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ABSTRACT 

 

This thesis describes a spectroscopic investigation of the effects of pulsed electromagnetic 

radiation on the conformation, unfolding, aggregation and precipitation of a variety of proteins. 

Initial experiments required the calibration of a microwave exposure system thus the 

temperature of different buffer solutions was studied in detail. The exposure system comprised 

of an incubator and a rebuilt domestic microwave oven that delivered pulses every six minutes 

to give a plot of the temperature before, during and after a pulse period of microwaves. All 

solutions returned to their baseline temperature prior to the next pulse period.  

The effect of exposure to microwave pulses of several seconds duration on the aggregation rate 

of six stressed target proteins (alcohol dehydrogenase, bovine serum albumin, catalase, citrate 

synthase, insulin and ovotransferrin) was examined in solution. The hypothesis tested was that 

the initial rate of precipitation of samples exposed to microwave pulses once every six minutes 

was significantly higher than that of a control held at the same average temperature. The results 

show statistical significance to confirm the hypothesis in all cases except for insulin, bovine 

serum albumin and citrate synthase when the latter two proteins were maintained at an average 

temperature of 45oC and 37oC respectively. In these exceptional cases, the microwave induced 

temperature excursion was not expected to induce a change in the precipitation rate on the basis 

of previous knowledge of the unfolding behaviour of the proteins. The second hypothesis tested 

was that the molecular chaperone, α-crystallin prevents the aggregation and precipitation of 

target proteins under the above regimes. It was found that α-crystallin suppressed precipitation 

but it was not as effective when proteins were also exposed to pulsed microwaves. 

The effect of exposure to 50 Hz DC and AC electric field was examined on stressed alcohol 

dehydrogenase and citrate synthase. The hypothesis tested was that the initial rate of 

precipitation of samples exposed to microwave pulses once every six minutes was significantly 

higher than that of a control held at the same average temperature. This was not detected. When 

a difference could be detected, it was only observed in a increase or decrease in precipitation, 

well after exposure.   
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The results of this thesis are relevant to the setting of standards for microwave exposure as they 

show that a six-minute averaging period of temperature is not appropriate in the prediction of 

protein unfolding. 
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CHAPTER 1 
 

 

INTRODUCTION 

 
The objective of this PhD project is to establish if pulsed microwaves are capable of inducing a 

higher rate or a greater extent of conformational change (unfolding) in a target protein compared 

to a control protein kept at the same average temperature. As an extension to the microwave 

investigation, the effect of applied low frequency electric fields on protein conformation is 

examined. There are no previous systematic reports in the scientific literature on conformational 

studies of proteins in vitro, exposed to either a pulsed radio frequency field or an applied low 

frequency field. 

To appreciate the significance of this study it is fundamental to understand how a change in 

protein conformation in vitro, as is the basis of the investigation, is related to processes in a 

living cell or in the extra cellular compartments. In this chapter are discussed the synthesis of 

proteins in the cells of higher organisms, protein aggregation and degradation and associated 

diseases as well as the role of heat shock proteins in preventing protein aggregation.  

The nature of electromagnetic radiation and the use of microwaves in the form of pulses are 

briefly discussed. Demand for escalating rates of information transfer has driven the expansion 

of the bandwidth available in the GHz range. This has lead to a shift towards the use of these 

higher frequencies for communications and a rapid increase in exposure of the population. The 

lack of reliable experimental information on the biological effects of non-ionising radiation at 

the molecular level and the need to identify plausible mechanisms for effects, have motivated 

this study. 

The aims and hypothesis of this PhD project are presented in section 1.10.  

 

1.1 STRUCTURE OF PROTEINS  

Proteins are the central biological molecules in plants, animals and humans. They are formed in 

 



Introduction                                                                                                                                                                      2 

a linear chain of combinations of amino acids of which there are twenty naturally occurring. It is 

the unique three-dimensional fold which determines the function of a protein in or outside cells.  

Proteins are structural (hair, tendons, part of cell membranes) or functional in that they perform 

a host of biochemical processes such as catalysis and regulation (enzymes), transport of other 

proteins, electrons and molecules, information between cells (hormones), conversion of energy 

(in muscles), defence (antibodies) etc. 1. The blueprint for a protein is encoded in the cell’s 

DNA, inside the nucleus. When a particular protein is required, a signal is sent out into the 

nucleus and a related gene is turned on in the DNA. The enzyme RNA polymerase unwinds the 

designated region of the DNA and a single stranded copy of this region is formed into a 

template, called mRNA. (Figure 1.1). This process is called transcription.  

 

 

 

 

 

 

 

 

 

Figure 1.1: Schematic overview of  DNA encoding for the synthesis of a protein. In the cell’s nucleus, the 
blueprint for a protein is enzymatically copied (RNA polymerase) from a segment of the unwound DNA into 
mRNA (transcription). With the help of tRNA, each base pair on mRNA is translated, on the ribosome in the 
cytoplasm, into one of 20 amino acids. The amino acids are then linked together into a polypeptide. The figure 
was reproduced from The National Health Museum 2. 

 

mRNA diffuses out of the nucleus to the ribosome in the cytoplasm where groups of three 

nucleotides (codon) on the mRNA are translated to a complementary amino acid (Figure 1.1). 

Amino acids have the common structure -NH-CHR-CO-. The amino acids are linked by their 

amide (NH) and carbonyl (CO) groups into a polypeptide.  
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The R group attached to the central carbon atom is the defining feature of an amino acid. 

Sequences of amino acids, with the help of molecular chaperones are formed into one of three 

secondary structures: α-helices, beta sheets or turns. Amino acids (residues) also form loops 

between helices and beta sheets. The α-helix structure has 3.6 amino acid residues per turn and 

the R groups are arranged such that they extend outwards from the backbone of the helix 1. The 

tertiary structure of a protein is the result of folding and entwining of the turns, beta sheets and 

helices and is stabilized by disulphide bonds, hydrophobic and electrostatic interactions such as 

hydrogen bonding and van der Waals forces. A typical protein requires a few seconds to fold 3; 

the rate of folding is known to be greater than the rate of synthesis 3. The three dimensional 

folding, and therefore the conformation of the protein, is dependent on the composition of the 

solvent as the polarity generally compels the hydrophobic amino acid to be buried together into 

an inner core while most of the hydrophilic amino acids establish hydrogen bonds with 

surrounding water molecules and thus constitute the exterior of the protein. Changing physical 

conditions such as temperature and pH does not result in a gradual change in conformation until 

a threshold is reached and the protein denatures and loses biological function 1.  

 

1.2 PROTEIN TURNOVER  

Cells have a high turnover of proteins and there is a continual balance between synthesis and 

breakdown, which is regulated at all stages. The protein half-life, depending on the function of 

the protein is in the order of hours, days, months or even years 4 (e.g. crystallin proteins have a 

half life of a few years 5). In humans, the daily break down of proteins and re-synthesis in the 

body is ~ 400 grams; this estimate takes into account consumption of ~ 100 grams through food 

and elimination of ~100 grams in catabolism and excretion 4. Proteins that exist outside the cell 

are degraded by proteases inside lysozomes. Intracellular proteins are degraded (proteolysed) 

via the three-enzyme ubiquitin-proteasome pathway. Proteins from food in-take (“foreign” 

proteins) are broken down to amino acids in the lumen of the gastrointestinal tract and are 

absorbed and utilised by the cells for protein synthesis 5.  
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The reason for some proteins being eliminated when their structure is stable and the protein still 

functional could arise from the efficient management of amino acids in the cell. One of the 

mechanisms of eliminating unwanted proteins is through the ubiquitin-proteasome pathway 

which is involved in the break down of a myriad of functional proteins (Figure 1.2). When a 

protein is no longer required, it is targeted for degradation by one of the enzymes in the pathway 

(E3). This may require modification of the target protein or of the E3 enzyme itself 5. The 

protein is then tagged by the attachment of at least four ubiquitin proteins 6 that are covalently 

bonded to the protein by enzymes, in several steps. The ubiquitin tag is recognized by the 

proteasome, the degradation complex, which removes the ubiquitin proteins for recycling and 

degrades the target protein to short peptides of 7 to 9 amino acids 7. The ubiquitin system 

recognizes mutated, misfolded and denatured proteins, which it selectively degrades. It appears 

that about 30% of protein synthesis is erroneous in amino acid composition so that folding 

cannot proceed 5.  

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Ubiquitin mediated proteolysis and its role in many biological functions as described in text. 
Reproduced from Kungl Vetenskapakademien, The Royal Swedish Academy of Sciences 7.  
 

Ubiquitin proteins are heat-inducible; it has been found that the intracellular concentration of 

ubiquitin is increased during cell stress 8. The ubiquitin pathway is known to also have 
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important post-translational functions such as cell-cycle progression, differentiation, apoptosis, 

transcriptional regulation, DNA repair etc 6. In vitro, the proteasome or subunits of the complex 

have been found to act like a molecular chaperone by binding to unfolded proteins, assisting in 

the refolding and subsequent release in their native form 5; 9. 

 

1.3 THE ROLE OF MOLECULAR CHAPERONES 

The initial discovery that certain proteins are activated in organisms in response to elevated 

temperatures led to the term heat-shock proteins (Hsps). Since then, research has shown that the 

heat-shock response is highly conserved throughout evolution as a mechanism to protect cells 

from harmful conditions 8. In addition to thermal stress, Hsps are expressed as a result of 

cellular stress caused by a range of conditions such as oxidation, heavy metals, fever, 

inflammation and alcohol 10, osmotic variations or hormonal stimuli 11.  

The Hsps are classified into two protein families: proteases that assist in degradation of mis-

folded proteins and molecular chaperones that assist during synthesis, folding, transport 12 and 

refolding 6 10. Both families have in common that, in vivo, they recognize and stabilize partially 

folded proteins intermediates 13. They are mostly named after the mass of their monomeric 

subunits: Hsp70, Hsp60, Hsp90, Hsp100 and small heat shock proteins (sHsps) 11. The sHsps, 

up to 40 kDa in size, contain the core conserved α-crystallin domain, of 80-100 amino acids that 

is located in the C-terminal region 14 15. α-Crystallin, the major eye lens protein that is composed 

of two related subunits αA and αB, is a sHsp16. sHsps interact with target proteins which are on 

their off folding pathway as compared to other Hsps, e.g. Hsp 70 and GroEl that interact on the 

on-off folding pathway (Figure 1.3). 

The cell is crowded with many organelles, proteins and numerous ribosomes from which 

nascent proteins emerge. In this environment, hydrophobic amino acid residues of a growing 

polypeptide chain are in close contact with hydrophobic residues of other emerging chains so 

that the hydrophobic attraction between chains is potentially high. The result of such 

interactions can lead to protein mis-folding and aggregation. Molecular chaperones, often in 

cooperation with other chaperones 17, weakly bind to one or more hydrophobic regions of a 
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peptide chain (see the emerging chain in Figure 1.1) and thereby assist proteins in folding 

correctly 18. Besides recognizing hydrophobic interactions between residues of different 

proteins, molecular chaperones in general intercept hydrophobic attractions and unstructured 

regions within single proteins.17. Some chaperones form a cage, e.g. the GroEL-GroES system 

in E.coli., in which the nascent protein folds in an enclosed environment created by the cage, 

rather than in the cytoplasm 19. Figure 1.3 illustrates the role of sHsps in the prevention of 

protein aggregation. 

 

  

 

 

 

 

 

 
 
 
 
 
 
Figure 1.3: Schematic diagram of interaction of sHsps with unfolding proteins. The folding, unfolding and off-
folding pathways of proteins occurs via intermediately folded molten globule states, e.g. I1 and I2 (discussed in 
section 1.4). The intermediates exhibit significant secondary but little tertiary structure and are reversible 
states between the native and unfolded protein. Under stress conditions, the more unfolded I2 intermediate has 
the potential to aggregate, which may be prevented by the presence of sHsps. Reproduced from Treweek, 
Morris and Carver 11. 
 

1.4 PROTEIN AGGREGATION AND ASSOCIATED NEURODEGENERATIVE DISEASES 

In vitro experiments that studied the folding and unfolding of proteins have led to the 

understanding that under normal physiological conditions, the structure of globular proteins 

represents a mixture of conformations ranging from folded to multiple unfolded conformations 

due to structural fluctuations (the so called conformational breathing), with a prevalence for the 

folded state 20. The folding/unfolding pathway of proteins (Figures 1.3 and 1.4) occurs via short-

lived intermediate species that are often described as molten globule states. Of these, the molten 
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globule I2 state is less structured and stable than I1 and has the propensity to aggregate (Figure 

1.3) 21. The molten globule states exhibit secondary structure content similar to the native 

protein but lack defined tertiary structure. They are about 10-30% expanded and their 

hydrophobic core has increased solvent accessibility 22; 23. Molecular chaperones are attracted to 

the unfolded and exposed hydrophobic regions of these intermediate species and thereby 

prevent their aggregation. For some chaperones, this interaction enables the protein to fold 

correctly with the input of energy (coupled with the hydrolysis of ATP). However if the 

conditions are such that chaperones are in short supply or the degradation complex becomes 

deficient, the equilibrium will be shifted towards aggregation. There is evidence that, if the 

ubiquitin-proteasome system (see section 1.2) is impaired the degradation process collapses. 

This impairment could occur for example by mutation in a proteasome subunit 24; 25, in ubiquitin 

ligases 6, by over expression of aggregation prone proteins 26 or when molecular chaperones are 

engaged elsewhere 27. 

The unfolding proteins either become disordered aggregates or they form fibrils (Figure 1.4).  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 1.4: A schematic overview of the conformational states that a protein can sustain, starting from the 
emerging peptide chain on the ribosome. With the help of chaperones a chain proceeds from unfolded, U, to 
intermediate, I to the correctly folded native state, N.  In the unfolded and partially folded states, the protein is 
prone to aggregate or can enter the pathway to form amyloid fibrils in Figure 1.3 where the I state is further 
divided between I1 and I2. Reproduced from Dobson 28 . Note that fibre formation from the native state of a 
protein is the underlying process into formation of structural proteins such as keratins, collagen, silks and 
insect fibres. 
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The distinction between these two pathways is thought to lie in the nature of the unfolded region 

29; 30. If a beta region is partially unfolded, it may form structured associations with β-strands 

thus inducing these intermediates towards amyloid formation 28. Once the fibril formation has 

been initiated, the process occurs at a fast rate as has been confirmed by the seeding of protein 

solutions with existing amyloid fibrils 28; 31. The term amyloid comes from the mistaken identity 

of the initial discovery of protein plaques in tissues, as starch (amylo) like (oid) 32.  

The ability to form amyloid fibrils is believed to be an inherent property of proteins 28 and 

occurs under appropriate partially denaturing conditions such as pH and temperature. Proteins 

such as α-crystallin 33, insulin 34, α-lactalbumin 30and lysozyme 35 34 have been found to form 

insoluble fibrils in vitro. However, proteins that are found to be amyloidogenic in vitro are not 

as a rule found to form amyloid fibres in vivo. Amyloid fibrils are rich in crossed parallel and 

anti-parallel β- sheets held together by hydrogen bonds 31; 36. sHsps are known to prevent 

aggregation and fibril formation 6; 27; 37; 38 and have been found in a cooperative action by Hsp 

104, Hsp 70 and Hsp 40 to solubilize denatured and aggregated proteins 39. 

Protein aggregation is the underlying cause of age-related nuclear cataract in the eye 40; 41. The 

crystallins exist in the mammalian lens as three types: α, β and γ and are found in high 

concentrations (33% in the human lens and 50% in bovine lenses) 42. The transparency of the 

lens is maintained by way of the chaperone action of α-crystallin to prevent aggregation of 

proteins. Proteins of healthy lenses are water soluble but with age the water soluble crystallin 

fraction is greatly reduced due to binding of crystallins to UV filters 43, membrane proteins 44; 45 

or to crystallin modifications such as oxidation or deamidation 46-48.  

In vivo, amyloid deposits are found intracellularly and in extra cellular space. Isolated amyloid 

fibrils, as well as fibrils formed in vitro, are generally identified by staining with the dye Congo 

Red, thioflavin T, X-ray diffraction and Electron Microscopy 36. Fibril formation has been 

associated with many neurodegenerative diseases that can be characterised as a group of late-

onset progressive diseases in which symptoms vary widely: for example, dementia in 

Alzheimer’s disease (AD), uncontrolled movements in Huntington’s disease (HD), the inability 
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Figure 1.5: Electron microscope images of fibril formation of Aβ40 a 40-43 residue peptide that is the major 
component of Alzheimer’s disease fibrils 49, occurs via intermediate oligomeric forms (protofibrils and pores) 
that are less stable but more toxic than the fibril.  Reproduced from Caughey and Lansbury 50. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.1: Neurodegenerative diseases characterised by protein aggregation. Reproduced from Caughey and 
Lansbury 50. 
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to initiate movement in Parkinson’s disease (PD), and severe insomnia in fatal familial insomnia 

50. The onset of these diseases is marked by a genetic or environmental trigger that causes 

expression of a precursor disease protein 51, for example the peptide Aβ40 in Alzheimer’s 

disease (Figure 1.5), that forms soluble toxic intermediate protofibrils and pores 50; 52. These 

intermediates have the ability to exist in solution for long times and are dependent on 

equilibrium forces for formation of amyloid fibres (Figure 1.4) 6; 28. The underlying fibril 

morphology of stacked β-sheets is almost identical between the diseases even though the 

precursor proteins lack primary or tertiary structural homology 49. Table 1.1 was reproduced 

from Caughey and Lansbury 50 and shows the type of fibril formation (pathology) associated 

with various diseases. 

 

1.5 THE ELECTROMAGNETIC SPECTRUM  

Electromagnetic radiation is emitted from natural sources such as the sun, stars and planets and 

man-made sources such as radar, power lines, radio and television transmitters and microwave 

ovens. The energy is in the form of photons, which are quanta of energy (E = h.ν) * that travel at 

the speed of light and behave as particles in a wavelike manner (Figure 1.6). Photons have both 

an electric and a magnetic field that are perpendicular to each other.  

 

 

 

 

 
 
 
 
 
1.6: A snapshot of one wave travelling at the speed of light. The blue and red arrows represent the magnetic 
and electric fields respectively. The strength of the wave varies along the propagation which is indicated by the 
different lengths of the arrows. Reproduced from  53. 

                                                 
* h is Planck's constant  6.62618x10-34 J·s 
   ν is frequency in seconds;  s-1 = 1 Hertz (Hz) 
   c is the speed of light, 2.9979250 x 108 ms-1 
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The amplitude of the waves varies along the propagation direction, as indicated by the different 

lengths of the arrows in Figure 1.6. The number of wavelengths of the same strength to pass a 

particular point in one second is called the frequency (ν) and the relationship between 

wavelength (λ) and frequency is expressed as: c = λ.ν. 

If the energy of the photon is sufficient to release electrons from bonded to non-bonded energy 

levels, the term ionizing radiation is used. If the energy is not high enough to break covalent 

bonds, the energy is termed non-ionizing. The threshold for the onset of the ionization process, 

for molecular systems in the cell, occurs in the visible region of the electromagnetic spectrum. 

In this project the radiation of interest, at the frequencies in the GHz range and below, is 

considered to be non-ionizing. 

Figure 1.7 shows the electromagnetic spectrum that groups the wavelengths by energy and 

identifiable objects of similar size.  

 

 

 

 

 

 

 

 

 
 
 
Figure 1.7: The electromagnetic spectrum showing the grouping of the wavelengths by energy and their size 
relative to defined objects. Reproduced from NASA 54. 
 

 

The annotation given to bands (e.g. the visible spectrum is the band of wavelengths between 

700 to 400 nanometers) is a historical development. The spectrum from 3 kHz to 300 GHz is 

referred to as the radiofrequencies. The generic term “radiowaves” is given to frequencies from 

3 kHz to 300 MHz and “microwaves” are given to the frequencies in UHF, SHF and EHF 
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bands; microwaves are typically  in the range from 0.1 to 100 cm. Table 1.2 was adapted from 

55-57 and provides an easy reference to the terminology of this field. 

 

 

Table 1.2 : Frequency bands in the RF region. Adapted from Young 56. 

 

1.6 BIOLOGICAL INTERACTIONS WITH ELECTROMAGNETIC RADIATION 

The frequency of sunlight lies in the infrared region and has a wavelength of between 0.2 and 

2.6 µm. The energy of sunlight is perceived as warmth on the skin and is utilized by molecules 

in the skin of higher animals to synthesize vitamin D3 whilst plants use this particular energy 

for photosynthesis. The visible spectrum ranges from 700 to 400 nm and this energy interacts 

with the human retina to give sight. Photons with wavelengths smaller than 100 nm such as 

ultraviolet, X rays and gamma rays (ionizing radiation) are considered harmful to life forms and 

are mostly intercepted by the ozone layer around the earth. Humans, animals and plants have 

thus evolved in synergy with the cosmic and solar background electromagnetic radiation that 

reaches the biosphere. Man-made radiation is new in the physiological environment on the time 

scale of human evolution. The effect of non ionising radiation is an active area of research and 

has been the subject of many inquiries around the world to establish if man-made radiation 

causes health risks 58-65. Microwaves have important applications in the medical field 66; 67. For 
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example, hyperthermia, a treatment that applies heat directly to tumours using a microwave 

source, has proved to be successful in synergy with radiotherapy or chemotherapy 55; 68.  

 

1.6.1 BIOLOGICAL INTERACTIONS WITH EXTREMELY LOW FREQUENCY  FIELDS 

A 50 Hz field, generated by electrical devices produces an electromagnetic wave with a 

wavelength of almost 6000 km (see Figure 1.6). The energy carried by these waves is quite 

small compared to the energy transferred by the electric currents that cause them. For example, 

the power radiated by transmission lines, although amounting to a considerable loss over many 

hundreds of kilometres, is very small compared to the power carried by the transmission lines. 

The electric and magnetic fields generated by low frequency power lines and similar currents 

are considerably separated and low in energy however they are locally intense. The radiowaves 

do not produce a heating effect but may induce, independently, weak electric currents in 

biological tissue 69. It is these non-radiative local fields that are important in the interactions 

with biological systems at very low frequencies. The electric field is expressed in units of V/m 

and the magnetic field in Gauss (1 Tesla is 10,000 Gauss). An electric field can be shielded by 

conductive materials such as metal whereas the magnetic field passes through most materials. 

The typical magnetic field of an overhead transmission power line that carries 230 kV, 

measured directly under the line, is 57.5 mGauss 233. The electric field at the same position is 

typically 2 kV/m 70. Some epidemiological studies suggest a link between childhood leukaemia 

and electrification of human dwellings 60; 71; 72. 

 
1.6.2 BIOLOGICAL INTERACTIONS WITH MICROWAVES  

Microwaves produce molecular rotation and torsion 73; the energy delivered to a solution or 

biological tissue is dependent on the exact frequency, the dielectric property of the molecules in 

the solution or tissue and the “hysteresis between the applied field and the induced electric 

field” 55, also called the dielectric loss factor. For example, water is a polar dielectric solvent 

with a high dipole moment. In the presence of a microwave field, the dipoles of the water 

molecules tend to align themselves to the oscillating electric field (see Figure 1.6) and may 
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move with the field (red wave in Figure 1.8), remain unaffected or lag behind (blue dotted wave 

in Figure 1.8). When the dipoles lag behind, a term called hysteresis, energy in the form of heat 

is dissipated (δ in Figure 1.8) 55.   

 

 

 

 

 

 

 

Figure 1.8: Hysteresis between the applied field and the induced electric field. P is the polarization (coulombs) 
and E the amplitude of the potential. The polarization lags behind the field by the phase (δ, radius). 
Reproduced from 74 
 

Since early research into the biological effects of microwaves, controversy has existed about the 

nature of the radiation. Already in 1932, Audiat 55 proposed that the effects of microwaves were 

either thermal (microwaves caused an observed heating) or athermal (no change in temperature 

was detected). There are thousands of scientific papers reporting either an effect or no effect of 

microwaves on cells, tissues, lenses and whole animals, from insects to mammals. Many are 

listed in reviews 55; 75-80. There is no widely accepted mechanism for explaining the effects of 

electromagnetic fields on the structure or function of cells or molecular systems. 

 

1.7 SAFETY STANDARDS FOR ELECTROMAGNETIC EXPOSURES 

1.7.1 EXTREMELY LOW FREQUENCY (50 HZ) 

In Australia there is currently no protection standard for exposure to 50 Hz fields. In 1989 the 

National Health and Medical Research Council (NHMRC) published interim guidelines on the 

limits of exposure to 50/60 Hz electric and magnetic fields 69. This document will be reviewed 

by the Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) in the near 

future. Table 1.3 is reproduced from the NHMRC guidelines. 
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The International Commission on Non-Ionizing Radiation Protection (ICNIRP) has set safety 

guidelines for time varying electric and magnetic fields for frequencies up to 300 GHz 62. The 

guidelines apply to continuous wave, pulsed and modulated fields at single or multiple 

frequencies 62 A special guideline was issued for limits on the exposure to static magnetic 

fields81. 

 

 

 

Table 1.3: Summary of exposure limits recommended by the NHMRC for occupational and general public 
exposures to 50/60 Hz electric and magnetic fields. The magnetic flux density is expressed in Gauss. Rms is a 
measure of magnetic flux density. Reproduced from 69.  
 

1.7.2 RADIOWAVES AND MICROWAVES 

The Australian Protection Standard, “Maximum Exposure Levels to Radiofrequency Fields – 3 

kHz to 300 GHz” 82 is in essence similar to the ICNIRP guidelines 62. The guidelines specify six 

minutes as the period over which time-varying doses are to be averaged. Therefore, if the 

temperature does not change detectably in that period of time (on 10 g of tissue, ~ 10 cm3), the 

exposure is considered non-thermal (athermal) as opposed to a thermal exposure in which a 

temperature rise can be detected 83. 

To understand the effect of extremely low frequency and microwaves on life forms and their 

complex cellular systems, it is useful to establish a basic understanding at the molecular level. 

Relatively little research, in a systematic order (e.g. continuous vs. pulsed vs. modulated), has 

been reported on in vitro effects of non ionising radiation.  
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Table 1.4: Safety guidelines for time varying electric and magnetic fields, set by ICNIRP 62. The SAR values 
are to be averaged over 6 minutes. 
 

1.8 EFFECTS OF EXTREMELY LOW FREQUENCY AND MICROWAVES ON PROTEINS 

There are two broad classes of ideas for the interaction of electromagnetic fields with biological 

systems. One of them is that the field interacts directly with the molecule and the other is that 

the interaction occurs via thermal processes in approximate thermal equilibrium with the 

surroundings.  

Blank and Soo studied the effect of ELF waves (the magnetic and electric component 

separately) on the membrane enzyme Na,K-ATPase (the “ion pump” of cells) on the 

mitochondrial cytochrome oxidase redox function and on the Belousov-Zhabotinski (BZ) 

reaction (a redox reaction system that involves oxidation of malonic acid, and contains Br-, 

BrO3
- and Ce3+/Ce4+) 84-90. They found that the magnetic and electric fields had a different effect. 

The magnetic field increased enzyme activity; it was argued that the magnetic field affected 

moving charges throughout the protein and thereby accelerated their movement. The effects 

became proportionally less significant as the number of charges increased. At low activation, 

the electric fields were comparable to the magnetic fields however at high activation, the 

electric field induced a reduction in enzyme activity. The effects were frequency dependent; 

there were different optimum frequencies for the reactions studied: ATPase (60Hz), cytochrome 

oxidase (800Hz), BZ (250Hz) 84-96. 

A “window effect” is a phenomenon that relates to an observable biological response to a 

magnetic or electric field that is dependent on frequency but is not proportional to the effect 97. 

A typical “window effect” is one in which the effect occurs most strongly in a “window” 
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between an upper and a lower limit of a parameter. An electric field of 15-150 Hz, with an 

optimum window at 45 Hz was found to increase transcription of proteins, within minutes, in 

human HL-60 cells. An electric field (AC) imposed by an electrode system and a window of 3 

mV/m was found to have a similar effect. Magnetic field induction was about a 1000 fold lower 

than the electric field effect 98-100.  

The expression of Hsps in cells, in response to exposure of radio waves has been reported in the 

literature by Goodman et al in yeast cells 101, Golfert et al in astrocytes 102 and Junkersdorf et al 

in the nematode Caenorhabditis elegans 103. Prior exposure to magnetic field at 60 Hz has been 

found to protect against thermal stress 104-106. 

The elevated expression of Hsps, as a consequence of microwave exposure, was reported by de 

Pomerai et al in the nematode Caenorhabditis elegans 107 (CW exposure, 750 MHz, SAR 0.001 

W/kg)), Kwee et al in human epithelial amnion cells (pulsed 960 MHz, amplitude modulated, 

SAR 2.1 mW/kg) 108, Leszczynski et al in a human endothelial cell line ( pulsed 900 MHz, 

modulated, SAR 1.8-2.5 W/kg) 109 and Shallom et al in chick embryos (915 MHz, SAR 1.75-2.5 

W/kg) 110. 

In vitro, two thermophilic proteins (alcohol dehydrogenase from the hyperthermophilic deep-sea 

Archaeon Sulfolobus solfataricus and β-galactosidase from the thermoacidophilic eubacteria 

Bascillus acidocaldarius) were exposed to 10.4 GHz (SAR 800 W/kg) and monitored by 

circular dichroism (CD) and fluorescence. The CD spectrum showed loss of secondary structure 

when exposed to microwaves and heat compared to heating only 111; 112. Bohr et al monitored 

polarization of the folding and unfolding of β-lactoglobulin. Both the folding and unfolding 

kinetics were greatly enhanced by exposure to 2.45 GHz that resulted in 0.3oC temperature rise 

of the sample 113; 114. CD was used to show the effects 2.450 GHz (CW, SAR 600 W/kg) on 

human erythrocyte ghost proteins. Data showed decreased α-helicity 115 upon exposure.  

The polymerization of microtubules was investigated with exposure to 2.450 GHz (CW, SAR 

20 or 200 W/kg). No effect was detected using CD and light scattering techniques116.  

Porcelli et al investigated the effect of 10.4 GHz (CW, SAR 1.5-3.1 W/kg) on two thermophilic 

proteins and found a decrease in enzyme activity that was time and temperature dependent 117. 
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De Pomerai et al reported that, through light scattering methods, the aggregation of 

concentrated bovine serum albumin protein was enhanced in a time and temperature dependent 

way when exposed to 1.0 GHz (CW, SAR 15-20 mW/kg). Bovine insulin exposed for 24 hours 

formed amyloid fibrils compared to a control that did not form fibrils 118. 

Finally, in a computer simulation study 119, the effect of a 2.450 GHz static electric field was 

investigated on the insulin B chain. It was found that, within the simulation timeframe, there 

was a thermal-like effect due to the application of static electric field of strength 1.0 x 108 V/m. 

This was evidenced by the increased number of available protein conformations not normally 

accessible under ambient conditions. An increase of diffusion constant of water was also 

observed for the system under static electric field to a value close to the system under thermal 

stress. 

 

1.9 POSSIBLE MECHANISMS OF INTERACTION 

Based on the experimental work, and theoretical calculations 83; 120-123, several mechanisms have 

been proposed of how RF is likely to interact with tissue, cells and proteins in solutions. It is 

outside the scope of this project to discuss all the different proposals however two hypotheses 

related to direct effects of fields on proteins are discussed.  

 

1.9.1 MOVING CHARGE INTERACTION (MCI) 

The Moving charge interaction (MCI) model proposes that moving electrons affect enzyme 

activity. The activation of genes and synthesis of stress proteins is initiated by an EM field (both 

electric and magnetic fields) by moving electrons. The optimal frequency dependence is related 

to the turnover numbers of the enzyme reaction (most are in the range of 10-100 per second) 92; 

94; 124-127.  
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1.9.2 WRING MODES 

The White theorem states that the topological link number Lk for a pair of closed curves is the 

sum of their twist number (Tw) and their writhe number (Wr): Lk = Tw + Wr 128.  

Bohr et al 129-132 consider that the White theorem, that applies to circular molecules, could also 

be valid for globular proteins because they are topologically constrained on a short time scale of 

less than a micro second. When proteins are exposed to microwaves, the intrinsic modes of the 

protein (eigen-frequencies) are excited, resulting in the acceleration of folding or unfolding. 

 

1.10 PROJECT AIM AND HYPOTHESES 

AIM OF PROJECT 

1. To determine the conformational effect of pulsed microwave exposure at 2.450 GHz on 

a set of target proteins, in vitro, that were also stressed by temperature, reduction or 

chelation of an intrinsic metal ion. 

 

2. To determine the effect of an applied electric field (50 Hz) on several target proteins, in 

vitro, that were also stressed by temperature. 

 
 

 SPECIFIC HYPOTHESES TO BE TESTED 

(i) The initial rate of precipitation of target proteins exposed to microwave pulses once 

every six minutes is significantly higher than that of a control held at the same average 

temperature, where the average is taken over a six minute period. 

 

(ii) The sHsp, α-crystallin prevents the aggregation and precipitation of target proteins 

under the above regimes. 

 

(iii) The initial rate of precipitation of target proteins exposed to an electric field of 50 Hz, 

or lower frequency, is significantly higher than that of a control held at the same 

average temperature. 
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CHAPTER 2  
 
 

EXPERIMENTAL 

 

2.1 SELECTION OF EXPERIMENTS 

The motive of this study was to determine if pulsed microwave exposure or an applied electric 

field exerted a detectable and quantifiable effect on the conformation of proteins in solution.  

In designing the experiments, the limiting factors were the exposure equipment, instruments to 

detect changes in protein conformation and reliable protein assays. The microwave exposure 

equipment consisted of a remodelled microwave oven that gave bursts of 2.450 GHz every six 

minutes. For the electric field experiments, generators and a transformer were accessible. 

It is common to study the aggregation and precipitation of stressed proteins in solution by 

monitoring light scattering at wavelengths around 360 nm. These types of experiments are also 

well suited to study the effect of sHsps on protein aggregation and can determine at which 

subunit ratios there is, if any, suppression of the aggregation and precipitation of the protein in 

question via the chaperone action of sHsps.  

A UV/Visible spectrophotometer was readily available, therefore light scattering in tandem with 

microwave or electric field exposure was considered a suitable means of exploring if these 

exposures had an effect on protein aggregation when compared to a control (chapters 5 to 8). 

To explore changes in protein conformation, experiments were undertaken on citrate synthase 

and alcohol dehydrogenase and are described in chapter 11. 

A schematic overview of the experimental approach to the research is provided by way of a 

flowchart. The equipment and techniques used in the project are described in this chapter. A 

detailed assessment of the experimental temperature is provided in chapter 3.  
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FLOWCHART OF EXPERIMENTAL DESIGN  
------------------------------------------------------------------------------------------ 

 
SELECTION OF PROTEINS AND BUFFERS  

 
 

EQUIPMENT AND TECHNIQUES 
 
 
 
DESIGN AND IMPLEMENTATION OF  

MICROWAVE EXPOSURE SYSTEMS                                                                    ELECTRIC FIELD EXPOSURE  
                  Exposure system  1                                                           AC field 

                Exposure system 2        DC field                                                             

                Exposure system 3      Magnetic field 
 

 

 

 

                  TEMPERATURE ASSESSMENT   
     1. Baseline for incubators of exposure systems 

     2. Specific Absorbance Rate (SAR) measurements for exposure systems 

     3. Relaxation of temperature to baseline 
 

 

            Average temperature  

 
                                                           

TEMPERATURE PROFILE MEASURED FOR ALL EXPERIMENTAL SYSTEMS, which is the basis for : 

                                      

 
 
 
LIGHT SCATTERING EXPERIMENTS      
                                                               PROTEIN CONFORMATIONAL STUDIES     
                                                                                                                                                        SUPPLEMENTARY  STUDIES 
protein aggregation/precipitation                                                                                                                      
 
 

STATISTICAL ANALYSIS                ENZYME ACTIVITY                                     EFFECT OF 

CO2 

DIFFUSION                                                               FLUORESENCE                    MOLECULAR 

CROWDING   

                                 ANS BINDING     

                                                                                    CIRCULAR DICHROISM                                                                    

                                                                                    HYDROGEN EXCHANGE                                               
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2.2 SELECTION OF PROTEINS AND BUFFERS 

2.2.1 TARGET PROTEINS 

A total of eight proteins were selected for light scattering experiments and/or conformational 

studies. The choice was based on literature reports that showed how the unfolding and 

precipitation of these proteins could be facilitated by stress in the form of reduction, chelation of 

an intrinsic metal ion or by heating. It was of interest to see if the presence of a concurrent 

microwave exposure or the electric field could be considered an additional stress. Experimental 

conditions were kept similar as reported in the literature. 

The following sections describe the characteristics of the proteins that were studied. The data 

were obtained from the ExPASy proteomics database 133, unless stated otherwise. Ribbon 

structures based on crystallography data are reproduced from The Research Collaboratory for 

Structural Bioinformatics (RCSB) Protein Data Bank (PDB) and represent the assumed 

biological molecule 134 .For those proteins of which the crystal structure is not yet known, a 

structure of a protein from the same family has been provided.  

 

2.2.1.1 Alcohol Dehydrogenase (ADH) from Saccharomyces cerevisiae  

                           (baker’s yeast)– P00330 133  

 

 

 

 
 
Figure 2.1: A ribbon structure based on X-ray diffraction 
data of NADP-dependent alcohol dehydrogenase from the 
thermophilic bacteria Thermoanaerobium brockii. The 
protein contains 4 polymer chains that bind one zinc atom 
each. Reproduced from the RCSB PDB database, entry 
1YKF 135. 

 

ADH is a metallo-enzyme containing four subunits that bind one zinc atoms each, the apparent 

mass is 146,600 Dalton (Da) 136. Each chain of ADH from Thermoanaerobium brockii includes 

17 β-strands, 14 α-helices, 29 β-turns and 3 γ-turns (Figure 2.1) 135. ADH is found in the 
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cytoplasm where it catalyses the conversion of acetaldehyde to acetone. The protein also acts on 

a variety of primary unbranched aliphatic alcohols. In vitro ADH catalyzes the reaction:  

                               RCH2OH + NAD+ →←  RCHO + NADH + H+. 

When ADH is incubated with the chelating agents ethylenediaminetetraacetic acid (EDTA) or 

1,10-phenanthroline the intrinsic zinc ions are removed. The structure destabilizes and ADH 

precipitates unless Hsps are present. The unfolding process can be monitored spectroscopically 

137-140. 

  

2.2.1.2 Bovine Serum Albumin (BSA) from Bos taurus (bovine) – P02769 133 

 

 

 

 

 

 
 
Figure 2.2: A ribbon structure based on X-ray diffraction 
data of human serum albumin complexed with thyroxine. 
Reproduced from the RCSB PDB database, entry 1E78 135. 
 

BSA is the main protein in plasma where it binds Ca2+, Na+, K+, fatty acids, hormones, bilirubin 

and drugs. Its main function is the regulation of the colloidal osmotic pressure of blood. The 

protein consists of three homologues domains held together by 17 disulphide bonds and 

includes 31 α-helices, 35 β-turns  and 5 γ-turns  ; it has an apparent mass of 69,293 Da 135.  

In vitro reduction of the disulphide bonds in the presence of heat destabilizes the protein after 

which it aggregates and precipitates out of solution 141-143. 

 

2.2.1.3 Catalase from Bos taurus liver (bovine) - POO432 133 

Catalase is found in all aerobically respiring organisms and functions as a catalyst to convert 

hydrogen peroxide into water and oxygen: 2H2O2 →  2H2O + O2               
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Figure 2.3: A ribbon structure based on X-ray 
diffraction data of bovine liver catalase. 
Reproduced from the RCSB PDB database, 
entry 4BLC 135. 
 

A subcellular enzyme, it is found in the peroxisome organelles in the liver. Catalase has the 

highest turnover number for all known enzymes (40,000,000 molecules/second 4) which 

demonstrates the capacity of this enzyme to detoxify hydrogen peroxide and prevent the 

formation of carbon dioxide in blood. The protein consists of four identical chains of 506 

residues with a mass each of 57,574 Da. Each chain has 12 β-strands, 19 α-helices, 49 β-turns  

and 7 γ-turns  (Figure 2.3)135.  

At elevated temperature, in vitro, catalase becomes stressed and starts to precipitate out of 

solution. Heat assays on catalase have demonstrated the ability of heat-shock proteins to 

suppress aggregation 144 145. 

 

2.2.1.4 Citrate Synthase from Susa scrofa (porcine) – P0089 133 

 

 

 

 
 
 
 
 
 
 
Figure 2.4: A ribbon structure based on X-ray 
diffraction data of porcine citrate synthase. 
Reproduced from the RCSB PDB database, 
entry 4CTS 135. 
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The enzyme citrate synthase operates in the mitochondrial matrix and is found in most cells that 

are capable of oxidative metabolism. Its function is to catalyze the substrate oxaloacetate and 

citrate from Acetyl-CoA during the tricarboxylic acid cycle (see section 2.7.1). The protein 

consists of two identical subunits of 437 residues each and has an apparent mass of 48,907 Da 

per subunit 135. The structure is made up of 2 β-strands, 23 α-helices, 19 β-turns , and 4 γ-turns  

(Figure 2.4) 135.  

Citrate synthase in vitro becomes unstable when heat is applied. It has been extensively used in 

heat assays that study the unfolding and interaction with Hsps 146-148. 

 

2.2.1.5 Insulin from Bos taurus (bovine) – P01317 133 

 
 

 

 

 

 
Figure 2.5: A ribbon structure based on X-ray 
diffraction data of bovine Des-Phe B1 insulin. The protein 
can bind with two zinc atoms (one shown). Reproduced 
from the RCSB PDB database, entry 2INS 135. 
 

 

Insulin is a hormone secreted from pancreatic B cells in response to elevated blood 

concentrations of glucose. Its function is to signal cells in the body to import glucose from the 

blood and store it as glycogen. Insulin increases cell permeability to monosaccharides, amino 

acids and fatty acids. It accelerates glycolysis, the pentose phosphate cycle, and glycogen 

synthesis in liver. The amino acid sequence of insulin is highly conserved among vertebrates 

and insulin from one mammal is active in another. For example, many diabetic humans are 

treated with insulin extracted from pig pancreas 149. 

Insulin is composed of two peptide chains, A and B (Figure 2.5). They are linked together by 

two disulphide bonds. A third disulphide bond is formed within the A chain. The protein tends 
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to form dimers and hexamers due to hydrogen-bonding between the C-termini of B chains. 

Additionally, in the presence of zinc ions, insulin dimers associate into hexamers 149. The 

monomer protein consists of three α-helices, two in the A chain (21 residues) and one in the B 

chain (29 residues) 135. The apparent mass of the protein is 5,700 Da.  

When the disulphide bond of insulin is reduced in vitro by addition of DTT, the protein starts to 

precipitate immediately. Insulin has been used as a model protein in studies on the suppression 

of aggregation by Hsps 139; 150.  

 

2.2.1.6 α-Lactalbumin from Bos taurus (bovine) – Q28049 133 

 
 

 

 

 
 
 
 
 
 
Figure 2.6: Structure of apo bovine α-lactalbumin 
as determined by X-ray crystallography. 
Reproduced from Chrysina, Brew and Acharya 151. 

 

α-Lactalbumin, a subcellular protein found in the mammary gland, is the regulatory subunit of 

lactose synthetase that assists galactosyltransferase in the catalysis of the addition of galactose 

to glucose to form lactose in mammalian milk. α-Lactalbumin binds several metal ions, 

including calcium, which is thought to play a role in the regeneration of native α-lactalbumin 

from the reduced denatured form. α-Lactalbumin also has a distinct zinc binding site that is 

believed to be involved in the binding of the lactose synthase complex 152. The protein consists 

of 123 residues and has an apparent mass of 14,169 Da in the apo form. The tertiary structure 

(Figure 2.6) is made up of 3 β-strands, 9 α-helices, 11 β-turns  and 4 disulphide bridges (entry 

1F6R in PDB) 135. The unfolding of α lactalbumin as a result of the reduction of its disulphide 

bonds, has been studied extensively 153; 154.  
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2.2.1.7 Lysozyme from Gallus gallus (chicken) – P27042 133 

The enzyme lysozyme is secreted in body fluids and tissue of animals and plants. The function 

of lysozyme is believed to be give protection against bacterial infection as the protein catalyzes 

the hydrolysis of polysaccharides in the cell wall structure of bacteria 155. Lysozyme is secreted 

from the granulocyte compartment of myelomonocytic cells. Hen egg white lysozyme  

 

 
 

 

 

 

 
Figure 2.7: A ribbon structure based on X-ray 
diffraction data of hen egg-white lysozyme. 
Reproduced from the RCSB PDB database, entry 
1LYZ 135. 
 

is homologous with bovine α-lactalbumin 156. The monomeric protein consists of 129 residues 

with a mass of 14,296 Da. The structure (Figure 2.7) includes 3 β-strands, 7 α-helices, 13 β-

turns and 4 disulphide bonds 135. Lysozyme unfolding as a result of the reduction of the 

disulphide bonds, has been studied in vitro in the presence of Hsps 150; 157; 158. 

 

2.2.1.8 Ovotransferrin from Gallus gallus (chicken) – O02789 133 

Ovotransferrin belongs to the transferrin protein family and has a bacteriostatic function. 

Transferrins are iron binding transport proteins which can bind two atoms of ferric iron in 

association with the binding of an anion, usually bicarbonate. It is responsible for the transport 

of iron from sites of absorption and heme degradation to those of storage and utilization. Its 

concentration in avian egg is the highest concentration of any transferrin in vivo.  
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The structure of ovotransferrin which is a monomeric protein of 686 residues with a mass of 

75,810 Da, consists of two domains (Figure 2.8) that include 26 β-strands, 30 α-helices, 78 β-

turns , 6 γ-turns and 15 disulphide bonds 135. 

 

 
 

 

 
 
 
 
 
Figure 2.8: A ribbon structure based on X-ray 
diffraction data of hen egg-white ovotransferrin. 
Reproduced from the RCSB PDB database, entry 
1OVT 135. 
 

The unfolding of ovalbumin as a result of the reduction of its disulphide bonds has been studied 

in the presence of Hsps 141; 150. 

 

2.2.2 MATERIALS  

The proteins and D,L-DTT were obtained from Sigma (St. Louis, MO, USA). 1,10-

Phenanthroline was obtained from Ajax (Sydney, Australia) and buffer salts from Sigma or 

Merck (Darmstadt, Germany). Section 2.2.7 lists the concentrations used for the experiments.  

 

2.2.3 BUFFERS 

The buffer was 0.1 M phosphate, 0.02% NaN3 except for CS which was at 80 mM. Phosphate 

buffers were prepared from appropriate ratio mixtures of 0.2 M Na2HPO4 and NaH2PO4.2H2O 

stock solutions that were prepared with milliQ water. Buffers were routinely filtered through a 

nylon membrane filter. The pH was adjusted to between pH 7.0 and pH 8.0 depending on the 

experiment. The preparation for the phosphate buffers and buffers used in the purification of α-

crystallin, are listed in Appendix 1. 
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2.2.4 PURIFICATION OF CITRATE SYNTHASE 

Citrate synthase (CS) is packed in an ammonium sulphate suspension. On arrival to the 

laboratory, CS was dialysed against 50mM Tris buffer, 2mM EDTA, pH 8.0 as described by 

Buchner et al 148. The solution was transferred to a Centriplus-30 micro concentrator and 

centrifuged at 3000 x g at 4oC until the solution was ~ 30 to 40 µM. To obtain the CS solution 

concentration, the absorbance was determined from the extinction coefficient of 1.78 for a 1 

mg/ml solution in a quartz cuvette of 1 cm path length. 

 

2.2.5 PURIFICATION OF α-CRYSTALLIN 

Eyeballs of freshly slaughtered cattle less than two years old were collected from Wollondilly 

Abattoirs Pty Ltd, Picton NSW. On return to the laboratory, the lenses were removed and stored 

in a freezer until ready to use. Frozen lenses, two or three at a time, were thawed and 

homogenized with 6 ml homogenising buffer (50mM TRIS, pH 7.2, see Appendix 1). The 

homogenized material was divided over six centrifuge tubes and centrifuged at 4oC, 12000 rpm 

for 20 minutes. The supernatants were collected and pooled into a container and then 

refrigerated at 4oC. A Sephacryl S-300 column, 3cm in diameter, 100 cm in length and a bed 

volume of ~ 1 L was equilibrated overnight with column buffer (50mM Tris, 0.04% NaN3, pH 

7.5) before the refrigerated lens material was loaded. When three lenses were used, only half the 

lens material was loaded to the column at any given time. The column buffer was passed 

through the column at 20 ml per hour by use of a Masterflex L/S (Cole-Parmer Instrument 

Company) pump. The eluant was detected for protein content on a Single Path Monitor 

(Pharmacia) at 280 nm, with the sensitivity set to 0.1. Fractions were collected every 20 minutes 

in a Redi Frac. (Pharmacia Biotech.) fraction collector. The separation of the three crystallin 

proteins (α, β and γ crystallin) took about 24 hours. α-Crystallin contains two subunits αA and 

αB, which eluted as one broad peak after about 10 hours, it was labelled alpha-total (αT). β-

Crystallin contains two subunits, Beta high (βH) and Beta low (βL) that were separated after 13 

and 15 hours respectively. Two gamma fractions were collected after 18 hours. The pooled 
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fractions of αT were concentrated and re-loaded on the freshly equilibrated column as described 

above, to allow a complete separation between the high molecular weight (HMW) fraction and 

αT. The αT fraction was concentrated and extensively dialysed against ultra pure water with 

subsequent freeze-drying. α-Crystallin was checked for purity by 10% SDS-polyacrylamide gel 

electrophoresis. The βH, βL and γ fractions were pooled, concentrated and stored in the freezer. 

 

2.2.6 PREPARATION OF α-LACTALBUMIN 

Calcium depleted α-lactalbumin (commonly called apo α-lactalbumin) is a commercially 

available protein that contains less than 0.3 mol of calcium per 1 mol of α-lactalbumin 159. Pure  

apo α-lactalbumin is obtained when apo α-lactalbumin is incubated with EDTA for up to 0.5 

hours after which most Ca2+ ions have been drawn from the protein molecules and are chelated 

to EDTA 153; 154; 159; 160. Upon reduction of the disulphide bonds, α-lactalbumin aggregates but 

does not precipitate from solution unless 0.1 M NaCl is added 153. 

Holo α-lactalbumin was prepared by incubating the commercially available apo α-lactalbumin 

in 50 mM imidazole buffer, 0.1 M NaCl that contained 5 mM CaCl2. For CD spectra, the 

commercial product, holo α-lactalbumin, calcium saturated, was used.  

 

2.2.7 PROTEIN CONCENTRATIONS 

Protein concentrations were determined at 280 nm using the extinction coefficient for 1 mg/ml 

solutions in a quartz cuvette of 1 cm path length 161 and are reported throughout the text as 

subunit concentrations. Concentrations used for the light scattering assays were as follows, or as 

described in the text: 

Thermal stress:  

� catalase (bovine liver), 0.2 mg/ml, pH 7.0, 42oC; A %1
nm,1cm280  12.9  

� CS (pig heart), 0.2 mg/ml, pH 7.5, 42oC, A %1
nm,1cm280 1.78.  

Chemical-induced stress:  
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� ADH (baker’s yeast), 0.5mg/ml, 0.1 M NaCl, 1 mM 1,10-phenanthroline, pH 7.0, 37oC; 

A %1
nm,1cm280 1.26. 

� BSA, 1.5 mg/ml, 20 mM DTT, pH 7.0, 45oC; A %1
nm,1cm280 0.71.  

� insulin (bovine pancreas), 0.25mg/ml, 0.1 M NaCl, 20 mM DTT, pH 8.0, 37oC; 

A %1
nm,1cm280 1.0.  

� α-lactalbumin (bovine milk), apo: 2 mg/ml, 2 mM EDTA, 20mM DTT, 0.1 M NaCl, pH 

7; 37oC, A %1
nm,1cm280 1.95; holo: 0.5 mg/ml in 50 mM imidazole buffer, 0.1 M NaCl, 5 

mM CaCl2, pH 7.2, 32oC, A %1
nm,1cm280 2.01. 

� lysozyme (chicken egg white), (0.1 mg/ml, 20mM DTT, 0.1 M NaCl, pH 7; 30oC, 

A %1
nm,1cm280 0.775. 

� ovotransferrin (chicken egg white), 0.2 mg/ml, 0.1 M NaCl, 20 mM DTT, pH 7.2, 45oC, 

A %1
nm,1cm280 1.10. 

α-Crystallin  

α-Crystallin was used at molar subunit ratios which is reported for the individual experiments in 

the results section; A %1
nm,1cm280 0.8. 

 

The addition of 0.1 M NaCl in most assays allowed the stabilization of the emerging aggregates 

thus ensuring precipitation 153. 

 

2.3 EQUIPMENT AND TECHNIQUES 

2.3.1 MICROWAVE OVEN  

A 2.450 GHz, 800-Watt domestic microwave oven was remodelled (Appendix 2) at the 

University of Sydney 162; 163. The oven’s normal controller was replaced with a customised 

BASIC Stamp microcontroller. The customised controller turned the oven on at six minutes 
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intervals for a preset time. The six minute interval was chosen because this is the period over 

which time varying exposures are integrated in the ICNIRP guidelines 62. 

To improve circulation of the air, a fan was fitted to the door (Figure 2.9). A digital switch was 

installed which allowed the setting of the number of RF pulses per cycle. Each burst consisted 

of the typical 50 Hz modulation pulses delivered by the magnetron microwave generator of the 

oven. The number on the switch could be set from 10 to 250, which corresponded to microwave 

bursts lasting between 0.2 and 5.0 seconds. For experiments in this project, pulses lasting 3.2 or 

5.0 seconds were used.  

 

 

 

 

 

Figure 2.9: View of the remodelled oven during a pulse period (red light). 

 

2.3.2 TRANSVERSE ELECTROMAGNETIC MODE (TEM) CELL  

The TEM cell was custom built by Telstra Australia for the Centre for Immunology, St. 

Vincent’s Hospital, NSW, for the purpose of applying uniform pulsed microwaves to cell 

culture. The cell (Figure 2.18) consisted of a microwave carrier of 900.00 MHz, pulse 

modulated at 217 Hz, with a 12.5% duty cycle. Pulse width was 576 µs and the pulse period was 

4.6 ms.  

 

 

 

 

 
 
A                                                                            B 
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Figure 2.10: TEM cell inside the incubator (A) and equipment (pulse modulator, signal generator and 
amplifier) to generate 900 MHz pulse moderated microwaves (B).  
The power meter reading at 20W was –16.4 dBm (0 decibel m is 1 mW; 16.4 dBm is ~0.025 

mW). The free space E-field inside the TEM cell was 421 V/m at 20W forward. The cell was 

placed inside an incubator that was temperature controlled at 37oC, CO2 was 5% and humidity 

95%. 

 

2.3.3 VISIBLE ABSORPTION SPECTROSCOPY  

The turbidity (light scattering) associated with protein aggregation and precipitation was 

monitored at 360 nm every two minutes using a Cary-500 UV-Vis spectrophotometer. Cuvettes 

were placed in a multi-cell-block that was kept at the desired temperature via a circulating water 

bath. It took on average five minutes to reach the equilibrium temperature. The temperature of 

the sample buffer in the cuvettes was recorded with Luxtron 502/504 fluoroptic temperature-

sensing probes at four heights in the cuvette for each of the positions in the multi-cell-block. 

The light beam of the spectrophotometer passed through the sample between 13 and 19 mm 

from the base of the cuvette. 

The spectrophotometer used at the Centre for Immunology, St. Vincent’s Hospital was a 

Shimadzu, UV-1601 UV-visible spectrophotometer. 

 

2.3.4 FLUORESCENCE SPECTROSCOPY 

Intrinsic tryptophan and ANS binding studies were performed on a Hitachi F-4500 fluorescence 

spectrophotometer with a 3 ml quartz fluorescence cuvette.  

Slit widths for excitation and emission were set to 5.0 and 2.5 nm respectively. The instrument 

was set to 700 V. The shutter control and corrected spectra options were disabled. 

Intrinsic fluorescence (tryptophan) was determined before and immediately after a light 

scattering experiment. Samples were excited at wavelength 295 nm and the spectrum 

accumulated over 260-450 nm. The scan speed was 240 nm/min. The emission of tryptophan in 

proteins is at 338 nm.  
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The Extrinsic fluorescence (ANS binding) was determined before and immediately after a light 

scattering experiment by adding aliquots of 10 µl of 50 mM ANS, under constant stirring, to the 

protein sample. Samples were excited at wavelength 387 nm and spectra were accumulated 

from 450 to 520 nm. The scan speed was 6 nm/min. The emission at 479 nm was noted. 

 

2.3.5 CIRCULAR DICHROISM (CD) SPECTROSCOPY  

A JASCO J-810 spectropolarimeter (Jasco, Victoria, Canada) connected to a Jasco water bath 

was employed for protein conformational studies. The CD resided in the Department of Physics, 

University of New South Wales, Sydney. Stock solutions were routinely prepared early in the 

morning, stored on ice and made up to the desired concentrations on arrival in Sydney. For 

exposure experiments, the microwave oven and block heater could be transported to Sydney so 

that CD spectra could be recorded during and immediately after a microwave exposure 

experiment. Near- and UV spectra were recorded from 240 to 320 nm and 190 to 240 nm 

respectively at 22oC unless otherwise stated, in a 3.0 ml cell of 10 mm pathlength. All spectra 

represent the average of six scans. The data were converted to molar ellipticity. 

 

2.3.5.1 CD TEMPERATURE MELTS 

The unfolding of a protein, as a result of temperature increase is usually observed by comparing 

the ellipticity of the α-helical region in a protein that appears as a minimum at 222 nm in the 

folded state. Starting at 22oC, the target temperature was increased by 1.5 to 2oC at a time and 

equilibrated for one minute after the temperature was reached. A total of 10 scans between 220 

and 225 nm were recorded and averaged, which was equivalent to 1 minute of recording for 

each temperature setting.  

 

2.3.6 ELECTROSPRAY IONISATION MASS SPECTROMETRY 

Hydrogen-deuterium exchange mass spectra were recorded on a Platform LCZ Electrospray 

Mass Spectrometer which was calibrated using egg-white lysozyme. The cone was routinely 

cleaned before each experiment. The conditions of the electrospray were controlled to slow 
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down exchange to prevent excessive back exchange. The syringe and samples were kept on ice. 

The infusion buffer was pumped at 20 µl/min into the injector by way of a loop that was placed 

inside a bucket with ice water to ensure that the temperature was always ~4oC. Samples were 

introduced through a Rheodyne injector and were pumped into the electrospray interface with a 

fluid delivery mode. The tubing to the mass spectrometer was placed in between two ice packs 

as an additional cooling measure (see Figure 2.11).  

 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 2.11: Schematic view of the cooling conditions for hydrogen exchange experiments. The infusion buffer 
was pumped through a loop that was kept in a bucket with ice water. A thermometer (not shown) was kept in 
the bucket to monitor the temperature (~4oC).  Samples were introduced through an injector and the tubing to 
the mass spectrometer was placed in between two ice packs. 
 

The protocol for the hydrogen exchange experiments was adopted from 164. A stock solution of 

apo α-La was dissolved in 10% H2O, 90% D2O to give a concentration of to ~0.3 mM, pH 6. 

The solution was left overnight, at room temperature to ensure maximum labelling. Before the 

experiment, a 5 µl sample was diluted with 245 µl D2O and injected in the mass spectrometer 

with D2O as the infusion buffer to establish the mass of deuterated apo α-La. 

To start the hydrogen exchange, 10 µl of stock sample was diluted with 490 µl ice cold H2O, pH 

2. The solution was vortexed for one second and returned to the ice box. An aliquot of 20 µl was 

injected into the mass spectrometer of which the infusion buffer was kept cold. Aliquots were 

injected at intervals of 5, 10 or 20 minutes. Spectra were collected from 1500-2000 mass/charge 

ratio. The experiment was repeated at least three times. The optimum results for the hydrogen 

exchange experiments were obtained under the following conditions: de-solvation temperature 

 
 
        
    ice water 

 pump Mass spectrometer 

waste 

injector 
  
   sample 
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50oC, Source block temperature 20oC, Cone voltage 40 V, retention 55, scope gain 50, scan time 

2.50, inter scan 0.10, pump speed 40 µl/min. 

 

2.3.7 FLUOROPTIC PROBES  

Temperature determinations were undertaken with Luxtron 502/504 fluoroptic temperature-

sensing probes. The data were recorded every second. The fluoroptic measurement technique is 

based on a temperature sensitive phosphor material attached to the probe end of a fibre optic 

cable. Pulses of light excite the phosphor, causing it to fluoresce. The Digital Signalling 

Processing (DSP)-based electronics calculate the decay time of the fluorescence which is 

temperature dependent. A single optical fibre transmits both die excitation and the fluorescence 

signal 165. The manufacturer’s conversion factors for the individual probes are provided in 

Appendix 3. 

 

2.3.8 CONDUCTIVITY METER  

A portable conductivity meter, Enviro Sensors LF 320 (WTW Wissenschaftlich, Weilheim, 

Germany) was used for all conductivity measurements. The meter was calibrated against 10mM 

NaCl which has a conductivity of 1413 µS/cm. 

 

2.3.9. DRY BLOCK HEATER  

A dry block heater (Thermoline Scientific, Australia), model DB1, was modified to function as 

a block heater for 1.0 ml cuvettes. The aluminium block for centrifuge tubes was removed. Four 

aluminium cell holders were fixed to the bottom of the heater cavity with masking tape and sand 

was poured around the outside of the holders. For electric field experiments, two Teflon, non 

conducting cell holders replaced the aluminium cell holders. 

 

 

2.4 MICROWAVE EXPOSURE  
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In the course of the project, three different exposure systems were developed, a summary of 

which is given in Figure 2.12. 

 

EXPOSURE SYSTEM 1 

 

 

 

 

Incubator:  

Revco Ultima incubator 

 

 

Temperature of sample: ~37oC 

 

Temperature in microwave oven: 

~37oC 

 

Method used for: 

Initial experiments (Chapter 5) 

TEM cell experiments (Chapter 6) 

 

EXPOSURE SYSTEM 2 

 

 

 

 

Incubator:  

Cary spectrophotometer 

 

 

Temperature of sample: variable 

 

Temperature in microwave oven: 

room temperature 

 

Method used for: 

All light scattering experiments 

(Chapters 3,4, 7 and 10) 

 

 

EXPOSURE SYSTEM 3 

 

 

 

 

Incubator:  

Cary spectrophotometer and dry 

block heater 

 

Temperature of sample: variable 

 

Temperature in microwave oven: 

room temperature 

 

Method used for: 

Calculation of initial rates of 

aggregation 

Circular Dichroism experiments 

(Chapters 8, 9, 11) 

 

Figure 2.12: Schematic overview of the three exposure systems employed during the project. 

 
Exposure system 1 was used for the initial experiments. The temperature inside the incubator 

and microwave oven was determined by reading of two alcohol thermometers. One 

thermometer was placed in the cavity of the microwave and another one inside the incubator on 

the shelf underneath the microwave oven. It was assumed that the sample was at the identical 

temperature and the heat losses associated with taking samples out and replacing them at a later 
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stage was not allowed for. Exposure system I proved therefore to have limitations in terms of 

monitoring the sample temperature. For Exposure systems 2 and 3, blank controls were used to 

establish the incubation temperature at precise locations and at several positions in the solutions, 

using fluoroptic probes. Detailed profiles were also made of the temperature rise and fall 

associated with the pulsed microwave exposure. 

 

2.4.1.1 EXPOSURE SYSTEM 1  

MICROWAVE OVEN 

In order to stabilize the field within the cavity of the oven and to absorb the majority of 

microwaves, two 1 L ethylene vinyl acetate infusion bags, each filled with water from a Julabo 

HC water re-circulator, were placed inside the oven (Figure 2.13).  

The bags were modified to allow water from the circulating water-bath to flow into one bag, fill 

up and flow through a tube connecting both bags, into the second bag that was fitted with an 

external tube allowing water to flow back to the water-bath. Thus, water was constantly flowing 

from the water-bath, through the bags inside the oven, and back into the water-bath. A glass 

plate was placed on four cylindrical teflon supports that were affixed to the side of the oven.  

 

 

 

 

 

 

 
 
Figure 2.13: View of cavity of the microwave oven showing the two infusion bags filled with circulating water. 
The bags were inter-connected by a tube. The left bag is connected to the hose of the water-bath that pumps 
water out into the bags and the right bag is connected to the hose that delivers the water back to the water-
bath. The hoses fit through holes in the back panel of the incubator. The two incubator doors (not shown on 
the photograph) were closed during the experiment. 
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The position of the plate was marked on the supports to ensure that the glass plate was always 

correctly placed. The glass cover of the oven door had been removed to allow the fitting of a 

motorised fan that functioned as an air circulator.  

The oven was placed inside a Revco Ultima incubator that was set to 37oC and to which the 

supply of CO2 was disconnected (Figure 2.14). To ensure that the temperature inside the oven 

cavity was constant and similar to the temperature on the lower shelf inside the oven, the 

circulating water-bath, the microwave oven and the incubator were left to operate for up to 48 

hours with occasional adjustments made to the temperature of the circulating water bath until 

the desired oven temperature was reached.  

It was possible to undertake two experiments at the one time. The cuvettes containing the 

protein solutions that were to be exposed were placed on the marked positions on the glass plate 

while the control samples were placed either in the incubator under the microwave or in a dry 

oven that acted as the incubator. 

 

 

 

 

 

 

 

 
 
Figure 2.14: View of microwave oven placed inside the incubator (door open). The circulating water-bath (on 
left) was connected with two water hoses that entered through the back panel of the incubator (not visible), 
then through two holes of the back panel of the microwave oven and the infusion bags inside the oven (see also 
Figure 2.13). 
 

The microwave oven was turned on, and at regular intervals, the cuvettes as well as the controls 

were placed in a polystyrene container (to retain the heat) and taken to the spectrophotometer to 

measure light scattering. The process of transporting the cuvettes to the spectrophotometer, 

taking the measurements and returning the cuvettes to the oven, took on average up to four 
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minutes. The temperature inside the oven was noted, before and after the samples were 

measured. 

 

TRANSVERSE ELECTROMAGNETIC MODE (TEM) CELL 

The TEM cell was placed in an incubator set to 37oC, with a 5% supply of CO2. For one of the 

experiments the CO2 was turned off. The cell was calibrated to hold two flat Falcon© tissue 

culture flasks of volume 25 cm3 in tight fitting moulds. The actual protein solution used for the 

experiments was 6.0 ml each for the “exposed” and “control” flasks and 6.0 ml of buffer for the 

second flask inside the TEM cell. The magnetic field inside the incubator was < 2 mGauss. At 

intervals of 20 to 60 minutes, the exposure was paused and the “exposed” and “control” flasks 

taken from the TEM cell and incubator. The “exposed” and “control” flasks were left at room 

temperature on the bench and 1.0 ml was withdrawn from both flasks into a quartz cuvette for 

spectroscopy measurements. The light scattering for both samples was determined at 360 nm on 

a Shimadzu UV-1601 UV-Visible spectrophotometer. The solutions were replaced into the 

flasks, that were returned to the TEM cell or incubator and exposure resumed. The temperature 

was measured with an alcohol thermometer, before removing and after replacing the flasks. It 

took on average 6 to 8 minutes to take the samples from the incubator, read the absorbance and 

replace them in the incubator.  

 

2.4.1.2 EXPOSURE SYSTEM 2 

Exposure system 1 exhibited several limitations such as severe temperature loss when removing 

samples for light scattering measurements, the inability to accurately measure the temperature 

during an experiment, and the long time necessary for the incubator to reach a different 

temperature. Another system was therefore developed whereby the spectrophotometer acted as 

the incubator. Light scattering measurements were therefore in situ and samples were removed 

once every six minutes for exposure in the microwave. By placing the microwave close to the 

incubator (spectrophotometer), the samples lost little heat, the temperature probes were within 
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close proximity to both the microwave and the incubator and therefore, experiments could be 

undertaken at a range of temperatures.  

A glass plate was glued to the cylindrical supports of the microwave oven to avoid movement 

during experiments and a rotating persplex plate was installed on the floor of the oven. 

Stoppered quartz cuvettes of 1cm path length (dimensions 46.0 x 12.5 x 12.5 mm), containing 

the protein solutions to be tested, were positioned in the multi-cell holder of the 

spectrophotometer that acted as the incubator. The cuvettes were withdrawn from the 

spectrophotometer for exposure every six minutes, and placed in a tight fitting cavity of a 

polystyrene transport box. One cuvette, named “control” was placed on the bench next to the 

spectrophotometer while the second cuvette, named “exposed”, was placed on a marked 

position on the glass plate for the duration of the exposure (typically 3.2 or 5.0 seconds). In later 

experiments, the box with the “exposed” sample was placed on a marked position on the glass 

plate of the microwave oven for the duration of the exposure. SAR calibrations were 

subsequently carried on the cuvette inside the box. A schematic overview of the procedure is 

given in Figure 2.15, while Figure 2.16 shows the experimental set-up in the laboratory.  

 

 

 

 

 

 

 

 

 

Figure 2.15: Diagram of the experimental procedure Exposure system 2. Control (C) and exposed (E) samples 
were incubated in the cell holder of the spectrophotometer and periodically removed and placed in thermally 
insulated containers. The containers were either placed in the microwave oven (E) and exposed to pulsed 2.450 
GHz or left on the bench (C). Both samples were returned to the cell holder within 30 seconds. 
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A sealed plastic box of dimensions 11 x 8.5 x 7.0 cm, filled with water, was placed in the oven 

to absorb the majority of the microwaves and to stabilize the field within the cavity (Figure 

2.17). The power applied to the sample could be altered by the volume of water in the plastic 

box. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 2.16: Exposure set up Exposure system 2. The spectrophotometer is partly visible to left of photo. The 
“bench” is the table next to the spectrophotometer and the microwave oven is on the right. 
 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 2.17: View of the opened microwave oven as described in the Exposure system 2. The glass plate turns 
on a perplex clip. To avoid temperature loss, exposure was performed on the cuvette containing the protein 
solution while placed in a polystyrene box. The SAR was determined also with the cuvette placed in the box. 
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2.4.1.3 EXPOSURE SYSTEM 3 

In addition to incubating samples in the spectrophotometer, it was at times useful to have 

another incubation source to allow the temperature difference between samples to be in the 

range of 0.5 to 1.5oC and thus to enable comparison of initial rates.  

 

 

 

 

 

 

 

 

Figure 2.18: View of the microwave oven in close proximity to the dry block heater. 
 

Figure 2.18 shows how the block heater was adapted to function as a heating source for multiple 

samples. Because the block heater could be easily transported, it was a convenient incubator for 

the circular dichroism (CD) studies that were performed in Sydney. 

 

2.4.2 ELECTRIC FIELD EXPOSURE  

2.4.2.1 DC EXPOSURE  

A 30kV Non Destructive Insulation Tester, type JP 30 (Danbridge, Denmark) was fitted with a 

conducting wire to expose protein samples to a DC electric field.  

Two plastic cuvettes of 10 mm path length containing 1.0 ml of protein solution were wrapped 

with insulating tape. Two strips of aluminium foil or copper (6.0 x 1.0 cm, 0.5 cm thick), one of 

which acted as the electrode, were held tightly held between the cuvette and the tape, on 

opposite sides of cuvette. The samples were placed inside the aluminium cuvette holders of a 

dry block heater. DC power was obtained from the Non Destructive Insulation Tester that 

transferred a voltage of 5 or 10 kV via a conducting wire to the sample (exposed) by way of the 
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electrode. Another wire, clipped to the second electrode against the sample cuvette, acted as the 

earth wire. Prior to exposure, the control sample was placed in a cuvette holder directly next to 

the exposed sample.  

 

 

 
 
 
 
 
 
 
 
         A                                                B 
 
Figure 2.19: View of block heater and four aluminium cuvette holders in the sand filled cavity (A). DC power 
was obtained from a generator (B) that transferred a voltage of 5 or 10 kV (red wire on A) to the exposed 
sample via the electrode (copper or aluminium strip). The black wire on the second electrode is an earth wire. 
The covers on top of the samples were removed for the purpose of the photograph. In later experiments, for 
safety reasons, two Teflon, non-insulating cuvette holders were used and a cover made of insulating tape was 
placed over the cavity for the duration of the experiment. 
 

Both cuvettes were covered with insulating tape. Figure 2.19 A and B shows how the 

experiment was set up. For later experiments two non conducting glass filled Teflon cuvette 

holders were designed thereby bypassing the need to wrap and unwrap the cuvettes with 

insulating tape. The insulating tape caused some smudging on the plastic cuvettes which was 

thought to interfere with the light scattering measurements. The copper strips fitted tightly 

between the plastic cuvette and the Teflon cuvette holder.  

 

2.4.2.2 AC EXPOSURE  

A generator was connected to a voltage transformer fitted with a conducting wire to expose a 

protein sample to an AC electric field (Figure 2.20).Two plastic cuvettes of 10 mm path length 

containing 1.0 ml of protein solution were wrapped with insulating tape. Two strips of copper 

(6.0 x 1.0 cm, 0.5 cm thick), one of which acted as the electrode, were held tightly held between 

the cuvette and the tape, on opposite sides of cuvette. The samples were placed inside 
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aluminium cuvette holders of the dry block heater. AC power was obtained from the generator 

at 80 V, to the variable autotransformer that had an output of 4 kV/cm AC. The electric field  

was applied to the sample by way of a conducting wire that was clipped to the electrode next to 

the cuvette. Another wire, clipped to the second electrode against the sample cuvette, functioned 

as the earth wire. The control sample was placed in a cuvette holder directly next to the exposed 

sample. 

 

 

 

 

 

 

 

 

 

Figure 2.20: View of the instruments used for the AC field experiment 

 

2.5 TEMPERATURE MEASUREMENTS 

Microwaves deliver energy rapidly to the interior of a solution thus causing heating. It was 

expected that as a result of pulsed microwaves, every six minutes, the temperature of a sample 

solution would rise rapidly and then fall after a few seconds of exposure (Figure 2.21).  

The experimental procedure that was adopted involved moving samples to and from the 

microwave oven every six minutes and it was therefore not possible to fit the samples with 

probes so that the temperature could be monitored in situ, for the duration of the experiment. 

Thus, for all experimental samples the temperature was investigated in three parts (Figure 2.21).  

 

heating block 

generator 
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Figure 2.21: Diagram of the expected temperature profile over a six minute period (6 to 12 minutes) of a 
sample exposed to pulsed microwaves. Three parts of a typical experiment were studied separately with 
respect to temperature. Part 1 reflects the temperature of the sample in the incubator (baseline); part 2 relates 
to the temperature increase due to pulsed microwaves (the SAR was derived from the temperature rise); part 
3 analyses the fall in temperature to the baseline and the time associated with it.  
 

2.5.1 BASELINE (part 1 of figure 2.21) 

2.5.1.1 BASELINE TEMPERATURE FOR EXPOSURE SYSTEM 1  

The temperature inside the incubator was determined by reading alcohol filled thermometers of 

0.5oC gradation, one placed inside the oven cavity and the other on the lower shelf of the 

incubator. The temperature was read prior to taking the sample out for light scattering 

measurements. It was assumed that the temperature of the sample was the same as the ambient 

temperature. No investigation was made on the time it took for the sample to get to the baseline 

temperature. 

 

2.5.1.2 BASELINE TEMPERATURE FOR EXPOSURE SYSTEMS 2 AND 3 

The multi-cell holder acted as the incubator for Exposure system 2 (Figure 2.22) and the dry 

block heater for Exposure system 3 (Figure 2.10). For our purposes, two or three samples were 

used per experiment. Cuvettes containing 1.0 ml of the relevant buffer were placed in labelled 

cells, covered with masking tape and measured for temperature at four different heights in the 
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solution (0, 10, 17 and 23 mm from the base of the cuvette). The temperature of the solution 

was measured every second for at least 20 minutes per height, using fluoroptic probes. The 

measurement was repeated at least twice and the average was taken to be the baseline for a 

particular cuvette position in the multi-cell holder or block heater. The time for the solution to 

reach the desired temperature was also noted. 

 
 

A                                                                                     B 
 
Figure 2.22: View of the Cary spectrophotometer (A) and the multicell holder (B). 
The multi-cell holder fitted a maximum of 12 cuvettes and was positioned inside the spectrophotometer under 
the green cover (see arrow). For the determination of the baseline of the different cell positions, a fluoroptic 
probe was inserted in the solution, inside the cuvette and held in place with masking tape. The temperature of 
the solution was monitored for at least 20 minutes at four different sample heights. 
 

2.5.2 SAR MEASUREMENTS (part 2 of Figure 2.21) 

The SAR was calculated for each pulse period by temperature calorimetry, using temperature 

measurements made with Luxtron 502/504 fluoroptic-sensing probes. 

 

2.5.2.1 SAR MEASUREMENTS FOR EXPOSURE SYSTEM 1 

The microwave oven was placed on a laboratory bench and the infusion bags inside the oven 

were attached to the circulating water bath that was at room temperature. Two quartz cuvettes of 

1cm path length (dimensions 46x12.5x12.5 mm) were filled with 1.0 ml of buffer each and were 

placed on the glass plate inside the oven and the positions marked. Two fluoroptic temperature-

sensing probes were inserted through the meshed door and each was placed into a cuvette. The 

probes, touching the bottom of the cuvettes were held into position by cellotape. Thus, the oven 
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door could be closed and the fan turned on while the probes were inserted into the cuvettes 

inside the oven. The microwave oven was turned on to emit pulses every six minutes for up to 

15 minutes in total. From the numerical data, the maxima and minima were noted and the SAR 

for both solutions calculated, assuming that the buffer had the same specific heat capacity (Cp) 

as water: 

 

Calculation of SAR: 

Heat delivered to 1g of water,  

per 1oC temperature rise  = mass * Cp * ∆T 

     = 1 g * 4.18 Jg-1K-1 * 1 K 

     =  4.18 J 

Heat delivered to 1 kg   = 4180 J/kg 

 

The SAR in (W/kg), averaged over six minutes: 

SAR     = Energy delivered per kg/time of delivery 

     = 4180 J/kg /6 min.*60 s/min 

     = 11.61 W/kg per 1oC temperature rise 

 

2.5.2.2 SAR MEASUREMENTS FOR EXPOSURE SYSTEMS 2 AND 3 

The microwave oven was placed on a laboratory bench (Figure 2.23). SAR determinations on 

cuvettes placed on the glass plate were the same as described for the Exposure system 1. 

However, for the cuvette in the polystyrene box, that was placed on the glass plate, procedures 

were as follows: One Luxtron 502/504 fluoroptic temperature-sensing probe was inserted 

through the meshed door and placed into the cuvette that was contained inside the polystyrene 

box.  

It was found that the microwave field was not uniform in the solution and therefore to get a fair 

representation of the power distribution in the sample, the temperature was measured at four 

heights in the cuvette. The probe was inserted, in the middle of the solution and at 0, 10, 17 or 
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23 mm from the base. To hold the probe in place, the probe was led through a small hole in 

masking tape that covered the top of the cuvette. The microwave oven was turned on and 

emitted pulses every six minutes for about 30 minutes in total. In the course of the project, it 

was observed that the conductivity of a buffer solution affects its ability to absorb microwaves. 

Therefore all SAR calibrations were repeated for the various buffers (Appendix 4 and 5). The 

temperature determinations were repeated at least three times per height. The probe measured 

the temperature every second and the numerical output of the readings were saved onto a 

computer file from which the data could be extrapolated. 

Various experimental conditions such as duration of microwave pulses, the amount of water in 

the plastic box inside the microwave cavity and type of buffer were explored. 

The data were averaged and graphed to determine the SAR between 13 and 19 mm from the 

base of the cuvette as this is the area where the light beam of the spectrophotometer passed 

through the cuvette and detected light scattering. 

 

Figure 2.23: View of method of SAR calibration. Fluoroptic probes were inserted through the meshed door of 
the microwave oven and held in place in the cuvettes. The probes were connected to the sensor processor, 
which in turn was connected to a computer where the data was logged. 

Microwave oven 

Computer 

Sensor processor 

probe 
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2.5.3 FALL OF TEMPERATURE (refers to part 3 in Figure 2.21) 

2.5.3.1 RELAXATION OF TEMPERATURE TO BASELINE EXPOSURE SYSTEM 2  

The return of the temperature to its baseline value was not studied for Exposure system 1. Sham 

exposure experiments for Exposure system 2 were carried out on buffers to monitor the 

temperature of the sample immediately after exposure until it had the same temperature as the 

baseline.  

These experiments were carried out for four different heights in the solution (i.e. 0, 10, 17 and 

23 mm from the base of the cuvette). The procedure for inserting the probe and keeping it in 

position was similar as discussed in sections 2.5.1 and 2.5.2. The sample was placed with the 

probe into the incubator (i.e. the multi-cell holder of spectrophotometer) until 15 seconds before 

exposure. The probes were then taken from the cuvettes on which lids were placed and both 

cuvettes were transferred to the transport box as described in Exposure system 2. The control 

box was left on the bench and the exposed box was placed in the microwave oven where the 

sample was exposed to either 3.2 or 5.0 seconds of pulsed microwaves. Within 15 seconds the 

samples were returned to the multi cell holder and the probes attached to the masking tape re-

instated in the corresponding samples. The time of the return was noted and the data collected 

for several exposures. The experiments were carried out in triplicate. The data were collated and 

averaged to give: 

1. the temperature of the sample after exposure and return to the multi-cell holder 

2. the time of return to the multi-cell holder and  

3. the time at which the sample temperature had returned to the baseline temperature. 

 
2.5.3.2 TEMPERATURE AVERAGE OVER SIX MINUTES – EXPOSURE SYSTEM 2 

By studying the temperature in three parts it was possible to construct a profile of the 

temperature for a six minute period. The results of the temperature studies, referring to figure 

2.21, can be summarized as follows: 
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Part of profile   Experimental section  Description 

1   3.1    baseline 

2   3.2    temperature rise due to microwaves 

3   3.3    relaxation (fall) to baseline 

For every buffer/exposure system a profile was obtained, at four heights of the cuvette, by 

collating the results from the above studies. The area under the graph was determined by using 

the Trapezoid Rule, in steps of 0.25 minutes to give an average temperature over six minutes. 

 

2.5.3.3 RELAXATION OF TEMPERATURE TO BASELINE EXPOSURE SYSTEM 3 

In principle, the same temperature modules (see figure 2.21) as for Exposure system 2 applied to 

this exposure system however there were some complications that made use of this system 

difficult for repeat experiments. It was not possible to control the temperature other than by 

turning the dial and although the dial settings were marked, a slight turn of the switch could 

bring about a deviation in temperature. The heater was also required for electric field 

experiments, for which non-conducting cuvette holders were used. The cell holders in the block 

heater were carefully marked in order to create the same conditions as previous experiments. 

When Exposure system 3 was used in association with light scattering experiments, the sample 

temperature was affected because of transport to and from the multi-cell holder of the 

spectrophotometer that had a different baseline to the block heater. Therefore all baseline 

measurements were performed on the same day as the experiments and sham experiments were 

performed to determine the loss of temperature associated with removing samples periodically.  

 

2.5.3.4 TEMPERATURE AVERAGE– EXPOSURE SYSTEM 3 

To overcome variables (2.5.3.3), the temperature was measured, in triplicate, at the conclusion 

of each experiment for baseline and loss of temperature due to light scattering measurements in 

another instrument (the spectrophotometer). The temperature was determined over 30 minutes 

and plotted for each six-minute period to give a slope from which the temperature for every 0.25 
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minutes was derived. Using the Trapezoid rule, the area under the graph was calculated and 

hence the average temperature.  

 

2.6 LIGHT SCATTERING EXPERIMENTS 

All protein and reagent solutions were prepared on the day of the experiment.  

The spectrophotometer was set to the desired temperature and auto-zeroed. The experiments 

were carried out using pairs of samples. One sample was labelled as “exposed” and the other as 

“control”. The treatment of the exposed and control sample was identical, except that the 

exposed sample received either bursts of microwave pulses every six minutes or had an electric 

field applied. The light scattering was measured at λ 360 every two minutes. 

The details on the light scattering measurements are discussed individually for the different 

exposure systems in sections 2.4.1 and 2.4.2. 

 

2.6.1 STATISTICAL ANALYSIS OF DATA 

For every protein aggregation experiment that was monitored by light scattering, the point of 

inflection in the precipitation graph was used as a point for comparing rates of precipitation. 

Each profile was fitted using a sigmoidal function in SigmaPlot and the point of inflection found 

from the first derivative. The initial slope of the graph, calculated from this point, was 

determined for all exposed and control samples, expressed as the ratio of exposed over control 

and used as a measure of the initial unfolding rate. If the distribution of this ratio is regarded as 

approximately normal, then the null hypothesis states that, for a 5% confidence limit, 95% of all 

exposed samples have the same or a lower initial precipitation rate than the control sample. 

Therefore, the mean (µ) ratio of exposed/control was expected to be< 1 (Ho: µ < 1).  

The alternative hypothesis states that 95% of all exposed samples are likely to have a higher 

initial precipitation rate than the control sample (Alternative hypothesis: HA: µ > 1). The Ho will 

be rejected if the value of t, when applying the one tailed t-test, is exceeded in random sampling 

and the probability P is smaller than 0.05 (Figure 2.24). 
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Figure 2.24: The distribution of a normal population. By applying the t-test, there is 95% confidence that the 
mean of the experimental data lies between the values of –t 0.05 and t 0.05 166. 
 

2.6.2 DIFFUSION OF PROTEINS 

The samples could not be stirred whilst in the multi-cell holder of the spectrophotometer due to 

the interaction of the magnetic stirrers with the microwaves. When the light scattering was 

measured every two minutes, the light beam passed through the cuvette between 13 and 19 mm 

from the base of the cuvette. As initial experiments showed that the SAR in the sample varies 

with sample height, it was important to examine the diffusion of proteins through the sample to 

be able to quantify the SAR in the light scattering experiments. 

The program HYDROPRO 167 was downloaded 168 to calculate the hydrodynamic radius of the 

proteins. The program builds a hydrodynamic model for globular proteins from its atomic co-

ordinates and calculates the radius of a spherical object that has the same drag coefficient, i.e. 

the effective hydrodynamic radius. The atomic coordinates are contained in the crystallographic 

data files that were downloaded from the Protein Data Bank (PDB)135. In cases where no PDB 

file was available for a protein, the file of a related protein was used. 
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2.7 PROTEIN CONFORMATION STUDIES  

2.7.1 ENZYME ACTIVITY ASSAYS 

CITRATE SYNTHASE 

The mitochrondrial enzyme citrate synthase catalyses the conversion between oxaloacetate and 

citrate during the tricarboxylic acid cycle (TCA) from Acetyl-CoA (Figure 2.25): 

 

 

 

 

 

 

 

 

Figure 2.25: Schematic overview of enzymatic role of citrate synthase in the TCA cycle 169.  
 

The reaction is a useful tool in determining the enzymatic activity of citrate synthase when 

catalysing the formation of CoA-SH. The free cysteine in CoA-SH reacts with 5-5'-Dithio-bis-2-

nitrobenzoic acid (Ellmans’ reagent) in a ratio of 4 to 5 moles of –SH 170 per mole of CoA-SH to 

form the yellow thionitrobenzoic acid (TNB) residue which can be detected spectroscopically at 

412 nm. The disappearance of the SH intensity is an indirect measure of citrate synthase activity 

(see Figure 2.16). 

 For the microwave exposure and thermal experiments, the following activity protocol was 

adapted from Buchner et al 148 : 

During a typical light scattering experiment on 3.0 µM CS, 5 µl of the exposed and a 5 µl of the 

control sample was withdrawn at several time points. The aliquots were stored on ice. To each 

sample, after the last aliquots were collected, was added 95 µl of 50 mM Tris buffer, 2mM 
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EDTA, pH 8.0 (TE buffer). The spectrophotometer was set to λ 412, 25oC and was zeroed using 

plastic 1.5 ml cuvettes filled with 1.0 ml of TE buffer. 

The enzymatic reaction was started by adding 20 µl of a diluted aliquot to a previously prepared 

reaction mixture that consisted of: 

930 µl of TE buffer ; 10 µl of 10mM oxaloacetic acid in 50mM Tris (pH not adjusted); 10µl of 

10mM DTNB (in TE buffer); 30 µl of 5mM acetylCoA (in TE buffer). 

The mixture was inverted and the absorbance read every 0.1 seconds. The linear slope of the 

initial increase in absorption was used to calculate the specific activity of CS. The activity, prior 

to exposure, was corrected to 100% activity. 

 

2.8 SUPPLEMENTARY STUDIES ON PROTEINS EXPOSED TO MICROWAVES 

A series of additional experiments were carried out on protein solutions. They are listed in the 

following sections. 

 

2.8.1 EFFECT OF CO2 ON PROTEIN AGGREGATION 

For light scattering experiments in Exposure system 2, four 1.0 ml protein samples (ADH and 

CS) were transferred to quartz cuvettes. To two cuvettes, CO2 was bubbled through the solution 

for a period of ~5 seconds each. The remaining two cuvettes were used as the controls. Of the 

cuvettes containing added CO2, one was exposed to pulsed microwaves and the other was kept 

as a control (see section 2.4.1.2 for the protocol). The experiment was repeated for the two 

samples that contained no added CO2 and which had been kept on ice during the first 

experiment.  

 

2.8.2 EFFECT OF MOLECULAR CROWDING ON PROTEIN AGGREGATION 

Two 1.0 ml solutions of 0.2 mg/ml ovotransferrin in 50mM phosphate buffer, 0.1 M NaCl, pH 

7.0 containing 20% w/v dextran were incubated in the multi-cell holder of the 

spectrophotometer, Exposure system 2, at 45oC. After 3 minutes, both samples were withdrawn 
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as described in section 2.4.1.2. The exposed sample was exposed to 3.2 seconds of 2.45 GHz 

pulses five times at intervals of 6 minutes. The light scattering at 360 nm was measured every 

two minutes. 
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CHAPTER 3  
 

 

TEMPERATURE ASSESSMENT 

The sections in this chapter refer to parts 1, 2 and 3 in Figure 2.12, the six-minute profile for a 

sample exposed to pulsed microwaves in Exposure systems 1, 2 and 3. The calibration of the 

TEM cell with regards to SAR was not undertaken.    

 

3.1 BASELINE TEMPERATURE OF INCUBATORS  (refers to part 1 in figure 2.21) 

 

3.1.1 BASELINE EXPOSURE SYSTEM 1 

For Exposure system 1, the ambient temperature was noted from reading the alcohol 

thermometers close to the position of the cuvettes, which was set at 37 oC. No measurements 

were taken of the solution inside the cuvettes.  

 

3.1.2 BASELINE EXPOSURE SYSTEM 2 

For Exposure system 2, a detailed study was undertaken not only of the temperature at different 

heights of the solutions but also of temperature variations between positions of the multi cell 

holder (spectrophotometer). No difference was found between baseline temperatures of 50 mM 

and 0.1 M buffer solutions or buffers containing 0.1 M salt. However considerable differences 

in temperature were found with respect to the height of the solution and between cells of the 

multi-cell holder. Appendix 7 summarizes the data for each position in the multi-cell holder. 

Cells 5 and 6 of the multi-cell holder were on average warmer over the full height than the other 

cells, with cell 6 being the warmest. The temperature of the solution between 13 and 19mm was 

of particular interest as this is the region that was sampled in light scattering experiments. In 

general, controls were always placed in the cells that were warmer than others. When the 

control was placed in cell 6 and the exposed in cell 2, the difference in average temperature 



Chapter 3 – Temperature assessment 
 

60 

(taking the average values of 13 and 19mm height) was 0.8oC. Thus, to minimize the difference 

in average temperature (over a 6 minute period), a control would be placed in cell 6 or cell 5 

while the sample that was to be exposed would occupy any of the other cells.  Figure 3.1 shows 

graphs of the three temperature regimes that were adopted for this project. The data represent 

the temperature of samples in the six cells of the multi-cell holder of the spectrophotometer, 

over four different sample heights. 

Table 3.1 provides a summary of the buffers and exposure conditions that were studied in detail 

with respect to SAR and position of the cells in the multi-cell holder. For clarity the 

buffer/exposure conditions have been given a systematic Roman number. 

 
 
 

Buffer Amount of 
water in 
plastic box 
in 
microwave 
cavity (ml) 
 

Duration of 
microwave 
pulses (s) 

Buffer/ 
exposure 
conditions – 
systematic 
number 
 

Temperature 
(multi-cell 
holder) oC 

Cells 
used in 
incubator 

80mM phosphate buffer, pH 7.5 
 

550 3.2 I 42 2,3,4,5 

0.1M phosphate buffer, pH 7.0  550 
 

5.0 II 42 2,3,4,5 

0.1M phosphate buffer, 0.1M NaCl, pH 7.0 650 
 

5.0 III 37 2,3,4,5,6 

0.1M phosphate buffer, 0.1M NaCl, pH 7.2 650 
 

5.0 III 45 3,4,5,6 

0.1M phosphate buffer, 0.1M NaCl, pH 7.0 500 
 

5.0 IV 45 3,4,5,6 

 
 
Table 3.1: Overview of buffer and exposure conditions that were used in experiments. For simplicity, the listed 
temperatures are arbitrary.  In general, the software was set 1oC higher in order for the cells to get to the 
required temperature. Furthermore, the temperature differed with sample height (Figure 3.1). 
 

The time to reach the baseline (temperature equilibrium) was determined by placing a cuvette 

containing 1.0 ml of milli-Q water with a fluoroptic probe in the spectrophotometer (the top was 

covered with masking tape). The temperature was measured for up to 20 minutes. Figure 3.2 

shows the temperature profile of two such solutions where the probe was placed 10 mm from 

the base of the cuvette. One cuvette was placed in cell 5 and the other in cell 6 of the 

spectrophotometer of which the temperature was set to be 42oC. The baseline of these cells 

(Appendix 7) at this position is 41.81 +0.11 for cell 5 and 42.03 +0.06 for cell 6. 
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Figure 3.1: Temperature of 1.0 ml of 0.1 M phosphate buffer pH 7 in a quartz cuvette placed in positions 2, 3, 
4, 5, or 6 of the multi-cell holder of the spectrophotometer (data are reported in Appendix 7). For clarity, the 
error bars have not been inserted.  The temperature was measured at 0, 10, 17 and 23 mm from the base of the 
cuvette. The setting of the temperature software was 38oC (A), 43oC (B) and 46oC (C). 
 

position of temperature probe (mm from floor of cuvette)

0 5 10 15 20

Te
m

pe
ra

tu
re

 o C

36.2

36.4

36.6

36.8

37.0

37.2

2

5

6

3

4

position of probe (mm from floor of cuvette)

0 5 10 15 20 25

Te
m

pe
ra

tu
re

 o C

40.5

41.0

41.5

42.0

42.5

2

3

4

5

6

position of probe (mm from floor of cuvette)

0 5 10 15 20 25

Te
m

pe
ra

tu
re

 o C

43.5

44.0

44.5

45.0

45.5

3

4

5

6

A 

B 

C 



Chapter 3 – Temperature assessment 
 

62 

From Figure 3.2 it can be deduced that it took on average 5 minutes for the samples in the 

spectrophotometer to reach equilibrium. It was found to be similar for samples in the other cell. 

 

 

 

 

 

 

 

 

 

Figure 3.2: Profile of baseline temperature for cells 5 and 6 in the multi-cell holder when the software 
temperature was set to 43oC. The temperature was measured 10 mm from the base of the cuvette. The green 
arrow represents the equilibrium temperature that was reached at ~ 5 minutes. 
 

3.1.3 BASELINE EXPOSURE SYSTEM 3 

An initial baseline determination of two cells in the block heater is shown in Figure 3.3. The 

temperature fluctuates in sets of twenty minutes. This pattern was at first attributed to the 

instrument. However on further investigation, it was found that the ceiling fans in the 

instrument room caused the “bumping” effect and when the fans were turned off, the samples in 

the block heater showed a regular temperature profile (Figure 3.3 B). Figure 3.3 B shows that it 

took at least 20 minutes for samples to get to the baseline temperature. Therefore it was not be 

possible to compare aggregation rates of proteins if some samples were heated in the heating 

block while others were heated in the spectrophotometer, which takes on average 5 minutes for 

samples to get to the baseline temperature. To overcome this problem, samples were initially 

equilibrated in the spectrophotometer for 2 to 6 minutes. It was not possible to make this time 

longer as some proteins started to aggregate within several minutes. For an initial 2 minute 

incubation, the time to reach the baseline was thus reduced to 10 minutes (Figure 3.3 C). 

25.0

28.0

31.0

34.0

37.0

40.0

43.0

46.0

0 2 4 6 8 10 12 14 16 18 20

Time (minutes)

Te
m

pe
ra

tu
re

 (o C
)

cell 5
cell 6



Chapter 3 – Temperature assessment 63

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Profile of temperature of 1.0 ml of milliQ water 10 mm from the base of cuvette in cells 1 and 4 of 
heating block when the temperature dial was set to “50oC” with the ceiling fan on (A) and off (B) in the 
instrument room. The diagram of the heating block is viewed from top showing the positions of the cells. C is 
the temperature profile of the sample incubated for 20 minutes in the multi-cell holder of the 
spectrophotometer (C).  
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3.2 SAR MEASUREMENTS (refers to part 2 in figure 2.21)  

The SAR measurements in the TEM cell were calibrated by Telstra for similar volumes as used 

in this project. They are reported as an average SAR value in Chapter 6.  

Following are the experimental results for SAR measurements in Exposure systems 1, 2 and 3: 

A burst of microwave pulses caused a transient temperature increase in the buffer solutions that 

were measured with fluoroptic probes. The temperature increase was found to be dependent on 

the type of buffer. Figure 3.4 is a typical plot of a temperature profile of a buffer over a period 

of exposure. The data, imported to Microsoft Excel, were graphed (grey colour) and the 

trendline (moving average of 5) is shown in red. The maxima and average minima of each 

exposure period were recorded from the trendline and the SAR was calculated from the 

difference between them using the equations given in section 2.5.2.1. Table 3.2 presents the data 

for the 8 pulse periods in Figure 3.4. 

 

 

Figure 3.4: Temperature of a buffer solution exposed to pulsed microwaves during a 50 minute period. 
1.0 ml of 50mM phosphate buffer, 0.1M NaCl, pH 7.0 initially at room temperature, was exposed to 8 periods 
of pulsed 2.45 GHz. Microwave bursts of 5 seconds were applied every 6 minutes. The plastic box in the 
microwave oven contained 550 ml water. The temperature was measured with a fluoroptic probe that was 
positioned at the bottom of the cuvette. The cuvette was placed inside a polystyrene box as described in section 
2.4.1.2. Inset: Pulse period 2, enlarged. The difference in temperature between the rise and fall was noted as 
the change in temperature. 

24.0

25.0

26.0

27.0

28.0

29.0

30.0

0 10 20 30 40
Time (minutes)

Te
m

pe
ra

tu
re

 (o C)

1

2

3

4
5

6 7 8

rise

fall 

   Enlarged (2) 



Chapter 3 – Temperature assessment 65

 
Pulse period Average temperature 

prior to exposure  
(minima) in oC 

Maximum 
temperature after 
exposure (maxima) 
in oC 

Temperature 
difference in oC 

SAR (W/kg) 

1     

2 24.70 26.56 1.86  

3 25.85 27.77 1.92  

4 26.74 28.62 1.88  

5 27.35 29.18 1.83  

6 27.75 29.81 2.06  

7 28.10 30.20 2.10  

8 28.35 30.50 2.15  

∆ T   1.97 + 0.13 22.89 +1.50 

 

Table 3.2 : Data for the temperature rise and fall of the 8 pulse periods in Figure 3.4. 

 

Table 3.2 indicates that the difference between the maximum and minimum temperature became 

larger as the temperature increased. The SAR values reported in this project are based on 

sampling at room temperature only therefore values are an estimated only. See also section 

7.10.1. 

 

3.2.1 RELATIONSHIP BETWEEN CONDUCTIVITY AND SAR 

It was found that the SAR of buffers containing 0.1 M NaCl was higher than the buffers without 

salt which prompted an investigation of the conductivity of all buffers. Figure 3.5 shows how 

the SAR increases for solutions of higher conductivity and Figure 3.6 shows a mathematical 

correlation by fitting the data points with a quadratic polynomial curve. From these data it was 

apparent that the SAR of a solution of 50 mM phosphate buffer containing 0.1M NaCl was at 

least double the SAR for a 50 mM buffer that did not contain salt. The box inside the 

microwave cavity contained 550 ml of water and the pulse (250) duration was 5 seconds. 
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Figure 3.5: Relationship between conductivity (numbers under the bars) and SAR. The buffers were exposed 
to 5 seconds of bursts of 2.450 GHz at six-minute intervals for at least twenty minutes. Unless stated, the 
samples were 1.0 ml phosphate buffer, pH 7 of various concentrations (as indicated under the bars). All 
solutions were initially at room temperature. The temperature was measured at the bottom of the cuvette with 
fluoroptic probes. 
 
 
 

 
 
 
Figure 3.6: Relationship between conductivity and SAR. The data points (Figure 3.5) were fitted with a 
quadratic polynomial curve, using SigmaPlot. 
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3.2.2 RELATIONSHIP BETWEEN SAMPLE HEIGHT AND SAR 

The SAR was established at four different heights in the cuvette (for each buffer), at the base of 

the cuvette (0mm), as well as at 10mm, 17mm and 23 mm from the base. The light beam of the 

spectrophotometer passes through the cuvette between 13 and 19 mm from the base of the 

cuvette (Figure 3.7). To calculate the SAR of the layer in the sample where sampling took place, 

the SAR was derived from the slopes of graphs, by assuming that the SAR between the 10 and 

17 mm, as well as the SAR between 17 and 23 mm followed a straight line (Figure 3.8 A-D). 

The variation over a period of months was examined for every buffer system and the SAR was 

found to vary only slightly by 2 to 4 %. 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.7: The specific absorbance rate (SAR) of the various buffer systems as a function of sample height. 
The SAR of the buffers was calculated as described in section 2.5.1.1. The dotted area on the graph 
corresponds to the area of the cuvette through which the light beam of the spectrophotometer passes. Key: 80 
mM phosphate buffer, pH 7.5, 550 ml water box, 3.2 seconds per pulse period (pp) (__); 0.1 M phosphate 
buffer, pH 7.0, 550 ml water box, 5.0 seconds per pp (- - -);  0.1 M phosphate buffer, 0.1 M NaCl. pH 7.0, 650 
ml water box, 5.0 seconds pp (…..); 0.1 M phosphate buffer, 0.1 M NaCl. pH 7.0, 500 ml water box, 5.0 seconds 
pp (-..-..-..). 
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Figure 3.8: SAR at the position of the light beam (13-19 mm from base of cuvette). Buffer and exposure 
conditions I (A) and II (B) 
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Figure 3.9: SAR at the position of the light beam (13-19 mm from base of cuvette). Buffer and exposure 
conditions III (C) and IV (D) 
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3.3 RELAXATION OF TEMPERATURE TO BASELINE (refers to part 3 of figure 2.21) 

3.3.1 EXPOSURE SYSTEM 2 -EXPERIMENTALLY DERIVED TEMPERATURES  

The temperature and the time (in seconds) of the return of the sample into the incubator (after 

exposure) were established from exposure experiments with buffer solutions. These experiments 

also determined the time it took for the sample to return to the baseline temperature. 

Determinations, in triplicate, were carried out for all buffer/exposure conditions at four different 

heights in the cuvette. Figure 3.10 shows the plot of one set of temperature determinations for 

an exposed and control sample immediately after a pulse of microwaves when the samples were 

being replaced in the multi-cell holder. The data were recorded every second from the time that 

the sample was placed in the multi-cell holder (grey for control sample and blue for exposed 

sample) and were plotted using the Excel program. The data points were fitted to a trendline 

with a moving average of 5 periods (green line for control sample and red line for exposed 

sample).  

 

 

 

 

 

 

 

 

 
Figure 3.10: Temperature profile of an exposed and control sample of 1.0 ml sample of 80mM phosphate 
buffer that was returned to the incubator after one exposure of microwave pulses. The red and green trendline 
(see text) refer to the exposed and control data respectively. The horizontal red (exposed) and green (control) 
lines refer to the time at which the sample was considered at the baseline temperature.  The yellow lines on the 
trendline refer to the baseline examined 10 mm from the base of the cuvette. 
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baseline was considered stable (yellow lines on graph with corresponding drop lines to the time 

points). The temperature and time of the return of the samples to the incubator were noted and 

averaged (this is the “Temperature after sample was returned to cell” in Table 3.3).  

It was observed that the temperature had remained stable for the 15 seconds that it took for the 

sample to be taken from the incubator, placed into the transport box and positioned into the 

microwave oven. Therefore, no correction needed to be made for this step in the experiment. 

(See Table.3.3 “temperature at time zero, immediately prior to exposure”). 

 

  Exposed sample       oC            Time/min 

  Baseline temperature (1)      41.69  5.90 

  Temperature at time zero, immediately prior to exposure (1)  41.69  6.00 

  Temperature immediately after exposure (2)   43.58  6.05  

  Temperature after sample was returned to cell 4 (3)   42.23  6.53  

  Baseline temperature (1)      41.69              10.94 

 

  Control sample       oC            Time/min 

  Baseline temperature (1)      41.81  5.90 

  Temperature at time zero, immediately prior to exposure (1)  41.81  6.00 

  Temperature after sample was returned to cell 6 (2)   40.99  6.53  

  Baseline temperature (1)      41.81              10.00 

 
Table 3.3: Experimental temperatures at specific time points of a 1.0 ml solution of 80mM phosphate buffer, 
pH 7.5, exposed to 3.2 seconds of 2.450 GHz pulses at the start of a six minute period.  The numbers in 
brackets refer to the modules in Figure 2.12. 
 

It should be noted that in these experiments, the temperature of the sample was assumed to be at 

the temperature of the baseline from the start of the experiment. This assumption is valid for the 

comparison of samples that were incubated in the spectrophotometer only and thus, the fact that 

a sample takes 5 minutes in the spectrophotometer to get to the baseline temperature, was not 

deemed important in the six minute average calculations as all samples were affected in the 

same way.  
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Table 3.3 tabulates the experimentally derived temperature for a 1.0 ml sample of 80mM 

phosphate buffer, pH 7.5 that was exposed to 3.2 seconds of 2.450 GHz pulses at the start of a 

six minute period. The cuvette to be exposed was incubated in cell 4 of the multi–cell holder 

and the control cuvette was incubated in cell 5. The temperature was examined at 10 mm from 

the base of the cuvette (see Figure 3.10). The section numbers in brackets refer to the modules 

in Figure 2.12. The period of examination was 6.0 to 12.0 minutes.   

 

3.3.2 EXPOSURE SYSTEM 2 – COMPUTATIONALLY DERIVED TEMPERATURES  

The experimentally derived temperatures (Table 3.3) were plotted in SigmaPlot and fitted with 

an exponential decay function thus enabling the mathematical determination of temperatures 

every 0.25 minutes. 

 

3.3.3 EXPOSURE SYSTEM 2 – AVERAGE TEMPERATURE OVER SIX MINUTES  

Table 3.4 presents all the temperature data in periods of 0.25 minutes. The experimental data are 

in red and the mathematically derived temperature is in black. The temperature was measured at 

a height of 10 mm from the base of the cuvette, for a blank exposed and control sample of 

buffer/exposure condition I (see Table 3.1). The data were plotted in Figure 3.12 and the area 

under the graph was calculated using the Trapezoid Rule. For example, the area for the exposed 

sample at 6.05 minutes was: /2 = 8.623. The data were summed to give an average temperature 

per minute of 41.86 (exposed) and 41.60 (control) oC/min.  

Calculations and temperature plots were established for all the buffer/exposure conditions for 

four heights in the solution in different cells in the incubator to give an average temperature per 

minute based on a six minute exposure period. 

Figures 3.12 to 3.14 present the temperature profiles for samples of four different 

buffer/exposure conditions incubated in cells 4 (exposed) and 5 (control) of the incubator. The 

red and orange lines represent the temperature at the four heights in a sample exposed to 

microwave pulses. The blue and green curves represent the temperature at the four heights in a 

control sample. 
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EXPOSED       CONTROL     

minutes oC area   minutes oC area 

5.5 41.69 10.423   5.50 41.81 10.453 

5.75 41.69 10.423   5.75 41.81 10.453 

6 41.69 2.132   6.00 41.81 10.383 

6.05 43.58 8.623   6.25 41.25 11.514 

6.25 42.65 11.883   6.53 40.99 9.030 

6.53 42.23 9.275   6.75 41.10 10.289 

6.75 42.08 10.508   7.00 41.21 10.315 

7 41.98 10.487   7.25 41.31 10.337 

7.25 41.91 10.473   7.50 41.39 10.357 

7.5 41.87 10.463   7.75 41.46 10.373 

7.75 41.83 10.455   8.00 41.52 10.388 

8 41.81 10.449   8.25 41.58 10.400 

8.25 41.79 10.444   8.50 41.62 10.411 

8.5 41.77 10.440   8.75 41.66 10.420 

8.75 41.75 10.437   9.00 41.70 10.428 

9 41.74 10.434   9.25 41.73 10.435 

9.25 41.73 10.432   9.50 41.75 10.441 

9.5 41.72 10.430   9.75 41.78 10.448 

9.75 41.72 10.428   10.00 41.81 10.453 

10 41.71 10.427   10.25 41.81 10.453 

10.25 41.70 10.425   10.50 41.81 10.453 

10.5 41.70 10.424   10.75 41.81 10.453 

10.75 41.69 7.921   11.00 41.81 10.453 

10.94 41.69 2.501   11.25 41.81 10.453 

11 41.69 10.423   11.50 41.81 10.453 

11.25 41.69 10.423   11.75 41.81 10.453 

11.5 41.69 10.423   12.00 41.81   

11.75 41.69 10.423         

12 41.69       sum 249.590 

  sum 251.182     per minute 41.60 

  per minute 41.86         
 
 
Table 3.4: Experimental (data in red) and mathematically derived (data in black) temperatures over a six 
minute period of a 1.0 ml sample of 80mM phosphate buffer, pH 7.5 that was exposed to 3.2 seconds of 2.450 
GHz at 42oC (buffer and exposure  condition I) compared to a control sample.   
 

The graphs present data over a typical six minute period, starting at 15 seconds before the time 

that the samples were withdrawn from the incubator. It was assumed that the solutions were at 

the baseline temperature. In general it took about 5 minutes to reach this temperature when 

samples, initially at room temperature, were placed in the incubator.  

After the samples were taken from the incubator and placed in a polystyrene transport box to 

either be exposed to pulsed microwaves (exposed sample) or to be placed on the bench (control 

sample), it took about 25 seconds before the samples were returned. 
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The pulsed microwaves induced a short and sharp excursion in temperature. The temperature 

returned to the baseline temperature before the next pulse period.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Temperature profiles of two 1.0 ml 80mM phosphate buffer solutions over a six minute exposure 
period. The temperature was measured at 10 mm from the base of a cuvette. One sample (red line) was 
exposed to pulsed microwaves once (at 6 minutes) and the control sample was left on the bench for the 
duration of the exposure (buffer/exposure condition I).   
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 3.12: Six minute temperature profile of two 1.0 ml buffer solutions (buffer/exposure condition I) that 
were incubated in cell 4 (exposed samples) and cell 5 (control samples).  
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Figure 3.13: Six minute temperature profile of two 1.0 ml buffer solutions (buffer/exposure condition II and 
III-37oC) that were incubated in cell 4 (exposed samples) and cell 5 (control samples).  
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Figure 3.14: Six minute temperature profile of two 1.0 ml buffer solutions (buffer/exposure condition III-45oC 
and IV) that were incubated in cell 4 (exposed samples) and cell 5 (control samples).  
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CHAPTER 4  
 

 

PREPARATIVE EXPERIMENTS 

 

During the course of the project, it became apparent that protein solutions, at times, gave 

conflicting results. For example, new batches of protein stock did not have the same extent of 

precipitation under identical conditions as earlier batches, or when a stock solution was stored 

on ice, it did not precipitate as much as the previous sample. Some of these findings have been 

included in this chapter to highlight the difficulty in comparing results. There were also day to 

day discrepancies which lead to the decision to compare results between experiments in terms of 

the initial ratio (exposed/control) of initial rate of precipitation (see 1.10 and 2.6.1.1).   

 

4.1 ALCOHOL DEHYDROGENASE (ADH) 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 4.1: Effect of storage on ADH unfolding. Two samples of different batches of 0.5 mg/ml ADH, (1mM 
1,10 phenanthroline in 0.1 M phosphate buffer, 0.1 M NaCl, pH 7) were incubated at 37oC, in the multi cell 
holder of the spectrophotometer (pink and brown lines). Only when the protein sample containing the new 
batch was heated to 55oC, did precipitation occur. 
 

It was observed that when a newly purchased batch of ADH was used, the results of aggregation 

experiments differed from previous work. In Figure 4.1 are shown the precipitation profiles of 
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two batches of ADH at 37oC, prepared on the same day. The solution made from the new batch 

did not precipitate. However, when the solution was heated to 55oC, precipitation occurred.  

 

4.2 BOVINE SERUM ALBUMIN (BSA) 

The extent of BSA precipitation was sensitive to the age of the lypholized protein stock and the 

length of time a concentrated solution in buffer was stored (mostly on ice). 

In a preparative experiment, two 1.5 mg/ml samples made from a batch of BSA that had been 

stored in the fridge for more than one year and a batch of BSA that had been stored in the fridge 

for less than a month, were incubated at 45oC, in the presence of 20 mM DTT with or without 

0.1 M NaCl (Figure 4.2).  

 

. 

 

 

 

 

 

 
 
 
 
Figure 4.2: Effect of storage on BSA unfolding. Comparison of the precipitation of an “old” and a “new” batch 
of 1.5 mg/ml  BSA, 20mM DTT in 0.1 M phosphate buffer, pH 7 that was incubated at 45oC, without or in the 
presence of 0.1 M NaCl.  The average temperature of the solutions, during the experiment, is listed on the 
plots. 
 

The precipitation of the new batch of BSA was enhanced only in the presence of salt compared 

to the old batch. When no salt was added to the samples, the precipitation was equal for both the 

old and new batches of BSA. Temperature variation between samples (0.3oC and 0.4oC) was not 

considered to contribute to the differences in aggregation.  
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4.3 INSULIN  

When a concentrated stock solution was prepared from lyophilized powder and stored on ice, 

the extent of precipitation was reduced over time.  

 

 
 
Figure 4.3: Effect of storage on insulin unfolding. 0.25 mg/ml insulin, 20mM DTT in 0.1 M phosphate buffer, 
0.1 M NaCl, pH 8 exposed to 15 pulses of 2.450 GHz at 25oC and at 37oC as indicated on the graph. The SAR 
was 33.22 W/kg (at the position of the light beam). 
 

Figure 4.3 shows the precipitation profile of a sample exposed to pulsed 2.450 GHz at 25oC and 

a sample exposed 90 minutes later at 37oC. The samples were freshly made up to the right 

concentration just before the experiment when DTT was also added. Generally the extent of 

aggregation is greater at higher temperatures as hydrophobic interactions in a protein are 

strongly temperature dependent 171 therefore it was concluded that the stability of the protein 

was affected in a relatively short time. 

 

4.4 PURIFICATION OF α-CRYSTALLIN 

Of the five protein separation experiments undertaken during this project, an average of 75.7 

+42.5 mg of αT was recovered from a 2 lens homogenate. For good separation the column 

needed to be well equilibrated with buffer and at times the column had to be repacked to give 
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well defined peaks. Figure 4.3 shows the profile of individual crystallins after separation of the 

lens homogenate on a Sephacryl S-300 size exclusion column. The HMW and αT were passed 

through the column a second time to give a better separation which is represented in Figure 4.4. 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Typical separation of crystallin proteins (2 calf lenses) by size exclusion chromatography. The 
profile was obtained after the lens homogenate had passed through a size exclusion column once. For 
conditions see section 2.2.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: Separation of α-crystallin on a size exclusion column. The HMW and αT fractions of Figure 4.4 
were pooled and re-loaded on the column to give a better separation. 
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4.4.1 STABILITY OF α-CRYSTALLIN 

The age of stock solutions of α-crystallin and their ability to suppress protein precipitation was 

investigated by incubating 1.5 mg of BSA with three solutions of α-crystallin at a subunit molar 

ratio of 1:0.1 prepared from different stock solutions in buffer (Figure 4.5). The stock solutions 

had been stored in the fridge until preparation. BSA was partially suppressed by all samples. 

However, the sample prepared from the one day old solution was less effective after 24 minutes 

and the sample prepared from the two week old stock solution was least effective after this time. 

α-Crystallin by itself precipitated to an insignificant extent (Figure 4.5).  

 

 

 

 

 

 

 

 

 
Figure 4.6: Suppression of 1.5 mg/ml BSA, 20 mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl by α-crystallin 
at the subunit molar ratio of 1:0.1, incubated at 45oC. The suppression of freshly prepared α-crystallin (light 
blue) was compared to solutions of one day old (orange) and two weeks old (yellow) stock solutions of α-
crystallin. α-Crystallin (0.13 mg/ml) incubated by itself did not precipitate. Inset: α-crystallin with scale 
reduced. 
 

α-Crystallin is thermally stable at temperatures up to 90oC and its chaperone action increases at 

higher temperatures 139,160 .  

 

4.5 LIGHT SCATTERING PROFILES 

Three types of scattering profiles were observed (Figure 4.6) while studying the aggregation and 

precipitation of unfolding proteins as a result of exposure to pulsed microwaves in combination 

with heat, reduction or chelation of an intrinsic metal ion. To avoid a repetitious discussion of 

-0.01

0

0.01

0.02

0.03

0.04

0 0.5 1 1.5 2

0.0

0.2

0.5

0.7

1.0

1.2

1.5

1.7

2.0

0.00 0.50 1.00 1.50 2.00

Time (hr)

Li
gh

t s
ca

tte
rin

g 
at

 3
60

nm

1.5 mg/ml BSA
BSA+" fresh"  a-crystallin
BSA+ one day old a-crystallin
BSA+two week old a-crystallin
0.13 mg/ml a-Crystallin



Chapter 4 – Preparative experiments 
 
 
 

82 

the profiles for each reported experiment, a general description of the process of 

aggregation/precipitation is presented in this section. 

The optical property of a solution is characterized by its refractive index. Light passes through a 

pure solution. However, when the solution contains solid particles or bubbles 172 the refractive 

index changes and light hitting the particles will scatter in all directions 173. The intensity of the 

scattering can be measured spectroscopically. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 4.7: Examples of precipitation profiles of three different proteins that were unfolded by temperature, 
reduction or chelation of an intrinsic metal ion. Letters ares discussed in the text. 
 

Protein aggregation as a result of stress, e.g. heat, involves the following stages 174: 

1. The initial unfolding of protein molecules: 

    UIN ⇔⇔   

where N is the native state, I the intermediate states I1 and I2 and U the unfolded protein (see 

section 1.4). 

2. Nucleation 

Nucleation is a thermodynamically unfavourable process because it results in a loss of 

configuration energy (i.e. decreased entropy) as shown by a positive ∆G in Figure 4.8. 

However, when a sufficient number of stable nuclei are formed, the system reaches a 
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critical stage that favours aggregation and leads to a decrease in the system’s free energy 

(negative ∆G in Figure 4.8) 174; 175: 

     nucleusUnU ↔  

where nU  is the number of unfolded protein molecules participating in the formation of a 

nucleus ( nucleusU ). 

 

 

 

 

 

 

 

 
 
 
Figure 4.8 Free energy change, ∆G, as a function of time, t, for the initial stages of protein aggregation. 
Reproduced from Kurganov 174. 
 

This stage of nucleation is termed the lag phase and is presented in Figure 4.7 as the time 

period in which no light scattering is observed: 

 

3. Aggregation  

At the end of the leg phase, nucleation and aggregation become thermodynamically 

favourable: 

   1+→+ nucleusnucleus UUU  

Nucleation continues 175 and aggregation increases exponentially causing larger particles 

and an increase in light scattering (sigmoidal curves for proteins A and B, Figure 4.7). 
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Protein A in Figure 4.7 starts precipitating immediately which suggests that the lag phase was 

too short to observe. This is conceivable under conditions whereby the hydrophobic collapse of 

secondary structure occurs in seconds 171 The lag phase for protein B was about 6 minutes. Both 

graphs are sigmoidal. After the maximum absorbance, the precipitated particles become too 

heavy and gravitate to the bottom of the sampling cuvette, hence the decrease in absorbance as 

shown on the graph. Protein C aggregates very slowly and the kinetics of this process are 

different from the nucleation-growth model for proteins A and B. The kinetics for protein C 

most likely fit the multimeric polymerization model where growth of the aggregates is by 

association of multimers 171. 
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CHAPTER 5  
 

 

LIGHT SCATTERING EXPERIMENTS 

5.1 MICROWAVE EXPOSURE IN EXPOSURE SYSTEM 1  

 

Exposure system 1 presented severe limitations which are discussed in section 2.4.1.2 (page 41). 

The results of the work carried out in this system have been included in this thesis to high light 

the shortcomings and to provide a basis for the later experiments.  

Experiments in Exposure system 1 (see section 2.4.1.1) were conducted at 37oC. The 

temperature of the samples could not be monitored during an experiment however the ambient 

temperature close to the samples was recorded by reading a thermometer when samples were 

withdrawn and returned from the incubator. Alcohol dehydrogenase (ADH), catalase, citrate 

synthase (CS) and α-lactalbumin were exposed in this system. The samples were taken from the 

incubator at periodic intervals to measure the light scattering at 360 nm. 

 

5.1 APO ALCOHOL DEHYDROGENASE (ADH) 

Figure 5.1 is representative of experiments on 0.5 mg/ml ADH exposed to pulsed microwaves 

in Exposure system 1 at 37oC. The rate of initial precipitation of the exposed sample in this 

particular experiment (0.45 A360hr-1) was much greater than the control (0.04 A360hr-1) and the 

extent of precipitation was greater compared to the control. 

A sham exposure on 0.5 mg/ml ADH, 1mM 1,10 phenanthroline in 0.1 mM phosphate buffer, 

0.1 M NaCl, pH 7 showed that the control precipitated at a faster rate than the sham exposed 

(Figure 5.2). The temperature inside the microwave oven was found to be ~ 1oC higher than in 

the incubator. 

In comparing the sham experiment with a typical exposure and considering that the sham 

exposed sample was at least 1oC warmer, the difference between the exposed and  
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Figure.5.1: Exposure of 0.5 mg/ml ADH at 37oC (0.1 M phosphate buffer, 0.1 M NaCl, 1mM 1,10 
phenanthroline, pH 7) to 3.2 seconds of pulsed 2.450 GHz every 6 minutes, for 20 hours at 37oC.  For clarity, 
data for only the first 7 hours are shown. 
 

 

 

 

 

 

 

 

 

 

Figure 5.2: Sham exposure experiment on 2 x 1.0 ml of 0.5 mg/ml ADH in 0.1 M phosphate buffer, 0.1 M NaCl, 
1mM 1,10 phenanthroline, pH 7 at 37oC. One sample was placed in the non-operational microwave oven while 
another sample was placed in the incubator on the shelf beneath the microwave oven. Temperature readings 
showed that the environment of the sample in the microwave oven was on average 1oC warmer than the 
“control”. 
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control sample with respect to initial rate of precipitation and the extent of precipitation was 

much greater than in the sham experiment. The ratios of the initial rate were 0.50 

(exposed/control) for the sham experiment (control/exposed 1.99) compared to 10.5 for the 

exposure experiment (exposed/control). The SAR for this particular experiment was calculated 

to be 10.3 W/kg. Therefore, the effect of the microwave exposure was considered significant. 

 

5.2 CATALASE  

When catalase, at a concentration of 0.4 mg/ml, was exposed to pulsed 2.450 GHz for up to 30 

hours, the exposed sample started to precipitate more than the control after four hours (Figure 

5.3). The extent of precipitation was also increased. The SAR was estimated to be 10.33 W/kg. 

 

 

 

 

 

 

 

 

 
 
Figure.5.3: Exposure of 0.4 mg/ml catalase in 0.1 M phosphate buffer, pH 7 at 37oC to 3.2 seconds of pulsed 
2.450 GHz every 6 minutes, for 30 hours.  
 

As the temperature inside the microwave oven was ~ 1oC higher than in the incubator (section 

5.1) the enhancement of precipitation was likely to be due to the temperature difference.  

When the concentration was almost doubled to 0.8 mg/ml, the precipitation increased gradually 

over hours, no plateau was reached after 30 hours (Figure 5.4). It had been anticipated that 

aggregation would occur faster because of the two fold concentration. Two samples were 

simultaneously exposed; the SAR was estimated to be 10.33 and 11.03 W/kg. The initial rate 
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and extent of the exposed samples were significantly greater than the control samples. The rate 

of aggregation/precipitation of the sample that was exposed to 10.33 W/kg accelerated sharply 

after 18 hours. This sample and the control were taken from the incubator every 36 minutes for 

light scattering measurements while the sample exposed to 11.03 W/kg was withdrawn every 18 

minutes. The amount of precipitation of the two control samples was similar. The only 

difference between the two exposed samples was the rate of withdrawal of the cuvettes for 

spectroscopic measurements and a difference of 1.00 W/kg in SAR.  

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 5.4: Exposure of 0.8 mg/ml catalase in 0.1 M phosphate buffer, pH 7 at 37oC to 3.2 seconds of pulsed 
2.450 GHz every 6 minutes, for 30 hours. The sample exposed to 10.33 W/kg and the corresponding control 
were withdrawn from the oven every 36 minutes compared to the exposed at 11.03 W/kg and its corresponding 
control that were withdrawn every 18 minutes. 
 

The calculation of the SAR was based on a one off calibration (see section 2.5.2.1) and it seems 

therefore plausible that one sample was exposed to more energy than initially calibrated 

especially as the precipitation of the controls was identical and they were treated in a similar 

way to the exposed samples. 
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5.3 CITRATE SYNTHASE (CS)  

Citrate synthase incubated at 37oC and at a concentration of 0.2 mg/ml and 0.4 mg/ml showed 

an enhanced aggregation/precipitation in the exposed samples as compared to the controls. 

Sham experiments (Figure 5.5) showed that this enhancement was due to temperature 

differences in the sample environment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: Sham exposure experiment on 2 x 1.0 ml of 0.2 mg/ml CS at 37oC. One sample was placed in the 
non-operational microwave oven inside the incubator while another sample was placed in the incubator on the 
shelf below the microwave oven. Temperature readings showed that the sample in the microwave oven was on 
average 1oC warmer than the control. 
 

Figure 5.6 A shows the aggregation profile of a 1.0 ml sample of 0.2 mg/ml citrate synthase 

maintained at 37oC that was measured for light scattering every 20 minutes for 8 hours. The 

result for a sample at double this concentration is presented in Figure 5.6 B. The activity assay 

for the 0.4 mg/ml CS concentration shows that the exposed sample had lost 25% more activity 

than the control sample (Figure 5.7). After 90 hours the difference was even more profound. 

The activity of the control sample was 77% compared to the exposed sample of 8% activity. 

The SAR for the 0.2 mg/ml experiment was estimated to be 10.33 W/kg and for the 0.4 mg/ml 

sample 11.03 W/kg, which would suggest a transient temperature increase in the exposed 

sample of 0.9oC every six minutes. 
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Figure 5.6: 1.0 ml of 0.2 mg/ml (A) and 0.4 mg/ml (B) CS in 80mM phosphate buffer was exposed to pulsed 
microwaves of 3.2 seconds duration every six minutes for 43 hours (A) and 92 hours (B). The exposed sample 
was kept in the microwave oven that was placed in an incubator at 37oC and the control sample was incubated 
in a dry oven also at 37oC. The temperature was measured by reading a thermometer that was placed directly 
next to the cuvette. A variation of up to 1oC between incubators may have occurred. For clarity only the first 
eight hours are shown 
 

An activity assay on the 0.4 mg/ml exposed and control sample of Figure 5.6 B showed that the 

activity of the control sample at 37oC was 86% after 4 hours compared to 60% for the exposed. 

The data suggest that the difference in precipitation and enzyme activity between exposed and 

control samples was due to the difference in temperature alone. The low absorbance values 

indicate that only a small percentage of proteins precipitated. 
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Figure 5.7: The enzymatic activity of 0.4 mg/ml CS samples (Figure 5.6B) at 37oC.  
 

5.4 REDUCED APO Α-LACTALBUMIN  

Figure 5.8 shows the precipitation profile of a 1 mg/ml sample of reduced apo α-lactalbumin 

that was exposed to pulsed 2.450 GHz for 25 hours at 37oC. No EDTA was used and the buffer 

did not contain salt (see section 2.2.6). The experiment was repeated with similar results on 2 

mg/ml apo α-lactalbumin. 

The average temperature in the microwave oven was 36.9oC and in the incubator where the 

control sample was placed, 36.7oC. The SAR was estimated to be 11.03 W/kg (at the base of the 

cuvette). The initial rate and extent of precipitation were both enhanced for the exposed sample. 

The microwave exposure caused a transient increase in temperature (base of cuvette) of ~ 1oC 

which most probably caused the enhancement of precipitation (SAR 11.03 W/kg).  

In an acidic solution at pH 2, α-lactalbumin exists in a molten globule conformation that has 

significant secondary structure but no tertiary structure176; 177. Two samples of α-lactalbumin, 3 

mg/ml and 6 mg/ml were incubated at 37oC and exposed to pulsed 2.450 GHz. Light scattering 

at 360 nm was measured every 2 hours for the first 7 hours and after this only periodically until 

47 hours after the experiment (Figure 5.9). The cuvettes were inverted prior to light scattering 

measurements. 
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Figure 5.8: 1 mg/ml apo α-Lactalbumin (no EDTA) in 50 mM phosphate buffer, 20 mM DTT, pH 7 exposed to 
pulsed 2.450 GHz at 37oC. 
 

 

 

 

 

 

  

 

 

 

 
 
 
 
Figure 5.9: 3 and 6 mg/ml α-Lactalbumin, in 0.1 M HCl, 0.1 M NaCl, pH 2 was exposed to pulsed 2.450 GHz, 
every 6 minutes for 45 hours. Cuvettes were inverted prior to light scattering measurements at 360 nm.  
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The exposed sample of 6 mg/ml precipitated at a much faster rate than the control sample. The 

transient temperature rise (2.7oC at the base of the cuvette) in the exposed sample was effective 

in enhancing the precipitation. After 20 hours the precipitation had peaked whereas the 

maximum for the control sample was only reached after 45 hours. The extent of precipitation for 

both samples was similar. The 3 mg/ml samples did not precipitate even after 45 hours. The 

transient temperature rise was 2.0oC at the base of the cuvette. The SAR for the exposed sample 

containing 3 mg/ml was 23.6+0.6 W/kg and 31.0+0.5 W/kg for the 6 mg/ml sample (base of the 

cuvette).  

 

5.5 SUMMARY OF RESULTS 

The main limitations of Exposure system I were the temperature difference between the oven 

cavity and the incubator and the uncertainty about the temperature of the samples during the 

experiment. For example, it was not established how long it took a sample to reach the ambient 

temperature of the oven environment; what the temperature loss was after a sample was 

measured for light scattering, or the increase in temperature from a pulse period of exposure.  

Nevertheless following sham experiments which corrected for temperature difference, it could 

be demonstrated, that exposed ADH precipitated faster and to a larger extent than the control 

sample. The SAR was believed to be 10.3 W/kg which converts to an increase in temperature 

every six minutes of 0.9oC. 

The enhancement in precipitation of the exposed samples of catalase, citrate synthase and 

reduced apo α-lactalbumin (no EDTA) was attributed mainly to the difference in temperature 

between the oven cavity and the incubator. 

The experiments in this chapter were important in that they underpinned the shortcomings of 

Exposure system 1. The experimental results have been included in this thesis as a comparison 

to the experiments undertaken in the other exposure systems. 
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CHAPTER 6  
 

 

LIGHT SCATTERING EXPERIMENTS 

MICROWAVE EXPOSURE IN THE TRANSVERSE ELECTROMAGNETIC MODE 

(TEM) CELL 

 

The use of this exposure system was granted for a limited period during the project. It provided 

an opportunity to expose samples to pulsed microwaves with very low energy that at most 

elevated the temperature of a sample by 0.05oC at every pulse. 

Alcohol dehydrogenase (ADH) solution was exposed to pulsed microwaves of 900 MHz, for 

576 µs, every 4.6 ms in a transverse electromagnetic mode (TEM) cell at 37oC. The 

experimental details are described in section 2.3.2 . 

 

6.1 APO ALCOHOL DEHYDROGENASE (ADH) 

The TEM cell was designed to hold two Falcon© tissue culture flasks of volume 25 ml into a 

mould inside the cavity of the cell. Experiments in the laboratory at the Centre of Immunology, 

St. Vincent’s Hospital, were routinely executed on 6.0 ml of buffer and SAR calibrations on this 

volume were well established in a collaboration with Telstra Research Laboratories.  

To monitor samples for light scattering measurements, the exposure system needed to be 

paused, the screws on the TEM cell undone, the flasks removed and 1.0 ml aliquots withdrawn 

for spectroscopic analysis. This procedure introduced many variables such as significant 

temperature fluctuations and physical disturbance of the solutions. Figure 6.1 shows the result 

of a mock experiment in the laboratory when a solution of 6.0 ml of 0.5 mg/ml ADH contained 

in a flask was exposed in the microwave oven (Exposure system I) to pulsed 2.450 GHz. At 

intervals of half an hour, 1.0 ml was withdrawn and measured at 360 nm, in the 

spectrophotometer. The aim of the experiment was to examine if the variables of temperature 

and sample disturbance had much of an effect on the precipitation of the unfolding protein. 
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Figure 6.1: Exposure of large volume of ADH to pulsed microwaves (Exposure system I). 6.0 ml of 0.5 mg/ml 
ADH (1mM 1,10 phenanthroline in 0.1 M phosphate buffer, 0.1 M NaCl, pH 7) was placed in a 25 ml flask that 
was exposed to pulsed 2.450 GHz at 37oC for 7 hours. The microwave pulses were of 3.2 seconds duration. An 
identical solution was kept in the incubator. At  half an hour intervals, 1.0 ml was withdrawn from the 
solutions and placed into quartz cuvettes. The samples were taken to a spectrophotometer to measure the light 
scattering in the solutions. The aliquots were then returned to the flasks and the exposure was resumed. 
 

The SAR was not determined for the mock experiment. The control sample did not precipitate 

much as can be seen from the low absorbance at 360 nm, however the exposed sample 

precipitated significantly. Compared to the experiments of Figure 5.1 a slower precipitation rate 

was observed.  

For the TEM cell experiments, two 6.0 ml solutions of 0.5 mg/ml ADH in 0.1 M NaCl, 1 mM 

1,10 phenanthroline, 0.1 mM phosphate buffer, pH 7, were transferred to separate tissue flasks. 

The depth of the volume was 4 mm. One solution, the “exposed”, was exposed in the TEM cell 

for four hours to pulsed 900 MHz (pulses occurred every 4.6 ms that lasted 576 µs) while the 

“control” was placed inside the same incubator underneath the TEM cell. Figure 6.2 shows the 

precipitation of the ADH solutions over time as measured by light scattering. 

Every hour the exposure was paused and 1.0 ml was withdrawn from the solutions for light 

scattering measurements. Thereafter, aliquots were returned to the flasks and the exposure was 

resumed. This procedure took on average six to eight minutes.  
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Figure 6.2: Exposure of ADH in TEM cell. 6.0 ml of 0.5 mg/ml ADH (1mM 1,10 phenanthroline in 0.1 M 
phosphate buffer, 0.1 M NaCl, pH 7) to pulsed 900 MHz in a TEM cell at 37oC for 4 hours. An identical 
solution was incubated at 37oC (control).   
 

The pH of the solutions was measured after termination of the experiment and was found to be 

pH 6.9 for exposed as well as for control. The SAR of the solution was calculated from the 

formula in reference 178 to be 0.50 W/kg on the bottom and middle of the dish or 0.21 W/kg 

average throughout the solution.  

 

 

 

 

 

 

 

 

 
Figure 6.3: Exposure of 6.0 ml of 0.5 mg/ml ADH (1mM 1,10 phenanthroline in 0.1 M phosphate buffer, 0.1 M 
NaCl, pH 7) to pulsed 900 MHz at 37oC for 6 hours An identical solution was incubated at 37oC. The 
experiment was repeated in the presence of α-crystallin at a subunit molar ratio of 1: 2. The CO2 supply to the 
incubator was disconnected. 
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The experiment was repeated and followed by an experiment on ADH in the presence of a 1: 2 

subunit molar ratio of α-crystallin (Figure 6.3). The experimental conditions were identical with 

the exception that the CO2 source was turned off to keep to the same conditions the same as in 

Exposure system I (see 2.4.1.1). A thermometer was placed in the incubator and the temperature 

was read before the flasks were removed and when they were returned. The temperature of the 

incubator dropped at times 1.5oC, however, the temperature of the solutions was not monitored 

(Figure 6.4).  

The difference in initial rate and the extent of precipitation between an exposed and control 

sample was completely reversed when the CO2 was turned off.  

 
 

 

 

 

 

 

 

 

Figure.6.4: Profile of temperature in the incubator. The temperature was read before (closed triangles) 
removing the flasks for spectroscopic measurements and after (open triangles) they were returned.  
 

α-Crystallin significantly suppressed precipitation of ADH for exposed and control samples. 

The exposed sample had precipitated marginally more than the control.  

A sham experiment was performed to establish the aggregation/precipitation profile of the 

protein under non-exposure conditions in the TEM cell and the incubator. The amplitude, pulse 

and signal generators were turned off and all other conditions were equal to the previous 

experiment (no CO2 supply). Figure 6.5 shows the result of the sham experiment. The sample in 
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the incubator precipitated faster than the sample in the TEM cell which was the opposite result 

as found in Figure 6.2 but similar to Figure 6.3 

 

 

 

 

 

 

 

 
 
 
Figure 6.5: Sham experiment in which one sample of 6.0 ml of 0.5 mg/ml ADH, 1mM 1,10 phenanthroline, in 
0.1 M phosphate buffer, 0.1 M NaCl, pH 7 was placed inside the TEM cell (not operational) and another in the 
incubator below the TEM cell, at 37oC for 4.5 hours. The CO2 supply to the incubator was disconnected. 
 

For exposed samples, the SAR at the bottom of the flask was estimated to be 0.5 W/kg which 

corresponds to a temperature increase of 0.04 oC. The temperature increase, every 4.6 ms was 

considered insignificant in enhancing the aggregation and precipitation of ADH. The sham 

experiment established that a sample in the incubator (control) precipitates faster than a sample 

in the TEM cell (exposed) and therefore the result of the experiment in Figure 6.2 was 

inconsistent (see also Figure 6.3 and 6.5). 

It was speculated that the presence of CO2 gas may have interfered with the microwave 

exposure and amplified the effect.  

In chapter 10 are presented the results on the aggregation of ADH solutions through which CO2 

was bubbled. 
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6.2 SUMMARY OF RESULTS 

The experimental arrangements of the TEM cell were not specifically designed for light 

scattering experiments as proposed in this project. One of the draw backs was that each time the 

samples needed to be taken out for light scattering measurements, the door of the incubator door 

had to be opened for at least a few minutes as the tiny screws of the TEM cell were undone. 

Following this procedure the exposed and control samples were both taken to the bench and an 

aliquot was withdrawn from both samples for spectroscopic analysis. Therefore, the temperature 

fluctuations in the incubator (Figure 6.1) and of the samples were substantial and they were not 

studied. 

The results of the experiments in the TEM cell can therefore not be analysed in a quantitative 

manner. The unexpected finding that an exposed sample of ADH, which was placed in a cooler 

environment than the control (Figures 6.3 and 6.5), precipitated faster than the control (Figure 

6.2) was attributed to the CO2 gas in the incubator which had accidentally been left on for that 

experiment. The possibility that a mutual effect of CO2 and microwaves increased the kinetics of 

protein unfolding was further investigated in Chapter 9. 
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CHAPTER 7  
 

 

LIGHT SCATTERING EXPERIMENTS 

MICROWAVE EXPOSURE IN EXPOSURE SYSTEM 2 

 

The experimental conditions for Exposure system 2 are described in section 2.4.1.2. This system 

enabled a range of experimental temperatures to be utilised. The choice of temperature was 

based on the response of the target protein to the applied stresses in terms of time. 

The following proteins were studied in Exposure system 2: Alcohol dehydrogenase, Bovine 

serum albumin, catalase, citrate synthase, insulin, α-lactalbumin, lysozyme and ovotransferrin. 

Experimental results are presented and discussed for each protein.  

The statistical analyses of the results are presented in section 7.10. Small differences in the 

average temperature between exposed and control samples are discussed in section 7.11. 

 

7.1 ALCOHOL DEHYDROGENASE (ADH)  

Each of the four chains of ADH covalently binds a Zn2+ ion (section 2.2.1.1). Experiments were 

performed on two forms of ADH with respect to the binding of zinc. When the zinc atom is 

chelated (by 1,10 phenanthroline), the protein is in the apo form while holo ADH relates to the 

Zn2+ bound form of the protein. 

 

7.1.1. APO ADH AT 37OC 

To study the effect of small temperature differences between cells in the incubator (see section 

3.1.2), four samples of 0.5 mg/ml apo ADH were incubated at 37oC in the multi-cell holder of 

the spectrophotometer (Figure 7.1). 

The initial rate of precipitation (section 2.6.1.1) of the four samples is presented in Table 7.1. 

The ratio of the largest over the lowest rate was 1.42. Although the temperature of the solution 
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in, for example, cell 6 was 0.3oC higher than in cell 4, this difference did not correspond to a 

higher initial rate of precipitation. In fact it was lower (Table 7.1).  

 

 

 

 

 

 
 
 
Figure 7.1: Incubation of four 1.0 ml samples of 0.5 mg/ml ADH (1mM 1,10 phenanthroline in 0.1 M 
phosphate buffer, 0.1 M NaCl, pH 7) at 37oC. The samples were placed in four different positions in the multi-
cell holder of the spectrophotometer. 
 

Cell Initial rate of ppt. 
(A360hr-1) 

Average temperature (oC) 
at 13.5 mm from base of 
cuvette 
 

3 0.36 36.83 +0.07 

4 0.37 36.76 +0.12 

5 0.41 36.95 +0.12 

6 0.29 37.04 +0.20 

 

Table 7.1: Temperature of samples in cells 3,4,5 and 6 of spectrophotometer and the initial rate of 
precipitation of the 0.5 mg/ml ADH samples that were incubated in these cells. 
 

In repeat experiments, the variations between cells in terms of ratios (initial rate of 

precipitation) was around 1.20 (highest rate/ lowest rate). This indicates that the initial 

nucleation in the aggregation of ADH is subject to random variation.  

Figure 7.2 represents routine experiments on 0.5 mg/ml ADH, 1 mM 1,10 phenanthroline, in 0.1 

M phosphate buffer, 0.1 M NaCl, pH 7 at 37oC exposed to 3.2 seconds of pulsed 2.450 GHz, 

every six minutes. The SAR for the experiment was 33.2 W/kg (at the position of the light beam 

of the spectrophotometer, where the sampling occurs, see section 3.2.2). 
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Figure 7.2: 0.5 mg/ml ADH (1mM 1,10 phenanthroline, in 0.1 M phosphate buffer, 0.1 M NaCl, pH 7) 
incubated at 37oC and exposed to 12 pulse periods (5 seconds duration) at 6 minutes intervals of 2.450 GHz 
with or without the presence of α-crystallin at the indicated subunit molar ratios. The average temperature 
over six minutes was 37.6oC (exposed) and 36.8oC (control) and for the α-crystallin experiments, molar ratio 
1.0 : 0.5, 37.5 oC (exposed) and 36.7oC (control). The pulse duration for the experiment on ADH in the presence 
of α-crystallin at 1: 2 ratio was 3.2 seconds (no temperature profile available). 
 

The average temperature of the samples, measured at the position of the light beam, was 37.6oC 

and 36.8oC for exposed and control respectively and the ratio of exposed/control (initial rate of 

precipitation) was 1.14 for this particular experiment. α-Crystallin suppressed precipitation of 

ADH at the subunit molar ratio of 1:2 for both exposed and control samples. When the ratio was 

1:0.5, the precipitation was partly suppressed; however, the control was more suppressed than 

the exposed. 

Of the eleven exposure experiments performed in Exposure system 2 with ADH, the average 

ratio exposed/control (initial rate of precipitation) was 1.52. Statistical analysis showed that the 

ratio exposed/control was > 1 ( P<0.0005). 

 

7.1.2 EFFECT OF NUMBER OF PULSE PERIODS ON PRECIPITATION 

As ADH aggregates and precipitates fast under the conditions used, the rate of precipitation was 

calculated within the first thirty minutes of the experiments. Usually, the sample was calibrated 
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in the incubator for two minutes prior to exposure. Therefore, there were only four pulse periods 

in the first thirty minutes. To establish if the number of pulse periods had an effect on the initial 

rate of precipitation, ADH was exposed to three different pulse periods. Figure 7.3 shows the 

precipitation of apo ADH exposed to 2, 8 and 15 pulse periods compared to a control. The SAR 

was not calculated for this experiment (for 5 second duration of pulse periods the SAR was 33.2 

W/kg (measured at the position of the light beam)). 

 

 

 

 

 

 

 

 

 

Figure 7.3: Exposure of 0.5 mg/ml ADH (1mM 1,10 phenanthroline in 0.1 M phosphate buffer, 0.1 M NaCl, 
pH 7) to 2, 8 or 15 pulse periods (each of 3.2 seconds duration) at 6 minutes intervals of 2.450 GHz at 37oC.  
 

The ratios of the initial rates of precipitation (exposed/control) were 1.31, 1.39 and 1.38 for the 

2, 8 and 15 pulse periods respectively. The initial rate was calculated within the first thirty 

minutes of the experiment (four pulse periods). After this time, the samples exposed to 8 and 15 

periods of 2.450 GHz pulses, precipitated faster than the sample exposed to only 2 periods of 

pulses. Therefore, it can be concluded that, in terms of initial rate of precipitation, 2 pulse 

periods were sufficient to cause the difference between exposed and control samples. 

 

7.1.3 HOLO ADH AT 45OC AND 60OC 

To determine if the native form of yeast ADH (with bonded Zn atom) could be affected by a 

transient temperature increase compared to a control at constant temperature, a 0.5 mg/ml 
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solution of holo ADH in 0.1 M phosphate buffer, pH 7 was exposed to pulsed microwaves at 

45oC and 60oC (Figures 7.4 and 7.5). The SAR was not calculated for these experiments.  

The average temperature over six minutes was 44.9oC for the exposed sample, 44.3oC for the 

first control and 45.2oC for the second control. The ratio exposed/control 1 was 1.81 and for 

exposed/control 2 the ratio was 1.02. 

 

 

 

 

 

 

 

 

 

Figure 7.4: Exposure of 0.5 mg/ml ADH in 0.1 M phosphate buffer, pH 7 to 7 pulse periods at 45oC (4 seconds 
duration) of 2.450 GHz. The average temperature over six minutes was 44.9 (exposed), 44.3 (control 1) and 
45.2oC (control 2). 
 

The difference in temperature between the two controls was 0.9oC, which may explain the 

significant difference exposed/control ratio. Precipitation at 60oC was rapid and almost 

immediate (Figure 7.5). The average temperature over six minutes was not established for this 

experiment but as the same cell holders were used as in the experiment at 45oC, it may be 

assumed that there was a similar temperature difference between control 1 and 2. The ratio 

exposed/control 1 was 1.07 and the exposed/control 2 ratio was 0.95.  

The increase in temperature from 45oC to 60oC increased the kinetics of unfolding (as 

demonstrated by the rate and extent of precipitation) but the microwave induced temperature 

incursion did not make a significant difference in the rate of precipitattion compared to the 

control at a similar average temperature.  
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Figure 7.5: Exposure of 0.5 mg/ml ADH in 0.1 M phosphate buffer, pH 7 to 4 pulse periods (4 seconds 
duration) at 6 minutes intervals of 2.450 GHz at 60oC.  
 

It can therefore be concluded that although holo ADH was destabilised by increasing the 

temperature, the microwave exposure, in this particular experiment had no effect. 

 

7.2 BOVINE SERUM ALBUMIN (BSA)  

The structure of BSA is severely weakened when the disulphide bonds, of which BSA has 

seventeen, are reduced. The experiments carried out on this protein were on both forms: 

oxidised BSA and reduced BSA. 

 

7.2.1 REDUCED BSA AT 45OC 

To study the effect of small temperature differences between cells in the incubator (see section 

3.1.2), four samples of 1.5 mg/ml BSA were incubated at 45oC in the multi-cell holder of the 

spectrophotometer (Figure 7.6). The initial rate of precipitation of the four samples is presented 

in Table 7.2. The ratio of the largest over the lowest rate was 1.14. The difference between the 

highest (cell 6) and lowest temperature (cell 3) was 0.7oC; however, the rates do not correlate 

with the variation in solution temperature (Table 7.2). Figure 7.7 represents routine experiments 

on 1.5 mg/ml BSA, 20 mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl, pH 7 at 45oC exposed 
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to pulsed 2.450 GHz, every six minutes. The SAR for this particular set of experiments was 

58.2 W/kg (position of the light beam). The ratio of the exposed over the control sample in 

terms of initial rate of precipitation was 1.16 for the sample that contained BSA only.  

 

 

 

 

 

 

 

 

Figure 7.6: Incubation of four 1.0 ml samples of 1.5 mg/ml BSA, 20 mM DTT in 0.1 M phosphate buffer, pH 7 
at 45oC. The samples were placed in four different positions in the multi-cell holder of the spectrophotometer. 
 

 

 

Cell Initial rate of ppt 
(A360hr-1) 

Average temperature (oC) 
at 13.5 mm from base of 
cuvette  
 

3 2.59 44.51 +0.25 

4 2.36 44.87 +0.21 

5 2.71 44.93 +0.24 

6 2.55 45.20 +0.17 

 

Table 7.2: Temperature of samples in cells 3, 4, 5 and 6 of the spectrophotometer and the initial rate of 
precipitation of the 1.5 mg/ml BSA samples that were incubated in these cells. 
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Figure 7.7: 1.5 mg/ml BSA, 20mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl, pH 7 incubated at 45oC and 
exposed to pulsed 2.450 GHz at six minute intervals without or in the presence of α-crystallin in subunit molar 
ratios as indicated on the graph  The pulse periods lasted 5 seconds each; a total of 10 pulse periods (BSA, no 
α-crystallin), 15 pulse periods (ratios 1.00: 0.05 and 1.0: 0.1) and 11 pulse periods (ratio 1.0: 0.5) were applied 
to the “exposed” sample.  
 

Statistical analysis on the ratios of the five experiments indicated that the ratio exposed/control 

was not significantly greater than 1 (P>0.25) hence microwave exposure under the conditions 

set out above, did not enhance the rate of precipitation of BSA (1.5 mg) at 45oC. α-Crystallin 

suppressed precipitation significantly but at the molar ratio of 1.00: 0.05, the control was more 

suppressed than the exposed sample. The ratio exposed/control was 1.28 in this case. However, 

at the molar ratio BSA: α-crystallin, 1.0: 0.1 the suppression for the control and exposed sample 

was equal. At a molar ratio of 1.0: 0.5 precipitation was wholly suppressed for control and 

exposed samples. The average temperature (see section 3.3.3) over a six minute period was: 

45.3oC (exposed) and 44.6oC (control). 

 

7.2.2 REDUCED BSA AT HIGH CONCENTRATION, 37OC 

de Pomerai et al reported 118 that exposure of high concentrations of BSA (75 mg/ml) to 

continuous wave 1.0 GHz at 37, 40 and 45oC caused a significant enhancement in light 

scattering compared to shielded samples. The high concentration was chosen so that it would 

increase the chances of collision between partly unfolded molecules that would lead to 
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irreversible aggregation and thus to increased light scattering. It was therefore of interest to 

determine if pulsed microwaves would have a similar effect. 

When 50 mg/ml BSA, 20 mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl, pH 7, was 

incubated at 37oC and exposed to five pulse periods of 2.450 GHz, at a SAR of 33.2 W/kg, the 

sample precipitated greatly after 9 minutes and by 28 minutes the exposed sample had turned to 

a gel (Figure 7.8). The control sample did not precipitate at that stage. No repeat experiments 

were performed. 

Thus, by reducing the disulphide bonds of BSA and increasing the concentration more than 30 

fold over previous experiments, the exposed sample rapidly precipitated out of solution at 37oC. 

The control however did not start to precipitate until after 0.5 hours and the extent was much 

smaller than the experiment in Figure 7.7 at 45oC. 

 

 

 

 

 

 

 

 

 

Figure 7.8: Exposure of 50 mg/ml BSA, 20mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl, pH 7 at 37oC to 5 
pulse periods of 2.450 GHz at 6 minute intervals. Each pulse period lasted 5 seconds.  
 

7.2.3 OXIDISED BSA AT HIGH CONCENTRATIONS, 50OC AND 60OC 

Two experiments were carried out on 45 mg/ml BSA in 0.1 M phosphate buffer, pH 7. In one 

experiment, the exposed sample, incubated at 50oC (Figure 7.9) was subjected to fifteen pulse 

periods at six minute intervals. The SAR was not determined for these experiments but was 

expected, on the basis of the conductivity of the buffers (section 3.2.1), to be smaller than the 
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samples in Figure 7.7. BSA proved to be quite stable in the non-reduced form even when 

samples were more than 30 times as concentrated as in section 7.2.1. At 50oC only a small 

population of BSA molecules aggregated as can be deduced from the aggregation profile in 

Figure 7.9. At 60oC aggregation was much more enhanced but there was no difference between 

the exposed and control samples (Figure 7.10) indicating that the transient temperature 

incursions did not have an effect on the aggregation of non-reduced BSA at high concentrations. 

 

 

 

 

 

 

 

 

Figure 7.9: Exposure of 45 mg/ml BSA in 0.1 M phosphate buffer, pH 7 at 50oC to 15 pulse periods of 2.450 
GHz at 6 minute intervals. Each pulse period lasted 5 seconds. The water box inside the microwave oven 
contained 650 ml water. 
 

 

 

 

 

 

 

 

 

Figure 7.10: Exposure of 45 mg/ml BSA in 0.1 M phosphate buffer, pH 7 at 60oC to six pulse periods of 2.450 
GHz at 6 minute intervals. Each pulse period lasted 3.2 seconds. The water box inside the microwave oven 
contained 750 ml water as opposed to 500 ml in other experiments on BSA. 
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In comparing reduced and oxidised BSA at high concentrations, the most profound difference 

was found in the reduced samples at 37oC. Reduction of BSA at the lower concentration of 1.5 

mg/ml at 45oC (Figure 7.7) resulted in considerable light scattering (an absorbance of 1.6 after 

one hour). The oxidised samples (Figures 7.9 and 7.10) precipitated much less. The absorbance 

after one hour was ~0.1 at 50 oC and ~0.2 at 60oC respectively. It was expected that the control 

sample of the experiment on a high concentration of BSA at 37oC, would have caused an 

increase in light scattering similar or more so than the light scattering shown in Figure 7.7 (at 

45oC). However, very little protein had precipitated after one hour. The formation of a gel in the 

exposed sample at 37oC, compared to the formation of particles in other samples, is curious.  

It may appear that there was not a sufficient excess of DTT molecules to reduce the many 

disulphide bonds in the highly concentrated protein sample (there was a 10 mole excess of DTT 

compared to a 340 mole excess in the less concentrated samples ). Therefore, the secondary 

structure of most protein molecules was stable. This would explain the low absorbance of the 

control sample. Precipitation of the exposed sample started after 7 minutes (Figure 7.8), 

therefore one period of a 2.9oC temperature increase (pulse period) seemed sufficient to force 

the aggregating molecules into a matrix that favoured gelation. Gelation is an orderly 

aggregation of proteins which may still exhibit some secondary structure, into a three 

dimensional network 179. Formation of disulphide bonds are known to be involved in the initial 

step of coagulation 180; 181. It is therefore conceivable that because of the lack of sufficient DTT 

and the occasional temperature spike, disulfide bonds were able to re-form randomly intra- and 

intermolecularly in the crowded environment thus resulting in gel formation. 

 

7.3 CATALASE 

7.3.1 CATALASE AT 42OC 

To study the effect of small temperature differences between cells in the incubator (see section 

3.1.2), four samples of 0.2 mg/ml catalase were incubated at 42oC in the multi-cell holder of the 

spectrophotometer (Figure 7.11). The initial rate of precipitation of the four samples is 
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presented in Table 7.3. The ratio of the largest over the lowest rate was 1.14. The difference 

between the highest (cells 4 and 5) and lowest temperatures (cell 2) was 0.2oC; however, as the 

highest temperature corresponded to the lowest rate, it was concluded that the temperature 

variations did not affect the initial rate of precipitation in this particular experiment. 

 

 

 

 

 

 

 

 

 

 
Figure 7.11: Incubation of four 1.0 ml samples of 0.2 mg/ml catalase in 0.1 M phosphate buffer, pH 7 at 42oC. 
The samples were placed in four positions in the multi-cell holder of the spectrophotometer. 
 

Figure 7.12 represents routine experiments on 0.2 mg/ml catalase, in 0.1 M phosphate buffer, 

pH 7 at 42oC exposed to pulsed 2.450 GHz, every six minutes. The SAR for this particular set 

of experiments was 42.7 W/kg at the position of the light beam.  

 

Cell Initial rate of ppt 
(A360hr-1) 

Average temperature (oC) 
at 13.5 mm from base of 
cuvette  
 

2 0.19 41.75 +0.21 

3 0.18 41.80 +0.23 

4 0.20 41.93+0.20 

5 0.17 41.93 +0.16 

 

Table 7.3: Temperature of samples in cells 2,3,4 and 5 of spectrophotometer and the initial rate of 
precipitation of the 3.2 µM catalase samples that were incubated in these cells. 
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The ratio of the initial rate of precipitation (exposed/control) for the assay containing only 

catalase was 1.84 which is well above the ratio caused by temperature variations between the 

cells (see Figure 7.11).  

 

 

 

 

 

 

 

 

 
Figure 7.12: 0.2 mg/ml catalase in 0.1 M phosphate buffer, pH 7 incubated at 42oC and exposed to pulsed 2.450 
GHz at six minute intervals without or in the presence of α-crystallin at the subunit molar ratios as indicated. 
The pulse periods, 20 in total, lasted 5 seconds each.   
 

The temperature, averaged over six minutes (see section 3.3.3), was 42.3oC for the exposed and 

41.7oC for the control samples. The extent of precipitation was enhanced for the exposed sample 

as compared to the control. 

Of the six experiments on catalase under exactly the same conditions, the initial rate of the 

precipitation of the exposed samples was significantly greater than the control. (0.005<P<0.01). 

α-Crystallin suppressed precipitation partially at the ratio of 1.00 : 0.05 and fully at the ratio of 

1.00 : 0.25 (Figure 7.12).  

 

 

7.4 CITRATE SYNTHASE (CS) 

7.4.1 CS AT 37OC 

Experiments on CS, using the multi-cell holder of the spectrophotometer as the incubator, were 

performed at 37 oC concentrations of 0.2 mg/ml and in the presence of α-crystallin. The effect 
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of either 8 or 15 pulse periods on precipitation was studied and the results are shown in Figures 

7.13 and 7.14. The ratio of the initial rate of precipitation of exposed/control was 0.99 for the 

sample exposed to 15 pulse periods and 1.09 for the sample exposed to 8 pulse periods of 2.450 

GHz.  

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 7.13: 0.2 mg/ml CS incubated at 37oC and exposed to 15 pulse periods of 3.2 seconds of 2.450 GHz. The 
SAR for this sample was < 22.09 W/kg in the region where the light beam passes through the sample.  
 

In the presence of α-crystallin at a subunit molar ratio of 1.0: 0.5, no difference was found 

between exposed and control in terms of the initial rate of precipitation.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 7.14: 0.2 mg/ml CS  incubated at 37oC and exposed to 8 pulse periods of 3.2 seconds of 2.450 GHz (red 
and green) and in the presence of a ratio of 1: 0.5 α-crystallin (blue and grey, superimposed). The SAR for this 
sample was < 22.09 W/kg in the region where the light beam passes through the sample. 
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It can be concluded that although the initial rate of precipitation was almost equal for exposed 

and control samples, a longer exposure of 15 pulse periods compared to 8 (Figure 7.13), 

resulted in more precipitation. The ratio exposed/control for CS experiments at 37oC, under the 

exposure conditions of ~ 22 W/kg were statistically not larger than 1 (0.10<P<0.25). The 

samples exposed to 15 pulse periods (Figure 7.13) were measured for fluorescence emission 

(see section 9.2).  

 

7.4.2 CS AT 42OC 

In order to establish if the small temperature differences between the positions in the cell block 

would have a corresponding effect on CS aggregation, a 0.2 mg/ml sample was divided in 4 x 

1.0 ml samples that were placed in four stoppered cuvettes in positions 2, 3 4 and 5 of the cell 

block. Figure 7.15 shows the profile of the light scattering for these samples. The initial rate of 

precipitation was calculated for each sample and is shown in Table 7.4. The ratio of the highest 

rate over the lowest rate was 1.11 and the ratio of the highest two rates was 1.04. Hence the 

initial rate of precipitation was similar in the four cells. 

 

 

 

 

 

 

 

 

 
 
Figure 7.15: Effect of small temperature differences on CS aggregation. Four samples of 1.0 ml 0.2 mg/ml CS 
were placed in positions 2, 3, 4 and 5 of the multi cell holder of the spectrophotometer and incubated at 42oC. 
The light scattering was monitored over 2 hours.  
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Cell Initial rate of ppt. 
(A360hr-1) 

Average temperature (oC) 
at 13.5 mm from base of 
cuvette  
 

2 0.97 41.75 +0.21 

3 1.00 41.80 +0.23 

4 0.94 41.89 +0.20 

5 1.04 41.93 +0.16 

 

Table 7.4: Temperature of samples of 0.2 mg/ml CS in cells 2,3,4 and 5 of spectrophotometer and the initial 
rate of precipitation of the samples that were incubated in these cells.  
 

Figure 7.16 is representative of a typical CS thermal experiment performed at 42oC. The initial 

rate of precipitation for the exposed sample was higher than the control; the ratio of 

exposed/control was 1.63.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 7.16: 0.2 mg/ml CS incubated at 42oC and exposed to 6 pulse periods (3.2 seconds duration) at 6 minute 
intervals of 2.450 GHz with or without the presence of α-crystallin in subunit molar ratios as indicated on the 
graph.  The SAR was 24.4 W/kg. The average temperature over six minutes was 42.0 oC (exposed) and 41.7oC 
(control) and for the α -crystallin experiments, ratio 1.0 : 0.5, 42.0 oC (exposed) and 41.7 oC (control); ratio 1 : 
4, 41.9 oC (exposed) and 41.6oC (control). 
 

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 1 2 3 4 5

Time (hr)

Li
gh

t s
ca

tte
rin

g 
at

 3
60

 n
m

exposed

control

exposed  with a-cryst (1:0.5)

control with a-cryst (1:0.5)

exposed with a-cryst (1:4)

control with a-cryst (1:4)

ratio 1 : 4

ratio 1 : 0.5



Chapter 7 – Light scattering experiments 
                    Microwave exposure in Exposure System 2 
                     
 

117

The precipitation of the exposed sample was enhanced over the entire length of the experiment 

compared to the control. On average, over a six minute period, the exposed sample was just 

0.3oC warmer (measured at the position of the light beam) than the control sample. In the light 

of the results of the experiment in which aggregation was measured of samples held at small 

temperature differences (see Figure 7.15 and Table 7.4), this is a significant difference. Under 

the conditions described above, the ratio (initial rate of precipitation) exposed/control was 

greater than 1 for all experiments (0.005<P<0.01). In the presence of α-crystallin (the ratio was 

expressed as subunit moles of target protein : sHsp), the aggregation was suppressed to a greater 

extent in the control samples than in the exposed samples. 

By increasing the incubation temperature from 37oC to 42oC, the difference between the 

exposed and control samples with respect to the initial rate of precipitation increased 

significantly. This is discussed in more detail in section 7.9.2. 

 

7.5 INSULIN 

7.5.1 REDUCED INSULIN 

To study the effect of small temperature differences between cells in the incubator (see section 

3.1.2), four samples of 0.25 mg/ml insulin, 20mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl, 

pH 8 were incubated, in two different experiments, at 19 and 25oC, in the multi-cell holder of 

the spectrophotometer (Figure 7.17).  

The initial rate of precipitation of the four samples of both experiments is presented in Table 

7.5. The ratio of the largest over the lowest rate was 1.82 and 1.10 for 19 and 25oC respectively. 

The temperature deviations at 19 and 25oC were not studied in depth for the multi cell holder 

(Figure 3.1).  

It is possible that the cooling of the cell block to 19oC, which was below room temperature, 

could have brought about a larger variation in the cells than the temperature variations observed 

when the cell block was heated. Pulsed microwave experiments undertaken on insulin at 37oC 

did not cause a significant difference in the initial rate of precipitation or the extent of 

precipitation between exposed and control samples (not shown). 
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Figure 7.17: Incubation of four 1.0 ml samples of 0.25mg/ml insulin, 20 mM DTT in 0.1 M phosphate buffer, 
0.1 M NaCl, pH 8 at 19 and 25oC. The samples were placed in four positions in the multi-cell holder of the 
spectrophotometer. 
 

 

Cell Initial rate of ppt  
at 19oC 
(A360hr-1) 
 

Initial rate of ppt 
at 25oC 
(A360hr-1) 
 

3 0.15 0.64 

4 0.17 0.58 

5 0.26 0.63 

6 0.18 0.61 

 

Table 7.5: Initial rate of precipitation of 0.25 mg/ml insulin at 19 and 25oC in cells 3, 4, 5 and 6 of the 
spectrophotometer.  
 

Therefore, experiments were performed also at 25oC and 19oC in order to slow down the 

kinetics of the aggregation. In Figure 7.18 are shown the results of experiments on exposed 

insulin at 19oC and 25oC. The ratio exposed/control (initial rate of precipitation) was 1.16 in 

Figure 7.18 A (25oC). The SAR for this experiment was 58.24 W/kg (position of the light beam) 

which corresponds to a transient temperature increase every six minutes of 5.0oC. After 1.5 hour 

the extent of the precipitation of the control was slightly enhanced. At that time the exposure 
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was completed (57 minutes). α-Crystallin at the molar ratio of 1 : 1 (A) suppressed precipitation 

up to 100 minutes (when the experiment was stopped). The ratio exposed/control in Figure 7.18 

B (19oC) was 1.06, the extent of the precipitation was enhanced compared to the control. The 

microwave power in B was much higher than in A. The SAR was not calibrated but was 

considered to be higher than in Figure 7.18 A as the box in the microwave oven contained half 

the amount of water than in A. Furthermore, only three pulse periods were applied (the exposure 

was stopped after 15 minutes into the experiment).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.18: 0.25 mg/ml insulin, 20mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl pH 8 incubated at 25oC 
and exposed to pulsed 2.450 GHz at six minutes intervals without or in the presence of α-crystallin in subunit 
molar ratios as indicated on the graphs. In one experiment (A) the pulse periods lasted 5 seconds each; a total 
of 10 pulse periods were applied and the SAR was 58.24 W/kg (at the position of the light beam). In the second 
experiment (B) the pulse periods lasted 5 seconds; a total of 3 (no α -crystallin) or 10 (with α -crystallin) pulse 
periods were applied. The SAR was not calibrated and was expected to be higher than in A. The box in the 
microwave oven contained 250 ml water as opposed to 500 ml in A. 
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When α-crystallin was added at a subunit molar ratio of 1 : 0.3, the precipitation was not 

suppressed and no difference in the initial rate and extent of precipitation between the exposed 

and control sample was observed. The samples that contained α-crystallin were exposed under 

the same conditions as the samples without α-crystallin except that they were exposed to 10 

pulse periods of 2.450 GHz instead of three. 

An experiment was undertaken to compare the initial rate of precipitation for a sample exposed 

to 10 pulse periods at 6 minutes interval to a sample exposed to two pulse periods, two minutes 

apart (Figure 7.19). The SAR was 58.24 W/kg. 

 

 

 

 

 

 

 

 

 

Figure 7.19: 0.25 mg/ml insulin, 20mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl pH 8 exposed to 10 pulse 
periods of 6 minutes interval or 2 pulse periods of 2 minutes interval at 19oC. The pulse periods lasted 5 
seconds and exposure was to 2.450 GHz. The SAR was 58.24 W/kg (at the position of the light beam). Note that 
the plots of the exposed (2 pulse periods) and control (10 pulse periods) are superimposed. 
 

The ratios of the initial rate of precipitation (exposed over control) was 1.17 for the samples 

exposed to 10 pulse periods and 1.09 for the samples exposed to 2 pulse periods. However, the 

extent of precipitation was different for the two sets of experiments. The sample exposed to 10 

pulse periods precipitated slightly more compared to the control. In comparison, the sample 

exposed to two pulse periods, precipitated considerably more than the control. 

0.0

0.1

0.2

0.3

0.4

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Time (hr) 

Li
gh

t s
ca

tte
rin

g 
at

 3
60

nm

exposed, 10 pulse periods
control, 10 pulse periods
exposed, 2 pulse periods
control, 2 pulse periods



Chapter 7 – Light scattering experiments 
                    Microwave exposure in Exposure System 2 
                     
 

121

7.6 α-LACTALBUMIN  

During the course of the project, the precipitation experiments on α-lactalbumin often gave 

contradictory results. At times, either no precipitation occurred or the precipitation was so 

severe, that the absorbance at λ 360 went off-scale. It was noted that most light scattering 

experiments on α-lactalbumin reported in the literature, that used 2 mg/ml 153; 154; 182; 183, were 

performed on a plate reader whereas the experiments in this project were performed inside a 

quartz cuvette of 1.4 ml volume. Different concentrations, buffer solutions, and temperatures 

were used to identify the problem but there did not seem to be a clear reason for the behaviour 

of the protein. Protein solutions were always freshly made up and buffers were normally made 

fresh at least every second week. At the time of the experiments it was not considered to 

measure light scattering at 500 nm in order to allow larger particles to be measured. 

 

7.6.1 REDUCED APO α-LACTALBUMIN  

When 2 mg/ml apo α-lactalbumin, 2 mM EDTA, 20 mM DTT, 0.1 M NaCl in 0.1 M phosphate 

buffer, pH 7 was exposed to pulsed 2.450 GHz at 36oC, no significant difference was found 

between the exposed and control sample as is shown in Figure 7.20.  

 

 

 

 

 

 

 

 
 
 
 
Figure 7.20: 2 mg/ml apo α-Lactalbumin, 2 mM EDTA, 20 mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl, 
pH 7 exposed to 5 pulse periods of 2.450 GHz at 36oC. The two controls are superimposed on each other. The 
SAR was 33.2 W/kg at the position of the light beam. 

 

0.0

0.4

0.8

1.2

1.6

2.0

0.0 0.5 1.0 1.5 2.0

Time (hr)

Li
gh

t s
ca

tte
rin

g 
at

 3
60

 n
m

control 2
exposed
control 1



Chapter 7 – Light scattering experiments 
                    Microwave exposure in Exposure System 2 
 
 
 

122 

Control 1 was taken out of the spectrophotometer for the duration of the exposure and was 

returned at the same time as the exposed sample. The temperature, averaged over a six-minute 

period, for this sample was 35.9oC. The temperature for the exposed sample was 35.6oC and 

35.9oC for the second control that remained in the multi-cell holder for the term of the 

experiment. The SAR at the position of the light beam was 33.2 W/kg. The ratio 

exposed/control 1(initial rate of precipitation) was 1.01 and for exposed/control 2 it was 1.04. 

To study the effect of heating, an experiment was conducted at room temperature. 0.5 mg/ml 

reduced α-lactalbumin, 2 mM EDTA, was exposed to pulsed microwaves, every six minutes, for 

9 hours (Figure 7.21).The precipitation of the two controls was similar (ratio control 2/control 1 

was 1.06) but the exposed sample was slower in precipitating.. 

One control remained on the bench and light scattering was measured together with the exposed 

sample, every 12 minutes. The second control was left in the multi-cell holder of the 

spectrophotometer and was measured for light scattering every 2 minutes. After 9 hours all 

samples were placed in the multi-cell holder. The ratio exposed/control 1 (initial rate of 

precipitation) was 0.73 and for exposed/control 2 was 0.69. The SAR for this experiment was 

not calculated but was estimated from similar experimental conditions to be ~58 W/kg. 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 7.21: 0.5 mg/ml apo α-Lactalbumin, 2 mM EDTA, 20 mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl, 
pH 7 was exposed to pulsed 2.450 GHz every six minutes for 9 hours at room temperature. The SAR was 
estimated to be 58 W/kg. 
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A 5oC transient temperature increase every six minutes failed to enhance the precipitation of 0.5 

mg/ml α-lactalbumin when samples were maintained at room temperature. While the initial rate 

of precipitation was similar for the exposed and control samples, after 6 hours the controls 

precipitated faster than the exposed sample.  

 

7.6.2 REDUCED HOLO α-LACTALBUMIN  

Reduced holo α-lactalbumin was exposed to pulsed microwaves at concentrations of 0.5 and 1 

mg/ml. Figure 7.22 shows the result of an exposure of 5 pulse periods of 2.450 GHz on holo α-

lactalbumin compared to a control sample. 

The ratio exposed/control 1 and exposed/control 2 was 0.96 and 0.91 respectively. The extent of 

precipitation was largest for control 2, the sample that had remained in the spectrophotometer at 

all times.  

 

 

 

 

 

 

 

 
 
 
 
Figure 7.22: 0.5 mg/ml holo α-lactalbumin in 50 mM imidazole buffer, 0.1 M NaCl, 5 mM CaCl2, 20 mM DTT, 
pH 7.2 was exposed at 32oC to 5 pulse periods of 2.450 GHz. The SAR was estimated to be 11.5 W/kg. 
 

 

7.7 LYSOZYME  

7.7.1 REDUCED LYSOZYME 

Figure 7.23 represents routine experiments on 0.1 mg/ml lysozyme, 20 mM DTT in 0.1 M 
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phosphate buffer, 0.1 M NaCl, pH 7 that was exposed to pulsed 2.450 GHz. In this particular 

experiment, the ratio exposed/control (initial rate of precipitation) was 1.19.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 7.23: 0.1 mg/ml Lysozyme, 20mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl, pH 7 exposed to 15 
pulse periods of 2.450 GHz at 30oC in the presence of various ratios of α-crystallin. The SAR (measured at the 
base of the cuvette) was 22.8 + 8 W/kg.  
 

 
 
Figure 7.24: The light scattering measurements for samples incubated with α-crystallin (Figure 7.23) was 
continued until 16 hours after the start of the experiment. Exposure was terminated after 93 minutes. 
 

The extent of precipitation of the exposed sample was enhanced compared to the control. α-

Crystallin at the molar ratios 1:2 (lysozyme:α-crystallin) and 1:4, partially suppressed the 
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precipitation of lysozyme, with the ratio 1:4 being the most effective (Figures 7.25 and 7.26). At 

the ratio1:2 the exposed precipitated more than the control. 

Statistical analysis on six experiments performed in Exposure system 2 with reduced lysozyme, 

established that exposure significantly enhanced protein precipitation (0.025<P<0.05). 

 

7.8 OVOTRANSFERRIN   

7.8.1 REDUCED OVOTRANSFERRIN 

To study the effect of small temperature differences between cells in the incubator (see section 

3.1.2), four samples of 0.2 mg/ml ovotransferrin, 20mM DTT in 0.1 M phosphate buffer, 0.1 M 

NaCl, pH 7.2 were incubated at 45oC in the multi-cell holder of the spectrophotometer (Figure 

7.25). The initial rate of precipitation of the four samples of both experiments is presented in 

Table 7.6. The ratio of the largest over the lowest rate was 1.76 (or 0.57 for the lowest/largest 

rate). The maximum rate corresponded with the highest temperature (cell 6) and the difference 

between the cell of lowest (cell 3) and highest temperature was 0.7oC.  

 

 

 

 

 

 

 

 

 
 
Figure 7.25: Incubation of four 1.0 ml samples of 0.2mg/ml ovotransferrin, 20 mM DTT in 0.1 M phosphate 
buffer, 0.1 M NaCl, pH 7.2 at 45oC. The samples were placed in cells 3 to 6 in the multi-cell holder of the 
spectrophotometer. 
 

When the initial rates of precipitation in Table 7.6 were plotted against the temperature of the 

samples in the four cells, the data were fitted to a straight line (R2 = 0.90, Figure 7.26). 
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Therefore, the initial rate was considered to be dependent on small temperature variations. 

 

Cell Initial rate of ppt 
A360hr-1 
 

Temperature (oC) 
at 13.5 mm from base of 
cuvette 
 

3 1.10 44.51+0.25 

4 1.30 44.87+0.21 

5 1.57 44.93+0.24 

6 1.94 45.20+0.17 

 

Table 7.6: Initial rate of precipitation of 0.2 mg/ml reduced ovotransferrin at 45oC in cells 3, 4, 5 and 6 of the 
spectrophotometer.  
 

Of seven exposure experiments performed under similar conditions on 0.2 mg/ml reduced 

ovotransferrin, only one ratio exposed/control (initial rate of precipitation) was < 1. The controls 

were mostly ~0.5oC cooler than the exposed, measured over a six minute average. In two 

experiments (not shown) however when the temperature was identical for exposed and control, 

the ratio exposed/control was > 1. 

 

 

 

 

 

 

 

 

 
 
 
Figure 7.26: The initial rate of precipitation (A360hr-1) of four samples of 0.2 mg/ml reduced ovotransferrin in 
Table 7.7 plotted against the temperature of the samples. 
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In Figure 7.27 are presented three sets of samples of reduced 0.2 mg/ml ovotransferrin exposed 

to pulsed 2.450 GHz at 45, 50 and 60oC. 

 

 

 

 

 

 

 

 

 
 
Figure 7.27: 0.2 mg/ml ovotransferrin, 20 mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl, pH 7.2 exposed to 
15 (45oC), 6 (50oC) and 5 (60oC) pulse periods of 2.450 GHz. The SAR was 33.22 W/kg (measured at the 
position of the light beam).  
 

Experiment Initial rate of ppt. 
A360hr-1 

Ratio exposed/control 
(initial rate of ppt.) 

Average temperature 
over 6 minutes (oC) 

Exposed 45oC 0.43  45.4 

Control 45oC 0.31 1.37 44.9 

Exposed 50oC 3.05  N.D. 

Control 50oC 2.59 1.18 N.D. 

Exposed 60oC 2.05  N.D. 

Control 60oC 2.13 0.96 N.D. 

 
Table 7.7: Initial rate of precipitation and average temperatures of experiments in Figure 7.27. The average 
temperature for the 50 and 60oC experiments was not determined (N.D.) 
 

The temperature profiles were not calculated for the 50 and 60oC exposure, however the 

exposed samples were placed in the cell that was on average warmer than the cell of the control 

samples (see section 3.1.2). Table 7.7 summarises the initial rate of precipitation for the 

experiments in Figure 7.27 and the ratio (initial rates) of exposed/control.  
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Figure 7.28: 0.2 mg/ml Ovotransferrin, 20mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl, pH 7.2 incubated 
at 45oC and exposed to pulsed 2.450 GHz at six minute intervals without or in the presence of α-crystallin in 
subunit molar ratios as indicated on the graph. The pulse periods lasted 5 seconds each; a total of 15 pulses 
were applied to the “exposed” samples. The estimated SAR was 33.22 W/kg at the position of the light beam. 
 

When ovotransferrin was incubated with α-crystallin and subsequently exposed to pulsed 2.450 

GHz, precipitation was partially suppressed at the molar subunit ratio (ovotransferrin:α-

crystallin), 1:1 and more so at the ratio 1:2. The exposed samples (both ratios) were not 

suppressed to the same extent as the control sample (see Figure 7.28). 

 

7.8.2 OXIDISED OVOTRANSFERRIN  

Thermal denaturation of non-reduced ovotransferrin was not observed at temperatures under 

60oC. When the protein in solution was incubated at 65oC and exposed to 8 pulse periods of 

2.450 GHz, the initial rate of precipitation of the exposed was greater than the controls (Figure 

7.29). The ratio of exposed/control-1 and exposed/control-2 was 1.02 and 1.40 respectively. The 

ratio of the two controls was: control-1/control-2, 1.37. Control 1 was kept in the incubator for 

the duration of the experiment while control 2, like the exposed sample, was withdrawn every 

six minutes. Therefore, the difference between the initial rate of precipitation of the exposed and 

control samples was within the expected range for this experiment. 
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Figure 7.29: 0.5 mg/ml ovotransferrin in 0.1 M phosphate buffer, pH 7.2 exposed to 8 pulse periods of 2.450 
GHz at 65oC. The SAR was not established for this experiment; it was estimated to be ~ 24.4 W/kg (at the 
position of the light beam). 
 

 

7.9 SUMMARY AND INTERPRETATION OF RESULTS  

A summary of the experimental results of the microwave exposure experiments in Exposure 

system 2 is provided in Table 7.8. In general, microwaves did not have an effect on the initial 

rate of precipitation of a protein unless the protein was already stressed. Proteins were stressed 

by temperature (catalase, citrate synthase), reduction of S-S bonds (BSA, ovotransferrin) or by 

chelation of an intrinsic metal ion (ADH ). Enhancement of the initial rate of precipitation was 

not observed when the temperature was not favourable for unfolding as was seen for CS at 37oC 

(where microwaves had no significant effect on initial rate of precipitation) versus CS at 42oC 

(where microwaves enhanced the initial rate of precipitation) or when the temperature was too 

high so that the  microwave exposure could not contribute to the rate of the rapidly unfolding 

protein (e.g. in assays of reduced insulin and ovotransferrin at 60oC). 

The sHsp α-crystallin suppressed the precipitation of proteins at specific subunit molar ratios 

however at certain ratios, depending on the protein and experimental conditions, more α-
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crystallin was needed to suppress the microwave exposed protein compared to the control to 

achieve the same suppression.  

Protein 

Te
m

p.
(o C

) 

Additional 
stress 

Effect of 
microwaves 
on light 
scattering on  
initial rate of 
ppt. 

Effect of α-crystallin on light 
scattering: 
1.Did exposed sample 
   require more more α- 
   crystallin for  
   suppression of ppt ? 
2. Was ppt suppressed at 
    specific subunit molar  
    ratios ? 

Was the 
effect of 
microwave  
on initial rate 
of ppt. 
significant ? 

Apo ADH 
0.5 mg/ml 
 

 
37 

 
Chelation of  
Zn2+  

 
enhanced 

 
1. yes, 2. yes  

 

 
yes 

Holo ADH 
0.5 mg/ml 
 

 
45, 60 

  
not enhanced 

 
not undertaken 

 
not tested 

BSA 
1.5 mg/ml 
 
50 mg/ml 

 
45 
 
37 

 
reduced 
 
reduced 

 
enhanced 
 
enhanced: gel 
 

 
1. yes, 2. yes  
 
not undertaken 
 

 
no 
 
not tested 

BSA  
45 mg/ml 
 

 
50, 60 

  
not enhanced 

 
not undertaken 
 

 
not tested 

Catalase 
0.2 mg/ml 
 

 
42 

 
 

 
not enhanced 

 
1. yes, 2. yes  

 

 
yes 

CS 
0.2 mg/ml 
 
0.2 mg/ml 
 

 
37 
 
42 

 
 

 
inconclusive 
 
enhanced 

 
1. no, 2. yes  

 
1. yes, 2. yes  

 
no 
 
yes 

Insulin 
0.25 mg/ml 
 

 
19, 25 

 
reduced 
 

 
enhanced  

 
1. no, 2. yes  
 

 
no 

Apo α-Lactalbumin 
2 mg/ml 
 
 
0.5 mg/ml 
 

 
36 
 
 
RT 

 
reduction and 
chelation of 
Ca2+  
as above   
 

 
not enhanced 
 
 
not enhanced 

 
not undertaken 
 
 
not undertaken 
 

 
not tested 
 
 
not tested 

Holo α-Lactalbumin 
0.5 mg/ml 
 

 
32 

 
reduced 

 
not enhanced 

 
not undertaken 
 

 
not tested 

Lysozyme 
0.1 mg/ml 
 

 
30 

 
reduced 

 
enhanced 

 
1. yes, 2. yes  

 

 
yes 

Ovotransferrin 
0.2 mg/ml 
 

 
45, 50 
60 

 
reduced 
reduced 

 
enhanced 
not enhanced 

 
45oC: 1.  yes, 2.   yes  
50, 60oC not undertaken 

 

 
45oC: yes 
not tested 
 

Ovotransferrin 
0.5 mg/ml 
 

 
65 

 
 

 
enhanced 

 
not undertaken 

 
not tested 

 
Table 7.8: Summary of light scattering experiments on selected proteins in tandem with microwave exposure 
in Exposure system 2. The statistical analysis of the ratio of the initial rate of precipitation (exposed/control) is 
discussed in section 7.10. The experimental details for the individual protein assays are described in the text. 
Ppt is precipitate and RT is room temperature. 
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7.9.1 THE EFFECT OF PULSED MICROWAVES ON TEMPERATURE 

In Chapter 3 it was established that pulsed microwaves of 3.2 or 5.0 seconds, applied every six 

minutes, caused a transient temperature jump of 2.1oC (to a solution of CS) to 5oC (to a solution 

of BSA) under exposure/buffer conditions summarised in Table 3.1. 

 

A relationship was established between conductivity of the buffer and the temperature incursion 

(and hence the SAR). The transient temperature increase lasted less than a second, the smallest 

unit of measurement, and fell back to the baseline temperature within six minutes before the 

next pulse period (Figure 3.13 and 3.14). In this respect, the thermal nature of microwaves can 

be understood as a temperature jump. “Temperature jump” is a widely used rapid kinetics 

technique applied in the study of protein folding and unfolding 184-186. A short pulse of current at 

high voltage, a laser beam or a burst of microwaves induces a temperature rise of a few degrees 

within a few microseconds. The sudden temperature incursion shifts the “folding-unfolding” 

equilibrium  (Figure 1.4) to an increase in intermediately folded states until the protein sample 

has reached a new equilibrium value.  

 

Samples in Exposure system 2 reached temperature equilibrium in approximately 5 minutes (see 

figure 3.2). This resulted in faster initial precipitation rates and also a greater extent of 

precipitation than assays exposed in Exposure system 1. For example, ADH started to 

precipitate at 0.5 hours (compared to 1 hour in Exposure system 1), the extent of which was at 

least three fold compared to controls (see figures 5.1 and 7.2). CS at 37oC precipitated 

immediately in both systems but the extent of precipitation was at least four fold compared to  

Exposure system 2(Figures 5.6 and 7.14).  

 

Thus, it can be concluded that the rate of aggregation and therefore the proportion of 

intermediately folded proteins is dependent on the method of temperature delivery. If it is fast 

(Exposure system 2), aggregation will be faster and more aggregation and precipitation occurs. 

This can be explained in terms of the Gibbs free energy changes (∆G) 187. In solution, proteins 
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are in equilibrium between the native folded, the intermediately folded and the unfolded 

conformations (Figures 1.3 and 1.4).  

                                                                 UIN ⇔⇔  

[ ] [ ] ]/[][/ IUKNIKKunf +=  

(where K is the equilibrium constant) 

The stability of the protein in the native state is dependent on the free energy (∆G) which is 

related to enthalpy (∆H) that is a measure of hydrophobic interactions and hydrogen bonding 

and entropy (∆S) that comprises conformational freedom and solvation: 

unfunfunf STHG ∆−∆=∆   

unfunf KRTG ln−=∆   

(where T is the temperature in Kelvin and R is the ideal gas constant) 

With increasing temperature (T), weak electric forces and hydrogen bonding will be disrupted 

leading to a change in enthalpy initially and as the temperature climbs, T∆S increases, resulting 

in a negative ∆G. The equilibrium will now shift from the folded state to the unfolded state. 

This can be demonstrated from experiments on for example the proteins ADH and citrate 

synthase. When solutions of ADH and CS were heated rapidly regardless if microwaves were 

applied the extent of precipitation increased compared to slower heating (Exposure system 1I vs. 

Exposure system 2).  

 

Protein unfolding is a cooperative process which means that when one region of a protein starts 

to unfold, the unravelling of the whole proteins follows 187 possibly in the order of micro 

seconds 173. The results presented in this chapter show that proteins which were already on the 

protein unfolding pathway, unfolded and aggregated faster and to a greater extent when they 

also experienced a transient increase in temperature by way of pulsed microwaves in Exposure 

system 2. Thus, the equilibrium between protein conformations can be altered by transient 

temperature jumps such as delivered by pulsed microwaves. 
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The average temperature of exposed and control samples was determined over a six minute 

period and, in general, the exposed samples were warmer than the controls; ranging from 0.3oC 

(CS at 42oC) to 0.7oC (ADH, BSA). However, this may have only had an effect on the results in 

the case of ovotransferrin as this protein was found to be sensitive to temperature differences 

(Table 7.7).   

 

7.10 STATISTICAL ANALYSIS OF RESULTS AND TESTING OF HYPOTHESES 

In order to demonstrate that the results obtained from light scattering experiments in tandem 

with microwave exposure in Exposure system 2 were significant, the ratio of the initial rate of 

precipitation of the exposed over the control samples was analysed statistically. 

The initial rate of precipitation was calculated (see also section 2.6.1.1) for samples of 

experiments that were carried out at least in triplicate under similar conditions. The protein α-

lactalbumin was not tested as it proved difficult to obtain consistent light scattering profiles.  

The one tailed t test was applied to the data to test for the hypothesis: 

H0: µ < 1 (null hypothesis, stating that for a 5% confidence limit, 95% of all exposed samples 

have the same or a lower precipitation rate than a control sample) 

and  

HA: µ > 1 (alternative hypothesis, stating that for a 5% confidence limit, 95% of all exposed 

samples have a larger precipitation rate than a control sample). 

The null hypothesis is rejected if the calculated t value is larger than t 0.05. 
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 Apo 

ADH 

Reduced 

BSA 

Reduced 

insulin 

Reduced 

lysozyme 

Reduced 

ovotransferrin 

n 12 5 6 5 4 

∑ iX  18.27 5.29 5.90 7.06 4.55 

i
X∑ 2  29.64 5.83 6.02 10.72 5.18 

X  1.52 1.06 0.98 1.41 1.14 

SS 1.82 0.24 0.23 0.74 0.01 

s2 0.17 0.06 0.05 0.18 0.004 

s 0.41 0.24 0.21 0.43 0.06 

)(xs  0.12 0.11 0.09 0.19 0.03 

t 4.33 0.53 -0.20 2.15 4.88 

t,0.05(1),v 1.812 2.132 2.015 2.132 2.353 

H0 Reject  Accept  Accept Reject Reject 

P 0.0005<P 

P<0.001 

P>0.25 P>0.25 0.025<P 

P<0.05 

0.005<P 

P<0.01 

 
 
Table 7.9: One-tailed t test for the hypothesis H0: µ < 1 and HA: µ > 1 for light scattering experiments on 
chemically stressed proteins that were also exposed to pulsed microwaves. One sample was exposed to pulsed 
microwaves and another sample was kept as a control. 

Symbols: n is number of experiments; ∑ iX is the sum of data; 
i

X∑ 2  is the sum of squared values; X  

is mean of data; SS is sum of squares of the deviations from the mean; s2 is the sample variance; s is the 

standard deviation; )(xs is the sample variance of the mean; t is the value of the t distribution; P is the 
probability. 
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catalase 

 

CS-37oC 

 

CS-42oC 

n 6 6 6 

∑ iX  9.16 6.59 8.03 

i
X∑ 2  14.53 7.66 11.03 

X  1.53 1.10 1.34 

SS 0.54 0.43 0.29 

s2 0.11 0.09 0.06 

s 0.33 0.29 0.24 

s(x) 0.13 0.12 0.10 

t 3.93 0.82 3.45 

t,0.05(1),v 2.016 2.015 2.015 

H0 Reject Accept Reject 

P 0.005<P 

P<0.01 

0.10<P 

P<0.25 

0.005<P 

P<0.01 

 
 
Table 7.10: One-tailed t test for the hypothesis H0: µ < 1 and HA: µ > 1 for light scattering experiments on 
thermally stressed proteins that were also exposed to pulsed microwaves. One sample was exposed to pulsed 
microwaves and another sample was kept as a control. Symbols are defined in Table 7.10.  
 

The results of the statistical analysis (Tables 7.9 and 7.10) show that the null hypothesis was 

rejected for five proteins: apo ADH, lysozyme, ovotransferrin, catalase and CS, (42oC), at the 

conditions reported earlier. In other words, there is a probability of less than 5% that from a 

pool of experiments, the ratio of the initial rate of precipitation of the exposed over the control 

is smaller or equal to one. The null hypothesis was accepted for the proteins BSA, insulin and 

CS (37oC) under the conditions reported in this chapter. Therefore the pulsed microwaves did 

not have a significant effect on the initial rate of precipitation for these three proteins under the 

specific conditions. These findings will be discussed in the light of current knowledge about 

unfolding of these proteins. 

Table 7.11 is a summary of the experiments that were analysed statistically. 
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  C
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Apo ADH  
0.5 mg/ml 
1mM 1,10-
phenanthroline 
 

 
III 

 
37 

 
5.0 
 

 
10 

 
2.4 

 
2.9 

 
33.2 

 

P<0.0005 

n=11  

 
37.6       
36.9 

Reduced BSA  
1.5 mg/ml 
20mM DTT 
 

IV 45 5.0 
 

10 Imm. 5.0 58.2 P>0.25 
n=5 

45.3      
44.6 

Catalase 
0.2 mg/ml 
 

II 42 5.0 20 3.6 3.7 42.7 
 

0.005<P<0.01 
n=6 
 

42.36       
41.7 

CS  
0.2 mg/ml 
 
 
CS 0.2 mg/ml 

I 
 
 
 
I 

37 
 
 
42 
 

3.2 
 
 
3.2 

6 
 
 
6 
 
 
 

Imm. 
 
 
Imm.. 

2.1 
 
 
2.1 

24.4 
 
 
24.4 
 

0.10<P<0.25 
n=6 
 
0.005<P<0.01 
n=6 

37.5       
36.9 
 
42.0      
41.7 

Reduced insulin 
0.25 mg/ml 
20 mM DTT 
 

 19-
37 

3.2  
or  
5.0 

10-15 4.2 2.1  
or 
2.9 

24.2  
or 
33.2 

0.05<P<0.10 
n=10 

n.a. 

Reduced lysozyme 
0.1 mg/ml 
20 mM DTT 
 

 30 5.0 2-15 9 2.0 22.8 0.025<P<0.05 
n=6 

n.a. 

Ovotransferrin  
0.2 mg/ml 
20mM DTT 
 

III 45 5.0 
 

15 
 

1.8 
 

2.9 33.2 0.005<P<0.01 
n=4 

45.4      
44.9     

 
Table 7.11: Summary of microwave experiments in Exposure system 2 that were statistically analysed. ∆T 
refers to the average temperature change of the sample after a pulse period, calculated at the position where 
the light beam of the UV-Vis spectrophotometer passes through. The average temperature of the exposed and 
control samples, over a six minute period, relates to the average of at least three experiments. Ppt: 
precipitation; imm.: immediately; exp.: exposed, cont.: control, n.a.: not available.  The t-test for insulin was 
taken over a series of experiments at temperatures of 19, 25 and 37oC. 
 
 
 
 
7.10.1 ANALYSIS OF REDUCED BSA (1.5 mg/ml) 

In Figure 7.7, reduced BSA exposed to pulsed microwaves at 45oC precipitated faster than the 

control sample; the ratio of the initial rate of the exposed sample over the control sample was 

larger than 1. However when pooling the results of four similar experiments on BSA, the 

statistical test rejected the significance of a ratio of initial rates greater than 1. 

BSA is intrinsically a stable protein, e.g. in its fully oxidised native state its structure is stable to 

80oC 142. The unfolding of a protein can be followed by monitoring the ellipticity at 224 nm 
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which is a measure of the α-helicity in a protein as a function of temperature in steps of one or 

more degrees 188. At 30oC the structure of BSA is in the folded form. The full CD spectrum 

shows a negative dip in the spectrum at 224 nm 189. The slope of unfolding (ellipticity vs 

temperature) of oxidised BSA (Figure 7.30 A) is gradual up to ~ 60 oC after which the slope 

increases at a faster rate per oC. This indicates that oxidised BSA is relatively stable up to about 

60oC after which α-helix structure is being lost at a fast rate. 

 

 

 

 

 

 

 

 

 

 

  

Figure 7.30: Thermal unfolding of oxidised BSA (A) and reduced BSA (B) as determined by ellipticity at 224 
nm as a function of temperature (Figure A adapted from Arakawa and Kita 142). The concentration in A was 
1.2 mg/ml in 20 mM Tris, pH 7.2 and in B was 0.07 mg/ml in 10mM phosphate buffer, pH 7.0, 0.7mM DTT. 
 

When BSA is reduced, the same pattern is observed (Figure 7.30 B) which demonstrates that the 

protein is relatively stable until about 70oC. To quantify these observations, the slopes were 

calculated from the graphs and they are summarised in Table 7.12. 

Between 40 and 50oC, according to Table 7.11 the slope of change in α-helicity was 0.9 

 ([θ] x 10−3/oC. This increased to 1.6  ([θ] x 10−3/oC for temperatures between 50-60oC, 

suggesting that temperature excursion between 50 and 60oC would have more effect on α-

helicity than between 40 and 50oC. Indeed, when reduced BSA (1.5 mg/ml) was heated to 45oC 

and exposed to microwaves that caused the samples to experience a 5oC transient temperature 
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increase, every six minutes (section 7.2.1), the initial rate of precipitation, was considered equal 

to or lower than the control sample (Table 7.9).In other words, the transient temperature 

incursion had no effect on the unfolding of the protein. 

 

Temperature (oC) 
 

BSA oxidised 
 
slope ([θ] x 10−3/oC) 
 

BSA reduced 
 
slope ([θ] x 10−3/oC) 

40-50 
 

0.9 0.5 

50-60 
 

1.6 1.5 

60-70 
 

3.0 3.2 

 
Table 7.12: Slope of temperatures between 40 and 70 oC calculated from the graphs in Figure 7.34. 
 

If the protein had been exposed to a higher dose of pulsed microwaves, it would be expected 

that the protein would unfold more rapid than a control sample. For temperatures over 60oC, 

when the slope increases three fold compared to the 40-50oC region, temperature excursions of 

much less than 5oC are expected to have a significant effect on the unfolding rate of reduced 

BSA. 

 

7.10.2 ANALYSIS OF CS AT 37OC COMPARED TO CS AT 42OC 

From thermal denaturing studies 190 it can be shown that CS is stable between 20 and ~ 40oC 

which corresponds to optimum enzyme activity. The change in ellipticity at 222 nm is a 

measure of α-helicity. Above this temperature the protein unfolds rapidly.  

The slope, in [θ] x 10-3 (degree-cm2–dmol-1)/oC), was deduced from Figure 7.31 to be 0.7 for 

temperatures between 40 and 45oC. The activity of CS between 40 and 50oC falls from ~100% 

to ~60%. Therefore, the observation that a periodic temperature increase of 2.1oC to a sample 

maintained at 37oC has no significant impact on the rate of precipitation compared to a control 

sample can be understood in this context. As the slope of unfolding increases dramatically (and 
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α-helix structure is lost) after ~ 40oC, small temperature excursions for samples maintained at 

42oC would be expected to escalate unfolding. 

 

 

 

 

 

 

 
Figure 7.31: Reproduced from Zhi et al  190.The thermal unfolding of 0.1 mg/ml pig heart citrate synthase. The 
change in ellipticity at 222 nm and the percent activity remaining were measured as a function of temperature 
in 5.0 mM Tris-HCl, pH 7.5. Thermal denaturation was measured in steps of 1.5oC. 
 

This was indeed observed for the experiments of CS at 42oC. The increase to 44.1oC lasting 

only a few seconds, every six minutes, resulted in a significant enhanced precipitation rate 

compared to the controls (0.005<P<0.01). 

 

7.10.3 ANALYSIS OF INSULIN (reduced) 

Reduced insulin did not show a difference in the rate of precipitation between exposed and 

control samples. Computer simulation of the unfolding of insulin has shown that, upon 

reduction of the three disulphide bonds with DTT, the small B chain unfolds very rapidly, i.e. 

within two nanoseconds of simulation time 191, prior to its aggregation and subsequent 

precipitation (the A chain remains in solution). Consequently, upon reduction, the unfolding of 

the B chain occurs too fast to respond to temperature transients of less than a few seconds 

duration as applied by pulsed microwaves.  
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7.11 CONTROLLING FOR SMALL DIFFERENCES IN AVERAGE TEMPERATURE BETWEEN 

EXPOSED AND CONTROL SAMPLES  

The hypothesis tested in section 7.10 refers to exposed and control samples being kept at the 

same average temperature over a six-minute period. As shown in Table 7.11, there were small 

differences between the average temperatures for exposed and control in most cases. These 

small temperature differences between samples were unavoidable because of the design of the 

temperature-controlled multicell holder. In all cases where the control was cooler than the 

exposed, it was necessary to ensure that the conclusion concerning the hypothesis was not 

altered by the presence of these small differences. Therefore, in a separate set of experiments on 

CS at 42oC, ADH and catalase, four identical samples were incubated at slightly different 

temperatures and monitored for light scattering. One of the samples was taken out, as described 

previously, every six minutes, and exposed to pulsed microwaves. The average temperature 

over a six-minute period was calculated for each of the samples and plotted against the initial 

rate of precipitation.  

 

 

 

 

 

 

 

Figure 7.32: The initial rate of precipitation for CS at a nominal incubation temperature of 42oC is shown as a 
function of the actual measured temperature, averaged over six minutes as discussed in the text. The exposed 
point (open circle) lies above the trend line created by the controls (black triangles), showing that the 
hypothesis is sustained. 
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Figure 7.32 shows such a plot for CS. In these experiments, the exposed sample was cooler than 

the control samples over the six-minute averaging time yet its point on the plot lies above the 

trend line created by the controls, i.e. its initial rate of precipitation is faster than that expected if 

it were simply exposed to a constant temperature of 41.8oC. Thus these data are consistent with 

the hypothesis. 

In order to allow for the effects of small differences between the average temperatures of the 

exposed and control samples, the dependence of the precipitation rate ratio on temperature for 

CS at 42oC was examined in detail. The difference in initial rate per 1oC was was calculated 

from the trend line in Figure 7.32. As a result, when the t-test was applied, the probability was 

increased by 10% to a confidence limit of 0.0005<P<0.001. 

 

7.12 DIFFUSION OF PROTEIN MOLECULES DURING EXPERIMENTS 

One of the drawbacks in utilising light scattering for the visualisation of protein precipitation is 

that the detector of the spectrophotometer only samples part of the assay. When pulsed 

microwaves are applied to a sample, the energy is unevenly distributed (section 3.2.2) and the 

question arises: are the protein molecules that were detected in the light scattering experiment 

the same as the molecules that were exposed (and for which the SAR was calculated at the 

height of the detector (section 3.2.2) ? In other words, is it possible that protein molecules 

diffused through the sample so that the measurements were not representative? 

In order to establish how fast molecules moved through the solution, the diffusion of the target 

proteins was calculated (see also section 2.6.1.2). 

 

7.12.1 CALCULATION OF TRANSLATIONAL MOVEMENT 

The diffusion constant 1, D, for different temperatures and buffer compositions can be derived 

from the Stokes-Einstein equation: 

D = fTK B /.   (1) 
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where KB is the Boltzmann’s constant, f the frictional coefficient and T the absolute temperature. 

Fick’s second law relates D to the mean-squared distance travelled, 2x , per unit time, t  

D = tx 2/2   (2) 

 

i.e.          tTfKx B 2.)./(2 =    (3) 

The frictional coefficient, f, can be determined if the viscosity of the solution, η, and the 

hydrodynamic radius, r, of the protein are known: 

f = 6 π η r (4) 

Thus, the mean distance (in mm), travelled per minute by one molecule of protein is given by: 

).. 3/()..( rtTKx B ηπ=            (5) 

 

The program HYDROPRO 167 was used to calculate, r, for each target protein. The viscosity 

data for solutions were obtained from 192. 

By using equation 5, the translational movement arising from diffusion for each protein was 

calculated at the experimental temperature (Table 7.12). 

Because the experimental protein solutions were not stirred, the temperature was not uniform in 

the sample. The temperature distribution in the samples was described in detail in Chapter 3. 

The SAR corresponding with the region in the sample that was sampled for light scattering 

(height between 13 and 19 mm from the base of the cuvette) was derived from SAR 

determinations at four positions in the sample (see Figure 3.7). 

Some mixing between regions of higher and lower SAR occurred but as the precipitation 

increased, and the aggregates increased in size, the diffusion of the large aggregates slowed 

down. Therefore, the SAR (Table 11) should be used as an estimate only.  
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Protein 
 
 
 

 

PDB 

file 

 

Radius 

(10-7 cm) 

 

x  

(mm/min) 

 
ADH  
 

 
1ykf 

 
4.45 

 
0.71 

 
BSA 
 

1e78 5.12 0.72 

Catalase 
 

4blc 4.98 0.71 

CS 
 

4cts 3.81 0.82 

Insulin 
 

2ins 1.88 1.09 

Ovotransferrin 
 

1ovt 3.72 0.84 

 
 
Table 7.13: Calculated hydrodynamic radius of proteins. The hydrodynamic radii for target proteins was 

calculated using the HYDROPRO program and the mean distance travelled (in mm) per minute ( x ) was 
calculated, using equation 5.  
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CHAPTER 8  
 

 

LIGHT SCATTERING EXPERIMENTS 

MICROWAVE EXPOSURE IN EXPOSURE SYSTEM 3 

 

8.1 CONSTANT TEMPERATURE VS PERIODIC TEMPERATURE EXCURSIONS 

To establish if the initial rate of precipitation of a sample exposed to pulsed microwaves was 

similar to a sample incubated at a constant temperature, experiments were undertaken in which 

four protein samples protein were incubated at different temperatures utilising the temperature 

variability of the cells in the heating block (see section 3.1.3). 

 

8.1.1 REDUCED APO ALCOHOL DEHYDROGENASE (ADH)  

Four 1.0 ml samples of 0.5 mg/ml ADH were incubated at different temperatures. One of the 

samples was also exposed to 7 pulse periods of 2.450 GHz at six minute intervals (the pulses 

were of 5 seconds duration). The SAR for the exposed sample was 26.8 W/kg (measured at the 

position of the light beam) which equated to a transient temperature maximum of 2.3 oC every 

six minutes. The results of one such experiment are plotted in Figure 8.1. The averaged 

temperatures (see section 3.3.3) for the controls 1, 2 and 3, over six minutes, were 45.2, 45.9 

and 46.5oC respectively. The average temperature for the exposed sample was 44.9oC.  

The baseline temperature for the exposed cell (average of measurements at 10 and 17 mm from 

the base of the cuvette) was 44.5oC. The expected initial rate of precipitation at a temperature of 

46.8oC (44.5 + 2.3oC) was calculated from the slope of Figure 8.2 to give an initial rate of 0.71 

(A360 h-1). The initial rate for the exposed sample was 0.60 (A360 h-1).  



Chapter 8 – Light scattering experiments 
                    Microwave exposure in Exposure System 3 
 

146 

 

 

 

 

 

 

 

 

 
 
 
Figure 8.1: The effect of constant temperature compared to a transient microwave induced temperature 
increase every six minutes on the aggregation and precipitation of 0.5 mg/ml ADH in 1 mM phenanthroline in 
0.1 M phosphate buffer, 0.1 M NaCl, pH 7, at 45oC. Samples were incubated in the multi-cell block of the 
spectrophotometer for 2 minutes. The temperature was averaged over a six minute period as discussed in 
section 3.3.3. Control 1 was kept in the multi-cell holder of the spectrophotometer (cell 6) and controls 2 and 3 
were kept in the block heater. They were removed at six minute intervals for spectroscopy.  After 7 pulse 
periods all samples were left in the spectrophotometer.  
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2: The effect of temperature on the initial rate of precipitation for the four 1.0 ml samples of 0.5 
mg/ml ADH in 1 mM phenanthroline in 0.1 M phosphate buffer, 0.1 M NaCl, pH 7, at 45oC incubated in either 
the spectrophotometer or the heating block (See also Figure 8.1). The rate of precipitation of the exposed lies 
above the trendline of samples incubated at a constant temperature. The expected initial rate of precipitation 
for a temperature of 46.8oC was 0.71 (A360hr-1) (green line). 
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Therefore, the initial rate of precipitation of a 0.5 mg/ml sample of reduced apo ADH, incubated 

at a temperature of 44.5oC that transiently increased to 46.8oC for less than a few seconds, every 

6 minutes, was 16% lower than a 0.5 mg/ml ADH sample incubated at a steady temperature of 

46.8oC. The experiment was repeated three times with very similar results. 

 

8.1.2 CITRATE SYNTHASE (CS)  

SAR calibrations established that for buffer/exposure system I, exposure to pulsed 2.450 GHz 

led to a transient temperature increase of 1.0 to 3.1oC (Figure 3.7), every six minutes (measured 

between 0 and 23 mm from the base of the cuvette).  

To establish if the initial rate of precipitation of an exposed sample under the conditions 

described above was similar to a sample incubated at a constant temperature of 42oC plus the 

increment determined by the pulse. An increment of 2.1oC or 24.38 W/kg (between 10 and 17 

mm from the base of the cuvette) was chosen. 

In Figure 8.3 are plotted the results of one such experiment where controls 1, 2 and 3 were 

incubated at averaged temperatures (over six minutes) of 42.0, 42.8 and 43.4oC respectively. 

The average temperature of the exposed sample was calculated to be 41.9oC.  

The baseline temperature for the exposed cell (average of measurements at 10 and 17 mm from 

the base of the cuvette) was 41.8oC. The expected initial rate of precipitation at a temperature of 

43.9oC (41.8 + 2.1oC) was calculated from the slope of Figure 8.4 to give 0.79 A360hr-1. The 

initial rate for the exposed sample was 0.62 A360hr-1. The initial rate of precipitation of a 0.2 

mg/ml CS sample, incubated at a temperature of 41.8oC that transiently increased to 43.9oC for 

less than a few seconds, every 6 minutes was 27% lower than a 0.2 mg/ml CS sample incubated 

at a steady temperature of 43.9oC. The experiment was repeated three times with similar results.  
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Figure 8.3: The effect of constant temperature compared to transient temperature increases every six minutes, 
on the aggregation and precipitation of 0.2 mg/ml CS. Samples were incubated in the multi-cell block of the 
spectrophotometer for 6 minutes thereby ensuring that all samples reached their baseline temperature at the 
same time. The temperature was averaged over a six minute period as discussed in section 3.3.3. The control 
(1) was kept in the multi-cell holder of the spectrophotometer as opposed to experiments where the control was 
taken out each time every six minutes similar to the exposed sample. Controls 2 and 3 relate to cells 1 and 3 in 
the heating block, they were removed initially every six minutes for light scattering measurements. The 
associated temperature loss is reflected in the average temperature over six minutes. After 7 pulse periods all 
samples were left in the spectrophotometer.  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.4: The effect of temperature on the initial rate of precipitation for the four 1.0 ml samples of 0.2 
mg/ml CS incubated in either the spectrophotometer or the heating block (See also Figure 8.3). Exposure 
caused a transient temperature increase of 2.1oC. The average temperature of the sample was 41.8 The rate of 
precipitation of the exposed lies above the trendline of samples incubated at a constant temperature. The 
expected initial rate of precipitation for a temperature of 46.8oC was 0.79 (A360hr-1) (green line). 
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8.1.3 SUMMARY OF RESULTS 

The results of the experiments in sections 8.1.1 and 8.1.2 indicate that when the proteins ADH 

and CS are heated at a constant temperature of “x”, these proteins proportionally unfold faster 

(green lines in Figures 8.2 and 8.4) than if they would have been exposed to pulsed microwaves 

that transiently, for less than one second, increased the temperature of “x” every six minutes 

(red triangles in Figures 8.2 and 8.4).  

However, when comparing temperatures over a six minute period, the initial rate of unfolding 

for exposed proteins is significantly larger than control samples that have the same average 

temperature (red triangles lie outside the trendline in Figures 8.2 and 8.4). 
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CHAPTER 9  
 

 

PROTEIN CONFORMATIONAL STUDIES 

MICROWAVE EXPOSURE IN EXPOSURE SYSTEMS 2 AND 3 

 

In the past chapters the effect of pulsed microwaves on protein unfolding and precipitation was 

presented in terms of kinetics. In this chapter the conformation of the proteins in solution is 

probed by spectroscopical methods. The secondary structure of catalase, citrate synthase and α-

lactalbumin was monitored during microwave experiments. The intrinsic and extrinsic 

fluorescence of citrate synthase was measured before and after a microwave experiment and the 

conformational changes of α-lactalbumin, where they occurred, were established by hydrogen 

exchange mass spectrometry. 

 

9.1 CIRCULAR DICHROISM STUDIES 

Amino acids are chiral with a left handed configuration (L-form), which rotates the plane of 

polarisation clockwise. Proteins are therefore optically active and their conformation can be 

studied by circular dichroism spectroscopy (CD). CD measures the differential absorption of the 

left and right circularly polarised components of plane polarised radiation 193. Data are recorded 

in degrees of ellipticity, Θ and converted to either molar ellipticity, [Θ] or residue ellipticity, 

[Θ]MRW 194 (conversion calculations are given in Appendix 8). 

CD measurements in the far-UV region (typically 180 nm to 240 nm) detect transitions 

involving the peptide chromophore and therefore give information about the overall secondary 

structure of the protein 188. The ellipticities at 208 and 222 nm are double minima that are 

characteristic of α-helical structure 193. Unstructured regions have been reported to have 

ellipticity at 205 nm 195. In section 7.10 the temperature melt of BSA and CS were discussed as 

a function of the disappearance of signal at 222 nm (α-helicity) respectively. Measurements in 

the near-UV region (250 to 350 nm) provide information about aromatic groups in proteins, i.e. 
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phenylalanine, tyrosine and tryptophan 193. It is therefore a method of examining tertiary 

structural features of proteins. 

CD was considered an ideal tool to study conformational changes in proteins that were exposed 

to pulsed microwave radiation and to compare these with control samples. The advantage of 

CD spectroscopy was that only small aliquots (2 to 6 µl) are required during the course 

of a microwave exposure experiment. The withdrawal of such small amounts was not 

considered to have an effect on the SAR.   

Proteins that were readily destabilised by heat, catalase and CS, were studied. As CD studies on 

the unfolding of α-lactalbumin have been extensively reported, the conformation of this protein 

was investigated also. In the following sections, “exposed” refers to the microwave exposed 

sample, “control” to the control sample incubated at the same temperature as the “exposed” with 

“native” referring to the native state of the protein prior to addition of DTT and application of 

heat. The heating block (Exposure system 3) was used as the incubator for the CD experiments. 

The heating block relies on conductive heat transfer which takes place at a smaller rate than 

applies in Exposure system 2 (section 3.1) used for light scattering experiments. It therefore 

took a longer time for the target proteins to reach the baseline temperature. The average of 6 CD 

scans at 22oC was recorded prior to, during and after the experiments.  

 

9.1.1 CATALASE 

Catalase was monitored by far-UV CD spectroscopy during a microwave exposure experiment. 

The block heater was utilised as an incubator (Exposure system 3). The temperature of the 

samples was established by placing a thermometer inside a cuvette containing 1.0 ml of water 

after the block heater had been equilibrated for 45 minutes. The temperature of the cell of the 

“exposed” sample was 43.3oC and of the “control” sample 44.0oC. Two samples containing 0.2 

mg/ml catalase in 50 mM phosphate, pH 7 were incubated in the block heater for two minutes 

after which the “exposed” sample was exposed (Buffer/exposure system II) to a pulse period of 

5 seconds duration. The SAR was measured to be 42.7 W/kg which corresponds to a 
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temperature elevation of 3.7oC at each pulse period. The exposure was repeated every six 

minutes. When the “exposed” sample was taken out for exposure, the control sample was placed 

in a transport box and left on the bench during exposure. For far-UV CD spectroscopy, aliquots 

of 1 µl were withdrawn at the start of the experiment and after 1, 3, 5 and 8 pulse periods. To 

this aliquot was added 1.0 ml of water after which the spectra were obtained.  

The far-UV CD spectrum of the native conformation (Figure 9.1) is in accordance with a 

previously reported CD spectrum of catalase at pH 7 and shows characteristic α-helix double 

minima at around 208 and 222 nm 196.  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 9.1: Far UV CD spectra of catalase at 22oC after exposure to 3 and 8 pulse periods of pulsed 2.450 GHz. 
The exposed sample was incubated at 43.3oC and the control sample at 44.0oC in a heating block. The SAR 
was 42.7 W/kg.  
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The structure of catalase (section 2.2.1.3) is rich in α-helices in containing four identical chains 

that have 19 helices each. After 1 pulse period a difference with respect to ellipticity can be seen 

between the exposed and control sample (not shown). After three pulse periods, the exposed and 

control samples lost significant secondary structure compared to the native protein; this is 

shown by the loss of helicity at 192 nm (only the right shoulder of the peak is visible), 208 nm 

and at 222 nm (Figure 9.1).  

After 54 minutes (8 pulse periods), not all the protein molecules have unfolded and most of the 

population is likely to be in intermediate folded states as can be seen from the light scattering 

spectrum (Figure 7.12) and comparing it to the reported CD spectrum of unfolded catalase at pH 

11.5 196 . 

 

9.1.2 CITRATE SYNTHASE (CS) AT 42OC 

The far-UV CD spectrum of thermally unfolded CS has been reported (section 7.10) in the 

literature 190; 197. The spectrum of native CS shows double minima at 210 and 222 nm which is 

characteristic of a protein with considerable α-helical content (CS has 23 α-helices in its 

secondary structure; section 2.2.1.4) 190; 197. The spectrum obtained prior to the exposure 

experiment was similar to the spectra reported in the literature with the exception of a broad 

minimum from ~ 220 to 228 nm compared to a reported minimum of 222 nm.  

The temperature of the experimental samples was established by placing a thermometer inside a 

cuvette containing 1.0 ml of water after the block heater had been equilibrated for 45 minutes. 

Samples of 1.0 ml of 0.2 mg of CS in 80mM phosphate buffer, pH 7.5 were incubated at an 

temperature of 41.17oC (exposed) and 41.39oC (control) in the block heater and, every six 

minutes, one cuvette (exposed) was withdrawn and placed in a polystyrene transport box that 

was exposed to 3.2 seconds of microwave bursts (Buffer/exposure system I); the second sample 

(control) remained in the heater. The SAR was estimated to be ~23 W/kg (~2.0oC temperature 

increase) which was based on previous studies on similar concentrations. The first pulse period 

was delivered prior to placing the samples in the incubator.  
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Figure 9.2: Far UV CD spectra of CS (smoothed) at 22oC. Sample cuvettes were inverted prior to the 
withdrawal of a 6 µl aliquot. To this was added 3.0 ml of 10mM phosphate buffer, pH 7.5.  
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Aliquots (6 µl) for CD experiments were taken from the middle of the solution prior to 

incubation as well as after 3, 6 and 10 pulse periods. The aliquots were then diluted with 3.0 ml 

of 10mM phosphate buffer, pH 7.5. 

After three pulse periods (12 minutes into the experiment), the exposed sample showed one 

broad minimum at 206-208 nm while the control sample still exhibited minima at 208 and 222 

nm (Figure 9.2) indicating that the protein in the exposed sample was more unfolded.  

After six pulse periods, the control sample had regained ellipticity while the exposed now 

showed less ellipticity than before incubation. The minimum at 206 nm became broader for both 

samples and a broad second minimum at ~ 228 nm was observed for both samples.  

After ten pulse periods the exposed sample had lost a significant amount of structure as was 

deduced from the three minima at 206, 215 and 225 nm and reduced ellipticity. The control 

sample showed a similar profile and ellipticity as the exposed sample after three pulse periods, 

it had gained in ellipticity compared to six pulse periods. The CD spectrum still shows 

considerable structure as compared to a reported structure of thermally unfolded CS 190 (Figure 

9.2).  

The CD results for CS complement the light scattering experiments. The results for light 

scattering experiments presented in Figure 7.16 demonstrate that after one hour (i.e. after 10 

pulse periods), exposed samples significantly aggregated and precipitated more than controls.  

Notwithstanding the slower rate of heat delivery in the heating block compared to the incubator 

used for light scattering experiments, the CD spectra show that not all protein molecules had 

unfolded and most of the population of the exposed sample lost α-helical structure faster than 

the control (as indicated by loss of minima at 210 and 222 nm and increase in ellipticity at 205 

nm, especially after 12 minutes) and was generally more unfolded than the control sample (loss 

in ellipticity). The average temperature of the samples over a six minute period, based on 

baseline temperature and SAR, was calculated to be 41.3oC (exposed) and 41.2oC (control). 
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9.1.3 α-LACTALBUMIN  

The structure of α-lactalbumin and its destabilisation by denaturation 198 reduction of its four 

disulphide bonds 199-202, proteolytic removal of a subdomain 203, fibrillation 30, its molten globule 

structure 204; 205 and its chaperone action with α-crystallin 159; 183 have been extensively studied 

spectroscopically. Therefore α-lactalbumin was selected as a target protein for study by CD 

spectroscopy. 

 

Protein Buffer Exposure conditions 

 

ID 

Apo α-La 

2 mg/ml 

2.5 mM EDTA 

20mM DTT 

in 50 mM phosphate buffer, pH 7 

550ml water in box 

7 pulse periods of 4 seconds  

average temp (pos. light beam): 

exposed  38.1oC, control 38.1oC 

A 

Apo α-La 

5 mg/ml 

20mM DTT 

in water 

550ml water in box 

10 pulse periods of 5 seconds  

average temp (base of cuvette): 

exposed  37oC, control 38.5oC 

B 

Apo α-La 

5 mg/ml 

20mM DTT 

in 10 mM ammonium buffer, pH 7 

 

550ml water in box 

15 pulse periods of 5 seconds  

average temp (base of cuvette): 

exposed  37oC, control 38.5oC 

C 

Holo α-La 

5 mg/ml 

20mM DTT 

in water 

550ml water in box 

10 pulse periods of 5 seconds  

average temp (base of cuvette): 

exposed  37oC, control 38.5oC 

D 

Holo α-La 

5 mg/ml 

20mM DTT 

in 10 mM ammonium buffer, pH 7 

 

550ml water in box 

10 pulse periods of 5 seconds  

average temp (base of cuvette): 

exposed  37oC, control 38.5oC 

E 

 
Table 9.1: Summary of exposure experiments of α-lactalbumin that were monitored by CD spectroscopy. The 
experiments have been given an identity (ID) letter for easy reference.  
 

A variety of experimental conditions were applied. One of the experiments was performed in 

phosphate buffer containing EDTA, another experiment was performed in water and a set of 

experiments was performed at higher concentration (5mg/ml vs. 2 mg/ml) in ammonium acetate 
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buffer to keep experimental conditions similar to hydrogen exchange experiments (section 9.3). 

Under these conditions, in the absence of salt, the protein does not precipitate out of solution 

during the time of the experiment. 

Apo α-lactalbumin, from here on abbreviated as apo-α-La, was commercially obtained and 

contains small amounts of calcium (section 2.2.6). To completely remove all calcium ions, 2.5 

mM EDTA was added to the buffer. Holo α-lactalbumin, from here on abbreviated as holo-α-

La, was commercially obtained; it has been saturated with calcium. Table 9.1 summarises the 

thermal unfolding experiments performed on α-lactalbumin that were monitored by CD 

spectroscopy also. The experimental conditions have been listed and each experiment has an 

identity letter (from A to E) for easy reference. The SAR was not established for the buffer 

systems, however from data in Figure 3.5 it is estimated to be ~ 13 W/kg (1.1oC temperature 

increase) at the bottom of the cuvette. 

 

9.1.3.1 REDUCED APO α-LACTALBUMIN  

The experiments, concentrations, buffers and exposure conditions are listed in Table 9.1. The 

SAR was not established for the water or buffer systems but was estimated to be < 13 W/kg, at 

the base of the cuvette, as estimated from the conductivity of the solvents (Figure 3.6). The 

estimated SAR equates to about 1oC temperature increase in the solution every six minutes, 

lasting less than one second.  

FAR-UV CD SEPCTROSCOPY (FIGURE 9.3) 

The structure of α-La is destabilised somewhat by the addition of the chelating agent EDTA 

which removes the bound Ca2+ ion 206. Thus, at physiological pH and at room temperature, α-La 

in the presence of EDTA, forms a molten globule state 207. CD spectra of molten globule states 

have shown that they retain secondary structure (far-UV) but loose tertiary structure (near-UV) 

193; 200; 205; 208.
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Figure 9.3: Far UV spectra of apo-α-lactalbumin (smoothed) before and after reduction and exposure to 
pulsed 2.450 GHz under conditions in Table 9.1. Aliquots of 6 µl were withdrawn from samples and diluted 
with 2.0 ml 10 mM buffer, pH 7 (A and C), or 1.5 ml water (B). Smoothed spectra are on the right.  
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The far-UV spectrum of α-La in Figure 9.3(A) at the start of the experiment is indicative of a 

molten globule conformation with faint minima at 208 and 222 nm. and is in good agreement 

with the spectrum of wild-type human α-La  in the presence of EDTA 207 and of the pH-induced 

molten globule state of bovine α-La at pH 2 205. 

α-La in water and apo α-La in ammonium acetate buffer (without addition of EDTA), prior to 

the start of the experiment, showed similar spectra in the far UV that showed two well defined 

minima at 208 and 222 nm (Figure 9.4 B and C) which is in agreement with a reported spectrum 

of apo α-La 208. 

5 PULSE PERIODS (~30 MINUTES) 

Upon reduction of the disulphide bonds, simultaneous heating at 37oC and 5 pulse periods of 

microwave exposure the protein lost some of its secondary structure (Figure 9.3 B and C). In B, 

the characteristic minima, as compared to the native protein were less distinct. This was likely 

to be the result of the addition of DTT to the water which would have caused a change in pH 

(not measured). In water, the control was more reduced in intensity than the exposed sample. 

The exposed and control samples in ammonium acetate buffer (C) lost a similar amount of 

ellipticity after 5 pulse periods.  

10 PULSE PERIODS (~60 MINUTES) 

At the conclusion of the experiment, the molten globule structure of the microwave exposed 

sample was more unfolded than the control in 50 mM phosphate buffer containing EDTA. pH 7 

(Figure 9.3 A). Samples in phosphate buffer and ammonium buffer showed a distinct minimum 

at 205 nm which was not observed in the molten globule conformation of the apo form of the 

protein. An increase at 205 nm is indicative of random coil formation 195. 

Both the control and exposed samples in ammonium buffer had lost more ellipticity compared 

to the sampling after 5 pulse periods. The control had lost more than the exposed. The profile of 

the CD spectrum (Figure 9.3 C) was similar to the molten globule profile of the samples 

reduced and heated in the 50 mM phosphate buffer (Figure 9.3 A). 
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NEAR UV CD SEPCTROSCOPY (FIGURE 9.4) 

 

 
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.4: Near-UV spectra of apo-α-lactalbumin (smoothed) exposed to pulsed 2.450 GHz as per conditions 
in Table 9.1. Aliquots of 100 µl were withdrawn from samples after exposure and diluted with 1.0 ml of water 
(B) or 1.0 ml of 10 mM buffer, pH 7 (C).  
 
 

The near-UV spectra of samples B and C (Table 9.1) was obtained prior to the start of the 

experiment and after the last pulse period. No spectrum was recorded in phosphate buffer (A). 

The spectrum of native α-La in buffer was more distinct than the spectrum of α-La in water, 

both were in agreement with a recorded near-UV spectrum of apo α-La 199. Tertiary structure 

was almost completely lost at termination of the experiments (~ 1hour) as can be demonstrated 
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from the loss of ellipticity. Even so, a difference was observed between the exposed and control 

sample where the exposed was more collapsed than the control. 

In summary, it can be concluded that at the completion of the experiments, the buffered 

samples, according to the far and near UV spectra, were in molten globule states. In phosphate 

buffer, as deduced from the far UV spectra, the exposed sample had lost more structure and in 

the ammonium buffer the control had lost more structure compared to the exposed. A slight 

difference was observed in ellipticity (far UV) between exposed and control samples in water at 

the conclusion of the experiment. The proteins in water were not buffered therefore difference 

may have arisen from pH fluctuations. 

Light scattering experiments with reduced α-La failed to show a significant difference in initial 

rate and extent of precipitation between microwave-exposed and control samples. Usually these 

experiments were conducted at a higher concentration and in buffer containing salt which 

therefore increases the SAR (section 3.2.1). As the effect of microwave exposure on secondary 

structure was reversed for samples in the two different buffers, it would be of interest to explore 

this phenomenon in more detail.  

 

9.1.3.2 REDUCED HOLO α-LACTALBUMIN  

Holo α-La was reduced and exposed to pulsed microwaves in water and 10 mM ammonium 

acetate. Conditions are described in Table 9.1. The results for far-UV CD are presented in 

Figure 9.5 and for near-UV in Figure 9.6.  

FAR UV CD SPECTROSCOPY (FIGURE 9.5) 

Holo α-lactalbumin (with bound calcium) dissolved in water or ammonium acetate buffer gave a 

similar far-UV CD spectrum (Figure 9.6) and was comparable to reported spectra in the 

literature 200; 203.  

5 PULSE PERIODS (~30 MINUTES) 

After reduction, simultaneous heating at ~ 37oC and 5 pulse periods of microwaves, the protein 

samples had lost ellipticity however the minimum at 208 nm was still observed and it was more 

preserved in the exposed sample in 10 mM ammonium acetate. Minima at 208 and 222 nm are 
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indicative of α-helical structure 193. In both sets of experiments (water and ammonium acetate), 

the exposed had lost slightly more ellipticity than the control.  

 
 
 
 
 
 
 
  
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.5: Far UV CD spectra of holo-α-lactalbumin (smoothed) before and after, reduction and exposure to 
pulsed 2.450 GHz as per conditions in Table 9.1. Aliquots of 6 µl were withdrawn from samples and diluted 
with 1.5 ml water (D) or 2.0 ml 10 mM buffer, pH 7 (E).  
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10 PULSE PERIODS (~60 MINUTES) 

After 10 pulse periods, the ellipticity had recovered compared to the loss of signal after 

5 pulse periods, for all samples except the exposed sample in 10 mM ammonium acetate 

buffer (Figure 9.5). The exposed samples showed a decrease in molar ellipticity 

compared to the controls. The spectra indicate that holo α-La still has secondary 

structure and is in accordance to the far-UV CD spectrum of fully reduced holo-α-La 

reported in the literature 202.  

 

NEAR UV CD SPECTROSCOPY 

After reduction, heating at 37oC for 60 minutes and exposure to 10 pulse periods of 

microwaves, the tertiary structure of reduced holo α-lactalbumin was lost. The signals of the 

exposed and control samples overlapped for both sets of experiments in the near UV. The near-

UV CD spectrum of the fully reduced holo-α-La (see far-UV) 202 is similar to the 

spectra in Figure 9.6. 

 

Light scattering experiments on reduced holo α-lactalbumin did not show a difference in initial 

rate or extent of precipitation between exposed and control samples (section 7.6.2). These 

experiments were at concentrations of 1 mg/ml in imidazole buffer containing CaCl2 and at a 

slightly lower temperature than experiments carried out in tandem with CD spectroscopy. The 

far-UV spectra show that the secondary structure for the exposed samples in both water and 

ammonium acetate have lost more ellipticity than the controls with respect to the native 

structure under similar conditions to the light scattering experiments. The far-UV spectrum of 

the exposed sample in ammonium acetate buffer shows a distinct minimum at ~209 nm which is 

indicative of a more unfolded structure. The fact that all samples, after reduction and heating 

still have a measure of secondary structure but no tertiary structure (near UV) confirms that the 

conformations are in a molten globule state. Reduced holo-α-La was found to be more unfolded 

in ammonium acetate buffer than in water compared to the control sample. 
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Figure 9.6: Near UV CD spectra of holo-α-lactalbumin exposed to pulsed 2.450 GHz as per conditions in Table 
9.1. Aliquots of 100 µl were withdrawn from samples after exposure and diluted with 1.0 ml of water (D) or 1.0 
ml of 10 mM buffer, pH 7  
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The hydrophobic dye, 8-anilionphthalene sulfonate (ANS) binds to exposed and clustered 
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protein as exposed hydrophobicity increases as the protein unfolds. The fluorescence, referred to 

as Extrinsic Fluorescence is measured by titration with ANS. 

Citrate synthase contains 9 tryptophan residues in each subunit (2) and is easily destabilised by 

heat. The protein was therefore considered a good choice in probing, by fluorescence 

techniques, the conformational changes with temperature. 

 

9.2.1 INTRINSIC FLUORESCENCE CITRATE SYNTHASE AT 37 OC 

Two samples of 1.0 ml of 0.2 mg/ml CS in 80 mM phosphate buffer, pH 7.5 were incubated at 

37oC. One sample was exposed to 15 pulse periods of 2.450 GHz (pulse duration was 3.2 

seconds). The SAR for this sample was 22.1 W/kg in the region where the light beam passes 

through the sample. The intensity at the tryptophan emission maximum wavelength of 338 nm 

was compared before exposure and at the termination of the light scattering measurements 

(Figure 9.7), which was four hours later. From the inset in Figure 9.7 it can be seen that the 

protein started to precipitate immediately when heated and that the precipitation peaked at ~ 4 

hours 

 

 

 

 

 

 

 

 

 

 

 
Figure 9.7: Tryptophan fluorescence of two 1.0 ml samples of 0.2 mg/ml CS in 80 mM phosphate buffer, pH 
7.5. One sample was exposed to 15 pulse periods of 2.450 GHz at 37oC and the other sample was incubated at 
37oC (control). The fluorescence was measured before and after the experiment (4 hr). The samples were 
excited at wavelength 295 nm and the emission accumulated over 260-450 nm. Inset: The light scattering 
profile, measured at 360 nm, of the sample.  
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Thus, Figure 9.7 is a reflection of the remaining soluble population of CS proteins. In this 

particular experiment (Inset Figure 9.7), the initial rate of precipitation was larger than the 

control. Compared to CS at the start of the experiment, both control and exposed samples lost 

similar fluorescence intensity with the control sample losing 6.5 % intensity compared to the 

exposed sample which lost 8.4 % intensity. When the SAR was considerably increased (by 

lowering the volume of water inside the plastic box in the microwave cavity from 500 ml to 300 

ml) and the incubation temperature increased to 40oC, the difference between exposed and 

control was found to be more distinct. The aggregation and precipitation of the exposed protein 

was greatly enhanced (Figure 9.8 inset). Figure 9.8 shows the tryptophan fluorescence emission 

before and after exposure to pulsed microwaves. The SAR was not calculated for this particular 

experiment. The control lost 24.8% intensity and the exposed 44.4% intensity in tryptophan 

emission.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.8: Tryptophan fluorescence of two 1.0 ml samples of 0.2 mg/ml CS incubated at 40oC. One sample 
was exposed to 5 pulse periods (5 seconds in duration) of 2.450 GHz (300 ml water box ) compared to a control 
sample incubated at the same temperature. The fluorescence was measured before and after the experiment (5 
hr). The samples were excited at wavelength 295 nm and emission accumulated over 260-450 nm. Inset: 
aggregation profile of the same samples. 
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Of the nine tryptophan residues in CS, seven are exposed to the external environment as 

deduced from modelling data from the protein data bank 135. Studies on the temperature 

dependence of tryptophan fluorescence have shown that increasing temperature causes a red 

shift (shift to longer wavelengths) in the fluorescence emission maximum which is accompanied 

by a decrease in fluorescence intensity 209; 212; 213. The red shift is not noticeable at 37oC but can 

be detected in the assay at 40oC thus confirming that tryptophan residues are increasingly 

exposed which is consistent with greater unfolding of the protein. At the higher temperature and 

higher SAR, the protein precipitated out more than at 37oC as can be seen from the absorbance. 

Therefore less protein remains in solution at 40oC which accounts for a larger decrease in 

fluorescence than at 37oC. Thus, the light scattering experiments supplemented the fluorescence 

studies. 

 

9.2.2 EXTRINSIC FLUORESCENCE CITRATE SYNTHASE AT 37.5 OC 

In an experiment at 37.5oC comparable to the experiment at 37oC in section 9.2.1 (same 

conditions) in which one sample of CS was exposed to 15 pulse periods of 2.450 GHz compared 

to a control, the exposed hydrophobicity of CS protein molecules, before and after microwave 

exposure, was probed by ANS binding and fluorescence.  

The heated samples bound more ANS than the native sample (prior to the start of the 

experiment) and the exposed sample bound slightly more ANS than the control sample (Figure 

9.9). The data for the experimental samples reflect proteins after 4 hours when the light 

scattering measurements were terminated. These results are in accordance with literature reports 

that measured ANS fluorescence intensity as a function of temperature and in the presence of 

aggregates 210; 211.  

The observation that the microwave exposed samples exhibited less intrinsic fluorescence 

compared to a control (Figures 9. 7 and 9.8) and exhibited more ANS binding (Figure 9.9) 

supports the finding from light scattering experiments on CS that the initial rate and extent of 

aggregation, precipitation (and hence unfolding) was enhanced for the microwave exposed 

samples compared to controls. In terms of the change in protein conformation, it can be 
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concluded that protein samples exposed to heat as well as pulsed microwaves are structurally 

more altered than control samples. 
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Figure 9.9: ANS binding of two 0.2 mg/ml CS samples in 80 mM phosphate buffer, pH 7.5. One sample was 
exposed to 15 pulse periods of 2.450 GHz at 37.5oC and the control was incubated at the same temperature. 
After the experiment the samples were titrated with 10 mM ANS and excited at wavelength 387 nm; the 
emission was monitored at 479 nm. The SAR for this sample was not determined. Inset: Light scattering 
profile at 360 nm of the same sample. 
 

The decrease in intrinsic fluorescence shows that tryptophan residues in the microwave exposed 

samples become more accessible to the aqueous environment and the increased extrinsic 

fluorescence shows that the microwave exposed samples exhibit more exposed hydrophobicity 

than the control samples due to structural destabilisation. 

 

9.3 ELECTROSPRAY MASS SPECTROMETRY 

Hydrogen–deuterium exchanges in proteins have been explored as far back as the 1950s by 

Linderström-Lang and collaborators 214. It was proposed that the amide hydrogens in the peptide 

backbone exchange with the surrounding solvent as a function of the intrinsic dynamics of the 

protein. Globular proteins exist in a range of conformations due to structural fluctuations (see 

section 1.4, figure 1.4). During the brief opening of a protein, when the hydrogen bond acceptor 

and donor are temporarily separated, the peptide group is attacked either by a H3O+ or OH- ion 
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214. Hydrogen exchange can be monitored by NMR spectroscopy and mass spectrometry (MS). 

NMR monitors the average exchange at individual amide sites over the distribution of protein 

molecules 215 and is therefore a very powerful technique for monitoring the conformation at 

individual sites in the protein. Electrospray ionisation (ESI) is particularly useful as it is a gentle 

technique that produces multiply-charged ions from the protein of interest with minimal 

fragmentation and can be applied to study large weakly associated protein aggregates in solution 

215-217. MS gives gross information on the solvent accessibility of all the NH groups in the 

proteins. Robinson et al 164 published findings on the hydrogen exchange kinetics of a three-

disulphide reduced derivative of α-lactalbumin (α-Lac) bound to the molecular chaperone 

GroEL using electrospray mass spectrometry. Initially, apo α-Lac was deuterated in D2O and 

hydrogen exchange initiated by dilution into H2O, pH 5 at 4oC. The exchange was plotted and 

showed an exponential decrease in exchange over 100 minutes. Following this, the three-

disulphide derivative of α-Lac bound to the molecular chaperone GroEL was deuterated 

followed by incubation with GroEL in D2O. The complex was diluted into water pH 5 and 

monitored for hydrogen exchange using ESI-MS. The technique enabled the monitoring of the 

protein-chaperone complex and give a quantitative ratio of the binding of α-Lac with GroEl 164. 

It was reasoned that this method could be adapted to the microwave exposure experiments to 

see differences between exposed and control samples in the early stages of aggregation with 

respect to the number of exchangeable hydrogens. This could improve understanding about the 

conformation of the proteins, e.g. α-Lac, at the different stages of unfolding after exposure to 

pulsed microwaves. The method was envisaged to also include experiments in the presence of 

the sHsp, α-crystallin, in order to probe the differences between exposed and control samples in 

terms of protein-chaperone complexes. 

The hydrogen exchange experiments started relatively late in the course of the project and 

therefore the results are preliminary. The reason that this section has been included in the thesis 

is to provide a foundation for future work. 
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9.3.1 APO Α-LACTALBUMIN 

The hydrogen exchange experiment in which deuterons in apo α-Lac are exchanged by 

hydrogen atoms 164 was performed several times with good reproducibility. In Figure 9.10 the 

results are compared. 

Prior to the exchange, an aliquot of α-lactalbumin was diluted 1:100 into D2O (pH 6) and 

injected into the mass spectrometer with D2O being also the running buffer. This gave the 

molecular mass of the deuterated protein (14433 Da). Therefore, 255 hydrogens were 

exchanged overnight for deuterons, at room temperature. Hydrogen exchange was initiated by 

the 100 fold dilution of the deuterated protein in ice cold H2O made acidic to pH 2 by formic 

acid. The hydrogen exchange was monitored by observing the reduction in mass via ESI-MS. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 9.10: Hydrogen exchange of apo α-lactalbumin in ice cold H2O, pH 2. Initial incubation was in D2O, 
10% H2O to ensure complete exchange of hydrogens to deuterons. Dilution into H2O, pH 2 was 1 : 100 (v/v) on 
ice. Results are compared with Robinson et al 164 . 
 

Within the first minute upon dilution, under conditions of 0-4 oC, a total of 171 deuterons were 

exchanged (Figure 9.10). The exchange, up to 60 minutes, for sample 2 (Figure 9.10) followed 

second order kinetics as the plot of the inverse of the number of deuterons exchanged against 

time could be fitted with a straight line (Figure 9.11) according to the formula: 



Chapter 9– Protein conformational studies 
 

172 

                                                            
0][

1
][

1
A

kt
A t

+=            (1) 

Where [A]t is the concentration at a time point (y axis), [A]o is the initial concentration, k is the 

rate constant (slope) and t is the time in minutes (x axis). 

 

 

 

 

 

 

 

 
 
 
 
Figure 9.11: Plot of formula 1 applied to sample 2 in Figure 9.10. Sample 2 followed second order kinetics up 
to 60 minutes (the arrow indicates the straight line) after exchange was initiated. 
 
 
Hydrogen exchange was monitored in another way by diluting a sample of α-Lac prepared in 

aqueous buffer with D2O and measuring the increase of molecular mass over time by ESI-MS. 

At specific time points, the reaction was quenched by dilution into ice cold H2O, pH 2. Figure 

9.12 shows the result of two experiments in which apo α-lactalbumin was dissolved in 0.1 M 

ammonium acetate buffer and diluted into D2O. 

The hydrogen exchange experiment was used to determine if a difference could be detected in 

exchangeable hydrogens of two samples of reduced apo α-Lac, one sample of which was 

exposed to pulsed microwaves. Figure 9.13 shows the result of two samples of 5 mg/ml α-

lactalbumin dissolved in 1.0 ml of D2O/10% H2O each and left overnight to exchange at room 

temperature. The samples were reduced by addition of 20 mM DTT and incubated in the block 

heater at ~ 37oC and one sample was exposed for 10 periods to pulses of 2.450 GHz. The SAR 

was estimated from conductivity measurements (section 3.2.1) to be ~ 10 W/kg at the base of 

the cuvette (which equates to a transient temperature increase of 0.9 oC). 
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Figure 9.12: Hydrogen exchange of apo α-lactalbumin examined by electrospray mass spectrometry. An 
aliquot of 2 mg/ml (sample 4), 5 mg/ml (sample 5) in 0.1 M ammonium acetate buffer, pH 7 was diluted into 
D2O, 1:10 (sample 4) or 1:20 (sample 5) at room temperature. At time points indicated on the graph, aliquots 
were quenched by dilution into ice cold H2O, pH 2 5: 1:10 (sample 4) or 1:4 (sample 5) and a sample was 
immediately injected into the electrospray source. 
 

At the conclusion of the experiment, an aliquot was removed of each sample and diluted 1 : 30 

into H2O, pH 7 at room temperature and stored on ice. At designated time points, an aliquot of 

the dilution was quenched 1:1 with ice cold H2O, pH 2.  

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 9.13: Comparison of hydrogen exchange of two samples of reduced deuterated 5 mg/ml α-lactalbumin 
that were incubated at ~ 37oC of which one was exposed to 10 pulse periods of 2.450 GHz.  
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The number of deuterons (124) that exchanged prior to exposure, after DTT was added, was 

determined by dilution into H2O, pH 2 (1: 30) followed by dilution 1:1 in ice cold H2O, pH 2.  

After 5 minutes of exchange into water, the control sample had exchanged 10 more deuterons 

than the exposed; after 9 minutes the difference was 6 deuterons. At 30 minutes, there was no 

significant difference between the hydrogen exchange of the exposed and control samples. 

These results were from a single exchange determination.  

 

9.4 INTERPRETATION OF RESULTS ON PROTEIN CONFORMATIONAL STUDIES 

In section 7.9, it was concluded that when proteins were exposed to a stress in tandem with 

pulsed microwaves, the kinetics of unfolding was increased as compared to a control sample. 

The effect was dependent on specific conditions of buffer, temperature and exposure dosage. 

Light scattering provides information about the relative quantity of aggregated particles, i.e. 

proteins that have come out of solution. The results presented in this chapter provide 

information about how the conformation of an “exposed” protein differed to a “control” protein. 

The measurements refer to soluble protein populations often in intermediately folded 

conformations which may be present as soluble aggregates.  

The secondary structure of catalase was probed only by far-UV CD. The spectrum shows that 

the protein still had considerable secondary structure after exposure to microwave radiation at 

42oC but it had a distinct shoulder at 208 nm which is characteristic of random coil formation. 

The α-helical region was more reduced for the exposed sample compared to the control. The CD 

results therefore complement the light scattering experiments and it is concluded that the 

exposed protein unfolded and aggregated faster in solution and therefore precipitated out at a 

faster rate than the control sample. 

 

The secondary structure of CS was probed by far-UV CD at 42oC. The spectrum showed that 

over time, the exposed protein lost secondary structure faster than the control as judged by 

increased loss of α-helicity compared to the control. This complemented the fluorescence 

studies which indicated that tryptophan fluorescence decreased more for the exposed than for 
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the control. The exposed sample bound more ANS, a probe for hydrophobicity, than the control 

sample thus confirming that the exposed protein sample was more unfolded than the control.  

 

Reduced apo and holo α-Lac did not precipitate out of solution during the experiments. Light 

scattering experiments using higher concentrations of α-La in different buffer systems showed 

no difference between the initial rate nor in the extent of precipitation of an exposed and control 

sample. Reduced apo and holo α-La, at 37oC exist as molten globule states, showing secondary 

structure (UV-far CD) and no tertiary structure (near-UV CD) 202. After 54 minutes, when some 

of the protein population has already precipitated (Figures 7.20 and 7.22), the remaining soluble 

protein adopted a molten globule state as can be deduced from the far-UV and near-UV CD 

spectra. The secondary structure of the exposed holo α-La was slightly more unfolded than the 

control in water as well as in ammonium acetate. Apo α-La in phosphate and ammonium acetate 

buffer gave conflicting results as the exposed sample lost more ellipticity in phosphate buffer 

and the control sample lost more ellipticity in ammonium acetate buffer. An initial hydrogen 

exchange experiment on α-La, which was exposed to pulsed microwaves in water, showed that 

the exposed protein sample exchanged hydrogens slower than the control sample. It could be 

speculated that the exposed protein population is on average more aggregated and therefore 

more restricted in exchanging with the hydrogens of the surrounding solvent. However, the far-

UV CD spectrum for apo α-La in water (Figure 9.3B) did not show a difference in secondary 

structure between the exposed and control.  

 

In future experiments it would be useful to obtain near-UV spectra at time points during the 

exposure in order to gain understanding on the changes occurring in the tertiary structure. This 

requires re-evaluation of the SAR as aliquots of ~ 100 µl are needed for each spectrum. 

Analyses of exposed and control samples by deuterium exchange electrospray mass 

spectrometry may prove to be a promising tool in further research.  
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CHAPTER 10 
 

 

ADDITIONAL STUDIES 

In this chapter are grouped the results of a series of experiments that were not finalised due to 

restraints in time. The experiments were the results of questions that arose from earlier 

experiments: why does a sample containing CO2 unfold faster in presence of pulsed microwaves 

compared to a non-exposed sample and what are the effects of pulsed microwaves on more 

concentrated samples that mimic conditions in a living cell ? 

The findings provide supplementary data that are useful for the interpretation of results 

discussed in earlier chapters and could be the basis of future studies. 

 

10.1 EFFECT OF CO2 ON UNFOLDING 

The supposition that CO2 had an effect on the unfolding of ADH when exposed to pulsed 900 

MHz at a SAR of 0.21 W/kg (Section 6.1) was investigated by bubbling CO2 through protein 

solutions and monitoring light scattering at 360 nm. Samples were heated and exposed to pulsed 

microwaves in similar experiments as described in Chapter 7. For this experiment ADH and 

ovotransferrin were selected as the exposure conditions at which they precipitated had been well 

studied (sections 7.1 and 7.8). The SAR for the exposures was estimated from the SAR of 

previous experiments under the same conditions of buffer, temperature and exposure 

parameters. 

 

10.1.1 ALCOHOL DEHYDROGENASE  

Two solutions of 1.0 ml of 0.5 mg/ml ADH, 1 mM 1,10 phenanthroline, in 0.1 M phosphate 

buffer, 0.1 M NaCl, pH 7 were prepared on ice. A glass pipette was attached to a hose attached 

to a CO2 cylinder and the gas was regulated to a slow flow. The pipette was placed inside the 

solutions, one at a time, to allow the gas to bubble through the solutions for less than 3 seconds. 

One sample was exposed to 10 periods of pulsed 2.450 GHz, of 3.2 seconds duration each and 



Chapter 10 – Additional studies 
 

178 

the second sample was the control. The SAR was estimated, from similar experiments, to be ~ 

19 W/kg. The results were compared to a pair of 1.0 ml solutions that were treated identically 

with the exception that they did not contain CO2 (Figure 10.1). 

In Table 10.1 are listed the pH of the samples after exposure, average temperature of the 

solutions and the initial rate of precipitation. The ratio of the exposed/control (initial rate of 

precipitation) was 6.43 for the samples containing added CO2 and 10.9 for the samples without 

CO2. The difference between the temperatures of the exposed and control was similar in both 

sets of experiments. 

Dissolved CO2 decreases pH in aqueous solutions according to the following equation:  

 

CO2 + H2O <=> H2CO3 <=> HCO3
- + H +.             (1) 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 10.1: Exposure of 0.5 mg/ml ADH, 1mM 1,10 phenanthroline in 0.1 M phosphate buffer, 0.1 M NaCl, 
pH 7 to 10 pulse periods of 2.450 GHz at 37oC. The duration of the pulse periods was 3.2 seconds and the 
pulses were applied every six minutes. CO2 was bubbled through one pair of samples (exposed and control 
with CO2) and the other pair contained no added CO2 (exposed and control). The SAR was ~19 W/kg. 
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It was found that bubbling of CO2 through the samples took the pH from 7 to pH 6.4 (Table 

10.1). The difference in pH may have contributed to an increased precipitation of ADH by 

destabilising the protein to a greater extent than removing the zinc ion by chelation with 1,10 

phenanthroline. Apart from the initial rate of precipitation, the extent of precipitation (maximum 

absorbance) for the exposed sample containing CO2 was much greater compared to the control 

sample. 

 

Sample pH at conclusion 
of experiment 

Average temp. Initial rate 

Exposed+ CO2 6.34 37.8 1.1819 

Control + CO2 6.40 36.8 0.1838 

Exposed 6.69 37.5 0.1428 

Control 6.68 36.7 0.0131 

 

Table 10.1: Experimental data for experiment in Figure 10.1. The temperature profile for this particular 
experiment  (pulse period of 3.2 seconds) was not undertaken therefore, as this was a comparative study only, 
the average temperatures for a pulse period of 5.0 seconds was presented. 
 

In section 7.1.1 it was reported that the average ratio of the exposed/control (initial rate of 

precipitation) was 1.52. With the addition of CO2, it was found to be 6.4. The samples that did 

not contain added CO2 did not precipitate to the extent that was normally observed for ADH 

under the chosen conditions. The samples were stored on ice for 3.5 hours prior to the start of 

the experiment which may have caused this behaviour. 

 

10.1.2 OVOTRANSFERRIN 

The results obtained in the previous section (10.1.1) showed that the protein ADH, in the 

presence of a chelating agent, excess CO2 and exposed to mild heating and pulsed microwaves, 

unfolded and precipitated more rapidly than a control that was not exposed to microwaves. It 

was of interest to know how a protein would behave if one of the stress factors was removed 

and the temperature excursion as a result of microwave exposure was negligent. Therefore, an 
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experiment was undertaken on ovotransferrin at room temperature; the pulse duration was set to 

0.2 seconds to minimize heating. 

Two samples of 0.2 mg/ml ovotransferrin, 20 mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl 

were flushed with CO2 as described in section 10.1.1. DTT was added to the samples prior to the 

start of the experiment after the CO2 had been bubbled through. One sample was positioned in 

the microwave oven and exposed at room temperature to a burst of microwaves of 0.2 seconds 

duration, every six minutes, for 40 hours. The control was placed on the bench nearby. The 

samples were inverted before light scattering measurements.  

 

 

 

 

 

 

 

 

 

Figure.10.2: 0.2 mg/ml Ovotransferrin, 20 mM DTT in 0.1 M phosphate buffer, 0.1 M NaCl, pH 7.2 at room 
temperature. CO2 was bubbled through both samples. One sample was exposed every six minutes to pulsed 
2.450 GHz (bursts of 0.2 seconds), the control sample remained on the bench also at room temperature. Inset: 
Plot of temperature, measured every second, of a 1.0 ml sample containing buffer only and exposed to pulse 
periods of 0.2 seconds duration every six minutes. The trendline (blue) is drawn over the data points (grey). 
 

The pH of the samples had dropped to pH 6.42 after bubbling with CO2 but prior to addition of 

DTT. An insignificant difference was observed in precipitation between control and exposed 

samples therefore CO2 did not have an effect, at room temperature, on the unfolding and 

precipitation of reduced ovotransferrin (Figure 10.2). Future work will need to determine if 

ovotransferrin in the presence of CO2 behaves similarly to ADH when also heated and exposed 

to pulsed microwaves.  Furthermore, it was not possible to detect a change in solution 

temperature as a result of an applied pulse. The plot in Figure 10.2, inset, shows the temperature 
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of the solution over a 70 minute period exposed to 0.2 seconds of 2.450 GHz every six minutes. 

No temperature escalation as demonstrated in Figure 3.4 could be observed. At the start of the 

experiment the sample was cold and it took up to 20 minutes to get to room temperature after 

which the temperature slightly dropped. This occurrence was considered to be independent of 

the exposure. For a better scientific approach, a control should have been monitored for 

temperature also. 

Essentially this microwave exposure can be considered to be athermal (section 1.6.2) as no 

temperature change could be detected from the exposure. In this context it is interesting to recall 

the results illustrated in Figure 7.22 where reduced apo α-lactalbumin exposed to pulses of 

athermal 2.450 GHz was shown to precipitate slower than the two control samples. 

 

The synergy between dissolved CO2 and microwave exposure should be further explored as 

intriguing observations have been reported in the literature over the last few years on this topic. 

Spilimbergo et al 218studied the synergistic effect of high pressure CO2 and pulsed electric field 

on the inactivation of bacteria as an alternative to pasteurization of thermally labile compounds. 

It was shown that a synergy existed which depended on the electrical field strength and number 

of pulses. Temperature variations were not explored.  

Ishikawa et al 219, using CD spectroscopy, found that the protein myoglobin was irreversibly 

unfolded by heating and addition of gaseous CO2 compared to the reversible unfolding of the 

protein by heat, pH-lowering or addition of a denaturant.  

In an unrelated study on the quenching of phosphorescence of fully buried tryptophan in 

proteins, Wright et al 220 showed that small uncharged molecules (e.g. H2S, CS2) were most 

effective in penetrating the interior of target protein molecules, amongst which was ADH. They 

argued that H2O and CO2 resemble H2S, CS2 in size and would show similar diffusion 

behaviour. This would explain the results observed in the TEM cell (Chapter 6). The penetration 

of CO2 into the protein molecules prevents the proteins from refolding as was observed in 

myoglobin 219. By applying microwave exposure, and therefore, temporarily increasing the 

temperature of the solution, more molecules will be shifted in the unfolding pathway to the 
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partially unfolded state (reversible; see Figure 1.4). In so doing, they will absorb CO2 into their 

interior and as a result the unfolding would potentially become irreversible. Therefore, more 

unfolding will occur compared to control samples as was observed in the TEM cell and in the 

experiment with ADH in section 10.1.  

 

10.2 EFFECT OF MOLECULAR CROWDING ON OVOTRANSFERRIN PRECIPITATION  

The rates of biochemical processes in the living cell are very different from rates determined by 

in vitro studies 221. Cells are crowded with high concentrations of macromolecules. To mimic 

conditions in the cellular environment, non-labile crowding agents such as glycerol and dextran 

are often dissolved in tandem with the proteins of interest 221; 222.  

As most of the experiments undertaken in this project were of relatively low concentrations of 

proteins, it was of interest to determine the effect of pulsed microwaves on the rate of 

aggregation of a protein that was incubated with a crowding agent. The target protein for this 

experiment was ovotransferrin. 

A sample of 0.2 mg/ml ovotransferrin, 20 mM DTT in the presence of 20% of dextran (w/v) in 

0.1 M phosphate buffer, 0.1 M NaCl, pH 7.2, was investigated at 45oC. 

 

 

 

 

 

 

 

 

 

Figure 10.3: 0.2 mg/ml Ovotransferrin, 20 mM DTT, 20% dextran in 0.1 M phosphate buffer, 0.1 M NaCl, pH 
7.2  was exposed to 5 pulse periods of 2.450 GHz at 45oC. The SAR was estimated to be 14.0 W/kg (measured 
at the base of the cuvette). The control sample of Figure 7.25, cell 5 (no dextran) has been included for 
reference to show the increase in precipitation due to the crowding agent.  
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The sample was exposed to five pulse periods of 2.450 GHz and the SAR was estimated to be 

14.0+1.6 W/kg (measured at the base of the cuvette). The results are plotted in Figure 10.3.  

The ratio exposed/control (initial rate of precipitation) was 1.08. The temperature of the 

exposed, averaged over a six minute period, was ~44.9oC compared to the control that was 

44.3oC. The initial rate of precipitation and the extent was enhanced for both the exposed and 

control samples when compared to a reference control (Figure.10.3). This is in agreement with 

an earlier study where protein aggregation was found to be enhanced in a crowded environment 

223.  However, in this study the exposure to pulsed microwaves did not have a significant effect 

on protein aggregation in the presence of a crowding agent (Figure 10.3). This is likely to be 

due to the fact that the SAR in the experiment was 14 W/kg, which equates to a transient 

temperature increase of 1.2oC every six minutes. In a similar experiment without the presence of 

a crowding agent, the exposed sample precipitated faster than a control when the SAR was 33.2 

W/kg, equating to a 2.9oC temperature increase every six minutes. It is therefore likely that a 

temperature threshold exists below which the equilibrium between native and unfolded protein, 

via the intermediate states, is not disturbed. This still needs to be clarified and tested without 

and in the presence of a crowding agent. 
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CHAPTER 11  
 

 

ELECTRIC FIELD EXPOSURE 

 

In vivo, cells are known to maintain electric fields of 100-500 kV cm-1 across membranes 224. 

These huge field potentials are important to the proper functioning of specific proteins and 

enzymes and are the more remarkable when compared to the dielectric breakdown of pure water 

that occurs at an electric field of ~ 100kV cm-1. Findings that radio waves caused increased 

enzyme activity 85; 87; 89; 92 and that static electric field exerted a thermal-like effect on insulin in 

molecular dynamics studies 119, led to the speculation that electric fields could act as a stress on 

proteins that were already destabilised by, for example, temperature. Two target proteins were 

investigated: citrate synthase (CS), a protein that was destabilized by heat and alcohol 

dehydrogenase (ADH), a protein that was stabilised by chelation of its intrinsic zinc atom. In 

contrast to microwave exposure, which was found to be temperature inducing under conditions 

described in Chapters 7 to 10, an electric field exposure of 5 to 10 kV cm-1 was considered to 

have a non-thermal impact on the solution.  

 

11.1 APPLICATION OF DC ELECTRIC FIELD  

11.1.1 CITRATE SYNTHASE 

Citrate synthase was used as the target protein in the electric field experiments as this protein 

was readily unfolded by application of heat only (sections 5.3 and 7.4). The concentration and 

buffer system are described in section 2.6. The light scattering at 360 nm was noted for two 

identical samples of CS in the spectrophotometer after which they were transferred to the 

heating block. One sample was exposed to an electric field of 5 or 10 kV cm-1 for ten minutes, 

the second sample was held as the control. After the exposure both samples were placed in the 

multi-cell holder of the spectrophotometer to monitor light scattering at 360 nm.  
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The samples had not reached the baseline temperature at ten minutes into the experiment (see 

Figure 3.3). Therefore, temperature measurements are reported as average temperatures. In the 

first electric field experiment performed in the laboratory, where cuvettes were wrapped with 

insulating tape (see Experimental section), the average temperature, measured at 17 mm from 

the base of the cuvette, over the first ten minutes of the experiment was 32.9oC for the exposed 

sample and 34.2 oC for the control sample. After the application of 5 kV cm-1 for ten minutes, 

the insulating tape was removed and the cuvettes placed in the multi-cell holder of the 

spectrophotometer. The exposed was placed in cell 5 (the baseline temperature at 17 mm was 

42.1oC) and the control in cell 6 (the baseline temperature at 17 mm was 42.3oC). Therefore the 

temperature of the control was on average 1.3oC warmer than the exposed in the first ten 

minutes. 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 11.1: :Exposure of 1.0 ml of 3 µM CS in 80mM phosphate buffer, pH 7.5 to 10 minutes of 5kV cm-1 DC 
at an average temperature of 32.9oC compared to a control that was held at an average temperature of 34.2oC. 
After the exposure, the samples were placed in an incubator with a temperature of 42oC.  All temperatures 
were measured at 17 mm from the base of the cuvette. 
 

The small difference in time it took both samples to reach the baseline temperature once they 

were placed in the multi-cell holder was not accounted for. The initial rate of precipitation of the 

control sample (Figure 11.1) was larger than the exposed (ratio exposed/control is 0.85) 

however after one hour, the precipitation of the exposed became much more enhanced than the 
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control and after three and a half hours, the precipitates started to fall to the bottom of the 

cuvette as can be seen from the drop in light scattering (Figure 11.1). 

In subsequent experiments, the exposed and control samples were incubated in the multi-cell 

holder of the spectrophotometer at ~ 42oC for 6 or 10 minutes followed by incubation and 

exposure in the heating block. For electric field exposures of 5, 8 or 10kV/cm the ratio of 

exposed/control (initial rate of precipitation) was either <1, >1 or ~1; no pattern could be 

observed in the aggregation. In Figure 11.2 is shown the results of an exposure experiment of 5 

and 10 kV.  

 
Figure. 11.2: Exposure of 1.0 ml of 3 µM CS in 80 mM phosphate buffer, pH 7.5 to 10 minutes of 5kV cm-1 DC 
(A) and 10 kV cm-1 DC (B) . The samples were firstly incubated for 6 and 10 minutes in the multi-cell holder at 
42oC followed by incubation and exposure for 10 minutes in the heating block that was 40.5 and 40.7oC for 
exposed and control respectively. After exposure the samples were replaced in the multi-cell holder. 
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The ratios of the initial rate of incubation (exposed/control) are 0.76 and 0.81 for the 

experiments in Figure 11.4 A and B respectively. In the heater, the exposed sample was on 

average 40.5oC and the exposed 40.7oC (average of measurements between 10 and 17 mm from 

the base of the cuvette). Therefore it can be concluded that the samples were at the same 

average temperature for the duration of the experiment (see also Figure 3.1 that shows the 

variability between cells in the multi-cell holder). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure.11.3: Exposure of 1.0 ml of 3 µM CS in 80 mM phosphate buffer, pH 7.5 to 10 minutes of 5kV cm-1 DC 
(A) and 10 kV/cm DC (B) at room temperature. After exposure the samples were placed in the multi-cell 
holder at 42oC. 
 

It was postulated that the unfolding of CS was induced too rapidly by temperature alone while 

being exposed to an electric field at 42oC compared to ~ 34oC as in the first experiment (Figure 

11.1).  
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Figure 11.3 shows the results of samples that were exposed to an electric field at room 

temperature after which they were incubated in the multi-cell holder at 42oC. The ratios of the 

initial rates of precipitation (exposed/control) were 0.92 for 5 kV cm-1 and 1.08 for 10 kV cm-1. 

These values are not significant enough to demonstrate a difference between the exposed and 

control samples.  

An ANS binding study was undertaken on CS immediately after a 10 minute exposure to a 10 

kV cm-1 exposure at ~ 27oC. The temperature of both samples after exposure was 28.9oC 

(measured 13 mm from the base of the cuvette). The samples showed a low fluorescence 

intensity of which the control sample showed slightly more hydrophobicity than the control 

(Figure11.4). Thus, the exposed hydrophobicity of CS was not affected greatly by electric field 

exposure, implying that the electric field did not alter the conformation of the protein. This 

confirms observations from light scattering experiments (section 7.10.2) which established that 

only a small population of CS unfolds at this temperature  

 

 

 

 

 

 

 
 
 
Figure 11.4: Binding of 60 µl 10mM ANS by two samples of 3 µM CS in 80mM phosphate buffer, pH 7.5. One 
sample was  exposed to 10 kV cm-1 DC for 10 minutes at ~ 27oC (measured at 13 mm from the base of the 
cuvette). The second sample was the control. The bar graph represents the detected intensity (average) of 479-
480.8 nm.  
 

In repeat experiments on CS when samples were incubated and exposed at temperatures of ~ 

35oC, the results did not support the findings of the first experiment, as is shown in Figure 11.5. 

The ratio exposed/control (initial rate of precipitation) was 0.98 and 1.19 for exposed/2nd 

control. After about two and a half hour the light scattering of the exposed sample increased 
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significantly in an almost linear fashion. For the experiment represented in Figure 11.5 B, the 

ratio of exposed/control was 1.08, however the extent of precipitation of the control sample, 

after two hours  was greater than for the control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure. 11.5: Exposure of 1.0 ml of 3 µM CS in 80 mM phosphate buffer, pH 7.5 to 10 minutes of 5kV cm-1 DC 
at ~35oC in two experiments (A and B). In one experiment (A) a second control was left in a polystyrene box 
for ten minutes. After exposure the samples were placed in the multi-cell holder at 42oC. 
 

 

11.1.2 ALCOHOL DEHYDROGENASE (ADH) 

Two 3.6 µM samples of ADH, 1 mM 1,10 phenanthroline in 0.1 M phosphate buffer, 0.1 M 

NaCl, pH 7.0 were examined for differences in exposed hydrophobicity after one sample was 

exposed for 10 minutes to a 10 kV cm-1 DC electric field. The temperature of the samples after 

exposure was 30.1oC and 30.3oC for exposed and control respectively. After titration of 50 µl, 

10mM ANS, the exposed sample exhibited greater fluorescence (68 units) compared to the 
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control sample (64 units) thus indicating that the exposed sample had more exposed 

hydrophobicity due to greater unfolding than the control sample (Figure 11.6). 

  

 

 

 

 

 

 

Figure 11.6: Binding of 50 µl, 10 mM ANS by two samples of 3.6 µM ADH, 1 mM 1,10 phenanthroline in 0.1 M 
phosphate buffer, 0.1 M NaCl, pH 7.0. One sample was exposed to 10 kV cm-1 DC for 10 minutes at ~ 28oC 
(measured at 13 mm from the base of the cuvette). The second sample was the control. The bar graph 
represents the detected intensity (average) of 479-480.8 nm.  
 

 

11.2 APPLICATION OF A DC FIELD FOLLOWED BY MICROWAVE EXPOSURE 

11.2.1 CITRATE SYNTHASE 

In a separate experiment, CS samples were incubated in the spectrophotometer for 10 minutes at 

42oC followed by 5 minutes incubation in the block heater and ten minute exposure to 10 kV 

cm-1. After exposure to the electric field, the exposed sample was further exposed to one pulse 

of microwaves (550 ml water in plastic box; pulse period 4 seconds) before both samples were 

returned to the multi-cell holder of the spectrophotometer. The microwave exposure was 

repeated four more time, at six minute intervals. The control sample stayed in the multi-cell 

holder. The exposed sample was compared to another CS sample that was exposed to five pulse 

periods under the same temperature conditions (Figure 11.7). The initial rate of precipitation 

was similar for all samples however, after about 0.5 hour the microwave exposed samples 

precipitated faster than the control. The sample that was also exposed to an electric field 

precipitated to a larger extent than the sample which was exposed to microwaves only. 
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Figure 11.7: Comparison of two experiments on solutions of 3µM CS in 80mM phosphate buffer, pH 7.5 at 
42oC that were exposed to either an electric field of 10kV cm-1 DC (10 minutes) plus 5 pulse periods of 
microwaves or to 5 pulse periods of microwaves only. 
 

 

11.3 APPLICATION OF AC ELECTRIC FIELD  

11.3.1 CITRATE SYNTHASE 

The effect of an alternating current at 50 Hz of 4 kV cm-1 to a 3 µM CS solution was 

investigated for an exposure duration of ten and twenty minutes. Samples were incubated in the 

multi-cell holder for two minutes, the solutions were then transferred to plastic cuvettes that 

were wrapped with insulating tape. Two samples were placed in the heating block that was set 

to 43oC. The samples were incubated for 10 minutes. One sample was exposed to 4 kV cm-1 for 

10 minutes and the second sample was kept in the incubator as a control. The average 

temperature of the samples after exposure was 35.6oC. Following exposure, the solutions were 

transferred to quartz cuvettes and placed in the multi-cell holder of the spectrophotometer at 

42oC. Light scattering measurements were taken every two minutes (Figure 11.9 A). In the 

second experiment  (Figure 11.8 B), the protein solution, after being placed in the heating block, 

was immediately exposed to an AC field of 4 kV cm-1 for twenty minutes. After the exposure, 
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the temperature of the exposed sample was 39oC (measured with an alcohol thermometer) and 

the control sample was 38oC. 

 

 

Figure.11.8: Exposure of 1.0 ml of 3 µM CS in 80 mM phosphate buffer, pH 7.5 to 10 minutes (A) of 4kV cm-1 
AC at an average temperature of ~35.6oC and 20 minutes (B) at ~39oC (exposed) and ~38oC (control). After 
exposure the samples were placed in the multi-cell holder at 42oC. The temperatures were measured at 17 mm 
from the base of the cuvette (A) and with a thermometer (B). 
 
 
The ratio of the initial rate of incubation (exposed/control) for the AC electric field experiment 

of ten minutes duration (Figure 11.9 A) was 0.89. The precipitation profile of the exposed and 

control was similar. For the experiment of twenty minute duration to AC field (Figure 11.8 B), 

the ratio was 0.74 (exposed/control). Not only did the control precipitate at a faster rate, also the 

extent of precipitation was larger. 
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Samples in the first experiment were slightly cooler than in the second experiment which is 

reflected in Figures 11.8 A and B for the control samples only. The extent of the precipitation of 

the exposed sample in the second experiment, although a degree hotter than the control, is less 

than all the other samples. 

 

11.4 SUMMARY OF RESULTS 

The application of a DC electric field of 5 or 10 kV cm-1 to a solution of 3 µM CS did not have 

an effect on the initial rate of precipitation. In a few experiments, the extent of precipitation of 

the exposed was greatly enhanced after initial exposure (Figures 11.1, 11.5, 11.7). 

Hydrophobicity studies on CS after 10 minutes of electric field exposure at 32.9 and 40.5 oC 

showed no significant difference between exposed and control samples for CS immediately after 

exposure to the electric field; this could be explained in the context of the small population of 

CS that unfolds at that particular temperature. 

A 6% difference was found in the exposed hydrophobicity of ADH samples in which one 

sample was exposed to 10 minutes of DC electric field. ADH is destabilised by addition of 1, 10 

phenanthroline that binds to the intrinsic zinc atom in the protein. The protein, in its destabilised 

form responds to changes in temperature rapidly (Chapter 7). Additional experiments, e.g. light 

scattering experiments, are needed to verify if the exposed sample precipitates more than the 

control. 

When a CS sample was exposed to an electric field followed by exposure to microwaves, the 

exposed sample that was also exposed to microwaves precipitated to a larger extent than 

samples that were exposed to electric field or microwaves only.  

The electric field effects the net dipole of the protein so that the dipole vector moves into the 

direction of the field 153; 225. It is postulated that when the protein starts to unfold, due to the 

temperature stress, the unfolded intermediates will aggregate but at the same time re-alignment 

with the electric field may cause the aggregates to be different in structure to the aggregates 

formed under control conditions. This may not be detectable in the early stages of the 

aggregation and precipitation process until a larger population of proteins has aggregated. 
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Of the two experiments (10 and 20 minutes) that explored the effect of AC fields on CS 

unfolding, both showed that the exposed sample precipitated slower but the extent of 

precipitation was much less for the sample that was exposed twice as long when compared to a 

control. The temperature was not considered to have contributed to the effect. Studies on 

ovalbumin and β-lactoglobulin 226 that were exposed to exponential decay electric pulses of 31.5 

and 30.0 kV cm-1 respectively, showed that exposure did not lead to modification in protein 

conformation. In ovalbumin, the exposure enhanced ionization of SH groups into the reactive S- 

form, however this effect was found to be reversible 226. It was observed that electric pulses of 

33-36 kV cm-1 dissociated large aggregates 226. This may be the reason why the light scattering 

was lower for exposed samples. 

 

The results of the few experiments on CS and ADH that were exposed to electric fields would 

suggest that the hypothesis “that the initial rate of precipitation of target proteins exposed to an 

electric field of 50 Hz is significantly higher than that of a control held at the same average 

temperature” was not proven. However, this is only a tentative finding and the work needs to be 

repeated to demonstrate if the nature of the field (AC vs. DC) has an influence on the extent of 

precipitation compared to controls. It would be useful to measure the hydrodynamic size of 

particles in solution (Z average) at different time points after exposure. 
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CHAPTER 12  
 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

The effect of pulsed microwaves to target proteins in vitro 

In this project, a series of extra and intra cellular functional proteins were stressed by chemical 

or temperature means. In addition, the proteins were also exposed to pulsed microwaves or an 

electric field. The dual stress approach is justified as physiological processes do not occur in 

isolation. For example, studies have shown that the dual action of chemical cancer promoters 

and electromagnetic fields on cell membranes may be responsible for tumour formation 227. It is 

therefore of fundamental importance to understand the influence of multiple stresses on protein 

unfolding. 

 

The rebuilt domestic microwave oven that enabled pulses of different durations to be emitted 

every six minutes, proved reliable and efficient. The main difficulty in this work was to ensure 

that exposed and control samples were maintained at the same temperature. The application of 

the spectrophotometer, for incubation and light scattering measurements in tandem with the 

exposure source (the microwave oven and the electric field exposure unit) allowed for a robust 

examination of the temperature within the samples over a six minute period (Exposure systems 

2 and 3).  

 

It was demonstrated, using Exposure systems 2 and 3, that the initial rate of precipitation of 

stressed target proteins that were also exposed to pulsed microwaves, once every six minutes, 

was significantly higher than of an unexposed control held at the same average temperature. The 

microwave pulses caused a transient temperature jump in the temperature of the protein 

solution. This increase in temperature lasted in the order of a second which is the smallest time 

scale that could be measured. In the cases where the difference in initial rate of precipitation 
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was not found to be statistically significant, the result could be explained by the magnitude of 

the temperature relative to the unfolding temperature. Thus, only if the proteins were incubated 

at a temperature at which most of the protein population favoured unfolding, was a temperature 

excursion, caused by microwave exposure, significant. Insulin provides a good example of this 

case. 

The effect of the microwave pulses was found to be of a thermal nature. A few experiments 

were undertaken at very low SAR but no differences were detected in light scattering of the 

solutions nor in the circular dichroism spectra. Similarly, proteins did not unfold when exposed 

to microwave radiation only; there was the requirement for the protein to be stressed by other 

means also.  

Experiments exploring non-thermal effects, by utilizing the TEM cell, were not conclusive and 

better methods need to be developed to test the assays used in this project. The finding that the 

protein unfolding was enhanced when the CO2 incubator was left on needs further investigation. 

Bohr et al was able to demonstrate that non-thermal microwave exposure of 5 seconds duration 

was enough to greatly enhance the kinetics of unfolding and folding in β-lactoglobulin dissolved 

in 4 M urea 113, 114.The target proteins used in this project were dissolved in buffer to ensure a 

native conformation. To further understand the complexity of pulsed microwave exposure on 

protein conformation, studies on the effect of microwaves on the folding/unfolding kinetics of 

proteins utilizing different buffers and concentrations would be most useful. 

 

The average temperature and the validity of the six minute period 

The thermal unfolding pathway of a globular protein is determined by its structure and is 

believed to occur via a series of steps involving various intermediate states. The process can be 

monitored by circular dichroism and plots of the unfolding show the temperature range at which 

the protein seems stable and at which it rapidly or slowly unfolds, depending on the slope of the 

curve. It was observed that some proteins in this study were not significantly affected by a 

transient temperature increase when they were maintained at a certain temperature, compared to 

a control. However, when the incubation temperature was increased, a more rapid unfolding was 
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triggered in the exposed sample. This observation implies that proteins have a unique thermal 

unfolding pattern and when exposed to a pulse of microwaves at a critical temperature where 

the unfolding slope rises dramatically, even at relatively low SAR, unfolding and precipitation 

occurs much faster than for a control sample incubated at the same temperature. In future work, 

studies on the critical temperature at which a protein unfolds more rapidly should help 

determine thresholds for SAR.  

Elemental studies on protein conformational change utilizing fluorescence, circular dichroism 

and electrospray mass spectrometry showed that these methods lend themselves well for future 

research. 

The pulsed microwaves caused a transient temperature increase and the temperature of the 

solution fell to its baseline temperature within six minutes, prior to the next pulse exposure. 

Small temperature differences between the control and exposed samples were accounted for. 

The temperature of the protein solutions was averaged over six minutes. Thus, it could be 

shown that when an exposed and control sample had the same average temperature over that 

period, the aggregation and precipitation were still enhanced for the exposed sample for certain 

proteins. Plots of the initial rate of precipitation of several protein solutions that were heated at 

different temperatures in the same instrument showed that the initial rate of precipitation for an 

exposed sample held at the same average six minute temperature lay above the trendline set by 

the control samples. These results confirmed that the kinetics of unfolding was enhanced for the 

microwave exposed sample. Even though protein concentrations were quite dilute and studies 

with crowding agents were incomplete, it is not valid to assess the effect of a time-varying 

temperature exposure on the proteins studied in this work by carrying out a six-minute average 

as permitted in the ICNIRP guidelines 62. 

 

sHsps were efficient in suppressing aggregation but higher concentrations were needed in the 

presence of pulsed microwaves 

At specific subunit molar ratios of α-crystallin to stressed target proteins, aggregation and 

precipitation was suppressed however more α-crystallin was required for the microwave 
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exposed samples compared to the controls. This implies that sHsps work as effective 

chaperones to suppress stress-induced aggregation of target proteins arising from pulsed 

microwave exposure.  

These findings are of interest when they are extrapolated, albeit cautiously, to the physiological 

regime. The only way for proteins in the body to experience a short jump in temperature is 

through a pulse of radiation from, for example, a microwave source or a laser. A conventional 

heating source warms up the organism from the outside to the inside over a large area and the 

heat is able to dissipate throughout the body. However, a pulse of microwave energy is capable 

of reaching a selected area in the interior of the organism thereby transferring the energy (heat) 

directly to inner organs and cells. Protein turnover is a natural and a recurring process in all 

organisms. Therefore, it is feasible to suggest that an environmental stress such as one or several 

temperature jumps could interfere with the process of protein breakdown. Organs and cells are 

constantly attacked by outside influences such as viruses and bacteria, cigarette smoke, alcohol, 

environmental pollutants etc. The body’s defence mechanism, the immune system, senses these 

“attacks” as a stress. Under stress situations the expression of molecular chaperones is increased 

thereby confirming that proteins are indeed affected and need protection 228. Temperature jumps 

of only a few degrees Celsius, delivered by pulsed microwave exposure could have an effect on 

proteins in vivo especially for organs close to the epidermal tissue, such as the eyes and 

reproductive organs. Indeed, pulsed microwaves of 918 MHz (10-20 µs duration at 20-40 

mW/g) was found to induce cataract in rat lenses 229. 

It needs to be stressed that the target proteins used in the experiments were extremely dilute and 

are not representative of the cell environment. Studies on the effect of pulsed microwaves on 

proteins incubated with a crowding agent should be investigated further. 

 

The effect of low frequency electric field exposure 

More work needs to be undertaken on protein solutions exposed to an electric field before any 

conclusions can be drawn. The experiments did not show a difference in initial rate of 
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precipitation between exposed and control samples but the precipitation over time seemed to 

have been affected and was different for 50 Hz AC and DC fields. 

 

Mechanism 

The distribution of energy to samples heated in a conventional manner like in the incubator, is 

through vibrational modes 230 that proceed in approximate thermal equilibrium. It is possible 

that the effect of microwaves observed in this work could be the effect of temperature rises in 

approximate thermal equilibrium. An additional mechanism may also occur. The 

electromagnetic field associated with microwaves can exert a direct action via the electric field 

on the sample and consequently couple with phonons or mobile species such as electrons in the 

molecule, driving the molecule out of approximate thermal equilibrium. The coupling could 

also occur via the magnetic component of the microwave field, especially materials with high 

susceptibility such as some ferrites 230; 231. Therefore, the increase in unfolding kinetics as 

observed for certain proteins when exposed to pulsed microwaves could conceivably be the 

result of the interaction of the electromagnetic field with the protein via the aqueous medium 

and the layer of water molecules that surround each protein molecule 1; 55. Follow-up work in 

this area, such as the use of different solvents, chelating agents and a selection of different 

metallo proteins should help identify trends. The observation that samples, incubated in a CO2 

environment and exposed to pulsed microwaves at relatively low SAR, unfolded faster than 

controls ought to be further investigated. 

 

The aim of this project was achieved 

The aim of the project, to determine the conformational effect of pulsed microwaves or an 

electric field on proteins that were also stressed by other means (page 19), was achieved. 

Proteins that were stressed by temperature, chelation or addition of a chemical in tandem with 

exposure to pulsed microwaves, at specific conditions, unfolded faster than a control held at the 

same average temperature. 
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Specific hypotheses tested 

The hypothesis that the initial rate of precipitation of target proteins exposed to microwave 

pulses once every six minutes is significantly higher than that of a control held at the same 

average temperature, where the average is taken over a six minute period, was accepted and is 

discussed in section 7.10 and table 7.8. 

The hypothesis, that the sHsp, α-crystallin, prevents the aggregation and precipitation of target 

proteins under the above regimes, was tested. It was accepted and is discussed in section 7.9 

and table 7.8  

 

The third hypothesis that the initial rate of precipitation of target proteins exposed to an electric 

field of 50 Hz, or lower frequency, is significantly higher than that of a control held at the same 

average temperature was not proven. However, this work needs to be repeated and expanded to 

include more proteins. 

(section 11.3). 
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APPENDIX 1 
 
 
BUFFERS 
 

50mM TRIS, pH 7.2 – Homogenising buffer (200ml) 

TRIS acid        0.37  g 

TRIS base        0.70  g 

DTT (1mM)        0.035 g 

NaN3 (0.04%)        0.080 g 

 

50mM TRIS, pH 5 -Column buffer  (2L) 

TRIS acid                  11.0   g 

TRIS base          3.6   g   

NaN3           0.4   g   

 

PHOSPHATE BUFFER 

Stock solution of 50 ml 0.2M Na2HPO4 (solution 1) 

1.42 g. Na2HPO4 in milli Q water, 49.6 ml 

NaN3 (5%)     0.4 ml 

 

Stock solution 0.2M NaH2PO4.2H2O (solution 2) 

1.56g. NaH2PO4.2H2O milli Q water, 49.6 ml 

NaN3 (5%)     0.4 ml 

 

0.1M phosphate buffer (50ml) 

      pH 7.0  pH 7.2  pH7.5 

Solution 1     15.25 ml  18 ml  21 ml 

Solution 2       9.75 ml    7 ml    4 ml 

Milli Q water     25     ml  25 ml  25 ml 
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APPENDIX 2 
 
 

DESCRIPTION OF ELECTRONICS MICROWAVE OVEN 163 

The oven is a modified domestic microwave oven. The oven’s normal controller was replaced 

with a customised BASIC Stamp microcontroller (a BS2-IC from Parallax). The customised 

controller turns the oven on at six minutes intervals for a preset time (set in software by constant 

“Default” or for a preset number of RF pulses (set by digital switches on the front panel). 

The oven was initially intended to be operated in an environmental chamber, which controls the 

temperature and humidity of the air. To improve circulation of the air, a fan was fitted to the 

door. 

Mounted on the front panel of the oven (to the right of the door), are a three position toggle 

witch that controls the operation of the oven, and a set of digital switches that set the number of 

RF pulses per exposure cycle (i.e. every six minutes). The three positions for the toggle 

switches are:  

• RESET (up), which resets the controller to the start of the program and loads the 

settings from the digital switches into the controller. This is a momentary position and 

the switch should return to STOP position after it is released. 

• STOP (centre) which puts the controller into idle mode. 

• RUN (down), which causes the oven to turn on for a short burst every cycle. The cycle 

time can be changed, by reprogramming the controller. Opening the door has the same 

effect as switching to STOP. 

 

A small window at the top of the front panel contains three LEDs. The green LED on the left 

indicates that power for the fan and the microcontroller is present. The red light indicates that 

RF is being detected. The yellow LED warns that at least one cycle has passed when no RF was 

detected; it is extinguished by resetting the controller/oven. It blinks periodically in normal 

operation as a result of the particular behaviour of the microcontroller. If the yellow light is 

flashing, it indicates that at least ten cycles (set in software by constant “MaxDuds”) have 
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passed when the microcontroller has detected no RF and indicates a fault with the oven or bad 

layout inside the oven. 

 

OPERATION 

After the door has been loaded with samples to be exposed, the number of RF pulses per cycle 

can be set with the digital switches and this value is loaded into the microcontroller by 

temporarily switching to RESET. To start exposure, the oven is switched to RUN. The 

controller then waits approximately ten seconds (set in software) before it starts exposure, to 

allow the operator the change something if need be. The same applies if the door is open, i.e. 

exposure will not start for about ten seconds after the door has been closed (provided the oven is 

switched to RUN). 

If the oven is switched from RUN to STOP or the door is opened during a cycle but between RF 

bursts, there is no effect on the timing of the cycle provided that the door is closed and the oven 

switched to RUN ten seconds before the next burst starts. 
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Conversion factors for the Luxtron Fiber Optic Probes from calibration curves with 

thermometer temperatures, as supplied by the manufacturer: 

 

Probe 1 

Actual temperature probe  =  (measurement – 1.667)/0.99798 

 

Probe 2 

Actual temperature probe  =  (measurement – 1.9971)/0.98406 

 

Probe 3 

Actual temperature probe  =  (measurement – 2.4862)/0.98243 

 

Probe 4 

Actual temperature probe  =  (measurement – 2.9055)/0.97726 
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APPENDIX 4 
 
 
BUFFER AND EXPOSURE CONDITIONS I 
80mM phosphate buffer, pH 7.5; 550ml water in plastic box inside microwave; 
Duration of pulses, every six minutes, 3.2 seconds. 
 
Measured from base of cuvette delta T SAR stdev. 
 
position 1 - 0 mm from base of cuvette 1.05 12.19 1.71
        
position 2 - 10 mm from base of cuvette 1.89 21.90 1.40
 
 position 3 - 17 mm from base of cuvette 1.91 22.17 1.20
       
position 4 - 23 mm from base of cuvette 3.13 36.27 7.57
 
 
 
 
 
BUFFER AND EXPOSURE CONDITIONS II 
0.1M phosphate buffer, pH 7.0; 550ml water in plastic box inside microwave. 
Duration of pulses, every six minutes, 5 seconds. 
 
Measured from base of cuvette delta T SAR stdev. 
 
position 1 - 0 mm from base of cuvette 2.07 24.08 3.36
        
position 2 - 10 mm from base of cuvette 3.12 37.18 6.10
 
 position 3 - 17 mm from base of cuvette 3.45 40.05 3.66
       
position 4 - 23 mm from base of cuvette 5.23 60.68 8.11
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BUFFER AND EXPOSURE CONDITIONS III 
0.1M phosphate buffer, 0.1M NaCl, pH 7.0; pH 7.2, 650ml water in plastic box inside 
microwave. Duration of pulses, every six minutes, 5 seconds. 
 
Measured from base of cuvette delta T SAR stdev. 
 
position 1 - 0 mm from base of cuvette 1.26 14.56 2.47
        
position 2 - 10 mm from base of cuvette 2.14 24.67 3.90
 
 position 3 - 17 mm from base of cuvette 2.48 28.77 1.27
       
position 4 - 23 mm from base of cuvette 5.38 62.50 4.23
 
 
 
 
 
BUFFER AND EXPOSURE CONDITIONS IV 
0.1M phosphate buffer, 0.1M NaCl, pH 7.0; 500ml water in plastic box inside 
microwave. Duration of pulses, every six minutes, 5 seconds. 
 
Measured from base of cuvette delta T SAR stdev. 
 
position 1 - 0 mm from base of cuvette 2.63 30.54 1.49
        
position 2 - 10 mm from base of cuvette 4.33 50.27 3.94
 
 position 3 - 17 mm from base of cuvette 4.66 54.14 3.90
       
position 4 - 23 mm from base of cuvette 7.35 85.33 10.71
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APPENDIX 6 
 
 
COMPARISON OF DIFFUSION CONSTANT AT 20OC AND THE DIFFUSION CONSTANT OVER 
DIFFERENT TEMPERATURES AS DERIVED FROM THE HYDRODYNAMIC DATA 
 
D is (Kb x  absolute T)/f derived from the Stokes-Einstein equation: f = (Kb x T)/D 

 

f = frictional coefficient for a compact sphere in a viscious medium 

 

f = 6 π η R  

η (eta) = poise = dyne-sec/cm2       

R is the hydrodynamic radius of the protein 

 

η water at 20deg. C is 0.01002 g/cm-s - See table for buffers at different temperatures. 

1 Pa = 1 kg/m-s2 

1 dyne = 1 g-1 cm/s2 therefore 1 η = g cm s / cm2 s2 

Kb = Boltzmann's constant = 1.380658 x 10-23 J/K     1J = 1 kg m2/s2 

                                            = 1.380662 x 10-23 kg m2/s2- K 

 

Calculation of η for buffers at different temperatures          

Water CRC data   37deg  43 deg  45deg  P-buffer P-buffer P-buffer P-buffer P-buffer P-buffer

 η η water water ratio water ratio water ratio  sol.1 sol.2 sol.1 sol.2 sol.1 sol.2 

oC mPa-s g/cm-s 25deg 37deg i.r.t 20deg 43 deg i.r.t 20deg 45deg i.r.t 20deg oC 50mM 50mM 80mM 80mM 100mM 100mM 

20 1.0020 0.01002 0.009       20 1.0306 1.0210 1.0479 1.0339 1.0599 1.0419

30 0.7977 0.00798  0.007 69.51     37 0.7164 0.7097 0.7284 0.7187 0.7367 0.7242

40 0.6532 0.00653    0.006 62   42 0.6389 0.6330 0.6497 0.6410 0.6571 0.6459

50 0.5470 0.00547      0.006 59.88 45 0.6171 0.6114 0.6275 0.6191 0.6347 0.6239

           Use highest values     

 

Lysozyme (1: 

 Translational      

 diffusion       

 constant hydrodynamic     

 at 20deg.  radius  Using the Stokes-Einstein equation 

 in water R  f T Kb D 

 10-7 cm2/sec in cm  kg/s in K kg m2/s2- K 10-7 cm2/sec

lysozyme (hen) 1.13E-06 1.90E-07  3.59E-11 293.15 1.38E-23 1.13E-06
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          mean distance travelled = Root(D.2t)  

 Using the hydropro program       Distance  Distance  Distance  Distance  Distance  

   CRC data hydrodynamic    travelled  travelled  travelled  travelled  travelled  

   mPa-s  radius Using the Stokes-Einstein equation  per per per per per 

 PDB Tr.Diff.Coe η η R f T Kb D second second second minute 0.5 hr 

 File 10-7 cm2/sec 1 kg/m-s2 g/cm-s in cm kg/s in K kg m2/s2- K 10-7 cm2/sec cm A mm mm cm 

 6lyz 1.08E-06 1.002 0.010020 1.99E-07 3.75E-11 293.15 1.38E-23 1.08E-06 1.47E-03 1.47E+05 0.015 0.88 2.64 

buffer 37deg.  0.71638 0.007164 1.99E-07 2.68E-11 310.15 1.38E-23 1.60E-06 1.79E-03 1.79E+05 0.018 1.07 3.22 

buffer 43deg  0.63893 0.006389 1.99E-07 2.39E-11 316.15 1.38E-23 1.82E-06 1.91E-03 1.91E+05 0.019 1.15 3.44 

buffer 45deg  0.61712 0.006171 1.99E-07 2.31E-11 318.15 1.38E-23 1.90E-06 1.95E-03 1.95E+05 0.019 1.17 3.51 

              0.00 

 1dpx 1.09E-06 1.002 0.010020 1.96E-07 3.70E-11 293.15 1.38E-23 1.09E-06 1.48E-03 1.48E+05 0.015 0.89 2.66 

 

          mean distance travelled = Root(D.2t)  

          Distance Distance  Distance Distance Distance 

 Using variants of temperature, density and voscosity in the 6lyz file   travelled travelled  travelled travelled travelled 

  Hydropro       Calculated per per per per per 

  Tr.Diff.Coe η η R f T Kb D second second second minute 1 hr 

file 6lyz 10-7 cm2/sec 1 kg/m-s2 g/cm-s in cm kg/s in K kg m2/s2- K 10-7 cm2/sec cm A mm mm cm 

3.1lys 20deg. 1.08E-06 1.002 0.01002 1.99E-07 3.75E-11 293.2 1.4E-23 1.08E-06 1.47E-03 1.47E+05 0.015 0.88 2.64

6.1lys 20deg. 1.07E-06  0.01002 2.00E-07 3.77E-11 293.2 1.4E-23 1.07E-06 1.46E-03 1.46E+05 0.015 0.88 2.64

 37deg. 0.716 0.007164 2E-07 2.68E-11 310.2 1.4E-23 1.60E-06 1.79E-03 1.79E+05 0.018 1.07 3.22

5.1lys 37deg. 1.1E-06  0.007164 2E-07 2.68E-11 310.2 1.4E-23 1.60E-06 1.79E-03 1.79E+05 0.018 1.07 3.22

7.1lys 45deg 1.92E-06  0.006171 2.02E-07 2.35E-11 318 1.4E-23 1.87E-06 1.93E-03 1.93E+05 0.019 1.16 3.48

 45deg 0.617 0.006171 2E-07 2.31E-11 318.2 1.4E-23 1.90E-06 1.95E-03 1.95E+05 0.019 1.17 3.51

8.1lys 45deg 1.95E-06 0.617 0.006171 1.99E-07 2.31E-11 318 1.4E-23 1.90E-06 1.95E-03 1.95E+05 0.019 1.17 3.51

               

               

  Hydropro       Calculated per per per per per 

  Tr.Diff.Coe η η R f T Kb D second second second minute 1 hr 

pdb.file temp 10-7 cm2/sec 1 kg/m-s2 g/cm-s in cm kg/s in K kg m2/s2- K 10-7 cm2/sec cm A mm mm cm 

1ykf -ADH 37 7.29E-07  0.007367 4.45E-07 6.18E-11 310.2 1.4E-23 6.93E-07 1.18E-03 1.18E+05 0.012 0.71 2.12

1A06 -BSA 45 8.33E-07  0.006347 4.66E-07 5.57E-11 318.2 1.4E-23 7.88E-07 1.26E-03 1.26E+05 0.013 0.75 2.26

1e78 - BSA 45 7.58E-07  0.006347 5.12E-07 6.13E-11 318.2 1.4E-23 7.17E-07 1.20E-03 1.20E+05 0.012 0.72 2.16

4blc -catalase 42 7.75E-07  0.006571 4.98E-07 6.17E-11 315.2 1.4E-23 7.05E-07 1.19E-03 1.19E+05 0.012 0.71 2.14

4cts -citrate synthase 42 1.01E-06  0.006497 3.81E-07 4.66E-11 315.2 1.4E-23 9.33E-07 1.37E-03 1.37E+05 0.014 0.82 2.46

2ins - insulin 37 1.72E-06  0.007367 1.88E-07 2.61E-11 310.2 1.4E-23 1.64E-06 1.81E-03 1.81E+05 0.018 1.09 3.26

1ovt -ovotransferrin 45 1.04E-06  0.006347 3.72E-07 4.45E-11 318.2 1.4E-23 9.87E-07 1.40E-03 1.40E+05 0.014 0.84 2.53
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Temperature determinations in the cell block heater of the spectrophotometer. 

Four positions were measured in 1.0 ml of solution (0, 10, 17 en 23 mm from the base of the 

cuvette).  

The data are represented graphically in figure 3.1. 

 
 
Cell 0 mm  10 mm 17 mm 23 mm Average  

10 and 17 mm 
Software 38oC      

Cell 2  36.82 + 0.06  
n=3 

36.85 + 0.11 
n=3 

36.99 + 0.16 
n=3 

36.83 + 0.07 

Cell 3 36.57 + 0.12 
n=9 

36.68 + 0.09 
n=9 

36.84 + 0.10 
n=9 

36.98 + 0.08 
n=9 

36.76 + 0.12 

Cell 4 36.27 + 0.41 
n=15 

36.76 + 0.17 
n=12 

36.99 + 0.06 
n=10 

37.06 + 0.13 
n= 25 

36.87 + 0.17 

Cell 5 36.61 + 0.26 
n=18 

36.88 + 0.06 
n=16 

37.02 + 0.12 
n=17 

37.14 + 0.07 
n=23 

36.95 + 0.12 

Cell 6 36.47 + 0.27 
n= 10 

36.91 + 0.21 
n=9 

37.16 + 0.09 
n=10 

37.20 + 0.11 
n=14 

37.04 + 0.20 

Software 43oC      

Cell 2 40.55 + 0.35 
n=10 

41.68 + 0.19 
n=10 

41.82 + 0.25 
n=10 

42.03 + 0.24 
n=10 

41.75 + 0.21 

Cell 3 41.36 + 0.34 
n=18 

41.75 + 0.20 
n=18 

41.86 + 0.24 
n=18 

42.03 + 0.10 
n=18 

41.80+ 0.23 

Cell 4 41.01 + 0.44 
n=11 

41.69 + 0.12 
n=10 

42.01 + 0.07 
n=10 

42.09 + 0.07 
n=10 

41.89 + 0.20 

Cell 5 41.49 + 0.19 
n=11 

41.81 + 0.11 
n=12 

42.06 + 0.14 
n=11 

42.26 + 0.06 
n=10 

41.93 + 0.16 

Cell 6 41.18 + 0.26 
n=10 

42.03 + 0.06 
n=8 

42.27 + 0.13 
n=7 

42.43 + 0.09 
n=8 

42.14 + 0.15 

Software 46oC      

Cell 3 44.37 + 0.30 
n=13 

44.39 + 0.22 
n=16 

44.67 + 0.20 
n=12 

44.98 + 0.20 
n=12 

44.51 + 0.25 

Cell 4 43.93 + 0.42 
n=18 

44.75 + 0.17 
n=22 

45.04 + 0.16 
n=18 

45.16 + 0.10 
n=18 

44.87 + 0.21 

Cell 5 44.51 + 0.30 
n=16 

44.75 + 0.10 
n=17 

45.12 + 0.22 
n=17 

45.33 + 0.13 
n=17 

44.93 + 0.24 

Cell 6 44.61 + 0.37 
n=13 

45.06 + 0.12 
n=13 

45.34 + 0.16 
n=13 

45.49 + 0.13 
n=13 

45.20 + 0.17 
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UNITS OF CIRCULAR DICHROISM 232 
 

The raw output of the circular dichroism (CD) spectrometer is in ellipticity. It is measured in 

milli degrees and is known by the symbol θ 

 

Molar ellipticity [θ] is reported with the units deg.cm2.dmol-1: 

 

[θ] = θ / (10 x C x l) 

 

where C is the molar concentration of the sample (mol/L) and l is the pathlength in cm. 

 

Mean residue molar ellipticity [θ]MRW is reported with the units deg.cm2.dmol-1: 

 

[θ]MRW = θ / (10 x Cn x l) 

 

where C is the molar concentration (mol/L), n is the number of residues in the protein 

and l is the path length in cm. 
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