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Microwave-enhanced folding and denaturation of globular proteins
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It is shown that microwave irradiation can affect the kinetics of the folding process of some globular
proteins, especially3-lactoglobulin. At low temperature the folding from the cold denatured phase of the
protein is enhanced, while at a higher temperature the denaturation of the protein from its folded state is
enhanced. In the latter case, a negative temperature gradient is needed for the denaturation process, suggesting
that the effects of the microwaves are nonthermal. This supports the notion that coherent topological excita-
tions can exist in proteins. The application of microwaves hold promises for a wide range of biotechnological
applications, such as protein synthesis, protein aggregation, etc., and may have implications for biological
systems as well.

PACS numbd(s): 87.10+e, 87.50-a, 05.70.Ln

I. INTRODUCTION Il. EXPERIMENTAL PROCEDURE

The complex process of protein folding has many inter- The pure B-lactoglobulin protein is dissolved in a urea
esting facet§1—4]. One interesting aspect that has not beersolution with the stoichiometry of 5 mg protein in 3 ml M1
much addressed is to what extent external radiation caKCl and 4 ml 4V urea. The solution is then adjusted with
cause conformational effects. We suggest that microwavedCl to have apH around 2.
may cause such effects through a stimulation of the coherent The protein in this solution can be in three states: a cold
intrinsic dynamics in biomolecular chain molecules, e_g_,denaturation _state, a folded state, and a hot denaturation
DNA, RNA, and proteins. Such behavior is consistent withState, depending on temperature. Roughly 3 ml of the sample
the view that protein folding is the result of a competition IS injected into the inner tube of the sample holder of a po-
between torsional and bending forces, and not only driven b{pfimeter apparatus through which 365 nm wavelength light
entropy[5,6]. Folded structures that are stabilized by hydro-Can pass, having its polarization measured before and after

gen bonds, disulfide bridges, etc., can maintain a significarﬂ]e passage through the protein matter. Liquid connected to a
fraction of folding in balance with unfolded chains, and the emperature bath can flow through the sample holder around

biological evolution of living organisms selects proteins with and outside the inner tube. We used a light-viscosity silicone
gic . gorg . b oil (Dow Corning 200 fluid, 1.2 cPas the heat bath liquid
the ability to acquire stable conformations.

X since it is transparent to microwaves. Both the polarization
We have previously suggested that, because of topologls, g the temperature can be monitored simultaneously.

_cal_co_nstraints,_folde_d and unfolded proteins can possess an The experimental procedure is to start measuring the po-
intrinsic dynamics with a collective natufé]. The lower |5rization of the cold denatured state at about 5°C after a
eigenmodes are in the microwave range of approximately gng equilibration time(3 h). The temperature is subse-
few GHZ, and the molecules may therefore be excitable bhuent'y Stepped in increments of 2° until about 44 °C. At
microwave irradiation. Because such intrinsic dynamics i%ach measurement point' time was allowed for temperature
important for the stability and folding of proteins, it is ex- equilibration (in total 5 min, but not for the much slower
pected that one should be able to influence and change theyuilibration of theg-lactoglobin sample. For this reason
protein folding and denaturation processes by applying miupon heating and subsequent cooling an effective hysteresis
crowave or ultrasound to protein solutions. loop exists caused by the slow kinetics.

In this paper we present data from an experiment that The polarization variabler, which we monitor on a po-
gives support for such an effect, which we will discuss herdarimeter (Perkin-Elmey, is related to the specific rotation
on the basis of a theory about topological excitations of bio{«), at a given wavelength by [11]
molecules. The experiment concerns refolding of a common
protein in a denaturant solution to which microwave radia- () :1_00a )
tion is applied. The refolding of the proteiB;lactoglobulin, Moed ™
is monitored by the optical rotation dispersic@RD) tech-
nique, which measures the polarization. Whgred is the (_)ptical path Iength through_th_e sample in

Previously, microwave effects have been reported fo,deC|meter_§ and is the con_centrat|on of protein in g/100 ml.
studies of bond breaking in plasmid DNA], in a method The spgcmc rotation can in turn be related to the structural
that has been developed for rapid and selective peptide-borﬂfc’pert'es (_Jf the protein mo!ecule and, to some extent also,
cleavage of proteins in a weak acidic soluti@9], and in to the solution, by the equatidri.2]
immunostaining of cytopathology specimefs0]. It has

: - 3M ag\y bo\g
been claimed that these effects include some component that (a),= , ot |, )
is nonthermal. 100n“+2) | N°—=N5  (N°=\Q)
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I ' I state process, and characterized by a varifigleneasuring
the fraction of molecules in the denatured stBteThe ex-
— perimental valuex (the polarization that monitors the tran-
sition from the native stath to the denatured staie can be

)
Q
T oL N expressed in terms of the initial and final state values, respec-
g ’ tively ay andep, as
o
R o-13k . a=(1-fp)ay+fpap, ()
ot — Unfolded o )
3 | | [ | and the equilibrium constant for the reactibin~D can be
~ 10 20 30 40 written as
Temperature (°C)
- o . |a| = |
FIG. 1. Polarization data for a kinetic loop of thermal folding K=fp/(1-fp)= m. (4
o=

and unfolding ofg-lactoglobulin. The arrows indicate the direction

of the temperature cycle. The polarization values for the folded an({JNhich can be determined at each temperature during the
unfolded states are indicated on the figure. heating/cooling cycle of the refolding/denaturation process.
The heating/cooling cycle is monitored by the polarization

wZerel\;ltihs the g_wean :esidu? We;ﬁﬁ't imdls tthe ref[[gcti\t/ﬁ ap= a/200+ 100 changing from about 98.70 to about 98.90,
Index ot the medium at wavelengih In the last équation the corresponding to a change in the equilibrium constiént

constantd, and\  are sensitive to structural properties suchfrom 1.43 to about 0.30, and which again corresponds to an

as th_e_ helical conformation of the proteln_molecu_l_e but 'n'enthalpy change\H,, from —181.5 kJ/mol to about 11.0
sensitive to solvent effects. The constagtis sensitive to kJ/mol

the conformation of the polypeptide chain and to the me-
dium. )\ is a dispersion constant. _ o )
Refolding of B-lactoglobulin with microwaves
In the next series of experiments the previously described
heating/cooling cycles are studied when microwave irradia-
B-lactoglobulin was chosen as the test protein because dfon is applied to a protein sample at certain temperatures
the accessibility of the cold denaturated, folded, and hot deduring the refolding and denaturation process.
naturated states. In av urea solution the protein undergoes  The microwave radiation was provided from a standard
a transition from cold denaturation to the folded state aroundnagnetron of a microwave oven operating at 2.45 GHz and
20°C. The protein is derived from cow milk and has awith a power of 800 W. The microwave oven was remodeled
barrel-like structure. The pronounced content of secondargo that it could operate on the sample holder of the polarim-
structure elements is sensitive to polarization measuremen&er while it was constantly in contact with the heat bath with
as obtained from the ORD experiment. Hence, working witha circulating silicone liquid. Inside the oven several contain-
B-lactoglobulin provides the advantage of working with theers were placed, containing inl@ | of water, in order to
easily accessible cold denaturation phase so that all refoldingbsorb some of the microwave power released during the
experiments can exclusively deal with cold denaturation anaperation. When microwaves are applied, the sample holder
avoid hot denaturation, which often involves protein aggreds inserted into the microwave oven without disconnecting it
gation. from the heat bath. The temperature is monitored before and
The basic refolding experiment fg8-lactoglobulin con-  after microwave irradiation. The microwave irradiation is ap-
sists of bringing the sample from the cold-denaturated statplied for 5 s at 800 Wcausing a temperature increase of the
over to the folded state by raising the temperature from 5 tgrotein sample of about 0.3 °C. The power absorbed by the 3
44 °C and then back again to the cold denaturated state atl sample was about 0.75 W. After the microwave irradia-
5°C, where the system is allowed to equilibrate completelytion the sample holder is quickly put back into the polarim-
over about three hours. When this refolding experiment ister and the polarization is remeasured.
done during a matter of a few hours the heating-cooling The experiment from before is repeated starting with the
cycle can be monitored as a kinetic lodpig. 1). If the  denatured3-lactoglobulin solution equilibrated at 4 °C. First
measurements at each temperature step are performed witie temperature is increased to 48 °C without the application
the sample at perfect equilibriufequilibrium between the of microwaves. Then the temperature is lowered back to
concentrations of protein in the denatured and folded state<l °C; during the decrease at 20 °C microwaves are applied.
the loop will collapse to a line of polarization values as aAfter reequilibration at 4°C the temperature is raised to
function of temperature. The appearance of a kinetic hyster48 °C again. At 8 °C during the increase microwaves are ap-
esis loop is a result of the slow reaction kinetics, and meaplied. The results are shown in Fig. 2. The small difference
surement of the loop therefore allows the study of abruptn the polarization values when compared to Fig. 1 is due to
changes in the reaction kinetics. The temperature can be slight difference in protein concentration in the sample.
monitored inside the sample holder of the polarimeter by a It can be seen that at the microwave irradiation at 8 °C the
thermocouple wire. polarization makes a large jump toward the folded state.
As is commonly done for proteins, one can assume thatemperature effects can better be separated from microwave
the transition from the native folded state to the denature@ffects during the cooling cycle. During the cooling cycle
state involves formation of unstable intermediates in a twomicrowave power was applied at 20 °C and here we obtained

Ill. RESULTS
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same effect of microwave irradiation. We have, for example,
repeated the refolding experiment at 304 nm and get the
-1.0 - mw b same type of results as shown in Figs. 1 and 2 but with more
sensitivity to secondary structure formation.

o

Tt -

- IV. COHERENT MODES IN THE GHz RANGE

9 7 ON CHAIN MOLECULES

+

§ "2 N One possible cause of the effect of microwave irradiation
! mw on protein folding might be the excitation of collective in-
é‘ 1'0 210 3‘0 4'0 trinsic modes in the protein. We have estimated the fre-

quency of intrinsic torsional modes and shown that they are
well matched to technical/commercial microwave sources
FIG. 2. Polarization data for a kinetic loop of folding and un- [5,6].
folding of B-lactoglobulin where microwaves are applied. Arrows  In physical and biological systems interactions of biologi-
indicates the direction of the cycle, and arrows marked “mw” in- cal chain molecules take place with the aqueous environ-
dicate the temperature at which microwaves where applied. ment, with other chain molecules, with membranes, etc. For
. closed chain molecules, such as circular DNA, the topologi-
a large jump downward toward the denatured st&ig. 2. ca| conservation of Whit¢13] implies that the sum of the
Applying microwaves apparently enhances the reaction Kitorsjon and the writhing is constraint to a constant pofies
netics and hence follows the trends of the heating/coolinginking numbey. Due to the finite viscosity of the aqueous
schedule. Therefore the microwave treatment of the proteing,ediym, proteins are topologically restricted when consid-
in solution seems to be nonthermal. This microwave effeCkred on a sufficiently short time scale, a fraction of a micro-
was reproducible. o _ second and less. The torsional term can be considered sepa-
These effects of microwave irradiation on the protein Soyately as there is not sufficient time for occurrence of the
lution might at first seem small. However, when one Cons'd'writhing term in the White equatiofl3—15. Coherent in-
ers the rate of change by which the protein in solution isyinsic motion of higher frequencies can therefore take place.
approaching its equilibrium state between the folded and un- Tpe eigenfrequency can be estimated from a simple

folded structures, a large difference in the corresponding ratgy|cylation of the energy, with a rotational and torsional con-
constant is observed. Without microwave irradiation it takesyipution as follows:

on the order of hours to reach equilibrium while with micro-

waves the equilibrium at that temperature is reached on the

order of seconds and faster than 1 min. This is nicely illus- E=E/tEior=13 |
trated in Fig. 8b) where the polarization of a refolding ex-

periment withg-lactoglobulin is measured in time at a fixed where o is a spatial variable along the backbone chain and
temperature with and without microwave irradiation. Hence,( ) is a vector field orthogonal to the chain axis measuring
according to these time measurements, the effects are twe displacement. | is the moment of inertia ane is the

orders of magnitudéa factor of 100 or more on the folding  torsional constant. The Euler-Lagrange equation is
kinetics.

Additional experiments have been carried out along with
this heating/cooling cycle. One “blind” experiment is a rep-
etition of the procedure without switching on the microwave
oven, another is without protein in the solution. In neitherThis equation is solved with the well-known wave ansatz
case were any effects observed on the polarization data. Wg(o—vt), where the velocity is given by
also performed local small heating/cooling cycles, involving
temperature changes of up to 3°, within the large heat- v=1all. 7)
ing/cooling cycle. This was done in order to check for any
effect similar to that of the microwave irradiation. Although The eigenfrequency is then derived from the velocity as
these thermal cycles could not be done as quickly as the
microwave irradiation, the experiments could not reproduce 1 Wi
the microwave data, as shown in FigaB This therefore L yi,
helps to demonstrate the nonthermal nature of the observed
effects. whereL is the length of the chain molecule that participates

Other globular proteins have also been used in the samie one period of the torsional modg(«) is the torsion con-
type of experiment as described above. One of these wagant per inverse unit length, angs the moment of inertia of
ribonucleasdfrom horse, which is a very well-known pro- the back-bone per unit length. Typical values are not easy to
tein with respect to refolding experiments. Since the proteirpbtain. For proteins we may take a rotationg® to corre-
folds faster thang-lactoglobulin, one does not see as pro-spond to about 1 eV/A, in agreement with common bond
nounced a hysteresis effect in the heating/cooling curveenergies, although the energy involved in strained chemical
However, the effect of microwave irradiation was as pro-bonds is often smaller. Hence, the torsion constant per in-
nounced as that fog-lactoglobulin. Also, other regions of verse unit lengthy, is about 0.4 eV/A. The moment of iner-
frequencies for the optical rotation were tried, giving still thetia of the backbonéper unit length, i, is about 100 a.u. A,

Temperature (°C)

at 2 g

g 2 g 2
I( )) . (M)( )), )

92 92

I a—) ¢(t,0)=0. (6)

at? “ a2

®
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depending on the degree to which the sidechains are in- It is further assumed that the transition is caused by the
volved in the torsion. A typical value fok is 475 A, and instability (to tunneling of one dominating mode. The tran-
hence the frequency becomes about 8 GHz. This estimate sition rate can then be approximated as the transition integral
is based on the assumption of a linear torsion term; howevefor tunneling multiplied by the frequency of the responsible
as the torsion term is not linear the estimate is only an uppemode. This mode was first considered by Be[44] in con-
limit. We think that possibly it is a factor of 10 too large. It nection with an estimate af decay rates. The rate constant
should further be noticed that the width of the resonance wilfor protein folding is thus proportional to

be very large because of the dispersion. As can be seen, the

frequency of such coherent modes in biomolecular chain k= wmeqe eT, 9
molecules turns out to be of the same order of magnitude as
those typical of radio- and microwave applications. The factore”#'k8T stems from the transition integral
2
V. REACTION KINETICS OF PROTEIN FOLDING AND T= exp( 7 \/2meﬁf VU conf(X) — Up dx (10
TUNNELING

Let us for simplicity consider the folding transition as a where my is the effective mass in connection with the
one-step process over an energy barfieAs in Sec. lll we  movements and bending of the protein chaikl,,;andUp
consider the transition from the denatured phBséo the  are respectively the internal energy of a conformation of the
folded, native phas#l of a protein: N—D. folded protein(one can take a helix conformation on a lat-
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tice) and the internal energy of the denatured state of theorption are to lower the barrier for tunneling and to increase
protein. The result in Eq9) then arises from an expansion the coherence of the intrinsic motions. Because of the first

of the square root. effect, the transition amplitude and thus the rate constant are
expected to depend on the amplitude of the applied electro-
VI. MICROWAVE IRRADIATION EFFECTS magnetic field.
ON REACTION KINETICS Therefore, by applying external electromagnetic radiation

] ) . ) close to the frequency of an intrinsic mode, we can expect an
As we discussed previously, applying microwaves apparsnhancement of the kinetics. In our case the intrinsic modes
ently enhances the reaction kinetics and hence follows thgere torsional modes. Standard microwave ovens with a fre-

crowave treatment of the proteins in solution seems to b@|gse to that calculated above for torsional modes.

nonthermal, a result that was reproducible and tested through
blind experiments.

The effects of microwave irradiation on the protein solu-
tion might at first seem small. However, when one considers To conclude, refolding experiments gB-lactoglobulin
the rate of change by which the protein in solution is ap-with applied microwave radiation show that there are non-
proaching its equilibrium state between the folded and unthermal effects of microwave irradiation that can enhance the
folded structures, a large difference in the corresponding ratRinetics of the folding and denaturation processes. The ob-
constant is observed. Without microwave irradiation it takesserved effects of microwaves gitlactoglobulin were con-
on the order of hours to reach equilibrium while with micro- sistently reproducible in repeated experiments on both that
waves the equilibrium at that temperature is reached in lesgrotein and other globular proteins. The effects observed in
than 10 s. These effects are thus two orders of magnitade this paper of being able to change the processes of folding
factor of 100 or more on the folding kinetics. and denaturation by external radiation and perhaps even steer

How can we explain this effect of microwave irradiation the reactions could be promising for future applications in
on the folding kinetics? We imagine again that the foldingbiotechnology, such as recombinant DNA techniques, and
kinetics going from a denatured stddeto the folded, native  may help to further the development of understanding of the
stateN involves crossing a barrier of height Let B be the interaction of electromagnetic radiation with biological sys-
amplitude of the applied electromagnetic radiation with fre-tems.
guencyw. With application of microwave irradiation intrin-
sic modes can be excited in a resonance fashion. Such cross ACKNOWLEDGMENTS
sections for excitation have long tails around the resonance
peak due to dispersion. Microwave absorbtion by water is, Scientists and technical staff at the Institute of Chemistry
for example, significantly displaced by several decades awagnd the Institute of Physics at DTU are acknowledged for
from the rotational frequency. The effects of resonant abtheir help in carrying out the experiments.
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