
parameter. The signi®cance of differences between
mean values in exposed samples hTexpi and control
samples hTconi was evaluated with the Student's t-test

in each experiment. Maximum relative viscosity index
MRV was used to determine the MF effects:

MRV � hTexpi=hTconi:

Results were considered as signi®cantly different at
P< 0.05. Sham-exposed cells were run under the same
conditions as exposed cells. The only difference was
disconnection of wires between power supply and
Helmholtz coils for sham-exposure. Each version of
the experiment included not less than three measure-
ments, which were compared with corresponding
variants of intact and sham-exposed cells using the
Student's t-test. Comparison of control with sham
control revealed no signi®cant differences.

RESULTS AND DISCUSSION

Fifteen independent experiments were con-
ducted. In these experiments, the horizontal magnetic
®eld was compensated to 0� 1 mT and the vertical
component of static MF ®eld was varied. In each
experiment the effect of a 15 min MF exposure was
investigated at 8±10 values of magnetic induction.
Good reproducibility was observed from experiment to
experiment during research that spanned three calen-
dar years. The averaged dependence of the effect on
the MF induction is shown in Figure 1. This depend-
ence had several `̀ windows'' with extrema at the DC
®eld of 0� 1, 26� 2, 43� 2, 61� 2, 72� 3, 83� 3,
and 96� 3mT. In each of these windows, 3±7
experimental points around extreme were statistically
signi®cantly different from the control level in at least
three independent experiments. Within the window at
101±109 mT, the effect was statistically signi®cant in
one point, 105 mT. In four windows, 0� 1, 43� 2,
72� 3, and 96� 3mT, magnetic ®eld increased max-
imum relative viscosity. In other four windows, 26� 2,
61� 2, 83� 3 mT, and 105� 3mT magnetic ®eld
resulted in decrease of AVTD. Based on previous
investigations, the increase in AVTD corresponds to
relaxation of chromatin/DNA loops and, contrary, the
decreased AVTD corresponds to condensation of
chromatin [Belyev et al., 1999a]. The peak values of
the effect decreased from window to window as
magnetic ¯ux density increased. The maximum effect
was observed at `̀ zero'' static magnetic ®eld, 0� 1 mT.
Approximately the same effect was observed in cells
which were exposed to zero magnetic ®eld within 20±
90 min (not shown).

Calculations were performed for several ions of
biological relevance, Li, K, Na, Mg, Ca, Zn, using
different values of model parameters. Only one
combination of ions, namely magnesium, calcium,
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and zinc, led to coincidence of extrema in theoretical
and experimental dependencies. Other combinations
did not allow to ®t all observed extrema. In those cases,
the shifts between experimental and theoretical
extrema were greater then the width of experimental
peak (at a half-height level) at least for one of the
peaks. The coincidence appeared to be good provided
the same speed of rotation, model parameter �, was
chosen for all the ion±protein complexes.

The results of calculations, both for each ion and
for linear superposition of all ions,

Psum � PCa ÿ PMg � PZn �8�

are presented in the Figure 1 along with experimental
data. The small shift between experimental control
level MRV� 1 and theoretical level P� 0 stems from
the fact that the MRV� 1 relates to the local
geomagnetic ®eld 48mT. The physical model cannot
predict relative amplitudes of peaks. They depend on
the subsequent pathways of biochemical signal
transduction. For simplicity, the time constant of
conformational reaction was T� 0.1 s for all ions.
This value is characteristic of Ca and Mg-binding
proteins as measured with the NMR technique [Forsen
and Lindman, 1981]. All ions were considered to rotate
with the same angular velocity � � 110/s or 18 rps.
Other details of calculation were jmj < 3; jkj < 5;
a � 1; jckj2 � 0:5jkj. The indicated ranges of m and k

provide good approximation to the sum Eq. 6, which
converges rapidly over these values. The reduction of
ck re¯exes decrease of the statistic weights of
rotational states with increase of k.

Upon choosing the ion species, only the para-
meter � remains to ®t the theoretical and experimental
positions of peaks in Figure 1. For the best ®t, Mg ions
act opposite to Ca and Zn ions act in the same direc-
tion as Ca. The opposite effects of some ions on
conformation of chromatin were described in several
papers. For example, ions of Na and Mg resulted in
relaxation and condensation of chromatin in V-79
cells, correspondingly [Heussen et al., 1987]. The
opposite effects of Na and Mg was observed in our
experiments with E. coli cells [Ushakov and Belyaev,
unpublished data]. It is known that ions of Ca and Mg
compete for the binding sites of calmodulin and
troponin C [Rainteau et al., 1989]. These proteins
change the activity of some enzymes when Ca, not Mg,
ions are bound. Therefore, involvement of these ions in
the binding process might lead to the opposite
biological effects. This is a rationale for summation
of the expected effects of Ca and Mg with opposite
signs. Contribution of Zn ions to the biological
endpoint is assumed to be independent of the Ca and
Mg contributions and therefore may also be presented
as a part of the sum in Eq. 8.

There is a qualitative agreement between theore-
tical multipeak curve and experimental data in the
Figure 1. The coincidence of calculated and measured
positions of the extrema is the consequence of the
assumption that natural rotation of ion±protein com-
plexes underlies the effect. According to the model,
positions of the peaks depend only on the angular
velocity �. Other combinations of ions than Ca, Mg,
Zn do not provide peaks closer to the experimental
peaks as calculated for different �. Further investiga-
tions may provide a better evidence for the involve-
ment of the speci®ed ions in the observed effects. In
particular, only the peaks related to a given ion should
be shifted by replacing this ion by its isotope and other
peaks should be rather stable.

The ion interference mechanism predicted bio-
logical effects of zero ®eld [Binhi, 1997a]. This
prediction is supported by experimental data of this
paper and previously published results on the sensi-
tivity of E. coli cells, human lymphocytes and
®broblasts to zero MF [Belyaev et al., 1994, 1997].
The effect of zero static MF was maximal in this paper.
The experiments with static MF allow estimating the
effects due to rotating molecules, since the molecules
without rotation could react only to zero magnitude of
the static MF. Another interesting result is that rotation
could be with the same speed for different ions. Based

Fig. 1. Comparison of experimental datawith results of computer
simulations.Points:Maximumrelativeviscosity incelllysatesafter
exposureE. colicells to staticMF.Thedataofat least three experi-
ments in 4 ^7 points around each extreme and from1^3 experi-
ments in other points were averaged based on 15 independent
experiments; standard error is shown.Lines: The`̀magnetic''part
of dissociation probability fordifferent ions,Ca,Mg, Zn, and linear
superpositionoftheseprobabilitiesisshown.Theuniquecombina-
tionoftheseionsprovidedgoodcoincidenceforpositionsofpeaks
in experimentaland theoreticaldependence of the effect onmag-
netic induction.
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on these data, we believe that DNA is a suitable carrier
for ion±protein complexes rotating with that speed.

The separate sequences of DNA might rotate in
respect to attachment sites, transcription, recombina-
tion and replication complexes. The process of
replication can be excluded because the stationary E.
coli cells were used in our experiments and cells were
kept in M9 buffer before exposure. The speed of elon-
gation during transcription is about 40 nucleotide/s.
Transcription is connected with relative rotation of
DNA and RNA polymerase [Cook et al., 1992] and
may result in periodic rotation of RNA polymerase and
several proteins from transcription complexes about
the DNA. Providing the period of DNA helix is
approximately 10 base pairs, the expected speed of
rotation is about 4 rps during transcription.

Enzymes such as topoisomerase I and topo-
isomerase II may also give rise to rotation of DNA. In
particular, the Vacinia topoisomerase I rotates the
physiologically cleaved DNA strand with the rate of
20 rps, removing supercoils from DNA [Stivers et al.,
1997]. Taking into account the close relationship
between transcription and supercoiling, there is no
signi®cant contradiction between expected value of 4±
20 rps and value calculated above of 18 rps. In our
simulations, the reaction time was 0.1 s. Using the
obtained frequency of 18 rps, we can calculate that
during at least several rotations the system should react
with MF. It is likely that the average value of the effect
will decrease if the molecules rotate for shorter time.
According to the discussed model, the speed 18 rps is
the characteristic rate of the ion±protein rotation and
presumably is connected to transcription and regula-
tion of DNA topology. To the extent that transcription
can proceed with different speeds in cells of different
types, the effective values of magnetic intensity can
also vary between cell types.

In conclusion, we suggest that transcription and
the conformational state of DNA plays an important
role in the effect of static MF on E. coli cells. It is
likely that static MF affects the dissociation probability
of Ca, Mg, and Zn ion±protein attached to the same
carrier, DNA strands, rotating at a low speed of order
of ten rps. Only a qualitative coincidence between
experimental and theoretical extrema in MF density
dependencies was achieved in this work. More know-
ledge about the transduction pathways in response to
magnetic ®elds are needed for a better understanding
of the weak static MF bioreception.
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