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Abstract

Power-line frequency (50/60 Hz) magnetic fields enhance DNA strand breaks in the cell. In order to understand the
molecular mechanism underlying this phenomenon, we analyzed the conversion of plasmid from the supercoiled to the
linear form. This conversion is promoted by hydroxyl radical generated by the reaction between Cu®* and H,0,. The
plasmid pHSG298 was incubated with 1 uM Cu** and 1 mM H,0, and exposed to a 1.2 mT, 50-Hz magnetic field for
30, 60, and 90 min. The conversion of supercoiled DNA to linear DNA was analyzed by agarose gel electrophoresis. We
found that exposure to the magnetic field for 90 min significantly enhanced the degree of conversion.
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1. Introduction

There have been conflicting reports regarding the effect of power line magnetic fields on DNA. For example, Adair
(2000) pointed out that the energy of a power-line frequency (in most cases 50/60 Hz) magnetic field is too low to cause
strand breaks in cellular DNA, whereas a number of other studies demonstrated that double- or single-strand breaks
(DSB/SSB) in cellular DNA are enhanced by 50/60 Hz magnetic fields (Zmyslony et al., 2000; Lai and Singh, 2004;
Focke et al., 2010; Nakayama et al., 2014, 2016). It has been suggested that DNA strand breaks are due to cellular
oxidative stress caused by the magnetic field (Mattsson and Simko, 2012). This view is supported by observations that
radical scavengers such as vitamin E (Kastir and Parola, 1998), melatonin (Jaite et al., 2001) and Trolox C (Lai and
Singh, 2004) reduce the DNA breaking effect of magnetic fields.

Magnetic fields have been shown to enhance strand breaks in purified DNA exposed to oxidative stresses. For example,
when the plasmid pGEM in the presence of H,O, was exposed to a 250 mT static magnetic field, the original
supercoiled form of the plasmid was converted to the open circular form, whereas this conversion was slower in the
absence of the magnetic field (Potenza et al., 2004). Furthermore, the reaction between Cu*" and H,0, promotes
conversion of supercoiled DNA to the linear form, and H,O,, Cu’, Cu®" and OH radical may participate in this reaction
(Sagripanti and Kraemer, 1989). Li and Chow (2001) have shown that a 50-Hz magnetic field accelerates this
conversion in the presence of Cu*" + H,0,. Thus, a magnetic field likely enhances this conversion reaction under
oxidative conditions.

How a 50/60 Hz magnetic field enhances the conversion of higher order DNA structures to the linear form is extremely
important for understanding the mechanism by which a magnetic field strand breaks in cellular DNA. To achieve this
goal, detail of how the magnetic field would affect the conversion process should be elucidated, but studies to date (Li
and Chow, 2001; Potenza et al., 2004) have been insufficient in this regard. Thus, here we conducted a detailed analysis
of how a 50-Hz magnetic field promotes the chemical conversion/degradation of plasmid DNA by Cu** + H,0,.

2. Method
2.1 Materials

Plasmid (pHSG298), the restriction enzyme (BamH-1), and 10X Loading buffer were obtained from Takara Bio (Tokyo,
Japan). pHSG298 has 2675 base pairs and a single restriction site for BamH-1 (Takeshita et al., 1987). The plasmid was
amplified in Escherichia coli strain DH50. and purified using a purification kit (NucleoBond®Xtra Midi,
Machery-Nagel GmbH & Co. KG, Diiren, Germany). Supercoiled DNA ladder marker and linear DNA ladder marker
were obtained from New England BioLabs Inc. (Ipswich, MA) and Bayou Biolabs (Metairie, LA), respectively.
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2-Amino-2-(hydroxymethyl)-1,3-propanediol (tris), CuSO4-5H,0, acetic acid, and H,O, were obtained from Wako Pure
Chemical Industries (Osaka, Japan) and were of analytical grade. 2-[4-(2-Hydroxyethyl)-1-piperazinyl] ethanesulfonic
acid (HEPES) and ethylene diamine tetraacetic acid (EDTA) were obtained from Dojindo Laboratories (Kumamoto,
Japan). Water was first deionized and distilled with a water purification system (WG222S, Yamato Scientific, Tokyo,
Japan) and further purified with a MilliQ system (Simplicity UV, Millipore, Tokyo, Japan). Agarose (Gene Pure LE)
was obtained from BM Equipment Co., Ltd. (Tokyo, Japan). The DNA-staining agent Gel Red (10000X) was obtained
from Biotium, Inc. (Hayward, CA).

2.2 Application of Magnetic Field

A 50-Hz sinusoidal magnetic field was applied to samples using a Helmholtz coil (U21901; 3B Scientific, Niigata,
Japan). Each of the two coils was 130 mm in diameter and 100 turns of copper wire were wound around each coil. The
center-to-center distance between the two coils was 65 mm. To generate the magnetic field, the current from a function
generator (model WF1973, NF Corporation, Yokohama, Japan) was amplified with a power amplifier (model HSA4012,
NF Corporation) and fed to the coil system. The current was adjusted to 0.8 A, and the flux density along the coil axis at
the center of the two coils was 1.2 mT. The flux density of the magnetic field was measured at the coil center with a
Hall-effect probe (Model MNT-4E04-VH or MMA-2502-VH, Lakeshore Cryotronix Inc., Westerville, OH) connected
to a Gauss meter (Model 421, Lakeshore).
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Figure 1. Top view of a pair of circular Helmholtz coils and the arrangement of 1.5 mL microtubes around the coil
center

The diameter of mmicrotube was 1 cm; the center-to-center distance between the two microtubes was 1.25 cm.
Microtubes containing samples were placed near the coil axis (dashed line) and the median plane (dot-dash line) of the
two coils, where the spatial variation of the magnetic field was minimal.

2.3 Preparation of Plasmid Samples for Exposure

Three microtubes (AS ONE Corporation, Osaka, Japan) were placed near the center of the Helmholtz coil for exposure
(exposure-coil; Figure 1: the center-to-center distance of the adjacent microtubes was 12.5 mm) and three additional
tubes (control) were placed ~80 cm from the exposure-coil on the same table as the exposure coil. During exposure, the
background magnetic field (20-2000 Hz) at the location of the non-exposed (control) samples was < 1 uT, as measured
with a Gauss meter (Model 4190; FW Bell, Pacific Scientific-OECO, Milwaukie, OR). The room temperature was
maintained with an air-conditioner at 24 °C and the day-to-day variability was < 0.5 °C. Temperatures were measured at
each of the two sample locations using a K-type thermocouple connected to a digital voltmeter (model TR2114H,
Advantest, Tokyo, Japan) and the difference between the two temperatures was at most 0.2 °C.

Prior to exposure, 10 pg/ml plasmid dissolved in buffer (40 mM tris, 2 mM EDTA, pH adjusted to 8.5 with acetic acid)
was distributed to eight microtubes (10 UL for each tube). At appropriate times (depending on the experiment: e.g., 30
min) before the start of electrophoresis, 5 UL CuSOy (final concentration in the microtube was 1 uM, 10 uM or 100 uM,
depending on the experiment) and 5 uL H,O, (final concentration was 1 mM or 2.2 mM, depending on the experiment)
were added to each microtube. Three of these microtubes were placed in the Helmholtz coil and another three samples
were placed ~80 cm from the exposure coil, as described above. Following exposure/non-exposure for various lengths
of time, the plasmid solution in each tube was subjected to electrophoresis in 0.8% agarose gel using a mini-gel
electrophoresis apparatus (Mupid; Advance, Tokyo, Japan; field intensity = 9 V/em). The 0 min samples were prepared
as follows. The plasmid samples in the remaining two tubes were mixed with CuSO,4 + H,0, plus the 10X Loading
buffer and subjected to electrophoresis together with the exposed/non-exposed samples. Plasmid solution and the
supercoiled ladder marker were mixed with 10X Loading buffer in two separate tubes and subjected to electrophoresis
in the same gel.
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2.4 Gel staining and Image Acquisition

Following electrophoresis, the gel was stained for 15 min at room temperature in electrophoresis buffer containing
1/10,000 volume of Gel Red solution. The stained gel was illuminated with a UV illuminator (TFP-35L, Vilber Lourmat,
Cedex, France) and the DNA band pattern was acquired with a digital camera (5184 x 3456 pixels, 14 bit; Model 8574B,
Canon, Tokyo, Japan). The exciation light coming from the area off the gel was blocked with aluminum foils placed
around the gel; this significantly reduced the background light that interfered with the measurement of the intensity of
DNA bands.

2.5 Analysis of the Gel Pattern

The fluorescence intensity of each band was quantitatively analyzed as follows. First, the fluorescence intensity of each
lane was quantified with a plugin (Gel-analyzer) run on Image J. Second, the intensity profile of a lane with no sample
(to correct distortion in the background arising from non-uniform illumination of the excitation light; seventh lane in
Figure 4) was subtracted from the intensity profiles of the lanes containing DNA samples. Finally, the band intensities
of supercoiled DNA part and linear DNA part were calculated and the resultant values were denoted /sc and Ijn,
respectively.

A supercoiled DNA ladder marker or a linear DNA ladder marker was used as appropriate to estimate the number of
base pairs comprising the DNA band. The log;, [base pair number] value of each marker band was plotted against the
distance moved by the corresponding band to prepare a calibration curve.

3. Results
3.1 Confirmation of the Production of OH Radical

The degradation of DNA by Cu®" ions and H,0, depends on the presence of OH radical (Sagripanti & Kraemer, 1989).
We confirmed this in two experiments. First, using a fluorescence spectrophotometer (FP-750, JASCO, Tokyo, Japan),
we measured the increase in the fluorescence intensity at 425 nm upon excitation at 310 nm of 2.16 mM terephthalic
acid in the presence of 0.54 mM Cu*" + 1.08 mM H,0, (Romanova et al., 1980; Barreto et al., 1995). The fluorescence
intensity increased over a period of tens of minutes, indicating the continuous production of OH radical. Second, gel
electrophoresis demonstrated that conversion of the plasmid from the supercoiled form to the linear form slowed in the
presence of the radial scavengers 50 mM DMSO (Babbs and Gale, 1988) or 5 mM HEPES (Hicks and Gebicki, 1986).

3.2 Degradation of Plasmid in the Presence of 100 uM Cu’* + 2.2 mM H,O,

We first adopted the chemical condition described by Li and Chow (2001). Figure 2 shows a typical result of the
analysis by agarose gel electrophoresis: lane 1 shows the supercoiled ladder marker and lane 2 shows the untreated
plasmid (supercoiled DNA; 2675 base pairs). Lanes 3 and 4 show plasmid treated with 100 uM Cu** + 2.2 mM H,0,
and not exposed (lane 3) or exposed (lane 4) to a 1.2 mT, 50-Hz magnetic field. After 15 min incubation and exposure,
the plasmid band completely disappeared and there was no apparent effect of the magnetic field. Exposure for 15 min of
plasmid DNA to up to a concentration of 1 mM Cu®" ion alone or up to 2.2 mM H,0, alone resulted in neither
conversion nor degradation. Note that the presence of H,O, alone resulted in a smear appearing above the supercoiled
band, but the intensity was weak and no attempt was made to analyze this band.

3.3 Degradation of the Plasmid in the Presence of 10 uM Cu’* + 1 mM H,0,

1 2 3 4
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Figure 2. Plasmid exposed or not exposed to a 1.2 mT, 50-Hz sinusoidal magnetic field for 15 min in the presence of
100 uM Cu*" and 2.2 mM H,0,. Lane 1, supercoiled DNA ladder marker; lane 2, untreated plasmid; lanes 3 and 4,
plasmid treated with Cu®" + H,0, not exposed (lane 3) or exposed (lane 4) to the magnetic field
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The plasmid band is evident in lane 2 (the untreated plasmid) but is absent in lanes 3 and 4, making quantification of the
effect of the magnetic field impossible. Numbers on the left indicate the base pairs

We lowered the concentration of Cu®* to 10 uM in order to observe the degradation process in more detail. As shown in
Figure 3, after 15 min incubation of plasmid with Cu** + H,0, under the non-exposure condition (“Non-exp, 15” in
Figure 3, Panel (A)), all the supercoiled DNA had been degraded; a band with lower and higher mobilities appeared, as
indicated with downward and upward arrowheads in the third lane. Similar fast degradation occurred for the exposed
sample (“Exp, 157).

We found that the mobility of the band indicated with the downward arrowhead in the third lane was very similar to that
of linear DNA obtained following the digestion of supercoiled DNA with BamH-1 (resulting in a single DSB at the sole
restriction site (data not shown)): the number of base pairs comprising the former band as estimated from the semi-log
plot was 2840 and that of the digested sample was 2880. Hence, we concluded that within experimental error, the major
band with lower mobility corresponded to linear DNA generated by a single DSB of the supercoiled DNA. The minor
band comprised 2670 base pairs and we presumed that it was generated by further degradation by the DSB of linear
DNA. This band became fainter at later time points (the fourth, fifth and the sixth lanes). Concomitant with the
disappearance of this band, the smear became more apparent (the asterisks in the fifth and sixth lanes). These changes
suggest that OH radical converted the plasmid DNA from the supercoiled to the linear form by a single DSB, followed
by additional degradation.

When plasmid was exposed to a 1.2 mT, 50-Hz magnetic field, the degradation pattern appeared similar to that of the
non-exposed sample (Figure 3, Panel (A), the eighth to eleventh lanes). However, close inspection of the gel pattern
suggested that the degradation of linear DNA was slightly faster in the exposed group, as indicated by the fainter smear
at 40 and 60 min (Figure 3, Panel (A) asterisks in the fifth and sixth lanes and those in the tenth and eleventh lanes).
This difference is represented semi-quantitatively in Figure 3, panel (B), in which the fluorescence intensities of the
fifth lane (gray line) and the tenth lane (black line) are compared. The fluorescence intensity around the region indicated
by the downward arrow was lower for the exposed sample than for the non-exposed sample. Similar gel patterns were
observed in two out of four independent experiments; in the other two experiments, the plasmid band degraded within
shorter time periods, and the effect of the magnetic field could not be assessed. The gel pattern showing an effect of the
magnetic field is similar to that previously presented by Li and Chow (2001).
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Figure 3. Degradation of DNA in the presence of 10 uM Cu** + 1 mM H,0,

Panel (A), “Non-exp” and “Exp” above the gel indicate non-exposure and exposure, respectively. The first lane (C)
shows supercoiled ladder markers: numbers on the left indicate the number of base pairs. The second and the last lanes
(P) contain untreated plasmid. The labels 15, 30, 45 and 60 above the gel denote the time in minutes after the start of
non-exposure/exposure treatment. In the non-exposed sample, the major band (downward arrowhead) in the third lane is
linear DNA generated by a single DSB; a minor band (upward arrowhead) immediately below was probably generated
from the linear DNA by further DSB. This was the only band at 30 min (the upward arrowhead in the fourth lane). At
later time points, this band became fainter and smears appeared (asterisks in the fifth and the sixth lanes). The exposed
sample provided a similar gel pattern (see text for details). Panel (B), the fluorescence intensities of samples not
exposed (gray line) or exposed (black line) to the magnetic field for 45 min. The fifth and tenth lanes in Panel (A) are
compared. The downward arrow in the graph indicates the region showing the most prominent differences in the two
intensity traces. The slight shift in the location of the major peak in the graph is due to distortion in the gel and not to
different mobilities of the bands.

3.4 Degradation of plasmid in the presence of 1 uM Cu’* + 1 mM H,0;

We further lowered the concentration of Cu®" and observed that degradation of the plasmid also occurred (Figure 4,
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second to sixth lanes and eighth to eleventh lanes; the seventh lane was used for background measurement). Importantly,
during the timeframe of the experiment (from 30 min to 90 min), linear DNA (e.g., the downward white arrow in lane 5)
coexisted with supercoiled DNA (upward white arrow in lane 5). At 30 min, roughly half the plasmid DNA was in the
supercoiled form.

0 min 30 min 60 min 90 min
Ne Exp

Figure 4. A typical agarose gel pattern used to analyze the degradation of supercoiled plasmid in the presence of 1 uM
Cu*" + 1 mM H,0, with or without exposure to a magnetic field

The first lane (C) contains supercoiled ladder marker; the second and the twelfth lanes (P) contain untreated plasmid.
The time periods for non-exposure/exposure to the magnetic field are indicated on the top (0 min, 30 min, 60 min and
90 min). Ne and Exp represent non-exposure and exposure, respectively. Non-exposed and exposed samples obtained at
each time point are placed side-by-side to facilitate comparison of the effect of the magnetic field. At 30, 60 and 90 min,
there were only two major bands: supercoiled DNA (e.g., upward white arrow in the fifth lane) and linear DNA
(downward white arrow in the same lane). A minor band with lower mobility than that of the linear DNA band is seen (0
min) but was omitted from quantitative analysis due to its small amount.

The results of quantitative analysis of this conversion are shown as a plot of the ratio /1 v/Isc against the length of
exposure (Figure 5, main graph). /;n/Isc monotonically increased with time for both the non-exposed and exposed
samples. However, at 60 min, the ratio of the exposed sample (closed diamond) was 1.14 times higher than that of the
non-exposed sample (open diamond), and at 90 min it was 1.37 times higher (statistically significant: P = 0.036, paired
t-test; ten independent experiments). Thus, we conclude that a 1.2-mT, 50-Hz magnetic field accelerated the chemical
conversion of supercoiled DNA to linear DNA.

We evaluated the effect of a 50-Hz magnetic field on the DNA in the smear below the linear DNA band. The
fluorescence intensity was measured in each lane at locations below the linear DNA and summed, then, the sum of the
intensity of the supercoiled and linear DNA was subtracted. We assumed that the difference between the two sums was
proportional to the amount of DNA in the smear. As shown in the inset of Figure 5, the smear remained essentially
constant until 30 min after initiating exposure, then rapidly decreased, suggesting further degradation of the DNA in the
smear. Up to 60 min, there was no difference between the non-exposed and exposed samples, but at 90 min, the
fluorescence intensity of the smear was 1.6 times lower in the exposed sample than in the non-exposed sample (P =
0.026, paired t-test; ten independent experiments). This suggests that the degradation of DNA fragments in the smear
generated by multiple DSBs was also accelerated by the magnetic field, and this occurred on the same time scale as the
acceleration of the conversion from the supercoiled- to the linear-form.
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Figure 5. Quantification of the gel péttern shown in Figure 4

Main graph: the ratio I; v/Isc is plotted against the length of non-exposure/exposure treatment (in min). The open and
closed diamonds represent non-exposed and exposed samples, respectively. Inset: Ordinate, the fluorescence intensity
(in arbitrary units) of the smear (see text for an explanation); abscissa, the duration of exposure in minutes. The data are
the same as used to construct the main graph. In the main graph and the inset, bars represent the standard error
(experiments under each condition were repeated ten times). *: P =0.036 in the main graph; P = 0.026 in the inset at 90
min (both from two-tailed paired #-tests).

3.5 Effect of the Magnetic Field on DSB by Horseradish Peroxidase in the Presence of H,O;

The OH radical is also generated from the decomposition of H,O, catalyzed by horse radish peroxidase (Chen and
Schopfer, 1999). We investigated if a 50-Hz magnetic field affects this reaction. Degradation of the plasmid by horse
radish peroxidase (10 ug/mL) + 1 mM H,0, was observed, but a 1 mT, 50-Hz magnetic field had no effect on the
degradation pattern of plasmid DNA.

3.6 Effect of the Magnetic Field on the Conversion of Plasmid by the Fe-Fenton Reaction

The Fe-Fenton reaction (generation of radical by Fe** + H,0,) also causes DNA strand breaks (Yamazaki and Piette,
1991; Luo et al., 1994; Henle and Linn, 1997). We investigated if a 50-Hz magnetic field would affect the strand breaks
promoted by the Fe-Fenton reaction. We observed the degradation of plasmid DNA in the presence of 5 uM FeCl; + 1
mM H,0,, but it was not affected by a 1 mT, 50-Hz magnetic field.

4. Discussion

Li and Chow (2001) demonstrated that the degradation of plasmid DNA by Cu®*" + H,0, is accelerated by a 50-Hz
magnetic field. The present study reached the same conclusion, but extended their study by quantifying the degree of
the conversion in the presence of lower concentrations of Cu®" ions. The time course shown in the main graph of Figure
5 suggests that the degradation of plasmid DNA by 1 uM Cu*" + 1 mM H,0, occurred through a single DSB at an early
stage, which was followed by multiple DSBs. The degradation of DNA fragments was accelerated at later stages by
exposure to a magnetic field. This result is presented in the inset of Figure 5 and confirms the previous result (Li and
Chow, 2001).

Sagripanti and Kraemer (1989) demonstrated that the reaction between Cu** + H,O, also causes strand breaks in
plasmid DNA and involves radicals, including OH radical. They reported that in the presence of 1 pM Cu®" + 0.1 mM
H,0,, the amount of supercoiled plasmid pZ189 (5504bp) decreased to ~70% after 90 min incubation at 37 °C. In our
case, the amount of plasmid supercoiled DNA decreased to ~35% after 90 min incubation at room temperature (24 °C)
in the presence of 1 uM Cu** + 1 mM H,0,. We presume that a similar or the same chemical process occurred in both
the present study and in the Sagripanti and Kraemer study.
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Based on their results, Sagripanti and Kraemer (1989) proposed a mechanism for the strand breaks in the presence of
Cu* + H,0,: a proton translocates from a Cu*'ionto a guanine of DNA to produce a Cu" ion, and a reaction between
the Cu" ion and H,0, produces an OH radical, which acts to break the DNA strand. We speculate that a 50-Hz magnetic
field may accelerate some of these steps, for example, the rate of the proton translocation: it may depend on the relative
orientation of the spin of proton and DNA. The external magnetic field would affect the orientation of the spin thereby
changing the rate of the translocation and hence, the formation of Cu" ions.

The absence of an effect of the magnetic field on the degradation of plasmid by the enzymatic reaction of horseradish
peroxidase on H,0, can be understood along similar lines to a previous result demonstrating that a magnetic field does
not affect the reaction of horseradish peroxidase on H,O, (Jones et al., 2006).

In the present study, the degradation of plasmid by the Fe-Fenton reaction was unaffected by a magnetic field. We
presume that both the presence of OH radical and the type of metal ion are important factors in the acceleration effect of
a magnetic field, although different experimental conditions, such as different valence of Fe ions (Fe’* instead of Fe™")
and different H,O, concentrations, or different flux densities, may contribute to the effect of the magnetic field.

The flux density of the magnetic field used in our experiments (1.2 mT) is much higher (> 1000 times) than our daily
exposure and exceeds the upper limit of occupational exposure (1 mT) set by the International Commission on
Non-Ionizing Radiation Protection (ICNIRP, 2010). Furthermore, the concentration of Cu”" ions in the cell has been
reported to be much lower than 1 uM (Wataha et al., 1994; Rea et al., 1999). In addition, the intracellular H,O,
concentration is well below 1 mM, because significant cellular DNA strand breakage is induced by exogenously added
H,0, at extracellular concentrations as low as 0.01 mM (Itsuki Ando, Department of Physics, Tohoku University,
unpublished observation). These observations imply that the effect of the magnetic fields on the integrity of DNA is far
more enhanced by some condition(s) that is specific to living organisms. To evaluate this notion, future studies under
wider experimental conditions (flux density, length of the time for exposure or Cu**/H,O, concentrations) will be
necessary.

5. Conclusion

In the present study we found that 1.2 mT, 50-Hz magnetic field accelerated the degradation of a supercoiled plasmid in
the presence of Cu®" ions and H,0,. More specifically, the magnetic field accelerated the conversion of the supercoiled
plasmid to a linear DNA by a single cleavage of the double-strand. The magnetic field further accelerated the
degradation of the linear DNA by multiple double-strand breaks. The mechanism of the acceleration is currently
unknown, but the proton translocation form Cu®" ions to DNA guanine, a step that is critical during the strand breaks,
may be modulated by the magnetic field.
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