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Abstract In this study, the effects of nonionizing elec-

tromagnetic fields (EMF; 925 MHz) on the OmpF porin

channel have been characterized at the single-channel level.

Channel activity was recorded in real time by the voltage

clamp method. Our results showed an increase in the

frequency of channel gating and voltage sensitivity. The

effects of EMF lasted for several milliseconds after the field

source was terminated. However, the conductance levels of

channels did not change significantly. Thermal effects of

EMF on single-channel properties are a possible cause,

based on theoretical evaluation of results that were com-

parable to those seen in conventional experiments at dif-

ferent temperatures. We conclude that EMF affects both the

dynamics and conformation of the channel, either directly

by affecting critical amino acid side-chain arrangement, or

indirectly, via the electrolyte or the lipid membrane.

Keywords Electromagnetic field (EMF) � Biophysics �
Protein channel � Voltage clamp

Introduction

Biological effects of electromagnetic fields (EMF) have

been the subject of many experimental and theoretical

studies. High-frequency EMFs (100 KHz–10 GHz)

including radio frequencies (RF) and microwaves have

been examined to determine their thermal or nonthermal

effects on biological systems. These investigations are

particularly important in today’s world, given that cordless

and mobile telecommunication systems operate at

10 MHz–2 GHz, and their use may have implications

regarding human health. Electrical appliances form con-

stant and fluctuating charge gradients (Goodman et al.

1995) and spatial ion distributions both inside and outside

living cells. Depending on their oscillating frequency,

EMFs can affect cells in a thermal (Gandhi and Ross 1989;

Foster and Glaser 2007) or nonthermal manner (de Pomerai

et al. 2000; Bohr and Bohr 2000). The EMF evaluation

factor, defined as specific absorption rate (SAR), is the only

method currently available for measuring thermal and

nonthermal effects of EMFs, and a more precise and tar-

geted means of monitoring needs to be developed.

At the cellular level, exposure to EMFs has been shown

to initiate a stress response within the cell (Richard et al.

2006). Different in vitro effects of EMFs on cells have been

reported, including nonthermal effects on neuroblastoma

(Dutta et al. 1992) and white blood cells (Chiang and Shao

1989). EMFs (10–1,000 GHz) cause resonant vibrational

or rotational interactions in molecules, although this has

not been observed at lower frequencies (Illinger 1981).

EMFs are likely to initiate their effects via ion channels

(Nonner and Eisenberg 2000) and receptors at the cell

membrane. It is unclear whether they exert a direct effect

on these proteins or they mediate through the immediate

microenvironment. Both DC and AC electric fields (EF)

(Farmer and Oman 1991; Barnes 2007) can result in

structural effects across cell membranes. EMF has been

shown to cause reorientation of membrane phospholipids

and alteration of membrane potential subsequently
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affecting channel behavior (Lindstrom et al. 1995). Dia-

magnetic characteristics of lipid clusters in the membrane

are also enhanced in the presence of EMF. Although the

lipid head-group area orientation remains intact, arrange-

ment of hydrocarbon chains and lipid packing varies sig-

nificantly (Gaber et al. 2005). The ultimate effect of EMF

with high intensity is manifested as a conformational

change occurring in biomacromolecules (Adair 2002;

Tyazhelov et al. 1978) vulnerable to electric (Sharp and

Honig 1990) and electromagnetic (Munoz et al. 2004)

fields.

EMFs with different frequencies target biological matter

at different levels. Low-frequency EMF disrupts ion dif-

fusion while high-frequency EMF affects the molecular

motion of water and intramolecular groups in macromol-

ecules. Thus it is important to address the possible effect of

the high-frequency EMF at the submolecular level. This

necessitates a precise, fast, and noninterfering means of

monitoring the EMF effect in the nanoenvironments in the

vicinity of, or inside, the macromolecules.

Activity of single ion channels exposed to EMF exper-

imentally demonstrates the way the applied EMF affects

the dynamics of biological macromolecules in real time.

For instance, exposing acetylcholine channels to EMF

(10.75 GHz) decreases voltage sensitivity and increases

open probability (d’Inzeo et al. 1988). Gramicidin A

exposed to EMF (10 GHz) shows a nonthermal decline in

channel formation, although conductance and half-life

remain constant (Sandblom and Thenander 1991). In the

presence of EMF, changes in membrane channels of brain

cells cause changes in local ion concentration, osmotic

pressure, cellular dehydration, and distortion of brain

activity (Chiang and Shao 1989). EMFs from mobile

phones have been shown to exert their side effects on

membrane permeability, protein aggregation, and forma-

tion of amyloid fibrils nonthermally (De Pomerai et al.

2003) and on nerves and soft tissues thermally (Acar et al.

2009). Exposure to weak EMF results in few biological

effects (Foster 2000), although some nonthermal effects

(Adair 2003) have been reported. EMF (0.8 GHz) decrea-

ses conductance of the alamethicin channel by 15%, due to

a rise in localized temperature, although this effect is

reversible (Grigoriev and Pashovkin 2006).

All of the evidence thus far points to EMF-induced

alterations in the microenvironment as a means of modu-

lating ion channel and receptor activity. However, an

oscillating field is theoretically capable of changing the

activity of the voltage sensor group of a channel or receptor

directly, thus affecting their gating state, sensitivity, and

conductance proportionally to the magnitude and direction

of the field (Cain 2005). It is most likely that, at high

intensities, EMFs mediate their effects both directly and

indirectly on ion channels and receptors. However,

theoretical analysis has shown that EMF effects at low

intensities are not strong enough to cause thermal effects in

biological membrane, channels, and cells (Adair 2003).

Although the structures of vital human membrane channels

involved in signal transduction have not been fully

resolved at the molecular level yet, the results of the cur-

rent study conducted on a biological macromolecule might

be used to define the path and tools required to study the

EMF effects on VDAC1, Na–K channels, IP3 receptors,

and so on that may act as the most sensitive targets of EMF

in humans.

In this study we have tried to determine the effects of

low-intensity EMF at a single frequency of 925 MHz on

the OmpF channel-forming protein whose structure is

known at the atomic level and whose dynamics have been

addressed in a great number of studies. Thus, the study

will provide us with the detailed changes in the dynamics

and structure of the channel caused by EMF at molecular

level.

Materials and methods

The OmpF porin from E.coli K12 was kindly provided by

M. Winterhalter and H. Weingart who extracted, purified,

and used it for crystallography purposes based on the

method published by Garavito and Rosenbusch (1986).

Buffer used in these studies was CaCl2 10 mM, KCl 1M,

HEPES 10 mM, pH 7.4. All chemicals were obtained from

Sigma Chemical.

The reconstitution of the porin channel into the mem-

brane occurs spontaneously at high protein concentrations,

however, for incorporation of a single molecule, the con-

centration was lowered to a nanomolar level. Reconstitu-

tion was further facilitated by application of short pulses of

high-voltage (±200 mV) potential differences (pds) that

caused transient distortion of the membrane allowing

channel incorporation. The activity of the channel in dif-

ferent membranes has been reported by different groups

including Lakey and Pattus (1989). As the OmpF porin

structure was compatible with the bilayer’s physicochem-

ical characteristics, the probability of reconstitution of the

single trimeric channel pore into the bilayer was quite high.

Reconstitution of a single channel was observed no more

than 20 min after membrane formation and addition of

porin protein to the chamber.

The protein was studied using an artificial bilayer sys-

tem that was electrically isolated in a Faraday cage. Planar

lipid bilayers were formed from soybean lecithin type II

(Sigma). Briefly, bilayers were formed across a 50-lm-

diameter hole in a PTFE septum (0.2 mm thickness)

dividing a two-compartment glass chamber. The usual

Teflon chamber in which the metal screws hold the blocks
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together was not suitable for our experiment because the

screws would act as a local antenna and would interfere

with EMF irradiated by the main antenna. Consequently,

we designed a single-piece glass chamber (4.5 cm long,

1.5 cm wide, and 1.5 cm high) that consisted of two

compartments separated by a holed glass wall on which the

PTFE Teflon sheet was mounted by means of silicon grease

(Fig. 1a). The hole was made hydrophobic using 2 ll of

coating solution, consisting of hexadecane in n-pentane 2%

(V/V) followed by the formation of planar lipid bilayer

based on the Montal and Muller technique (Montal and

Mueller 1972). All recording parts of the set-up, including

chamber, antenna, and preamplifier were located within a

Faraday cage that was positioned on an air table.

EMF was produced by a signal generator (Wobbel

Generator SWEEPGENERATOR WMC BN852, maxi-

mum output level of -3.4 dB) at a frequency of 925 MHz.

EMF was applied perpendicular to the bilayer through two

1-mm-thick identical trapezoidal aluminum antennae,

positioned in parallel, 5.5 cm apart from each other with

the bilayer located in the middle. For calculation of electric

field intensity at the location of membranes, the whole

system was simulated by the High Frequency Structure

Simulator (HFSS) program. The simulation results show

homogeneity of the field at different locations, in particular

in the vicinity of the membrane as defined in the 2D graph

in Fig. 1b.

The strength of the field (intensity) caused by the

applied field (E0) is calculated by the finite element (FE)

method used by the HFSS program. The input power of the

signal generator Pw was calculated based on the following

equation, where Pout (dB) is the output power of signal

generator, -3.4 dB; L (dB) is attenuation of signal trans-

mission line cable, 0.8 dB; A (dB) is the signal generator’s

gain; and G (dB) is the gain of the external amplifier. In our

study, A (dB) and G (dB) are both set to zero.

Pw ¼ 10
PoutðdBÞ�LðdBÞ�AðdBÞþGðdBÞ

10 � 0:001ðWÞ ð1Þ

Taking the output power of the signal generator to be

1 W, Pw was calculated based on Eq. 1. The actual value of

the electric field sensed by the channel, Emax, can be

determined from the value of E0, calculated by the HFSS,

according to Eq. 2 as follows:

Emax ¼ E0

ffiffiffiffiffiffi

Pw

p
ð2Þ

The strength of the applied field irradiated perpendicular to

the membrane, Emax, was found to be 244 V/m. If the

membrane is situated perpendicular to the electric field, the

actual field strength sensed by the protein can be estimated in

a similar manner to be 4.76 V/m. Based on the above

assumption and calculation, the input power would be

-4.2 dB (0.38 9 10-3 W). Taking the dielectric constant

to be e0 = 8.854 9 10-12 F/m and the magnetic permittivity

of the medium to be l0 = 4 9 3.14 9 10-7 H/m, the

impedance of free space based on Eq. 3

E=H ¼
ffiffiffiffiffi

l0

e0

r

ð3Þ

was calculated to be approximately 377 X (Stavroulakis

2003). Further, by assuming that the existing radiated wave

at the membrane can be estimated by a plane wave, using

the maximum strength of the electric field, Emax, we

calculated the power density at the bilayer area based on

Eq. 4:

Fig. 1 The schematic representation of the set-up used for applying

the EMF field to a single-ion channel. a Membrane area, recording

chamber, antenna, Faraday cage, preamplifier, and antivibration air

table. b The simulated graph has been normalized so that 1.00

corresponds to the distance between two antennas, 5.5 cm, and the

arrow shows the plateau in the middle, where the membrane is

located and the amplitude of the field is constant in its vicinity
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S ¼ E2
max

2� 377
ð4Þ

where S is the power density in W/m2, Emax is the maxi-

mum strength of the electric field in V/m, and the included

value of 377 X represents the effects of the medium.

Consequently, the power density caused by the applied

EMF at the membrane location would be 0.03 W/m2.

Data acquisition was carried out by the voltage clamp

technique using an Adimi Filter Amplifier, digitized by

CED 1401Plus (Cambridge Instruments), recorded and

analyzed using a PC together with PAT 6 and PAT 7

software (J. Dempster, University of Strathclyde). The

working compartment of the chamber that was connected

to the virtual ground of the preamplifier was defined as the

cis side. Channel activities were recorded at 20�C unless

otherwise specified. Channel recordings were made using

Ag–AgCl electrodes connected to agar bridges (1 mm

diameter, agar 10 g/l in KCl 1 M). Sampling intervals were

set to 500 lS, applied voltages ranged from ±10 to

300 mV, and the recording signal was filtered by two low-

pass filters at 90 kHz. The membrane characteristics were

evaluated at 120 Hz, 2 Vpp.

Channel-activity responses to EMF were monitored in

different regimes: (1) in the presence of continuous EMF

(cEMF), (2) recovering from EMF (rEMF) recorded after

EMF was switched off, and (3) recovering from simulta-

neous application of EF and EMF (rcEMF). The results are

based on the analysis of about 25 h of recordings at ±0 to

180 mV in 20-mV increments.

Results

The stability of artificially formed planar lipid bilayers was

assessed (± EMF) prior to each experiment through 17 sets

of independent experiments for a total recording time of

170 min at 500-lS sampling intervals. Breaking voltage

(voltage at which membrane is broken, Vb), capacitance

(Cm) of the bilayer, and conductivity (Gm) at different

polarities and potential differences were analyzed. There

were no significant changes in membrane permeability

observed at applied pds of up to ±200 mV at 20-mV

increments in the presence and absence of EMF. In general,

no significant changes in Cm, Vb, and Gm were identified.

OmpF channel activity in the control condition was

consistent with published data (Fig. 2a). There were

occasions when fast flickering was monitored at pds of

±80 to 130 mV. The voltage sensitivity of the channel

increased significantly under cEMF conditions, so that at

±140 mV it completely closed at both positive and nega-

tive pds (Fig. 2b). Such a complete closure was rarely seen

in the control group at 140 mV and was similar to what

normally happens at 170–180 mV. In order to monitor the

channel’s recovery from the effects of combined EF and

EMF, following the cEMF conditions, activity was recor-

ded over a few milliseconds. Thus, through this approach,

the channel activity was recorded while there was no EMF

being applied. The channel under rcEMF conditions

(Fig. 2c) still showed an increase in the voltage sensitivity

but to a lesser extent. Channel activity that was recorded

after applied EMF was terminated, rEMF, did not show a

significant increase in voltage sensitivity (Fig. 2d). In most

cases, both in the presence and absence of EMF, the

channel showed more sensitivity to the positive pd applied

to the cis side (where the negative current was produced)

than negative polarity.

The current-to-voltage relationship of the channel at

different field conditions was also studied to address the

extent of the Ohmic relationship, the slope of changes in

every monomer, and voltage sensitivity of the substates and

monomers (Fig. 3). Increased gating appeared at lower pds

whenever EMF was applied. Furthermore, the applied EMF

Fig. 2 The typical current traces of OmpF porin channels recorded in

a the control group with no EMF applied and channels treated with

EMF under different conditions: b cEMF, c rcEMF, and d rEMF at

±140 mV. Broken line represents the 0 pA current level. The large
vertical lines from left to right represent the time when -ve pd, no pd,

?ve pd, and no pd were applied, respectively. For detailed description

of each condition, please see the text
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locked the channel at more intermediate states in cEMF,

rcEMF, and rEMF groups. The voltage sensitivity of the

channel highly increased in the cEMF group, showing

complete closure at ±140 mV, and no sign of a fully open

trimer at ±180 mV. The latter occurred in the rcEMF

group only when -180 mV was applied. Complete closure

in the rcEMF and rEMF groups, similar to the control

group, took place at ±180 mV. The linearity and slope of

the I/V line remained unchanged at pds up to ±140 mV

before the closure of the fully open trimers formed the

nonlinear part. The length of the linear part differed and

could be ordered as follows: control [ rEMF [ rcEMF [
cEMF (Fig. 3).

The main conductance of the channel under the different

conditions cEMF, rEMF, and rcEMF showed no significant

changes at different pds at both negative and positive

polarities (Fig. 4). The graphs in Fig. 4 represent the con-

ductance of the channel under control, cEMF, rEMF, and

rcEMF conditions based on the activities of 17, 17, 3, and 3

separate membranes, each recorded for 170, 170, 30, and

30 min, respectively. However, substates were influenced

by the applied EMF, and their long-lasting occurrences

represented minor peaks or shoulders under cEMF, rEMF,

and rcEMF conditions. The highest number of substates

occurred in the rEMF group and was the same in the cEMF

and rcEMF groups. Some recordings showed that with

positive pd applied to the cis side, the voltage sensitivity in

the presence of EMF increased and less stable and long-

lived substates were formed (Fig. 4).

The thermal effect of EMF on channel activity was

studied at temperatures of 22, 24, and 26�C, taking channel

activity at 20�C as control (Fig. 2a). As significant change

in activity was measured at 26�C, the corresponding results

obtained at this temperature were compared with those

recorded under cEMF (Fig. 5). It appeared that at 26�C,

voltage sensitivity of the channel significantly increased,

such that the complete closure occurred at much lower pds

of ±160 mV (Fig. 5b). The actual closing events started at

pds as low as ±80 mV. The channel showed an Ohmic

behavior in all monomers at low voltages. The nonlinear

part of the I/V curve started at pds as low as ±80 mV,

where the first monomer in the fully open trimer closed.

This voltage was ±140 for the second and ±160 mV for

the last monomer. The conductance of the channel over the

described temperature range did not show a significant

difference from that of the control (P \ 0.05) (Fig. 5c).

However, there were more substates monitored, in partic-

ular when the fully open trimer was closing.

The probability of the channel being open when it was

conducting through one monomer, two monomers (dimer),

and three monomers (trimer) at ±160 and ±180 mV and at

20 and 26�C was compared to that of the probability under

cEMF conditions at 20�C (Fig. 6). As shown, at 26�C the

probability of channel activity in the fully open trimer state

was lower than that seen for the dimer or monomer

(Fig. 6b). There were rarely direct complete closures of the

trimer; most closures went through dimeric or monomeric

states. The higher the pds, the higher was the probability of

complete closure in each monomer. As a result, the channel

resided for a much shorter time (about 5% of total time) in

the trimeric conducting state than in the dimeric (15%)

or monomeric (25%) states. The occurrence of different

channel states in the presence of cEMF showed a similar

trend to that monitored at 26�C: the least time was spent

d
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Fig. 3 The current-to-voltage relationship, I/V curve, of OmpF in

a the absence of EMF taken as control group, and under different

conditions: b cEMF, c rEMF, and d rcEMF groups. The main linear

trends represent the Ohmic behavior of the trimer and voltage

sensitivity of trimer, dimer, and monomers that form the nonlinear

terminating part of the line. The higher voltage sensitivity of the

channel under cEMF conditions has made several points at ±140 mV
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conducting as a fully open trimer, more time as a dimer,

and the longest time at the monomeric level. Proportion-

ally, there was no significant difference between the time

the channel spent in the fully closed state at 26�C and in the

cEMF group, while the channel in both groups spent a

much longer time closed than in the control group. In other

words, compared with the control group recorded at 20�C,

the duration of complete closure time of the trimer

increased significantly, both at 26�C (Fig. 6b) and under

cEMF conditions (Fig. 6c).

Discussion

In practice, it is difficult to monitor the effects of EMF at

the molecular level in living cells or tissues. Molecular

tracers, microscopic electrodes, and other means often

interfere with EMF effects. It may be some time before the

molecular dynamics of biological macromolecules in the

presence of EMF can be monitored in real time at

the molecular level. Consequently, the use of less-precise

macroscopic approaches coupled with the complex

behavior of living cells exposed to EMFs often results in

controversial conclusions. Increasing evidence points to a

relationship between nonlinear nonequilibrium processes

and resonant responses in biomolecular systems, rather

than equilibrium thermodynamics associated with thermal-

energy exchanges and tissue heating (Adey 1993). EMF

applied in this study exerts its effects at different sites
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Fig. 4 OmpF channel conductances in the control group at 20�C in

a the absence of EMF, and when it was treated with EMF under

different conditions: b cEMF, c rcEMF, and d rEMF. The main states

formed by OmpF monomers, dimers, and trimers together with the

corresponding substates are shown. Bin size is set to 100
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Fig. 5 The effects of a temperature of 26�C on the activity, voltage

sensitivity, and conductance of the OmpF porin channel. The channel

tended to close at lower voltages of ±140 mV (a), its I/V curve shows

complete closure at ±160 mV with no trimer identified at ±180 mV

(b), and more substates created at the trimer and dimer conductance

levels (c)
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including the hydrophobic core of the bilayer, the hydro-

philic medium, and the macromolecule itself. As lipid

phase transitions in membrane are reported to be caused

by microwave exposure (Liburdy 1992), the changes in

channel activity may be due to the effects of the applied

cEMF on the packing of lipids and membrane viscosity.

The difference in the effects of rEMF and rcEMF

copmared with those resulting from application of cEMF

can be explained by membrane relaxation time, tempera-

ture diffusion, and reorganization. Oscillating electromag-

netic fields have already shown some effects on membrane

structure and function in synthetic liposomes and the

lymphocyte cell membrane (Norden and Ramel 1992).

We did not observe a decrease in the conductance of

the channel as reported for alamethicin (Grigoriev and

Pashovkin 2006), possibly because of the differences in the

structures of proteins studied and the nature of the field

applied. If we consider the gating of the channel as the

consequence of the transient conformation of the channel,

as well as the lifetime of the structure profile and dynamics

of the surrounding electrolytes at the gating area, this study

shows that EMF harmonizes the molecular arrangements in

favor of more stable substates. The EMF applied in this

study caused the formation of stable substates, perhaps due

to rearrangements of the side chains in the lumen of the

channel. Alternatively, these substates may arise because

of the reorientation and motion of ions and water molecules

in the vicinity of the constriction zone.

Our results show that in the presence of EMF, the

channel stays in the main open states for a much shorter

time, in other words, the strain on the channel that dictates

its dynamics has been partially compensated by the pos-

sible resonance and molecular motion caused by the EMF.

This could be explained by the relaxation time of the

voltage sensor region of the channel that has been

addressed by applying an oscillating magnetic field (Cain

2005). Applying different combinations of EMF and EF—

cEMF, rEMF, and rcEMF—resulted in different voltage

sensitivities. In other words, the mechanism involved in the

voltage sensitivity of channels was influenced by the EMF.

The maximum effect was monitored when EMF was being

applied, i.e., the cEMF condition, at the time of recording.

The lower effects monitored under rcEMF showed that the

channel could not recover and the condition caused under

cEMF showed that it was lasting long enough to be mon-

itored. However, the channel activity monitored in rEMF

showed that it was the combination of EF and EMF that

caused the changes in channel activity and that the channel

recovered from the effects of EMF applied alone, if there

were any, in a matter of milliseconds. Unfortunately, we

were only able to monitor the EMF effects on the channel

by voltage clamp studies, where the use of EF was

unavoidable, otherwise, a fast and precise on-line spec-

troscopic experiment could show the role of EMF alone

through the simultaneous application of EF in cEMF.

Considering the time scale and EMF conditions dis-

cussed above, we propose the changes in the oscillation

potential of the charged groups involved in short-/long-

range electrostatic interactions, hydration status, and ori-

entation of side chains in the lumen of the channel as the

main possible conditions distorted by applied EMF. The

recovery time was about 10 ms in cEMF, lower in rcEMF,

and even lower in rEMF groups. Thus, with regards to the

lasting effects of EMF, our results show that the maximum

effects are imposed when EF and EMF are applied

simultaneously; this mimics the physiological condition

where potential differences across the cell membranes keep

cells hyperpolarized.
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Fig. 6 Probability of the occurrence of trimer, dimer, monomer, and

fully closed states in OmpF channel at 20�C (a), 26�C (b), and in the

presence of cEMF at 20�C (c). Potential differences from left to right
are ?160, -160, ?180 and -180 mV, respectively. The significant

increase in closure probability and decrease in the occurrence of

trimer, dimer, and monomer states at 26�C (b) and in the presence of

cEMF at 20�C (c) are shown
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We conducted two sets of experiments to address the

possible thermal effects indirectly. Our results showed,

first, that the channel activity at 26�C was different from

that monitored at 20, 22, and 24�C, and second, that the

activity of the channel in cEMF was comparable with that

of the control. Thus, we tried to compare the channel

activity at 26�C with that monitored under cEMF (Fig. 5).

To our surprise, the increased voltage sensitivity of the

channel at 26�C was comparable to the cEMF condition.

Further as in cEMF, the channel was so sensitive to the

applied pd that the fully open trimer was not monitored at

±180 mV. Similarly, the closure events started at pds as

low as ±80 mV and more substates were formed. We

appreciate that the setting and monitoring of the macro-

scopic temperature of the medium cannot address the

precise temperature and thermal motion happening in the

nanoenvironment of the channel and in the vicinity of

macromolecules. On the other hand, direct, rapid, and

precise measurements of minute temperature changes in

the nanoenvironment within, or in the vicinity of, the

channel require technology that is not currently available.

Such an external means, if it exists, might itself interfere

with the local thermal homogeneity of the field. There has

been an atomic approach to address the thermal effect of

microwaves in lysozyme crystals where the molecular

dynamics of the protein has been reported in terms of the

beta factor. X-ray diffraction study on tetragonal lysozyme

crystals exposed to microwaves showed that, at low

microwave power levels, the presence of the microwave

field results in localized reproducible changes in the mean-

square displacements (b factors). At particular sites, it is

found that the b factors even decrease with increasing

microwave power. It has been shown that the elevated

temperature is due to the microwave absorption by

unbound crystal water. The study shows no large micro-

wave-driven displacements of structural subunits in the

protein and claims that nonthermal effects do not appre-

ciably alter the protein’s structure and dynamics. Water

damps resonant coupling of microwave fields to intramo-

lecular vibrations, and it is therefore unlikely that proteins

in the hydrated environment respond at high-frequency

fields (several GHz), although nonresonant effects can alter

protein structure and dynamics (Weissenborn et al. 2005).

The changes in the channel activity seen in this study

could be due to a minor rise in localized temperature

induced by the EMF microscopically. This phenomenon

has been reported for the alamethicin channel (Grigoriev

and Pashovkin 2006). Nonthermal RF field effects on

GABA and acetylcholine receptors (D’Inzeo et al. 1988)

and refolding of myoglobin (Mancinelli et al. 2004) have

also been reported. This localized ‘‘hot spot’’ may be strong

enough thermodynamically to disrupt hydrogen bonds and

hydration states involved in gating and voltage sensitivity

of the channel as well as conductivity of the area, causing

structural rearrangement similar to that reported in ther-

mophilic enzymes (Porcelli et al. 1997). An increase in

temperature has been shown to increase the channel gating

frequency (Hille 1984) consistent with what we observed

during microwave exposure.

We also believe that changes in channel activity moni-

tored in the presence of EMF might have been the result of

indirect thermal/nonthermal effects on the bilayer. Micro-

wave radiation has been reported to cause structural

changes in acyl chain packing and increased disorder

hydrolysis of carboxylic and phosphoric esters, conforma-

tional changes of the acyl chains, and even possible tran-

sient events in multilamellar vesicles (Gaber et al. 2005).

We have not identified any particular conductance level(s)

to represent newly formed pores. However, we suggest that

the changes in channel activity correspond to changes in

membrane packing and order, resulting in changes in

membrane architecture that are capable of influencing

reconstituted channel activity.

The EMF may have imposed thermal effects on different

targets including the polar and hydrophobic residues in the

channel-forming protein, membrane lipids, surrounding or

intralumenal water, and conducting ions and their hydra-

tion state, such that we were unable to address them indi-

vidually. Thus, what we monitored was the sum of all the

effects on different targets including intermolecular motion

of the channel, water motion within the channel and in the

vicinity of the channel mouth on either side, as well as in

the supporting lipid bilayer. The relaxation time represents

the recovery of all of the mentioned targets following the

removal of the field. Obviously, if we were able to monitor

the effect on an isolated channel, then much shorter times

would be required. In other words, the lipid bilayer and the

surrounding electrolytes elongated the recovery time.

There is no doubt that the EMF characteristics can affect

the gating frequency of the channel and the amplitude of

the signal induced by the applied field (Galvanovskis and

Sandblom 1997) leading to subsequent changes in the

physicochemical condition of the cell due to changes in

ionic flux. Bearing in mind the complexity of the biological

systems and their electrical nature, it seems that evaluation

of the biological effects of EMFs, solely based on the

macroscopical measurements done in phantoms, is far from

reality. Thus, faster, more sensitive, and precise data

acquisition systems are required to monitor the possible

changes in the structure and dynamics of biological mac-

romolecules caused by the applied EMF in order to address

their effects on molecular traffic through membrane, on the

physicochemical condition of cells, and on cells’ excit-

ability and functional state.

In conclusion, through this study, we believe that for the

first time a preliminary model has been developed to
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measure the effects of EMF on single-channel properties.

We appreciate the limitations of the system, i.e., failure to

conduct rapid and precise measurements of temperature

and conformational changes in the nanoenvironment within

the channel lumen. This is why we are conducting a the-

oretical analysis of the data is necessary, to compensate for

these shortcomings and to overcome experimental uncer-

tainty in the description of the results of the practical

experiments at the molecular level and to address the

possible real condition and mechanism involved there

indirectly. In the mean time, this study provides the basis

for investigating the effects of EMF on mammalian single

channels and may have implications in the context of

human diseases.
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