J. theor. Biol. (2000) 206, 291}298
doi:10.1006/jthi.2000.2123, available online at http:/www.idealibrary.com on IIIE%I‘@

Pulsed Microwave Radiation on Protein Conformation
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Microwave exposure under Hathermal™ conditions occurs when no temperature rise can
be measured by conventional thermometry. The existence of biological elects arising from
the athermal exposure is still controversial, partly because of a lack of the linear dose response
relation. We propose a model in which pulsed microwave radiation causes a triggering of the
heat shock or stress response by altering the conformation of proteins through a transient
heating of the protein and its close environment. We support this by modelling using the heat
ditusion equation and show that pulsed exposure even when athermal can lead to transient
temperature excursions outside the normal range. We propose that the power window
phenomenon in which biological elects are observed at low power levels may be caused by an

@®

Biological E4ects of Electromagnetic Fields= Mechanisms for the E4ects of

*School of Physics, ; niversity of Sydney, Sydney NS= 2006, Australia, -Centre for Immunology,

; niversity of =ollongong, —ollongong, NS=, Australia and AAustralian Key Centre of Microscopy

incomplete triggering of the heat shock response.

Introduction

The safety of exposure to low-level radio-
frequency "elds has been a subject of debate and
concern in both the scienti*'c and lay communi-
ties. This issue has been brought sharply into
focus by the enormous recent expansion of mo-
bile telecommunications which employ a trans-
mitting antenna held close to the head. It is well
accepted that exposure to the electromagnetic
"elds in the microwave region imposes stresses
on the living cells when the speci*'c absorption
rate (SAR) is beyond a level su$cient to cause
the temperature of the cells and tissues to be sig-
ni"cantly elevated. In this case there is a clear
mechanism, namely a heat stress which causes
elects.
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A considerable body of experimental work has
revealed that elects can occur under conditions
in which the macroscopic temperature as mea-
sured by conventional thermometry does not
exceed normal levels. These studies include the
well-accepted physiological elect known as the
microwave hearing phenomenon which occurs in
individuals of normal hearing when short micro-
wave pulses are administered to the head (Frey
& Messenger, 1972) as well as in vivo reports of
increased cancer incidence following microwave
exposure (Repacholi et al., 1997) and in vitro
elects on cell growth, morphology and secretion
(French et al., 1997; Donnellan et al., 1997).

However, at apparent lathermal” exposures
Daniells et al. (1998) showed that using a pulsed
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microwave exposure at 750 MHz, heat shock
genes were activated. Importantly, they showed
that lower power levels tended, in general, to
induce larger responses, which is contrary to the
results expected if the elect were simply due to
heating. They concluded that microwave radi-
ation causes the activation of cellular stress re-
sponses, presumably re#ecting increased levels of
protein structural alteration by a mechanism
other than heating.

In this paper we examine mechanisms based
on the hypothesis that exposure to electromag-
netic "elds can cause changes in the conforma-
tion of biologically active macromolecules. The
possibility of direct elects of electromagnetic
"elds on the conformation of macromolecules
has been suggested previously (Porcelli et al.,
1997; Taylor 1981; Byus et al., 1984). This sugges-
tion arises from the fact that small changes in
protein conformation can result in signi*‘cant ef-
fects on the biological function (Koshland, 1998).
Neshev & Kirilova (1996) have discussed the po-
tential ability of pulsed microwave radiation at
very low power levels to alter the conformation of
enzymes. A cell under some conditions may re-
spond to this stress by activating a stress re-
sponse. This stress response acts through the
so-called heat shock proteins (HSPs) and is essen-
tial to normal cellular function. HSPs act as
limolecular chaperones”, binding to and stabilis-
ing partially unfolded proteins, thus providing
the cell with protection from imposed environ-
mental stresses. Without the chaperone elect
of HSPs, cells would be wvulnerable to small
changes in their environment. The most abun-
dant are the small HSPs (sHSPs) and HSP70
(and its homologues). Lindner et al. (1997),
using NMR spectroscopy, have shown that
SHSPs (e.g. HSP27) only interact with the unsta-
ble, disordered molten globule states of de-
stabilised proteins that are on an irreversible
pathway towards an aggregated and precipitated
state. On the other hand, large HSPs (e.g. HSP70)
interact with proteins along their folding
pathway (see Fig. 1).

Increased expression of heat shock proteins
has been associated with dementia and gliosis.
HSP27 alpha B-crystallin, for example, has been
found in reactive gliosis, in Alzheimer's disease
(Renkavek et al., 1993) HSP72 and HSP73 were
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Fic. 1. The protein folding/unfolding (smwwa») and o!-
folding pathways (—u) (adapted from Lindner et al., 1997).
The former is a reversible pathway and involves interaction
with chaperone proteins such as HSP70 which leads to
correctly folded proteins. The latter is an irreversible path-
way leading to precipitation which involves the interaction
with sHSP chaperone proteins.

also increased in Alzheimers disease tissues (Perez
et al., 1991).

A Practical Debnition of Thermal and
Athermal Exposures

It is important to establish a basis for distin-
guishing between thermal and athermal expo-
sures. This can be done by considering the
principles of temperature and its measurement.
Strictly speaking, the temperature of a system is
meaningful only when all the parts of the system
are in thermal equilibrium, that is, there is no
heat #owing between one part of the system and
another. In order to determine the temperature,
there is an implication of a measurement (or
thermometer response) time being the time re-
quired to bring the system into thermal equilib-
rium with a thermometer. No meaningful
measurement of temperature can be made on
a time scale shorter than the response time. The
International Commission  on Non-lonising
Radiation Protection (ICNIRP) guidelines (1998)
for limiting the exposure to time-varying electro-
magnetic radiation specify a measurement time
of 6 min during which time-varying doses may
be averaged. This enables a distinction to be
made between a thermal exposure, that is one
which causes a signi''cant temperature rise as
determined by a convenient thermometer with
a 6 min averaging time, and an athermal expo-
sure, one which does not cause a signi'‘cant tem-
perature rise in this sense. The 6 min value is
useful as this enables readily available thermo-
meters such as liquid-in-glass type to be used.
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In order to measure the temperature any ther-
mometer will only be in thermal equilibrium with
a certain volume of the subject system and this
volume needs to be speci*'ed. The ICNIRP stan-
dard provides a practical de"nition. It speci*'es
a 10 g mass of tissue which gives a characteristic
system size of approximately 10 cm3. Therefore,
only when a 10 g mass of the tissue shows a sig-
ni"cant temperature rise in the above sense is the
exposure considered in this work to be thermal,
otherwise we shall consider it to be athermal.

Characteristic Sizes and Times for Important
Cell Processes

In this section we will carry out some calcu-
lations to determine the approximate size and
time scales relevant to initial processes related to
the interaction of proteins with electromagnetic
"elds in order to categorise them as occurring in
the thermal or athermal size and time regions, as
de"ned in the previous section, in the context of
common industrial applications of pulsed elec-
tromagnetic ""elds. Before doing so, it is useful to
consider the characteristic times of pulses from
the common sources.

SOME CHARACTERISTIC TIMES FOR EXPOSURES

The characteristic time for a burst of informa-
tion carried on the GSM digital mobile telecom-
munications system is 577 !ls (Gibson, 1996). This
contains 156 individual pulses each of 3.69 !ls.
The 3.69 !ls is taken as typical of a pulsed expo-
sure to microwaves and is shown in Fig. 2. Pulses
of microwaves are also used in radar. A typical
pulse width in modern high repetition rate
systems is 1 !ls (Blackman & Popoli, 1999).

CHARACTERISTIC COOLING TIME OF APROTEININ AN
AQUEOUS ENVIRONMENT

In the previous section we have chosen rela-
tively large characteristic sizes and times in order
to provide a practical distinction between ther-
mal and athermal exposures. In this section we
will assume that it is in principle still possible to
de"ne temperature on a length scale comparable
to the dimensions of a protein molecule and
on time scale of the order of nanoseconds.

293

Temperature variations occurring only over such
small sizes and time periods are of course ather-
mal under the de"nition of the previous section.
Let us now suppose that the energy is injected
directly into a protein molecule, assumed spheri-
cal, at time t* 0. The temperature distribution
1 of the molecule and its aqueous environment
can be calculated from the heat dilusion equa-
tion

2--CP3T
K at @
where c is the heat capacity, p is the density and
K is the speci*'c thermal conductivity. By solving
this equation, Marks (1997) showed that the
characteristic time for cooling of spherical re-
gions scales as

cp

This scaling rule is consistent with the result

cp
t+0.5r0—K (3)

derived by N& Iting (1995) for the pulse length
of a light pulse absorbed by a spherical body
above which heat exchange with  the
environment be- comes important. Beginning
with Marks' result for a cooling time of 0.052 ps
for 0.6 nm spherical region in diamond, and
using values of c**

418103 JK-1kg-1, K*"0.6 Wm-1 K-1 and
p®~1gcm-3 for an aqueous medium, we "nd
a cooling time constant of 1 ns for a protein with
a diameter of 10 nm immersed in an aqueous
medium. This diameter corresponds to a samp-
ling volume of approximately 10- 4 cma3.

CHARACTERISTIC TIME FOR ENERGY TO DIFFUSE
FROM A VIBRATIONAL MODE IN A MACROMOLECULE

It is conceivable that direct energy absorption
could occur from an electromagnetic "eld into
a vibrational mode of a protein molecule. Such
a mode could be, for example, a mode with strong
infrared activity. The time taken for the energy to
spread into other vibrational modes and reach
thermal equilibrium can be estimated. The en-
ergy in one vibrational mode spreads to another
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Fic. 2. Shows characteristic times and dimensions of some critical biological processes and common industrial applica-
tions of pulsed electromagnetic "'elds. The lines delineate four regions, a thermal region (1) in which temperature excursions
occur on a scale both in space and time so that conventional thermometry can detect temperature changes. Regions (2) and (3)
are athermal since only one criterion is set. Region (4) is athermal on both criteria.

as a result of the anharmonic terms in the in-
teratomic potential. The time taken is necessarily
longer than one vibrational period of the reson-
ant mode because otherwise the mode would be
overdamped and not resonant with the "eld. One
period is therefore a lower bound to the charac-
teristic time for energy dilusion but it is likely
that at least 10 periods would be necessary. It is
di$cult to provide an upper bound without a
detailed investigation of the dynamics of the
molecule. For small molecules with vibrational
modes in the THz range it is exceptional for the
lifetime of a vibrational excited state to exceed
1000 oscillations (Chronister & Crowell, 1991).
The rate of migration of energy is dependent
upon the anharmonic terms and these are likely
to be very large for macromolecule vibrations.
Damping by collision with solvent will also en-
hance the rate of migration. Consequently,
a good upper band on the lifetime of a vibration-
ally excited state in a macromolecule would
be 1000 oscillations. For a resonant absorption
in the GHz range an upper bound for the time
scale for energy dilusion would therefore be
0.4 ms. This time is larger than the characteristic

time for the dilusion of heat away from a protein
molecule but somewhat smaller than the time for
protein unfolding.

The characteristic volume for this interaction
is the approximate volume of a protein molecule,
10— 4cm3. The dilusion of heat from a vibra-
tional mode of a protein is therefore in the ather-
mal region on both the time and the length scales.

CHARACTERISTIC TIME FOR UNFOLDING OF
PROTEINS

While the time required for the initial unfold-
ing of a protein from its native state to its lowest
energy intermediate state is unknown, we can
place an upper limit on this time by considering
the most rapid events in the folding}unfolding
process. A time constant of 300 !Is was observed
experimentally for a rapid folding step in mutant
barstar (Schreiber & Firsht, 1993). Experimental
measurements of dilusion limited contact
formation in unfolded cytochrome c¢ show that
35}40 lls is required to form an encounter
complex (Hagan et al., 1996). The latter authors
also "nd, from theoretical considerations of
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ditusion-controlled contact formation in poly-
mers, that the time to form a loop in a short
protein containing 6}10 residues is 1}3!ls. The
process of loop formation, when reversed, should
be a good model for the simplest and therefore
most rapid step in a protein unfolding event. If
dilusion elects are excluded molecular dynamics
simulations show that loop formation can pro-
ceed rapidly. For example, the molecular dynam-
ics simulation of Wu & Sung (1998) showed loop
formation in an isolated 16 residue polypeptide
occurring in as little as 0.5ns. However, it is
important that dilusion processes are included
since these will be the rate-limiting processes for
a protein in an aqueous environment. Therefore,
a microsecond timescale is the most likely. This is
a long-time relative to the time taken for thermal
equilibrium to be established. It is, therefore, un-
likely that direct heating of a protein by the
electromagnetic "eld relative to its surroundings
could be responsible for protein conformational
changes. Any conformational change must pro-
ceed in an approximate equilibrium between the
protein and its immediate environment.

A Mechanism for Microwave Radiation
to Act as a Cell Stressor

On a time scale of nanoseconds and longer,
a protein molecule is in approximate thermal
equilibrium with its aqueous environment. Times
longer than this are required for protein unfold-
ing events because of the rate-limiting elects of
dilusion. We therefore propose that the micro-
wave pulses can cause unfolding to occur only
through transient heating of both the molecule
itself and its aqueous environment. We propose
that this can occur either through the resonant
absorption of energy initially in the peptide chain
(with subsequent dilusion of energy to the
aqueous environment)  or through resonant
absorption of the aqueous environment (with
subsequent dilusion of energy into the protein).
Chattopadhyay et al. (1997) have discussed the
resonance of microwave radiation at very low
power levels with small groups of amino acids
within proteins, e.g. in the active sites of key
enzymes. At higher power levels, they propose
that the entire macromolecule is forced into a
vibratory mode. From our analysis above, we
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conclude that such deviations from thermal equi-
librium between the protein and its environment
are unlikely to be of su$cient duration to cause
a protein conformation change and that confor-
mational change occurs with approximate equi-
librium between the protein and its environment.
Surrounding water molecules exposed to hydro-
phobic regions on protein molecules adopt hy-
drogen-bonded pentagonal structures. Cameron
et al. (1997) have modelled the formation of mul-
tiple water molecule pentagons into a closed
liclathrate™ structure that can conform to regular
surfaces and even enclose a purely hydrophobic
molecule or polymer. An increase in the temper-
ature of the water can have signi'‘cant conse-
guences for protein conformation. The breaking
of hydrogen bonds within the water pentagonal
structure may cause it to give way to the bulk
water state (Chattopadhyay et al., 1997). As a re-
sult, hydrophobic groups on the surface of the
protein may be able to interact with each other to
a greater extent and the protein may adopt a dif-
ferent conformation. In several protein}ligand
complexes, single water molecules lie between the
protein and the ligand "lling gaps and mediating
hydrogen bonds between the two molecules
(Rarey et al., 1999).

We therefore conclude that an analysis of
a speci''c exposure situation using Maxwell's
equations to determine the energy absorption
and the heat dilusion equation to determine the
consequent temperature distributions will be suf-
"cient to determine the consequences of the expo-
sure for protein conformation. There is risk of
protein conformational changes during temper-
ature excursions exceeding the minimum time for
protein unfolding for which we estimate 1!ls is
a lower bound.

Modelling Pulsed Exposures with the Heat
Didusion Equation

Pulsed exposure appears to be more elective
in eliciting a biological response than a continu-
ous exposure of the same SAR value. An example
of a known biological elect is the #microwave
hearing" elect, attributed to a thermoelastic ef-
fect in the auditory cortex of the brain. It arises
for pulses shorter than 30ms at 2450 MHz,
giving a speci‘'c absorption (SA) greater than
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4mJkg-1 or an SAR greater than 133 W kg-1
(Frey & Messenger, 1972).

The di$culty in understanding the elects of
pulsed energy inputs, as opposed to continuous
ones, is that rapid temperature changes result,
and spatially non-uniform temperature distribu-
tions arise. This gives rise to the experimental
di$culties in measuring temperature changes
since most methods of temperature measurement
have signi*'cantly longer response times than the
duration of the microwave pulses of interest. Spa-
tial non-uniformity is also di$cult to quantify
because of the "nite size of the most exposed
volume and the perturbing elects of thermo-
meters, even low thermal mass ones like #uorop-
tic probes. Modelling work is therefore essential
to determine the temperature as a function of
time and position. To quantify the dilusion of
heat from the delivery point to the surround-
ings, the second-order dilerential equation
known as the heat equation is the governing
equation. For a one-dimensional system this is
expressed as

a1(xt #@ﬁ_ _E ax(x,t)

ax K mn ax

(4)

where x is the single spatial variable, t is the time,
1 (x, t) is the temperature, R is the rate of
heat delivery per unit volume, K is the thermal
con- ductivity, and the dilusivity is given by

K
X" — (5)
pcC

where ¢ is the heat capacity at constant pressure
and p is the density.

It is useful to apply the analysis to a common
mode of exposure used in studying the biological
elects of electromagnetic "elds and typical cul-
tures of cell medium contained in a #ask so that
the absorbing medium lies in the form of a slab
which is thin compared to its lateral dimensions.
The one-dimensional heat dilusion equation is
applicable to this case and to a "rst approxima-
tion the edge elects can be neglected. The bound-
ary conditions for the medium were chosen as
follows. In the plane at x* =1 the medium was
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considered to be in contact with a thermal reser-
voir, the base of the cell culture and its environ-
ment, and the surface at x~ "0 was considered to
be in contact with a thermal insulator. The upper
surface of the medium is in contact with air but
excepting the rapid pulsed exposures of interest,
this will be essentially a non-convective bound-
ary since the convective currents need time to
establish. Because of the small value of air con-
ductivity we assume this to be an adiabatic
boundary.

The rate of heat delivery per unit volume at
a distance x into an absorbing medium decreases
exponentially with x. We assume an expression of
the form

R " "Ae— (e—xL (6)

where the constant A was initially chosen to an
exposure of 0.17Wkg-1 and had the value
A= "5.96>107 W m-3 which gives a pulse energy
delivery (measured at x~==0) of 59.6 Jkg-1 and
a maximum SAR (measured at t* "0 and x* ~0)
of 7.2><106 W kg-1 assuming a tissue culture
medium density of 1000 kg. The constant

determines the rate at which the heat delivery
decreases with distance into the medium as a re-
sult of the attenuation of the microwave signal.
Avalue of _ ""1 cm is used in these calculations.

The constant t. determines the duration of the
pulse. A value 091 ms was chosen. Note the pulse
delivers an energy of 7.2><109 J m-3, su$cient to
place it well within the microwave hearing range.
The pulse has a maximum intensity at the onset
and decays exponentially with time. The temper-
ature as a function of time is shown in Fig. 3 and
shows that for a very short time, the temperature
has an excursion well outside the normal operat-
ing range of living cells. The temperature returns
quickly to normal after the pulse, and so the
excursion would be diS$cult to measure using
normal thermometry.

This large, transient increase in temperature
may result in the alteration of protein conforma-
tion. Indeed, this time scale is of the same order
of magnitude as that of the dynamics of protein
conformational change demonstrated for the
interaction of nuclease with DNA (Ha et al.,
1999).
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FiG. 3. The rate of heat delivery per unit volume (W m-3)
as a function of time (dotted line) for a pulse of microwave
energy corresponding to an average SAR of 0.17 W kg-1
delivered to a sample of water with its top surface insulated
and its bottom surface in contact with a thermal reservoir at
373C. The solid line shows the temperature at the surface of
the sample.

The Dependence of E4ects on Absorbed
Power Level

The hypothesis that the microwave exposure
can alect the protein conformation can be re-
"ned to dilerentiate the elects at dilerent power
levels.

At low power levels, a partial unfolding of spe-
ci''c target protein(s) occurs, which will be insu$-
cient to induce the stress response, but su$cient
to alter protein function. A biological elect (e.g.
on cell proliferation) will be observed.

At higher power levels a more unfolded (molten
globule) conformation is induced. The stress re-
sponse will be activated, protecting the protein,
and preventing an observable biological elect.

At very high power levels, protein aggregation
and precipitation occurs, and despite the acti-
vation of the entire stress response, a catastro-
phic biological elect (e.g. cell death) will be
observed.

The above hypotheses explain many of the
apparently inconsistent observations in the sci-
enti"c literature regarding microwave exposure.
As there would be multiple thresholds at a num-
ber of power levels, there would be a nonlinear
dose-response elect. The threshold power levels
for biological elects depend on the degree of
protein unfolding needed to elicit a conforma-
tional change in a key protein molecule or a
partial or complete heat shock response. As
discussed above, small conformational changes
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conclude that such deviations from thermal equi-
librium between the protein and its environment
window phenomenon, widely reported in the
electromagnetic bioelects literature, where biolo-
gical elects are seen at lower, but not at higher
power levels (e.g. French et al., 1997).

Conclusion

An athermal exposure to microwaves is one
which does not cause the temperature of a speci-
"ed volume of the subject averaged over a speci-
"ed time period to exceed the normal value. Since
the unfolding time of proteins is much larger than
the time to reach equilibrium between a protein
molecule and its environment, cell exposures,
whether thermal or athermal can be analysed by
the heat-dilusion equation. We "nd that signi*'-
cant temperature transients which could cause
protein conformational changes are induced by
pulsed microwave exposures in realistic situ-
ations. We proposed an explanation for apparent
nonlinear dose response relationships. At some
point, the power is su$cient to induce conforma-
tional change in some target proteins, but will be
insu$cient to induce the stress response, so a bio-
logical elect could occur unprotected by the
stress response. At higher power levels, the con-
formational change will be great enough to acti-
vate the stress response, reducing or nullifying
the elect by protecting against further protein
unfolding. At still higher power levels irreversible
damage will be done to a range of biological
systems which the stress response is incapable of
preventing.
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ate Prof. John Carver of the University of Wollongong
in the formation of the ideas underlying this work.
One of us (R.A.L.) thanks the National Health and
Medical Research Council for "nancial support.
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