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ABSTRACT

Electromagnetic fields are present everywhere in our environment. They
may produce biological effects which sometimes lead to adverse health effects in
living organisms. Leptospirosis is one of the major health problems worldwide,
caused by Leptospira spp.. The responses of leptospira cells after their exposure to
the electromagnetic fields were observed both experimentally and theoretically.
Experimentally, it was found that their growth, agglutination activity, morphology,
and protein components changed. Crucially, because UVA radiation could cause
leptospiral membrane damage, it could result in the cell death and less agglutination
reactivities. It is known that lipid peroxidation can be generated by UVA radiation
causing cell membrane leakage. Knowing also the fact that the outer membrane of
leptospira is composed of unsaturated lipids, with UVA irradiation at a high enough
dose, it thus could be susceptible to lipid peroxidation. In order to gain a better
understanding of how lipid peroxidation changes the membrane properties, the
computational molecular dynamics (MD) simulation of oxidized lipids in lipid
bilayer was used. The MD results showed that the lipid bilayer properties such as
thickness, area per lipid, membrane order, and water permeability changed as
consequences of the cell membrane leakage. The possible implications and
applications of these works are discussed. It is emphasized that this work is only the
first step in showing the effects of electromagnetic fields on leptospira bacteria.
With further investigations, it may lead to development of new strategies to control

or prevent leptospira in the environment.
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CHAPTER'|
INTRODUCTION

1.1 Overviews

The effects of different physical factors such as temperature, pH, pressure,
chemical materials, nanoparticles, and electromagnetic (EM) field, on living organism
have been studied in order to determine which environmental factors are dangerous to
living organisms. Of current interests are the EM waves since they are ubiquitous in
modern society. Different ranges of frequencies of the EM waves are used. The risks
encountered depend on which frequencies are being used. The differences in the risks
are due to the fact that the electromagnetic waves of different frequencies interact with
the living organisms in different ways. For the high frequency EM wave, the main
interaction is due to the ionizing property of the EM wave. Static fields should also be
considered.

In this study, we are interested in the effects of the magnetic field on living
organisms. Magnetic fields can penetrate most of the common materials such as the
walls of buildings or human body. They are widely used to obtain physical, chemical,
electronic and structural information about the molecules. One technique commonly
used in chemistry is called nuclear magnetics resonance (NMR). Another useful
technique, magnetic resonance imaging (MRI), is used in medical maging to obtain
images of the inside of an organism. We can see that magnetic fields have
advantageous uses. We need to take into account their possible side effect. Nothing
in life is win-win. For every advantage, there are disadvantages.

The magnetic fields affect various biological functions of living organisms, for
example, DNA synthesis and transcription (Phillips et al., 1992), as well as ion
transportation through cell membranes (Liburdy et al., 1993). Almost all living
organisms are exposed to magnetic fields from various sources. The geomagnetic field
on the surface of the earth is approximately 0.50-0.75 gauss in strength. There have

been several studies on the effects of exposure to magnetic fields and several of these
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have given rise to controversies over the past decades. Several studies point to the
magnetic fields as a factor influencing the growth and survival of living organisms,
which vary at different magnetic flux density (Piatti et al., 2002; Singh et al., 1994;
Tsuchiya et al., 1996; Yamaoka et al., 1992). The growth rate of the Burgundy wine
yeast has been shown to decrease when an extremely low magnetic flux density of 4
gauss is applied (Kimball, 1938). The growth of Trichomonas vaginalis is accelerated
when it is exposed to 460-1200 gauss (Genkov et al., 1974). The growth rate of
Bacillus subtilis increases when exposed to 150 gauss and decreases when exposed to
more than 300 gauss (Moore, 1979). Similar results were reported for Chlorella; an
exposure of less than 400 gauss increases the growth, while exposure to 580 gauss
decreases the growth rate (Takahashi and Kamezaki, 1985). Other researchers have
studied the effects of magnetic fields on bacteria at the enzyme (Utsunomiya et al.,
2003) or genetic (Horiuchi et al.) level.

For the high frequency EM field, the ultraviolet radiation is even of greater
concern since we are exposed to them on a daily basis. The solar ultraviolet radiation
(UVR) consists of the UVA (Ultraviolet-A: 320-400 nm), the UVB (Ultraviolet-B:
280-320 nm) and the UVC (Ultraviolet-C: < 280 nm). The last range is very
important because of their biological effect (Diffey, 1991; Roshchupkin and Murina,
1993), their disinfection effect, and their role in skin aging (Benedetto, 1998) and in
producing photoexcited material (Fujishima and Honda, 1972). UVC has the greatest
effect on living cells and is widely used for water disinfection because of its high
energy. Fortunately, it cannot penetrate into the atmosphere because most of it is
absorbed by ozone layer (Dissanayake et al., 1993). The spectrum of solar radiation
incident on the earth’s surface is between 290 and 3000 nm. The UVR is 5% of total
energy, in which 96% is UVA and only 3-4 % is UVB (Dissanayake et al., 1993).
UVB and UVA radiation are of less concern since their energy is lower than that of
UVC. However, recent studies have found that UVB can induce modification of the
DNA structure through the dimerization of pyrimidine bases (Freemen et al., 1987)
and the breaking of DNA strands (Keyse and Tyrrell, 1987). While it was formerly
believed that UVA exposure was safe for human, this is no longer the case (Godar and
Boer, 1992; Tyrrell, 1991; Tyrrell and Keyse, 1990). The effects of UVA exposure on
Escherichia coli (Favre et al., 1985; Pizarro, 1995; Pizarro and Orce, 1988),
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Enterobacter cloacae (Oppezzo and Pizarro, 2001), Salmonella thyphimurium
(Kramer and Ames, 1987; Kramer et al., 1988), Bacilus subtilis (Taber et al., 1978),
marine diatom (Cullen et al., 1992), Cichlid fish (Winckler and Fidhiany, 1996) with
either lethal effects (Eisenstark, 1989; Favre et al., 1985), delay/sublethal growth
(Favre et al., 1985; Oppezzo and Pizarro, 2001; Ramabhadran and Jagger, 1976),
membrane damage (Levén et al., 1990), or tRNA damage (Favre et al., 1985;
Ramabhadran and Jagger, 1976) have been reported. Reports on the effects of UVA
exposure on human skin cells (Freidman et al., 1991; Gruijl et al., 2001; Merwald et
al., 2005; Morliere et al., 1991; Morliere et al., 1995; Vile and Tyrrell, 1995) causing
membrane and DNA damage and mutagenicity of the cells have also appeared.

However, there have not been many experiments on the effects of magnetic
fields and UVA on pathogenic spirochetes such as leptospira. Leptospirosis causes an
acute febrile illness (Faine, 1982; Faine et al., 1999). This disease has emerged as an
important public health problem worldwide. Mammals such as rats and cattle are
commonly involved in the transmission of this disease to human via direct or indirect
exposure to contaminated tissues or urine (Faine, 1982; Faine et al., 1999; Turner,
1967). The spirochete bacteria belong to the genus Leptospira. At the present time,
there are over 250 strains of leptospires. Morphologically all the leptospires are
indistinguishable.

Leptospires have a typical double membrane structure, similarly to other
spirochetes. They share the characteristics of both Gram-positive and Gram-negative
bacteria (Haake, 2000). The axial filament of leptospires is located between the two
outer membranes (Holt, 1978). The outer sheath of leptospira consists of lipids. 22%
in weight and 90% of all lipids is unsaturated fatty acid. This makes them susceptible
to lipid peroxidation. (Zeigler and Van Eseltine, 1975.) Electromagnetic radiation
could result in some lethal or sub-lethal effect on leptospira owing to lipid
peroxidation.

In the experimental part of this thesis, we study the effects of the magnetic
field and UVA radiation on leptospires to gain a better understanding of the responses
of leptospires to magnetic fields and UVA radiation. This may lead to the development
of new tools or more effective strategies for controlling the pathogenic spirochete

bacteria. In addition, these studies may provide insight into the causes of cell death.
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Several mechanisms leading to cell death due to the effects of electromagnetic field
have been already proposed (Black, 1987; Chamberlain and Moss, 1987; Freidman et
al., 1991; Gruijl et al., 2001; Merwald et al., 2005; Morliere et al., 1991; Morliere et
al., 1995; Peak and Peak, 1989; Vile and Tyrrell, 1995; Yu-Long and Zhou-Yi, 2005).
One of them involves leakage through the cell membrane arising from lipid
peroxidation. Reactive oxygen species (ROS) can be generated directly by the
photochemical reactions with UVA and indirectly by metal-ion-catalyzed reactions.
Experimental findings indicate the involvement of singlet oxygen as the initiator of
the UVA-induced lipid peroxidation (Bose et al., 1990). Thus, it appears that UVA
radiation can cause membrane damage by lipid peroxidation (Chamberlain and Moss,
1987; Lu et al., 2003; Morliere et al., 1991; Morliere et al., 1995) leading to the cell
death.

Since lipid peroxidation plays an important role in cellular membrane damage,
it is important to understand how UVA and magnetic fields affects the lipid
peroxidation processes. The exact mechanism leading to the oxidization of the lipids
is not clear. The perturbation of the bilayer structure by oxidized lipid leads to
modifications of membrane properties, such as membrane fluidity (Bruch and Thayer,
1983; Dobretsov et al., 1977; Sevanian et al., 1988), permeability (Chatterjee and
Agarwal, 1988; Kunimoto et al., 1981) and membrane order (Bruch and Thayer, 1983;
Cavatorta et al., 1985; Eichenberger et al., 1982; Galeotti et al., 1984; Gut et al., 1985;
Wratten et al., 1992 ). Several papers have reported controversial findings in the
membrane order. It is difficult to compare the results since they were obtained on
different systems.

Oxidatively modified lipids can be expected to influence the functions of
membrane. Thus, the study of the effects of oxidized lipid on the bilayer properties
would be interesting. In the present work, the properties of 1-palmitoyl-2-linoleoyl-
sn-glycero-3-phosphatidylcholine (PLPC) lipid bilayers in the presence of 4 different
products of lipid peroxidation(Pratt et al., 2003) are investigated by using molecular
dynamics simulation. The goal of this work is to gain a better understanding of the
oxidized lipid behavior which can lead to changes in the membrane properties
observed experimentally. Moreover, this understanding can be used to predict the

permeability of water in the oxidized lipid bilayer. The simulations will show that the
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properties of the lipid bilayer are affected by oxidized lipids, and in particular that the
permeability of water is increased due to the more hydrophilic lipid tails.

1.2 Scope and Motivations

This thesis consists of 2 parts (Figure 1.1), experimental and computational
studies. Experimentally, the effects of magnetic fields and UVA radiation on leptospira
are studied in order to gain a better understanding of ability of this bacterial pathogen
to response to applied stress. This may enable the development of more effective
strategies to limit the survival of these pathogenic bacteria in the natural environment.
There have been reports that UVA radiation can induce lipid peroxidation and
subsequent cell membrane damage, which can lead to cell death. In order to study the
mechanisms of how cell membrane damage due to lipid peroxidation, molecular
dynamics simulation of lipid bilayer containing oxidized lipids is applied. The
computational studies can be used for explaining and showing of how membrane

leakage due to lipid peroxidation very well.

Effects of Electromagnetic
Fields on Biological systems

A 4 A 4

Experimental Computational
studies studies
A 4 A 4
Magnetic fields on | Oxidized lipids in
Leptospira - membrane

Cell membrane
damage

A 4

UVA radiation on
Leptospira

Figure 1.1 The diagram of the projects in this thesis
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1.3 Objectives

1. To investigate the effects of static magnetic fields on the growth of
Leptospira interrogans serovar Canicola.

2. To investigate the effects of UVA irradiation on Leptospira interrogans
serovar Canicola at variable exposure times, and study the response of this
pathogenic bacteria to UVA irradiation

3. To investigate the changes in the lipid bilayer properties caused by the
oxidized lipids in order to gain a better understanding of cell membrane

leakage due to lipid peroxidation

1.4 Outline of thesis

The outline of the thesis is as follows. The first chapter gives the overview,
scope and motivations, objectives and outline of the thesis. Chapter 1l describes the
biological backgrounds. The physical and computational backgrounds are presented
in Chapter I11. The experimental studies of magnetic fields and UVA radiation effects
on leptospira are presented in Chapter IV. In Chapter V, the computational studies of
lipid peroxidation in lipid bilayer is shown and discussed. Finally, the conclusion

remarks and perspectives are given in Chapter VI.
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CHAPTER I
BIOLOGICAL BACKGROUND

2.1 Leptospira bacteria

Leptospirosis is a zoonosis disease of ubiquitous distribution and is caused by
an infection by the pathogenic Leptospira species. The spectrum of human disease
caused by this bacteria is extremely wide, ranging from a subclinical infection to a
severe syndrome of multiorgan infection with a high mortality. This syndrome, icteric
leptospirosis leading to renal failure, was first reported over 100 years ago by Adolf
Weil in Heidelberg (Weil, 1886). However, an apparently identical syndrome
occurring in sewer workers was described several years earlier (Landouzy, 1883a;
Landouzy, 1883b). Leptospirosis was certainly recognized as an occupational hazard
of rice harvesting in ancient China (Faine, 1994). The Japanese name akiyami, or
autumn fever, persists in modern medicine. In hindsight, clear descriptions of
leptospiral jaundice can be recognized as having appeared earlier in the 19th century,
some years before the description by Weil. (Faine, 1994) It has been suggested that
Leptospira interrogans serovar Icterohaemorrhagiae was introduced to western
Europe in the 18th century by westward extension of the range of Rattus norvegicus
from Eurasia (Alston and Broom, 1958).

The importance of occupation as a risk factor was recognized early. The role of
the rat as a source of human infection was discovered in 1917 (Ido et al., 1917). The
potential for the leptospiral disease in dogs has also been recognized. A clear
distinction between canine infection with the Leptospira interrogans serovars
Icterohaemorrhagiae and Canicola took several years to be recognized (Klarenbeek
and Schuffner., 1933). Leptospirosis in livestock was recognized some years later
(Alston and Broom, 1958). Several monographs provide extensive information on the
early development of knowledge on leptospirosis (Alston and Broom, 1958; Faine,

1994; Faine et al., 1999).
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At present, there are over 250 serovars of this bacterium based on microscopic
agglutination test (MAT). Leptospira has general structural characteristics that
distinguish the spirochetes. According to available records, the incidences of the
disease range from approximately 10—100 per 100,000 in the humid tropics to 0.1-1
per 100,000 per year in the temperate climates (WHO, 2003). It frequently occurs in
tropical zone and subtropical countries such as Thailand (Watt et al., 2003), Nicaragua
(Brandling-Bennett and Pinheiro, 1996), the United States, and India (WHO, 2000).
Most outbreaks tend to be seasonal in nature and are often linked to environmental
factors, to animals and to agricultural and occupational cycles like cultivating rice in
marshy land. Outbreaks of leptospirosis occur mainly after flooding, leading it to

becoming an occupational hazard for sanitary and agricultural workers.

2.1.1 Leptospiral structure

The standard method for the observation of leptospira is dark field microscopy,
because these bacteria are thin and their uptake of conventional stains is too poor to be
visualized by the ordinary light microscope. In a fluid media, the leptospira are tightly
coiled spirochetes, flexible cells, with dimension of about 0.1-0.2 um in diameter and
6-20 um in length. Occasionally, much longer cells are seen. The helical amplitude is
approximate 0.1 to 0.15 um, and the wavelength is approximate 0.5 um (Faine et al.,
1999; Goldstein and Charon, 1990). The helical conformation is right-handed cell
body (clockwise coiling), 18 or more coils/cell. Leptospira can pass through filters of
0.2 um and 0.45 pm pores. The cells have pointed ends, both of which are usually

bent into distinctive hook shown in Figures 2.1 and 2.2.

6-20 um

0.1-0.2 pm 0.5 pm

Figure 2.1 Side view schematic representation of the structure of leptospira.
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Figure 2.2 Scanning electron microscopic image of Leptospira interrogans serovar

Canicola with typical shaped hooks (magnification x6000).

Leptospires have two membranes, an outer sheath (OM) and a cytoplasmic or
inner membrane (IM) seen in figure 2.3 (Nascimento et al., 2004). The OM of the
Leptospires are composed primarily of phospholipids, an outer membrane proteins
(OMPs) and lipopolysaccharide (LPS).  The lipopolysaccharide is the major
component of the leptospiral cell surface (Faine et al., 1999; Zuerner et al., 2000). It
is the target antigen for the antibodies that are agglutinating, opsonic, and protective
(Farrelly et al., 1987; Jost et al., 1989; Jost et al., 1986). However, LPS-mediated
immunity is restricted to serovars which are antigenically related. The proteins present
in the OM are at the site of interaction with host tissue. OM contains at least three
kinds of proteins: lipoproteins tethered to either side of the membrane via their lipids
(such as lipL32, LipL36, LipL41 and LipL48), transmembrane proteins that span the
membrane (such as OmpL1) and the recently described peripheral OMPs, which are
associated with the OM. They are not the transmembrane membrane proteins, e.g.,
P31 LipL45 and LigA/B. The leptospiral LPS has carbohydrate side chains, which has
a composition similar to that of the other Gram-negative bacteria (Vinh et al., 1986).,
however, has a lower endotoxicity activity (Shimizu et al., 1987). Antiserum against

the whole leptospires reacts with the LPS, leading to the destruction of the OM and the
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gradual dissolution of the integrity of the leptospires. Leptospires may be stained
using carbol fuchsin counterstian. As in Gram-positive bacteria, the peptidoglycan cell
well is closely association with the IM (Nascimento et al., 2004).

The isolated material from Leptospira interrogans serovar Pomona contains
protein, lipid, and carbohydrate (Wachter and Johnson, 1975; Zeigler and Van Eseltine,
1975.) and is similar to the outer membranes of the gram-negative bacteria (Salton,
1964). The quantitative distribution of Leptospira interrogans serovar Pomona
contains, by weight, 46% protein, 27% carbohydrate, and 22% lipid in the outer sheath
(Zeigler and Van Eseltine, 1975.). Essentially all lipid found in the outer sheath of
Leptospira interrogans serovar Pomona are phospholipid, with almost 98% of it
occurring as phosphatidylethanolamine (Zeigler and Van Eseltine, 1975.). The major
fatty acids comprising the phosphatidylethanolamine are the hexadecenoic and
octadecenoic acid (oleic acid) (56% and 34%, respectively). Both of them are

unsaturated, susceptible to lipid peroxidation.

Cytoplasm i ﬂ)

Figure 2.3 Model of leptospiral membrane architecture. The membrane consists of an
outer membrane (OM); an inner membrane (IM); the peptidoglycan (PG);
lipopolysaccharide (LPS); the cytoplasmic protein, GroEL, the periplasmic
endoflagella (EF); lipoproteins such as LipL31, LipL36 and LipL41; transmembrane
proteins such as signal peptidase (SP), ImpL63, OmpL1 and three transporter systems
(Nascimento et al., 2004).
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2.2 Biological membrane

_Ehﬂ:{rhp]‘r.ﬂg-
shha Chiprs

Figure 2.4 Fluid-mosaic model of a cell membrane.

The early model of biological membranes, the so called “fluid-mosaic model”
(Figure 2.4) was proposed in 1972 and gives the idea that the lipid membrane should
be considered as a two dimensional fluid where the proteins can diffuse around
(Singer and Nicolson, 1972). Although this model has been continuously presented as
a simple perspective to biological membranes, it has become evident that, instead of
acting just as a solvent for proteins, the lipid molecules have particular importance for
the functioning of living organisms. This is underlined by the impressive diversity of
the chemical structures of lipids, which is actively maintained by the cells (Mouritsen
and Kinnunen, 1996). Thus, the molecular systems consisting of different lipid
molecules are increasingly being studied using various experimental and
computational methods (Merz and Roux, 1996) to explore the characteristics of these
systems and the relations between the structural and dynamic properties and different
functions in the membranes. It is now clear that the lipid membranes act as important
regulators of membrane functions. Experimental methods, such as nuclear magnetic
resonance (NMR), infrared (IR), and fluorescence spectroscopies, together with X-ray
and neutron diffraction, are able to provide molecular level information on the

biological membranes. Since the 70's (Marcelja, 1974) there has been an interest in
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approaching the lipid structure in a membrane environment by means of computer
simulation. This can help in the interpretation of the experimental data and in
obtaining experimentally inaccessible information. The advances in the methodology
and computational resources have had an increasing impact on the field of membrane

simulations.

2.2.1 Lipid molecules and lipid bilayer membrane

Chemically, lipids are considered as substances that are soluble in organic
solvents but little or not at all in water (Voet and Voet, 1995). Lipid molecules are the
main constituents of the biological membranes. They appear in numerous structural
forms, of which the glycerophospholipids (or phosphoglycerides) are the most
abundant lipids in eukaryotic membranes.

Glycerophospholipids are named firstly because of their glycerol backbone, to
which two fatty acid chains are attached at positions sn-1 and sn-2, and secondly, after
the phosphoric acid that is attached at position sn-3. The group attached to the
phosphoric acid is called the headgroup and is most often choline, ethanolamine,
serine, glycerol or inositol. The two fatty acid chains may vary in length and saturation
state, but often the chain at the sn-1 position is a saturated palmitic (16:0) or stearic
(18:0) acid. The sn-2 chain is often 16 to 20 carbons in length and unsaturated, and e.g.
oleic (18:1*%) and linoleic (18:2 **'?) acid are common. Figure 2.5 shows the 1-
palmitoyl-2-linoleoyl-3-phosphatidylcholine (PLPC, 16:0/18:2**'%) glycerophospho-
lipid used in the studies of this thesis. For instance, in human erythrocytes the PLPC
molecule is one of the most abundant phosphatidylcholines (PCs) (Op den Kamp et al.,
1985) and can be considered as biologically representative. Dimyristoylphosphatidyl-
choline (DMPC,14:0/14:0) and dipalmitoylphosphatidylcholine (DPPC,16:0/16:0) are
common lipid species and they have often been used in model membranes for
numerous experimental and computational studies aiming at methodological advances
and for understanding the membrane structure. These kinds of saturated lipids also

occur in biological membranes.
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Figure 2.5 the molecular structure of PLPC lipid

Lipid bilayers have been extensively studied for their structural and functional
properties both experimentally and computationally in order to understand the
function and the properties of the cell membrane. The distribution of atoms along the
membrane normal is often used to illustrate the overall structure of the simulated
system. Such atomic distributions indicate roughness at the membrane-water interface
(Berger et al., 1997; Chiu et al., 1995; Damodaran and Merz, 1994; Egberts et al.,
1994; Marrink et al., 1993; Marrink and Berendsen, 1994; Shinoda et al., 1995). Water
has been observed to penetrate to the height of the carbonyl groups (Berger et al.,
1997; Chiu et al., 1995; Damodaran and Merz, 1994; Egberts et al., 1994; Marrink et
al., 1993; Shinoda et al., 1995; Zhou and Schulten, 1995) and the distributions of the
phosphorus and nitrogen atoms indicate an almost parallel orientation of the
headgroup with respect to the membrane plane (Chiu et al., 1995; Damodaran and
Merz, 1994). These properties are consistent among different PC and PE species and
are also valid at the 10-ns time scale (Essmann and Berkowitz, 1999). Intercalation of
the acyl chains of opposite bilayer leaflets in the center of the bilayer have been
commonly reported (Chiu et al., 1995; Damodaran and Merz, 1994; Shinoda et al.,
1995; Zhou and Schulten, 1995). The general structure of the DPPC bilayer has been
presented in terms of the "four-region" model (Marrink and Berendsen, 1994), to take
into account the inhomogeneous structure in the membrane normal direction. This

model is illustrated in Figure 2.6.
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Figure 2.6 Illustration of the “four-region” model of the lipid bilayer, reproduced
from (Marrink and Berendsen, 1994). The low density of the head groups
characterizes the first region (1). It begins where the presence of head groups starts to
perturb the water structure and continues until the head group and water densities are
comparable. The second region (2) has high head group density and lasts until the
water density drops under 1% of the bulk density. The high hydrocarbon chain density
characterizes the third region (3) that continues to the depth where the density of
hydrocarbons equals that of liquid hexadecane. Furthermore, the middle part of the
membrane represents the fourth region (4) and is characterized by the low chain

density.

The free volume properties of lipid membranes have been investigated
(Marrink et al., 1996). They are of major importance for the permeation process of
small penetrants (Bemporad et al., 2004; Marrink and Berendsen, 1996). Although the
first and second regions have very different atomic composition, their free volume
properties are very similar. These regions are believed to resemble a fluid consisting
of small molecules, and are characterized by a low free volume fraction. The fraction
of free volume is lowest in the second region. Such a decrease of the free volume is

claimed to be a common property of hydrophobic interfaces. Since the density is quite
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high, the free volume is distributed in many small spherical voids at these regions. The
third region resembles a soft polymer, more than a bulk alkane, due to the presence of
strong interchain correlation. This results in an aspherical void preferentially oriented
along the bilayer normal. In the fourth region, a large amount of free volume is
observed, similar to a low-density fluid alkane. The free volume is distributed more
isotropically than in the third region and appears in relatively large voids. Thus, even
penetrants with diameters of 0.5 nm could fit locally into this region without causing

an effect on the hydrocarbon chain conformations (Marrink et al., 1996).
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CHAPTER IlI
PHYSICAL BACKGROUND

3.1 Physical properties of electromagnetic field

3.1.1 Definitions and sources

The force acting on a charged particle can be calculated by multiplying the
electric field by the charge of the particle, ‘q’. The electric potential is the work done
when a test charge is moved from one position to another divided by the test charge.
In the presence of an electric field, a potential energy can be associated to each point
in space. Magnetic fields are created when electric current flows. The greater the
current, the stronger the magnetic field. An electric field exists even when there is no
current flowing. If current does flow, the strength of the magnetic field will vary with
the power consumption but the electric field strength will be constant. The physics of
the electric and magnetic fields are governed by a set of four vector equations called
the Maxwell equations. These equations can be combined together to get the
equations called “the wave equations”. The solutions of these equations describe the
electromagnetic wave. The electromagnetic wave is a traveling wave in which an
electric field and a magnetic field are oscillating sinusoidal perpendicularly to each
other and are 7/2 out of phase with each other.

Electromagnetic fields are present everywhere in our environment but are
invisible to the human eye. Electric fields are also produced by the local build-up of
electric charges in the atmosphere associated with thunderstorms. The earth's magnetic
field causes a compass needle to orient in the North-South direction. Besides natural
sources the electromagnetic spectrum also includes fields generated by human-made
sources: for example, X-rays are employed in medicine to diagnose broken bones. The
electricity that comes out of every power socket produces low frequency
electromagnetic fields. Other kinds of higher frequency radiowaves are used to
transmit information — whether via TV antennas, radio stations or mobile phone base

stations.
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3.1.2 The basics of wavelength and frequency

One of the main characteristics which define an electromagnetic field (EMF) is
its frequency (v) or its wavelength (1). The frequency is the number of oscillations or
cycles per second made by the wave. The wavelength is the distance between one
maximum of the oscillatory wave to the next. The product of the frequency and its
wave length is the speed at which the EMF travels. According to its quantum
mechanical interpretation, the energy carried by the EMF wave is quantized, i.e., E =
hv, where h is the Planck constant.

The time-varying electromagnetic fields produced by electrical appliances are
an example of extremely low frequency (ELF) fields (Figure 3.1). These ELF fields
have frequencies up to 300 Hz. Other technologies produce intermediate frequency
(IF) fields with frequencies from 300 Hz to 10 MHz and radiofrequency (RF) fields
with frequencies of 10 MHz to 300 GHz. The effects of electromagnetic fields on the
human body depend not only on their field strengths but also on their frequency and
energy. Our electricity power supply and all appliances using electricity are the main
sources of ELF fields. Computer screens, anti-theft devices and security systems are
the main sources of IF fields. Radio, television, radar, cellular telephone antennas,
and microwave ovens are the main sources of RF fields. All of these fields induce
electric currents within the human body. If large enough, these currents can produce a
range of effects such as heating and electrical shock, depending on their amplitude and
frequency range. However, in order to produce such effects, the fields outside the

body would have to be very strong, much stronger than those present in normal

environments.

|<— NON-IONIZING RADIATION >i< IONIZING RADIATION —>|
ELF IF RF mm IR uv X-ray y-ray
300 10MHz 300 1THz 10'Hz 1018Hz 10!°Hz
Hz GHz

Figure 3.1 The spectrum of electromagnetic fields
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3.1.3 Electromagnetic fields at low frequencies

The strength of the electric field (in SI units) is measured in volts per meter
(V/m). Any electrical wire that is charged will produce an associated electric field.
The higher the voltage, the stronger the electric field at a given distance from the wire.
The electric fields are strongest close to a charge or charged conductor. Their strength
rapidly diminishes as the distance from it increases. Conductors such as metal can
shield them very effectively. Other materials, such as building materials and trees,
provide some shielding capability. Therefore, the electric fields from power lines
outside the house are reduced by walls, buildings, and trees. Magnetic fields arise
from the motion of electric charges. The strength of the magnetic field (again in SI
units) is measured in amperes per meter (A/m). Physicists speak of a flux density (in
microtesla, uT) instead. Like electric fields, magnetic fields are strongest close to their
origin and rapidly decrease at greater distances from the source. Magnetic fields are

not blocked by common materials such as the walls of buildings.

Table 3.1 The comparison properties between electric fields and magnetic fields

—_—

Electric fields l Magnetic fields

1. Electric fields arise from voltage. ‘ 1. Magnetic fields arise from current flows.

2. Their strength is measured in Volts | 2. Their strength is measured in amperes

per meter (V/m) per meter (A/m). Commonly, EMF
3. An electric field can be present even investigators use a related measure, flux

when a device is switched off. density (in microtesla (uT) or millitesla
4. Field strength decreases with (mT) instead.

distance from the source. 3. Magnetic fields exist as soon as a device
5. Most building materials shield is switched on and current flows.

electric fields to some extent. 4. Field strength decreases with distance

from the source.
5. Magnetic fields are not attenuated by

most materials.
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3.1.4 Electromagnetic fields at high frequencies

Mobile telephones, television and radio transmitters and radar produce RF
fields. These fields are used to transmit information over long distances and form the
basis of telecommunications as well as radio and television broadcasting all over the
world. Microwaves are RF fields in the GHz range. In microwaves ovens, we use
them to quickly heat food. At radio frequencies, the electric and magnetic fields are
closely interrelated and we typically measure their levels as power densities in watts

per square meter (W/m?).

3.1.5 Effects electromagnetic fields on biological systems

As we have mentioned, electromagnetic waves consist of oscillating electric
and magnetic fields which interact differently with biological systems such as cells,
plants, animals, or human beings. In order to better understand these interactions, it is
essential to be familiar with the physical properties of the waves which make up the
electromagnetic spectrum. How electromagnetic waves affect the biological systems is
determined partly by the intensity of the field and partly by the amount of energy in
each photon. Electromagnetic waves at low frequencies are referred to as
"electromagnetic fields" and those at very high frequencies are called "electromagnetic
radiations". According to their frequency and energy, electromagnetic waves can be
classified as either "ionizing radiations" or "non-ionizing radiations" (NIR).

Ionizing radiations are extremely high frequency electromagnetic waves. For
example, ultraviolet (UV) radiation, X-rays and gamma rays have enough energy in
their photons to produce ionization (create positive and negative electrically charged
atoms or parts of molecules) by breaking the atomic bonds that hold the molecules in
cells together. Non-ionizing radiations (NIR) is a general term for that part of the
electromagnetic spectrum where the photon energies are too weak to break the atomic
bonds. They include visible light, infrared radiation, radiofrequency and microwave
fields, extremely low frequency (ELF) fields, as well as static electric and magnetic
fields. While the primary action in biological systems by these fields is the induction
of electrical charges and currents, other effects may occur which can potentially lead

to adverse health consequences. Static electric fields do not penetrate into the body,
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but can be perceived by skin hair movement. Except for electrical discharges from
strong static electric fields, they do not have any significant health effects.

Static magnetic fields have virtually the same strength inside the body as
outside. Very intense static magnetic fields can alter blood flow or change normal
nerve impulses. Such high field strengths are not found in everyday life. There is
insufficient information about the effects of long-term exposure to static magnetic
fields at levels found in the working environment. Even high intensity NIR cannot
cause ionization in a biological system. NIR, however, have been shown to produce
other biological effects, for instance, by heating, altering chemical reactions or
inducing electrical currents in tissues and cells.

Electromagnetic waves may produce biological effects which may sometimes,
but not always, lead to adverse health effects. It is important to understand the
difference between the two: firstly, a biological effect occurs when exposure to
electromagnetic waves causes some noticeable or detectable physiological change in a
biological system. Later, an adverse health effect occurs when the biological effect is
outside the normal range for the body to compensate, and thus leads to some
detrimental health condition. Some biological effects can be innocuous, such as the
body's reaction of increasing blood flow in the skin in response to slightly greater
heating from the sun. Some effects can be advantageous, such as the feeling of warmth
of direct sunshine on a cool day, or can even lead to positive health effects, such as the
sun's role in helping the body produce vitamin D. However, some biological effects

lead to adverse health effects, such as the pain of sunburn, skin aging or skin cancer.

3.2 Lipid peroxidation was induced by ROS

From previous discussion, electromagnetic filed can induce the formation of
the radical oxygen species (ROS) which can cause the lipid peroxidation. The lipid
peroxidation is an important mechanism of cell membrane damage that can lead to cell
dead. Unsaturated membrane lipids, including glycolipids, phospholipids, and
cholesterol, are well known targets of damaging and potentially lethal peroxidative
modification (Halliwell and Gutteridge, 1990; Imai and Nakagawa, 2003). Lipid
peroxidation can be provoked by numerous physical/chemical challenges that give rise

to reactive oxygen species (ROS) such as superoxide (O;"), hydrogen peroxide (H,05),
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hydroxyl radical (HO®or singlet oxygen ('O,). O, and H,O, can be generated
metabolically, e.g., during neutrophil activation or mitochondrial electron transport,
and can give rise to strongly oxidizing HO® via Fenton chemistry (Fridovich, 1986;
Porter et al., 1995). These ROS, as well as 'O,, may also derive from the action of
various extracellular agents, important examples being ionizing and nonionizing
radiation (Porter et al., 1995; Spikes, 1989). Of special interest in the latter category
are UV A and visible radiations, which, in the presence of photosensitizing agents and
ground-state oxygen (‘0,) can oxidize lipids and other biomolecules through
photodynamic action (Foote, 1991; Spikes, 1989; Tyrrell, 1994). Endogenous UVA-
absorbing sensitizers include tetrapyrroles, flavins, and reduced pyridine nucleotides,
whereas exogenous sensitizers can be found in certain food additives, cosmetics, and
drugs (Chignell et al., 1985; Tyrrell, 1994). All photodynamic reactions commence
with photon absorption by the sensitizer (S), converting it to a singlet and thence
triplet excited state (°S). The immediate post-excitation chemistry is classified as
either type I (electron transfer) or type Il (energy transfer) (Foote, 1968). A typical
type I reaction is characterized by electron or hydrogen transfer from a substrate (RH)
to S, with free radical (e.g., O, HO®) generation, whereas a type II reaction involves
energy transfer from °S to O, to give delta-state 'O,. The relative importance of these
two mechanisms in a cellular system depends on factors such as sensitizer localization,
kinetics of the S reaction with RH versus 302, and relative concentrations of RH and
302 in the vicinity of 3S (Foote, 1968). Inhibitory effects of '0, or free radical
scavengers are often used for distinguishing between type I and type II reactions, but
with many uncertainties due to lack of absolute specificity (Girotti, 1990; Spikes,
1989). Likewise, direct physical measurement of 'O, produced in cells has proven
difficult because of its short lifetime relative to that in homogeneous aqueous solution

(<50 ns versus 4-5 ps) (Firey et al., 1988; Moan and Berg, 1991).
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Figure 3.2 Type II ('O,-mediated) photogeneration of lipid peroxides (LOOHs) in cell
membranes(Girotti and Kriska, 2004)

'0, reacts with membrane proteins with rate constants generally higher than
for lipids (Davies, 2003); however, if the sensitizer preferentially localizes in the lipid
domain, this will greatly enhance 'O reactivity there. In contrast to HO® and other
radical oxidants, which induce lipid peroxidation via H abstraction, 'O, can add
directly to a phospholipid unsaturated sn-2 fatty acyl group to give a primary peroxide,
LOOH (Figure. 3.2) with its double bond shifted to the allylic position (Girotti, 1990).
'0,-generated peroxides accumulate linearly with light dose in the absence of
reductants and redox-active metal ions, but rapidly turn over in the presence of these
agents, thereby triggering free-radical-mediated chain reactions. Hydroperoxides
generated by reaction of 'O, with unsaturated fatty acids or simple phospholipids in
homogeneous solution have been well characterized (Frankel, 1985; Thomas and
Pryor, 1985). For example, reaction with 1-palmitoyl-2-linoleoylphosphatidylcholine
gives four sn-2-positioned hydroperoxides, two conjugated (9-OOH, 13-OOH) and
two nonconjugated (10-OOH, 12-OOH), in approximately equal yields (Thomas and
Pryor, 1985) (Figure. 3.3). By contrast, free radical attack gives only 9-OOH and 13-
OOH, so identifying the conjugated species in addition to the nonconjugated would

specify 'O, involvement in a reaction, but not necessarily sole involvement.
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Figure 3.3 Characteristic hydroperoxide species produced by 'O, attack on
phospholipid linoleoyl (9,12-octadecadienoyl) moieties(Girotti and Kriska, 2004)

3.3 Basics of the molecular dynamics method
In the classical molecular dynamics (MD) method (Allen and Tildesley, 1987,
Leach, 1996) the positions and velocities of the atoms are allowed to evolve according

to the Newtonian equation of motion that can be presented for a group of N atoms as

—VV NG e V= m,%rf i=123.N ,(3.1)

where Vo 1s the potential energy, 7; the position and m; the mass of an atom. The total
energy of the system is the sum of the potential and the kinetic energies. The average
kinetic energy of the atoms determines the temperature of the system. The differential
equations of motion are integrated using some MD algorithm according to which the
particle positions or both positions and velocities are updated. The Verlet algorithm
and its modifications are commonly applied (Allen and Tildesley, 1987; Leach, 1996).
For instance, the leap-frog Verlet uses the following relationships between the atomic

positions 7, velocities v, and accelerations a:

r(t+0t) = r(t) + (e + %) ,(3.2)

w(t +%) = (¢ —%) +dta(t) ,(3.3).
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The force acting on each atom is determined from the gradient of the potential
function, which is a function of particle positions. In order to define the physical
model of an atomic system, the interaction between all atoms has to be known or
approximated, i.e., the so-called force field has to be defined. In practice, this means
the determination of the potential function. The potential energy function used in the
biomolecular simulations to approximate the real potential energy consists of several

terms, typically

Voot =V + Vg + Vs + Vi + V., ,(3.4)

pot
which describes the different contributors to the total interaction energy (Brooks III et
al., 1988; Tieleman et al., 1997). The energy terms related to covalent bonds are the
bond energy V3, the bond angle energy Vp and the dihedral angle energy V,. The last
two terms are the non-bonded interactions, namely electrostatic V. and van der Waals
Vi.aw interactions. The potential energy of the system could, in principle, be solved
from the electronic structure of the atoms.(Allen and Tildesley, 1987; Leach, 1996)
However, in the case of complex molecular systems this is not common at the moment.
Instead, the Born-Oppenheimer approximation is applied, i.e., electronic motions are
ignored and the potential energy is calculated only as a function of nuclear positions,
as described here.

The bonds and angles are typically described as harmonic oscillators. Thus, the

bond and bond angle energy terms are

1
v, =Dl ,(3.5)

1
Ve = ngé’ (ngk - eg?k)z , (3.6)

where r;; 1s the distance between atoms 7 and j, ;% is the angle between atoms i, j, and
k, ¥’y and 0°;; are the equilibrium values; and k, and k are the force constants for
bonds and angles, respectively. The dihedral angle energy is represented as a cosine

expansion
V, = k,(1+Cos(n(¢p —¢°))) ,(3.7)
where ¢ is the value of the dihedral angle, ¢’ the equilibrium value, ke the force

constant affecting the barrier height and » the multiplicity giving the number of
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minimum points in the function as the bond is rotated through 360°. The electrostatic
interaction is described by the Coulombic term
9.4,
Vv, =) — ,(3.8
=2 4re,r; ©.8)

where ¢; and g; are the partial charges of the atoms i and j, and g is the vacuum
permittivity. The van der Waals interaction term describes the repulsion and the
dispersion between the atoms and is often given by the Lennard-Jones formula
A, B,
Vw = 225 =—=¢ .(3.9)

I ij

where 4;; and Bj; are the strength parameters for repulsion and dispersion, respectively.

In this thesis, molecular dynamics simulations are performed using
GROMACS software package (version 3.3.1). This software is free software and more
information is available in GROMACS manual (Lindahl et al., 2001; van der Spoel et
al., 1991-2005) and the web site www.gromacs.org.

3.4 Two time scales diffusion: vacancy-mediated diffusion dynamics

In order to study two time scales diffusion, we start with a two-dimensional
square lattice of dimensions L x L. Each lattice site is denoted by a pair of integers, »
= (i, j). To model binary systems consisting of two species of particles, we allow each
site to be occupied by either a black particle (“spin up”), a white particle (“spin
down”), or a vacancy (“spin zero”). Multiple occupancy is forbidden. One can view
this model as being the dilute Ising model. A configuration in the model will be
described by a set of spin variables {o,}which can take three values: o, = +1(-1) for a
black (white) particle, and o, = 0 for a vacancy. The numbers of black (N+) and white
(N-) particles are conserved and differ by at most 1: N" =N ~ 1/2 (L?). To model the
minute concentration of vacancies which is seen in real systems, we focus on the case
where the number of vacancies is much less than the number of black and the number
of white particles, M <<N'; N. In fact, we take M to be 1 in all of the simulations.
Fully periodic boundary conditions in all directions are assumed. The initial
configuration will be completely phase segregated and unstable; i.e., black and white

particles will each fill one half of the system, with a sharp at interface between them



Jirasak Wong-ekkabut Physical Background /26

(chosen to lie horizontally along the x axis). The single vacancy will initially be
located at the interface.

We now turn to the microscopic dynamics or local update rule. Besides the
correlation via the excluded volume constraint, the particles and the vacancy interact

with one another according to the rules of the dilute Ising model:

Hl[{c,}]1=-J Y 0,0, , (3.10)

with ferromagnetic, nearest-neighbor coupling for J > (. Since the dilution is very
small, the behavior of the system will be that of the ordinary (non-dilute) two-
dimensional Ising model. Therefore, a phase transition from a disordered phase to a
phase-segregated phase will occur at the Onsager critical temperature, 7, =
2.267...J/kg (Onsager, L. 1944). The ground state will be doubly degenerate and
consist of strips of positive and negative spins, each filling half of the system,
separated by two planar interfaces. Since the particle-particle interactions are
ferromagnetic, the single vacancy is at the interface. This is the initial configuration of
the disordering process.

The vacancy now performs an active walk or nonlinear feedback walk on the
lattice with a transition rate per unit time step (Monte Carlo step) defined as
W[{o,}{o,}] from configuration {o,} into a new configuration {o,}. Here, only
particle-vacancy nearest-neighbor exchanges are allowed. We choose W[{c;}{o:}] to
be the usual Metropolis rate (Metropolis. et al., 1953):namely,

W =min{l,exp(—AH / k,T)} , (3.11)
where AH is the difference in the energy of the system before and after the jump. One
should expect that as time progresses, the vacancy will disorder the interface when 7>
0. For T> T, > 0, the vacancy will completely dissolve the interface.

In each Monte Carlo time step (MCS) in the simulations, one of the four
nearest neighbors of the vacancy will be picked at random. The exchange with the
picked neighbor site is then performed according to the rate defined above; no
particle-particle exchanges are allowed. There are two control parameters for the
simulations, namely the temperature 7 and the system size L. The final temperature

after the up-quench (measured in units of the Onsager temperature 7, ) varies between
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0.57. and infinity. The system size is 100 x 100. Our data are averages over 10’
realizations (or runs) or more, depending on the desired precision of the output.

At t = 0, a system which has the phase separation of the 7= 0 configuration
experiences a temperature up-quench to a finite temperature. We can now look at the
evolution of the system as it undergoes disordering. We qualitatively monitor the

temporal evolution visually and quantitatively measure the following:

3.4.1 Visual snapshots

Qualitatively, the visual impressions of the disordering process are seen in
Figure 3.4. For comparison, the visual impressions of the saturated configurations are
seen in Figure 3.5. The former shows the evolution of a typical configuration in a 100
x 100 system for T = oo, and the later shows the saturated configuration for four

temperatures (7'=3.57;, 1.57. and 0.87).

omMCs 10 MCS 10° MCS

10° MCS 10° MCS 10" MCS

10° MCS 10' MCS 10" MCS

Figure 3.4 Sequence of snapshots showing the disordering process of 100 x 100 a
system with 7'= oco. The black and the gray squares represent the two types of particles
(o, = £1), and the white square denotes the vacancy (¢, = 0). The configurations were

recorded after 0, 10, 10%, 10°, 10%, 10°, 10°, 10" and 10* MCS.
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In all cases, the initial interfaces at t = 0 were completely smooth. As time
progressed, the interfaces began to break up slowly as the vacancy move: a random
walk motion for 7 = oo and an active walk for finite temperatures. As more particles
(inter) diffused into the oppositely colored domains, roughening of the interface
began. As time went on, the degree of homogeneity became larger and the interface
became rougher. Eventually, at steady state, the system corresponding 7" > T, to
became disordered or became a homogenous mixed state. For 7' < T,, phase
segregation remains, but with a relatively rougher interface. As the final temperature
was lowered farther, the system took a longer time to reach the final steady state. The
time taken went approximately as the order of L* (for not too low of a temperature).
Even from the snapshots, one can clearly see that in comparison with the infinite-
temperature case, the final configurations for the non-zero temperatures show clear
evidence of a finite correlation length (defined as the length scale associated with a

two-point spatial correlation function), which will get larger as 7'is set lower.

0.8 TITe 1.5 TIT:
2.5 TITe infinity

Figure 3.5 Snapshots showing the typical saturated configurations of a 100x100
system in 10® MCS with 7 = 0.87,, 1.57,, 2.5T, and oo.

It should be noted that the “correlation” length measures the size of the
fluctuation and diverges at critical temperatures. One also sees larger clusters. These
are due to the effects of the interactions between particles, which becomes more and

more significant as T is decreased. It should be noted that, in all cases, the vacancy
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comes into equilibrium much sooner than the particles. At lower temperatures, it takes
the vacancy longer to reach the steady state. From these visual pictures, it is evident
that at least two time scales have to be taken into account: namely, the different time
scales for the vacancy and the particles to reach the equilibrium state, separately
(Schmittmann et al., 2000; Toroczkai. et al., 1997; Triampo et al., 2000) (vacancy time
scale ~ L? and particles time scale ~ L* form random walk theory). The time scale for
the vacancies can be determined by measuring the vacancy profile. This, however,
would be extremely difficult for the case of highly correlated motions using the
analytic method employed in this paper. It could be done by applying the two-time-
scale technique to the exact master equation. Work on this new method is presently

being done.

3.4.2 Time-dependent disorder parameter A(L; T, t)
The average number of black and white nearestneighbor pairs, A(L; T; ¢), as a

function of time is related to the Ising energy by
1
ALT;)=L+—<H > ,(3.12
( ) =, (3.12)

where < * > denotes the time-dependent configurational average over a large number
of independent runs.

From the result, the disordering process is clearly reflected in the disorder
parameter A(L, T; t). As seen in Figure 3.6 and Figure 3.7, A(L, T; t) increases from an
order of 2L - 1 for the initial configuration to an order of L’ for the equilibrium
configuration. Similar to Refs. (Toroczkai. et al., 1997) and (Schmittmann et al.,
2000), one can clearly distinguish (at not so low a 7), three regions in Figure 3.6, an
early region (E), an intermediate region (I), and a saturation region (S). It should be
noted that the I and S regions emerge only in a finite system. As the system size
increases, the (I) region spans a widening time range. In Ref. (Toroczkai. et al., 1997),
it was shown that in I, the system shows a dynamic scaling as A(L, T 7) =~ ¢'* for
infinite 7. The universality of this scaling relation has been extensively studied for the
case of infinitely high 7" with an external field (Triampo et al., 2000). The same

scaling relation was found to remain valid in the case of high 7" with an external field.
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Figure 3.6 Plot of the disorder parameter A(L,T; f) vs. t for L = 100 and 7= 0. It
shows the emergence of an early region (E), an intermediate region (I), and a late or
saturation region (S). The reference straight line has a slope of 0.5. The approximate

saturation time scale of the vacancy and the particles are indicated on the bottom and

the top, respectively.

A(L,T;t)

t (MCS)

Figure 3.7 Data for the disorder parameter A(L,T; f) versus time at 0.57,, 0.77,, 0.9T,,
1.17,, 1.7T,, 3.5T. and o according to the arrow direction. We show the changing

slope and the steady-state number of broken-bond lowering.
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One of the goals in this work was to test to what extend dynamic scaling,
namely, the relation A(L, T; ) = "%, holds at moderate and low temperatures. We
carried out extensive MC simulations and fitted the curves using nonlinear regression.
We found that the slope of the log-log plot or the power dependence (in ¢) of the
disorder parameter at low temperature deviated significantly from the value 0.5. The
results are seen in the Table 3.2.

In Figure 3.7, log-log plots A(L; T; ¢) vs. t for various finite temperatures are
shown. These should be compared with the slope for the infinite-T case (whose slope
= 0.5). In Table 3.2, the data analysis of the slope was done using the program
Microcal(MT) Origin, version 6.0 (Microcal Software). For the intermediate region,
we determined the slope by using a linear regression analysis of 35 collected points
generated by 10° to 6 x 10°, more or less, Monte Carlo Steps (MCS) ("1.5 decades).
From the table, we can see that at 7= 0.57, the slope is 0.0646 with a correlation
coefficient = 0.99533 and a standard deviation (SD) = 0.0093. This deviates from 0.5
by about 87.08 %. At T = 3.5T,, the slope is 0.48574 with a correlation coefficient =
0.99999 and a SD = 0.00208. This slope deviates from 0.5 by about 2.85 %. If the
temperature is increased further to 7 >> T, (infinite temperature), the slope increases
to 0.5. As a function of T, the value of the slope increases rapidly at first and then
slowly to its limiting value. We confirm this by fitting the data to several fitting

functions. First, we used the first order exponential decay function

X

y=y,+4e" (3.13)
where yo, A4;, and ¢, are fitting parameters. ¢, is relate to a temperature threshold. Next,
the Gompertz function (Gompertz, 1825) was used,

—(exp(—k(x—x,.
y =ae (exp(—k(x—x,))) (3.14)

Here a, k, and x, are fitting parameters. The Gompertz function has been used to
analyze the dynamic growth of biological system, i.e., tumor growth. To simplify Eq.
(3.14), one can do a Taylor expansion of the Gompertz function. The first two terms
will be the first-order exponential decay terms,y = a (1 - exp( -k(x - X¢)) + exp(-2k(x-
X))/ 2! + ...). The fit of the data to Eq. (3.13) gives yo = 0.49086 + 0.00587, A; = -
1.07167 + 0.06719, and t; = 0.7345 £+ 0.0334 with a regression R?> = 0.99072 and
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Chi* = 0.00018. A fit of the data to the Gompertz functions gives a = 0.47867 +
0.00188, k = 2.98570 + 0.07369, and x. = 0.74522 + 0.00604 with a regression R’ =
0.99852 and Chi* = 0.00003, as shown in Figure 3.8. From the values of R? and Chi*,

the Gompertz function appears to give a better fit to our data.

Table 3.2 Slope of the intermediate region for a lattice size of which has a standard
error of slope, a correlation coefficient (R), a standard deviation (SD), and a
probability value. For each datum, we choose a range of time with 35 numbers from

10° to 6 x10°.

Standard Correlation | Standard
Temperature Slope . o
(T) error of coefficient deviation
slope (R) (SD)

0.5 0.06460 | 0.00132 0.99322 0.00930
0.7 0.14225 | 0.00084 0.99942 0.00601
0.9 0.25175 | 0.00153 0.99939 0.01090
1.0 0.30063 | 0.00198 0.99928 0.01411
1.1 0.34136 | 0.00226 0.99928 0.01608
1.3 0.39467 | 0.00228 0.99945 0.01623
% 0.42629 | 0.00182 0.99970 0.01297
1.7 0.44476 | 0.00160 0.99979 0.01136
1.9 0.45742 | 0.00122 0.99988 0.00866
2.1 0.46503 | 0.00105 0.99992 0.00748
2.3 0.47038 | 0.00083 0.99995 0.00594
2.5 0.47485 | 0.00074 0.99996 0.00524
2.7 0.47621 | 0.00072 0.99996 0.00514
2.9 0.47985 | 0.00030 0.99999 0.00211
3.1 0.48214 | 0.00048 0.99998 0.00340
33 0.48317 | 0.00042 0.99999 0.00296
3.5 0.48574 | 0.00029 0.99999 0.00208
Infinity 0.49921 | 0.00012 1.00000 0.00088
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Figure 3.8 Fitting of the first-order exponential function (dashed line) given in Eq.
(3.13) with yy = 0.49086 + 0.00587, 4; = -1.07167 £ 0.06719, and ¢, = 0.57345 +
0.0334 with the regression R’ = 0.99072 and Chi’ = 0.00018, and the fitting of the
Gompertz function (solid line) given in Eq. (3.14) with a = 0.47867 + 0.00188, k =
2.985704 0.07369, and x. = 0.74522+0.00604 with the regression R? = 0.99852 and
Chi’ = 0.00003.

At not too low a 7, this conclusion might be tenuous since one could argue that
a correction to the dynamic scaling caused the deviation. After extensive simulations,
we are convinced that the behavior at these not too low values of 7's cannot belong to
the same universality class because of the great deviation from the slope 0.5. One
explanation could be the following: In the case of the random walk or biased walk, the
walker has no interaction with the environment. Therefore, there would be no
feedback. The walker wanders through the system, regardless of the change in the
environmental landscape. In contrast for the finite-T case, there is a non-linear
feedback which causes the walker to become a more active walker. Changes in the
landscape, the energy, or the barrier will cause a nonlinear feedback which will
change how the walker takes its next step. The effect will be highly non-linear even
though it is still controlled by a driving force which is forcing the system into the
“appropriate” steady state. As the temperature decreases, the particle's motion
becomes more and more correlated. This results in the extinction of the random nature

walk since it is driven by uncorrelated thermal fluctuations. We have a plot of the
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relation between the slope and the temperature in Figure 3.8 (exponential function fit
and Gompertz function fit)

With the significant change in the slope, it is reasonable to say that the scaling
law for a highly active walk corresponding to moderate and low temperatures should
be different from that for high temperatures or for a biased walk. It is obvious that
their universality classes are not the same. For low temperatures, the microscopic
dynamics is local. Due to the interaction between the particles, correlation effects
dominate. As seen from the snapshots, the correlation length, {(7), depends on the
temperature. As is well known, {(7) tends to O(L) as T approaches 7.. There is no
characteristic length scale as in critical phenomena. The concept of a short distance
over which there is no memory of the previous random walk breaks down. In our

simulations, one notices that { (7) is in units of the lattice spacing.
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CHAPTER IV
EXPERIMENTAL STUDIES

This chapter presents the experimental studies of the effects of magnetic fields
and UVA radiation on Leptospira interrogans serovar Canicola. The experimental

methods, results, and discussions will be shown as follow:

4.1 Effects of static magnetic fields on growth of Leptospira interrogans serovar
Canicola

4.1.1 Material and methods

Pathogenic Leptospira interrogans serovar Canicola was used in this study.
Bacterial cells were grown in the Ellinghausen and McCullough modified by Johnson
and Harris (EMJH) liquid medium (Faine et al., 1999). The bacterial cells were grown
at a temperature of 27+1 °C in the dark.

A cylindrical permanent ferrite magnet 5 cm in diameter was placed beside 15
ml culture glass tube (less than 1 ml apart) containing 1 ml of a suspension of newly
subcultured leptospira cells in the EMJH liquid medium. MF and homogeneity of
140£5mT (northpole) were checked using a teslameter (Hall effect Teslameter digital,
order no. 13610.93; Phywe Systeme, Gottingen, Germany). The intensity of static
magnetic field used in our experiments was chosen on the basis of Genkov et al.
(Genkov et al., 1974) findings. Genkov et al. had used more or less this intensity of a
constant MF to induce the growth and development of Trichomanas vaginalis. For this
type of exposure, no shielding against the natural variations of terrestrial MF was
required, the value of approximately 0.05 mT is negligible with respect to the MF
intensities applied. An experiment using cells not exposed to MF was simultaneously
performed as the control, which was placed at a distance of about 100 cm from the
exposed group.

In the absence of magnets, MFD was 0.05£0.01 mT. All bacterial samples

were exposed to MF for different durations, that is, 0 (control sample), 1, 2, 3, 4, 5,
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and 6 d. After MF exposure, individual samples were further incubated for 7 d.
Immediately after 7 d of incubation, dark-field micrographs were taken using a CCD
camera to observe cell development. The growth and agglutination properties using
the microscopy agglutination test (MAT) with a homologous antiserum and

immunoreactivity were scored as follows:

4+ = 100% absence of leptospira from the field
3+ = 75% absence of leptospira from the field
2+ = 50% absence of leptospira from the field

1+ = 25% absence of leptospira from the field

MAT has been commonly used as a diagnostic tool for leptospirosis. This may
not be the most reliable test. It, however, is arguably the most appropriate test for this
study. The same set of conditions and specimens were used in the experiments, which

were repeated twice.

Atomic force microscopy (AFM) and sample preparation: Scanning probe
microscopy (SPM) (Digital Instruments Veeco Metrology Group, NY, USA) was used
for AFM surface morphology imaging. Images were acquired in the contact mode
showing height contours that highlight the spiral shape and fine surface morphology of
leptospira. An AFM scanner with hardware correction for the nonlinearities of the
piezoelectric element was used. The scanner has a maximum xy range of 125 by 125
pm and a Z range of 6 um. The cantilevers of SisNa, 125 pm long and 35 pm wide
with a spring constant of 0.58 Nm™were used. To locate the area of interest in the
samples and identify any bacteria, we used a built-in long-range on-axis microscope,
capable of a 5:1 zoom and x3500 magnification. Imaging was carried out at scan
speeds between 1 and 50 pm/s. Images were acquired at 256x256 pixels. A typical
imaging session began using a built-in optical microscope and by moving the x-y table
to search for bacterial cells. The AFM cantilever was then moved forward to the
surface close to the chosen bacterial cell. Each sample was prepared using the method
described above. It was then dropped on a microscope glass slide and dried in air.
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4.1.2 Results and discussion

Figure 4.1 shows the AFM picture of an Leptospira interrogans serovar
Canicola cell taken with a Digital Instrument Nanoscope Illa (Digital Instruments
Veeco Metrology Group) in the contact mode. The image shows a normal morphology
of Leptospira interrogans serovar Canicola, that is, the spiral shape. It is worth noting
that AFM usually reveals the actual roughness of the surface of the bacterial envelope.
Other types of microscopy frequently show the surface to be relatively smooth. This
technique was also used to observe the surface morphology of bacterial cells before
and after the exposure to MF. It should be noted that this image does not demonstrate
the rough envelope very clearly. However, it does show the normal bacterial

morphology.

20,0 pm
Height
I00.0 nm

Figure 4.1 An atomic force microscopy (AFM) of the Leptospira interogans serovar
Canicola using Digital Instrument NanoScope Illa contact mode under controlled

condition without MF exposed with scan size is 20pm and scan rate is 1 Hz. It

demonstrates a spiral shape leptospira with approximately10 —20xm .

Figure 4.2 shows some representative dark field micrographs of Leptospira
interrogans serovar Canicola taken at the logarithmic growth phase (at 1:10 dilution of

culture samples) and for different durations of MF exposure, that is, 0, 2, 3, and 6 d.
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After 7 d of incubation, the samples were observed under a dark field microscope and
images were taken using a CCD camera. Even though there are some noises in the
images, the inhibition of cell growth could be observed. The implications of these
observations are significant given the results of other studies (Genkov et al., 1974;
Kimball, 1938; Liburdy et al., 1993; Moore, 1979; Phillips et al., 1992). From Figure.
4.2A to 4.2D, one can clearly observe that cell density decreased with exposure time,
particularly after more than 3 d. This indicates the decrease in growth rate resulting in
the decrease in the number of bacterial cells. This is one of the factors that explain the
lower agglutination immunoreactivity, which indicates fewer remaining living

bacterial cells to agglutinate.

Figure 4.2 Dark-field micrographs of Leptospira interogans serovar Canicola under
MF with different durations.

On the basis of the criteria mentioned at the end of the previous section, the

agglutination reactivities of the Leptospira interrogans serovar Canicola exposed to
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different intensities of MF are listed in Table 4.1 (with longer exposure time, the
leptospira demonstrated a lower agglutination immunoreactivity than that of the
reference antiserum tested. The end point of reactivity was 50% agglutination[2+]).
The agglutination immunoreactivity score decreased with exposure time of leptospira
as shown in Figure 4.3. Comparing the MAT results of control leptospira (0 d
exposure) and those of bacterial cells after exposed to MF, we found that the latter
groups (particularly those with longer exposure) showed lower agglutination reactivies.
These findings may indicate the presence of a lower amount of agglutinin or number
(density) of leptospira in the exposed samples than in the control samples. It should be
emphasized that the same set of conditions and specimens were used in the
experiments that were repeated twice, and the experiments yields exactly the same
(semiquantitative) results. The scoring data therefore did not show an error. Once
again, in each experimental setup, it has one control (nonexposed) group and six

exposed groups with different durations of exposure.

Agglutination reactivity
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Figure 4.3 Shows the graphical data of Table 4.1.
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Table 4.1 Agglutinating characteristics of leptospires after magnetic exposure at
various exposure time. At higher exposure time, the leptospiral bacteria were
demonstrable with a lower agglutination reactivity with reference antiserum tested.
The end point of reactivity is noted and scored as 50% agglutination(2+). NA implies
no agglutination occurred, whereas 4+, 3+, 2+, and 1+ represent 100%, 75%, 50%,

and 25% agglutination reactivity respectively.

Agglutination Scores

Exposure
by day 1:50 1:100 1:200 1:400 1:800 | 1:1600 | 1:3200
dilution | dilution | dilution | dilution | dilution | dilution | dilution
0? 4+ 3+ 2+ 2+ 2+ 2+ 1+
1 85 2+ 1+ - - - -
2 3+ 2+ 1+ - - . -
3 2+ - - - - - -
4 Wi ¢ - - - - - -
5 1+ - - - - - -
6 NA - S ] - - -

®Representive sample of control unexposed leptospires showing a higher MAT

titer (1:1600) than exposed samples for various durations.

Besides the decrease in the number of cells as the cause of the decrease in
agglutination immunoreactivity as mentioned above, the “denaturing effect” of the
antigen-antibody reaction may be an other contributing factor to this phenomenon,
which can be explained as follows: Typically, antibodies are large soluble protein
molecules known as immunoglobins and are produced by B-cells. They bind to
specific antigens in a lock-and-key fashion (lock = antibody; key = antigen) (Boyd,
1995). Their shape should, therefore, be specific to particular antigens. When a
specific antibody encounters an antigen, it will form an antigen-antibody complex
through some noncovalent forces such as electrostatic force, hydrogen bond, van der
Waal force or hydrophobic force. When a change in what of a single atom occurs, the
complex can become unbound. This specificity could be the underlying factor for the
denaturation of the antigen-antibody reaction. Under the conditions used in the study,
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the motion or transfer of any electrons or ions onto the cell membrane could induce an
electric current. This current may perturb the other charge particle motion in the cell
thus resulting in the loss of binding(Jackson, 1998).

Figure 4.4 Dark-field micrographs of Leptospira interrogans serovar Canicola taken
at the same magnification (x200). Control sample unexposed to magnetic field; the
leptospires have an approximate length of 10-20 um (A) compared with magnetic
field-exposed leptospires (B) with some cells longer than others. Circles indicate
individual bacterial cells. Bars: 100 pum.

Surprisingly, we observed that some cells exposed for three or more days were
longer than the control bacterial cells (see Figure. 4.4). This preliminary finding
probably indicates that there is some disturbance in cell division. More experiments
must be carried out to examine and determine the exact mechanism underlying these
observed phenomena. Our present explanation for this abnormality in cell division is
based on the following: Like most bacteria and archaea, leptospira divide
symmetrically possibly via the formation of a septum in the middle of the cell (we
consider that binary fission is less likely). For the time being, we use AFM in the
investigation of division-related morphologies. Recent evidence indicates that
synthesized proteins dedicated to cell division are assembled between segregated
chromosomes at an appropriate time (Rothfield et al., 1999). The key to this assembly
is the filamentous temperature exposure sensitive (Ftsz structural) analogue of
tubulin(Lutkenhaus, 1993). DNA damage caused by MF exposure induces mutation,
resulting in the abnormal synthesis of FtsZ, which in turn could interfere or stop cell
division. Similar to previous studies of Escherichia coli, FtsZ appears to induce the
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earliest (known) step in cell division. E. coli cells with a mutation of ftsz caused by
exposure to certain conditions do not divide. This result in the formation of long
filamentous cells that can replicate and segregate their chromosomes(Hale and de Boer,
1997). Our finding is at least the first step toward a grater understanding of the
development of diagnostics, treatment, and prevention schemes for bacterium and
leptospirosis. We hope that further studies of leptospirosis will lead to this disease in

the near future.

4.2 Effects of UVA irradiation on Leptospira interrogans serovar Canicola
4.2.1 Materials and methods

4.2.1.1 Strain and culture conditions of leptospira

Pathogenic Leptospira interrogans serovar Canicola were grown in the
Ellinghausen and McCullough liquid medium as modified by Johnson and Harris
(EMJH)(Ellinghausen and McCollough, 1965; Faine et al., 1999) at about 27°C. The
samples were sub-cultured on a weekly interval. Each of 3 ml bacterial culture in 1.5
cm diameter glass tube had an initial optical density (OD) at 400 nm of about 0.10 as
measured by a UV-VIS spectrophotometer. This was equivalent to 1+ level as graded
using a dark-field microscope which in turn indicated a cell concentration of ~10°

cells/ml.

4.2.1.2 UVA irradiation source

The UVA radiation was generated by a 20 W T12 fluorescent lamp, Backlight
(Sylvania Co.). The lamp produced a continuous emission spectrum (320-400 nm) and
a peak at 365 nm, measured by HR2000CG-UV-NIR High-resolution Composite-
grating Spectrometer (Ocean Optics, Inc.). The UVB and UVC radiations were
absorbed by the glass tube. The experimental leptospira samples were exposed to UVA
radiation of intensity of about 1.3 mW/cm?, as measured by a 1830-C optical power
meter with detector and calibration module model 818-UV/CM (Newport
Corporation.).
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4.2.1.3 Irradiation procedure

Separate leptospira samples were exposed to UVA at a distance 20 cm from the
source of radiation for 0, 5, 15, 30, 45, 60, 120, 180 and 360 min on day 1, and for
several more days (1 to 7 days). After exposure, all cultured samples were maintained
for a further 7 days. On 7" day post-treatment, all the samples were taken for
measurements of their viability and growth using a dark-field microscope (Axiloab
Pol 2, Carl Zeizz Co.) mounted with a CCD camera. Micrographs were taken using
the AxioVision AC 4.1 software. Semi-quantitative techniques based on microscopic
agglutination test (MAT), turbidity-based method, UV-VIS spectrometer was also
employed. Protein or antigenic changes were determined using SDS-PAGE.
Experiments were repeated three times under the same conditions with separated

occasions.

4.2.1.4 Growth, cell survival, morphology and immunoblot
The techniques mentioned above were used to monitor the bacterial response.

The details for each techniques will be given as follow:

Quialitative analysis by dark-field microscopy

The growth and survival of treated leptospira were determined by looking at
cell density, mobility and morphology. Since due to their very thin size and poor
uptake of conventional dyes, leptospira could not be observed by ordinary light
microscope, dark-field microscopy (DFM) was used(WHO, 2003). In DFM, an
oblique light beam was cast on to the leptospires (lying on a microscope slide) using a
special condenser, when the central illuminating light beam was interrupted. The
leptospires could then be seen as silvery threads in a dark background. To assess the
effect of UVA on the growth and survival, samples were diluted 10-fold on 7 day
post-treatment and were observed with a dark-field microscope.

Semi-quantitative analysis by microscopic agglutination test (MAT)
MAT is a standard serological technique used in the diagnosis of
leptospirosis(WHO, 2003). It is used in combination with the enzyme-linked

immunosorbent assay (ELISA). It is a reference test and is used to detect the presence
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of the antibodies and determine their titer. It can also be used to determine relative
growth of bacteria colony. The method is simple and consists of mixing the test serum
with a culture of leptospires and then evaluating degree of agglutination using a dark-
field microscope.

The reference specific antiserum against Leptospira interogans serovar
Canicola was required for the test. Leptospira samples were mixed with 2-fold
dilutions of antiserum (1:100, 1:200, 1:400, 1:800, 1:1600, 1:3200, 1:6400), and
incubated for 2 h at room temperature. The agglutination reactions were then observed
under a 200x dark-field microscope and scored as follows: 4+, 3+, 2+, 1+ = 100%,

75%, 50%, 25% absence of free leptospira from the field, respectively.

Quantitative analysis by UV-VIS spectroscopy
The absorbency of a sample solution is related to the intensity of the light
passing through a medium via the Bouguer- Lambert — Beer law (Perkampus, 1992) ,

i.e.,
A=log(-2)

where A is the absorbency or optical density (OD); lo, the intensity of the
monochromatic light entering the sample and | is the intensity of the light emerging
from the sample. The intensity of the light emerging from a medium (to a first
approximation) containing guest cells may in turn be related to the number of guest
cells in the medium. To test this hypothesis, cells containing linear dilutions of the
unexposed (to UVA radiation) leptospira cells cultured for seven days were measured
for their optical density (absorbency). The range of dilutions, which gave an OD
linearly proportional to the degree of dilution (Figure 4.5), was then used in the real

measurements.
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Relationship between optical density
and percentage of proportion of cell population
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Figure 4.5 Relationship between optical density and percentage proportion of

leptospires as a linear relationship.

An UV-VIS spectrometer (V-530 UV/VIS spectrometer, Jasco Internationl Co.,
Ltd.) was used to quantify the amount of leptospira present by light absorption
measurement in the UV-VIS spectrum (Faine et al., 1999; Kameni et al., 2002;
Perkampus, 1992). These were done on exposed leptospira cells (for different
exposure times) taken on the 7™ day of their cultivation. Solutions of the leptospira
cells were placed into cuvettes made with quartz SUPRASIL (200-2500 nm) with light
path 10 mm (type no. 100.600-QG, Hellma Co.). A single beam spectrometer
operating in the range of 200-800 nm was used. The OD or absorbency at 400 nm was
taken(Jenkin et al., 1969; Kameni et al., 2002). All samples were obtained with
already used EMJH liquid medium as the blank.

Scanning electron microscopy (SEM)

Samples were washed three times with normal saline (0.9% NaCl) at 10,000 x
g for 10 min and were dropped on poly-L-lysine-coated cover glass slide for 1 h.
Samples were prefixed directly with 2.5% glutaraldehyde for 2 h at room temperature.
After glutaraldehyde prefixation, samples were then washed three times with 0.01 M
phosphate buffer (pH 7.3) for 10 min. All samples were post-fixed with 0.1% osmium
tetroxide. After fixation, samples were dehydrated with increasing concentrations of
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ethanol, critical point dried (HPC-2 critical point dryer Hitachi), and coated with
platinum-palladium ion sputter (E102 ion sputter, Hitachi) for 2 min. The micrographs
were taken with accelerating voltage of 15 kV SEM (S2500, Hitachi) on the negative

film.

Transmission Electron Microscopy (TEM)

For electron microscopic examination, the leptospira were concentrated by
centrifugation (in a Micro 17R centrifuge at 10,000 RPM for 10 min), and prefixed
with 1.5% glutaraldehyde containing 0.1 M phosphate buffer, pH 7.2, at 4°C for 2 h
followed by postfix with 1% osmium tetroxide solution containing 0.1 M phosphate
buffer at room temperature for 1 h and subsequent steps as described (Thompson,
1986; Thompson and Manktelow, 1986). The samples were examined under a

transmission electron microscope (TECNAI 20).

SDS-PAGE and immunoblot
Whole cell solublization

Leptospiral cultures were centrifuged at 10, 000 x g for 10 min and the pellets
were washed three times in normal saline (0.9% NaCl) and then solublized in SDS-
PAGE sample buffer composed of 0.35 M Tris.Cl (pH 6.8), 10% SDS, 30% glycerol,
9.3% dithiothreitol (DTT) and 0.175 mM bromophenol blue(Pope and Johnson, 1991).

Gel electrophoresis and immunoblot

The bacteria were washed with normal saline (0.9% NaCl) at 4°C three times
for 5 min each and then lyzed with a standard Laemmli buffer composed of 62.5 mM
Tris hydrochloride (pH 6.8), 10% glycerol, 5% 2-mercaptoethanol, and 2% sodium
dodecyl sulfate (SDS) and heated to 100°C for 5 minutes and boiled for 6 min (Pope
and Johnson, 1991). After removal of remaining particulate materials by
microcentrifugation at 10,000 x g for 5 minutes, the supernatant was loaded onto a
12% acrylamide gel (Laemmli, 1970). SDS-PAGE (APPENDIX B) was performed in
a Hoefer Mighty Small 11 mini-gel apparatus (Amersham Biosciences; San Francisco,
CA, USA) using a constant voltage of 200V for 1 h. After completion, the resolved
antigens were transferred onto a 0.45-um-thick polyvinylidene fluoride (PVDF)
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membrane using a Semi-Dry system (TE70; Amersham Biosciences) with a constant
current density of 1.5 mA/cm? for 60 min.

The blotted membrane was washed three times (5 minutes each) with 2 %
skimmed milk and 0.2 % tween20 (Sigma USA) in a phosphate buffer saline (PBS).
For the immunological detection, the membrane was incubated with a primary
antibody (rabbit reference antiserum) at 1:1,000 dilution in 2 % skimmed milk and
0.2% tween20 in PBS for 1 h. The blotted membrane was washed three times for 10
min each in 2 % skimmed milk and 0.2 % tween20 in PBS. The membrane was
transferred to a solution of secondary antibody (polyclonal goat anti rabbit
immunoglobulin HPR (DakoCytomation P0448)) at 1: 2,000 in 2 % skimmed milk
and 0.2 % tween20 in PBS, incubated 1 hr, and then washed three times for 5 min
each in PBS. Color was developed with a solution of 1.25 mg of diaminobenzidine
(DAB) and 5 pl of 35 % H,0; in 10 ml of PBS. The membrane was then rinsed in
several changes of PBS to stop the reaction and air dried before being photographed.

The molecular weight protein standards (Amersham) used rabbit muscle
phosphorylase B (97 kDa), bovine serum albumin (66 kDa), hen egg white ovalbumin
(45 kDa), bovine carbonic anhydrase (31 kDa), soybean trypsin inhibitor (20 kDa),
and hen egg white lysozyme (14 kDa).

4.2.2 Results and Discussion
4.2.2.1 UVA effects on growth and survival of leptospira
The growth curve of Leptospira interrogans serovar Canicola is given as a plot
of the number of leptospira (proportional to the measured OD values) present at time
(Figure 4.6). This growth can be well fitted to a Gompertz function(Gompertz, 1825)

(y = ae ")) with parameters a=0.43+0.02, k=0.75+0.13, and t.=0.62+0.15. The

OD value, which was proportional to cell number density increased exponentially to
400% (OD = 0.40) of initial value after 3 days of cultivation. It then approached a
steady state value (OD of about 0.45 times of its initial value) and remained there until
the day 7 (last day of observation in this study). This Gompertz-like growth might be
due to the food limitation and increased in cell toxicity, due to over-crowding of

population. The presence of intermediate region in Gompertz curve illustrated that in
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nature, bacterial life alternates between growth and stationary phases and is primarily

due to the fluctuations in nutrient availability.
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Figure 4.6 Relationship between Optical density (OD) values (at wavelength 400 nm)
versus days of bacterial cultivation, 1, 2 ,3 ,4 ,5 ,6, and 7 days with EMJH liquid

medium as a blank.

To see the effects of UVA irradiation exposure on Leptospira interrogans
serovar Canicola, all samples (control and treated) were cultivated for the same length
of time (7 days). To gain a visual impression of what was occurring; the growth of the
leptospira samples exposed to UVA radiation for 0, 30, and 360 min and for 1 to 5
days was monitored using a dark-field microscope. Figure 4.7 shows the dark-field
images of samples cultivated for 7 days. The images clearly showed a decrease in the
number of bacteria present as the exposure duration increased. The mobility of cells
appeared to decrease as the exposure time increased. Some untypical morphology was
observed after a 1-day exposure. We used an atomic force microscopy (AFM)
operating in the tapping mode to obtain images of the control cell and that exposed to
the UVA for 1 day. Figure 4.8 shows that the spiral period had become longer. The
SEM micrograph also exhibited the same trend as seen in Figure 4.9. In additional, we
also used TEM to study the morphology change, it is clearly see that the outer
membrane of leptospira are damaged after leptospira were exposed to UVA (Figure
4.10). However, the mechanisms by which the leptospira morphology changes is still

unknown.
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Figure 4.7 Dark field micrographs of Leptospira interrogans serovar Canicola
exposed to UVA for different durations, 0 min, 30 min, 1 h, 6 h, 1 day, and 5 days
[Images were taken at the 7" day of each experimental culture sample (diluted 1:10)

with magnification 400x. Bars: 50 um]
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Figure 4.8 AFM micrographs of spiral shape using atomic force microscope (Seiko
instrument inc. Japan) in dynamic mode with micro cantilever type: SI-DF20 K-
A102001604, f = 135kHz, spring constant 13 N/m (Seiko instrument inc. Japan). Scan
area size was 2 x 2 pm?. Control sample unexposed to UVA; the leptospires had an
approximate wavelength of 0.5 um (A) compared with 24 h UVA-exposed leptospires
(B) with some cells having longer period than others.

X6.00K S.8um

Figure 4.9 SEM micrographs of spiral shape taken using scanning electron
microscope (Hitachi, Japan) with 15 kV [Magnification is 6000x. Control sample
unexposed to UVA, the leptospires had a consistent wavelength (A) compared with 24

h UVA-exposed leptospires (B) with some cells having longer period than others]
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Figure 4.10 TEM micrographs of Leptospira interrogans serovar Canicola of (A)

control unexposed to UV-A irradiation and (B) after UVA irradiation for 24 h and
incubated for another 7 days. Magnification is 50000x. (A) showed typical normal
outer membrane while (B) showed significant degree of denaturation of the outer

membrane. The arrow indicates the outer membrane.

The OD of the leptospira exposed to the UVA for various time durations is
shown in Figure 4.11. Results showed a decrease of OD as the exposure time was
increased up to 1 day and after 1-day exposure, OD did not change significantly.
Theses results were consistent with those obtained conventional MAT measurements.
The results of these measurements are shown in Table 4.2. The agglutination
reactivities of bacteria exhibited a relative decrease as the exposure time was
increased. The changes in the agglutination reactivities became very small after an
exposure to UVA of more than 1 day. Figure 4.12 shows the dark field micrographs of
agglutination of leptospira after reacting with the specific antiserum (at dilution
1:100). It showed small changes in the agglutinating size and in the features of the
exposed samples (Figure 4.12B) from those of control cell (Figure 4.12A). A change
in agglutination pattern was only observed after the samples were exposed to the UVA

radiation of at least 1 day.
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Figure 4.11 Dependence of the optical density (ODa4gp nm) ONn exposure times. (A)
Relationship between optical density (ODasgo nm) Of leptospira and various exposure
times (0, 5, 15, 30, 45, 60, 120,180, 360, and 1440 min). (B) Relationship between
optical density (ODa4oonm) Of leptospira and various exposure times (0, 1, 2, 3, 4, 5, 6,
and 7 days. All samples were measured at 7" day of cultivation, and the experiment
was repeated three times.

The change in the formation pattern could possibly be due to the low leptospira
concentration present or to the denaturing effect of the antigen-antibody reaction.
Therefore, we compared agglutination reactivities of low concentration of unexposed
leptospira sample and sample exposed for 1-day sample that had produced the same
OD and found two patterns more or less qualitatively similar (data not shown). Thus,
it was concluded that the changes in agglutination reactivities and reactivity patterns

were due to the use of low concentrations of cells.
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Table 4.2 MAT reactivity of leptospiral samples after UVA exposure at variable time.

Dilution of reference antiserum tested

No | Exposure

time 1:100 | 1:200 | 1:400 | 1:800 | 1:1600 | 1:3200 | 1:6400
1 | 0 minutes 4+ 4+ 3+ 2+ 1+ 1+ -
2 | 5 minutes 3+ 3+ 2+ 2+ 1+ Y -

3 | 15 minutes 3+ 3+ 2+ 2+ 1+ . -

4 | 30 minutes 3+ 3+ 2+ 1+ 1+ - -

5 | 60 minutes 3+ 3+ 2+ 2+ 1+ -

6 120 minutes 3+ 3+ 2+ 2+ 1+ -

7 | 360 minutes 2+ 2+ 2+ 1+ -

8 |lday 2+ 1+ A -
9 | 2days 2+ gt -
10 | 3 days 2 1+ -
11 | 4 days 2+ 1+ /
12 | 5days 2+ 1+ -
13 | 6 days 2+ 1+ -
14 | 7 days 2+ h -

4+, 3+, 2+, 1+ = variable degree of agglutination reactivity

Results for the UVA irradiation up to 24 h (112.3 J/cm?), corresponding to the
maximum daily dose in environment (Kudish et al., 2005) indicate that there are
possibly some lethal effects. The exposure time-dependent decrease in proliferative
growth when the exposure is longer. To support our conclusion, we have continued the
experiments by continuously re-subculturing the unexposed and exposed samples and
monitoring their growth. After 7 days, we found that the 1 day or more than 1 day of
exposed samples did not grow up (i.e., the cells were more or less dead). The cells
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exposed for lesser time could barely grow. This is consistent with the data in Figure.
4.11 and Table 4.2.

Figure 4.12 Dark field micrographs of agglutinated bacterial cells. The images are the
dark field micrographs of agglutinated bacterial cells after reacting with homologous
antiserum (anti-canicola). (A) Micrograph shows complete agglutination of control or
unexposed sample. (B) Micrograph shows incomplete agglutination of 1day exposure
sample at 1:100 dilution with magnification of 200x.

The longer of spiral period of leptospira was observed after 24 h exposure
(Figure 4.8 and 4.9). One hypothesis is based on what happens if an unrolled axial
filament is exposed UVA. Because axial filament is the skeleton of the spiral structure,
the changes in the morphology most likely involve this structure (Bromley and
Charon, 1979; Goldstein et al., 1996). Since the axial filament is responsible for the
locomotion and mechanism on mode of action(Brandling-Bennett and Pinheiro, 1996;
Faine et al., 1999; Nauman et al., 1969), the damage of axial filament could cause the
leptospira to become less active and less mobile (observed under dark field OM
observation). The work of Silva et. al. (Silva et al., 2001) shows the loss of helical
shape and the damages of axial filament when leptospira is subjected to pressure.
Because of these changes, the leptospira becomes immobile and no more grown.

UVA can induce cellular and molecular changes such as damage to DNA,
proteins, and lipids in human and bacterial cells(Cadet et al., 2005; Pfeifer et al., 2005;
Vile and Tyrrell, 1995). UVA can induce the formation of oxygen free radicals (ROS)
in the cells (Kramer and Ames, 1987; Merwald et al., 2005; Zhang et al., 1997). These
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ROS free radicals may cause photoxidation of membrane-bound content and damage
the cell membrane and DNA (Cheng et al., 2002; Ramabhadran and Jagger, 1976).
Additionally, the some experiment findings indicate the involvement of singlet oxygen
as the initiator of the UV-A-induced lipid peroxidation(Bose et al., 1990). It thus
appears that UVA radiation can cause membrane damage by lipid peroxidation
(Chamberlain and Moss, 1987; Lu et al., 2003; Morliere et al., 1991; Morliere et al.,
1995) leading to the cell death. This may result in the lowering of growth and
associated denaturation of morphology and outer membrane. Further studies on
spirochete UVA exposure are required in order to gain more insight into mechanisms
of this specific system because of the difference contents in cell membrane and axial

filament of Leptospira interrogans from the other bacteria.

4.2.2.1 UVA effects on protein and antigenic components

SDS-PAGE and immunoblot test were used to investigate UVA-induced
antigenic denaturation. Electroseparated protein components were visualized on the
gel by Coomasie blue staining or transferred to PVDF membrane and immunostained
with reference antiserum, specific to Canicola. The results of immunoblot of the
unexposed (control) sample and UVA-exposed samples at 2, 6 and 24 h is shown in
Figure 4.13 Sample exposed to 24 h (lane 5) showed the absence of antigen with
molecular mass of about 21 kDa, whereas this band was observed in control (lane 2), 2

h (lane 3) and 6 h (lane 4) exposed samples.

21 kDa

1 2 3 4
Figure 4.13 Immunoblot of Leptospira interrogans serovar Canicola antigen. The
antigens are extracted from the cells on the 7" day of cultivation (Lane 1, control

without UVA exposure); lanes 2-4, samples exposed to UVA for 2, 6 and 24 h
respectively. The 21 kDa band disappears after 24 h of exposure.
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Figure 4.14 SDS-PAGE analysis of the protein expression in leptospira. The gels
were stained by Coomasie brilliant blue staining in presence of UVA for 2 h (lane 1), 6
h (lane 2), 24 h (lane 3), control sample (lane 4) and a standard molecular mass marker
(lane 5). All samples which were exposed to the UVA radiation were found to have

expressed the 76-kDa band significantly

Figure 4.14 shows SDS-PAGE analysis of the proteins in leptospira cells
exposed to UVA radiation for 2, 6 and 24 h. Compared to control (lane 1), 24 h
exposure (lane 4) a 76 kDa protein band appeared. The band at 76 kDa which
appeared after a 2 h-exposure begins to disappear as longer radiation times are used
(compare lane 1 with lanes 2 and 3). Proteins having molecular masses between 56
kDa and 70 kDa also appeared in lanes 2 and 3. A possible explanation is that the 76
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kDa protein induced after 2 h of exposure to UVA has degraded into being the proteins
of having the molecular masses of 56 kDa and 70 kDa.

One of the interesting observations in SDS-PAGE analysis was the appearance
of the 76 kDa protein in Leptospira interrogans serovar Canicola cells after exposure
to the UVA radiation for 2 h, which was not found in the control (unexposed) cells,
indicating that the protein was induced by the exposure of the cells to UVA radiation.
Many pathogenic bacteria are known to response to changes in the temperature,
pressure, magnetic field, and pH by modifying their synthesis of virulence factors and
other proteins appearing at around 76 kDa. So when the leptospira cell senses a
change in its environment, it could response by synthesizing the proteins or other
cellular constituents necessary for its survival in a changed environment (Nalley et al.,
2001). Otherwise it would cease to exist.

The response of Leptospira interrogans serovar Canicola to the UVA stimuli
should be similar to those of the Leptospira interrogans serovar Copenhageni cells to
external stimuli. Earlier, in the 2-D immonoblot of the proteins in these bacteria when
probed with pooled convalescent-phase sera from leptospirosis patients(Guerreiro et
al., 2001), two major antigens p62 and p76 (identified as molecular chaperones GroEL
and DnaK respectively) found. The p76 protein (band under 82 kDa) is a bacterial
heat-shock protein, which can be upregulated by elevated temperatures. It has been
identified as the target of the humoral response during natural infection and plays an
essential role in the repair, folding and assembly of proteins following heat
stress(Zeilstra-Ryalls et al., 1991). Leptospira interrogans rapidly synthesize the p62
and p76 proteins as a consequence of a sudden increase in the temperature(Stamm et
al., 1991).

The small number of dead cell in 2 h sample leads us to believe that the
expressions of the 76 kDa protein due to the moderate exposure (e.g. 2 h exposure)
were mainly produced in cells which were still alive and active. As far as we are
aware, dead cell can not express any protein. We also would like to remark that the
intensity of the 76 kDa band from SDS-PAGE analysis of 2 h exposure cells outscored
those of 6 h or longer exposure cells. This phenomenon may suggest that only active

cells respond to the environment stress.
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Another interesting finding was the disappearance of 21 kDa protein band in
the immunoblot of Leptospira interrogans exposed to the UVA radiation of 24 h,
indicating that possibly a high dosage of UVA radiation caused the denaturation of this
antigenic component. Earlier studies suggested a possibility that the 21 kDa band was
due to degraded proteins or LPS antigens. In Leptospira interrogans serovar Lai, a 21
kDa protein (lipL21), was found to be the second most abundant constituent of the
outer membrane proteome(Cullen et al., 2002; Cullen et al., 2003), whereas in
Leptospira biflexa serovar Patoc with slightly different experimental procedure(Priya
et al., 2003) antigens were found at 13-21 kDa and 28 kDa. All of this evidence
indicates that the 21 kDa band was due to the presence of LPS and of lipoproteins
constituents. However, our findings do not indicate whether the 21-kDa band was
antigenic LPS or antigenic protein at the same time.

The benefit of this work is to gain the better understanding of the response of
leptospira under the stress of UVA radiation. Moreover, this work has shown sub-
lethal and lethal effect of UVA radiation on leptospira and it may initiate knowledge

for developing more effective strategies to limit their survival in natural environment.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physics) / 59

CHAPTER V
COMPUTATIONAL STUDIES

5.1 Effects of lipid peroxidation on lipid bilayers properties

In the present work we study the properties of the 1-palmitoyl-2-linoleoyl-sn-
glycero-3-phosphatidylcholine (PLPC) lipid bilayers, and investigate the effects
arising from the presence of 4 different products of lipid peroxidation (Pratt et al.,
2003) at 6 concentrations. The oxidized tails include either a hydroperoxide or an
aldehyde group: O9-tran, cis-hydroperoxide linoleic acid (9-tc), 13-tran, cis-
hydroperoxide linoleic acid (13-tc), 9-oxononanoic acid (9-al), and 12-ox0-9-
didecadienoic acid (12-al) (Figure 5.1). The goal of this work is to gain the better
understanding of oxidized lipid behavior leading to changes in the membrane
properties, observed in the experimental data. Moreover, this model can be used to

predict the permeability of water into oxidized lipid bilayer.

5.1.1 Methods
5.1.1.1 Force field parameters

A united atom force-field was used in all simulations of lipids. The parameters
for the phosphatidylcholine (PC) head group and the lipid tails were taken from a
previous study of PLPC and DPPC lipids (Bachar et al., 2004; Berger et al., 1997).
The hydroperoxide lipid tails were created by addition of a hydroxiperoxide group at
position C9 or C13 of the linoleate tail and shifting the double bonds as shown in
Figure 5.1a,b. The aldehyde lipid tails were also built from linoleic acid (Figure 5.1c,
d). The bonded parameters and partial charges for the hydroxiperoxide moiety were
missing in previously used lipid force fields, and were therefore derived using
quantum chemistry calculations. The bonded parameters of O-O and O-H and bond
angle parameters of O-O-H were calculated from hydroperoxide (Swart, 2002), while

all other missing parameters were calculated from 3-hydroperoxy-1-butene (Figure
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5.2). We used the Jaguar (Schrodinger, 2000) quantum chemistry package for all
quantum calculations. The B3LYP (Becke, 1993; Lee et al., 1988) method of density
functional theory (DFT) with LACV3P**++ basic sets was used to optimize the

geometries of 3-hydroperoxy-1-butene.
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Figure 5.2 Lipid fragments used for the calculation of bonded parameters and partial

charges for the oxidized lipid tails.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physics) / 61

For the calculation of the bond force constants and the angle force constants,
we had restrained the bond lengths and bond angles at different 7 points to calculate
the total energy and fitted their energy profile with harmonic potential function. For
the dihedral parameters, dihedral angles were restrained at 36 different values from 0

Vi

N
to 360 degrees, and fitting curve with proper dihedral (V (o) = ZED +cos(nw—y)]).
n=0

Table 5.1 Partial charges in oxidized lipid tails

Atoms CH O O H
Hydroperxyde tails  0.30 -0.30 -0.45 045
Aldehyde tails 0.53 -0.53 - -

Table 5.2 Force constant F¢ for optimized bonds and angles and dihedral angles.

Bonds R (nm)  Fe(kJ/mol/nm?)

C-O 0.14180 225670
0-0 0.14430 269580
O-H 0.09810 444130

Angles  A(degree) Fc (kJ/mol/rad’®)

=C-C-O 104.00 418.40
C-C-O0 109.50 418.40
C-0-0 105.90 598.37
0-O-H 100.00 506.92

Table 5.3 Force constant Fc for optimized dihedral angles, following formula:
a(l+Cos(x—Db))+c(1+Cos(2x—d))+e(l+Cos(3x— f))

Dihedral

a b C d e f
angles
C=C-C-O 2.12 223.90 0 0 3.62 180.50
C-C-0-O0 2.13 334.25 0 0 7.04 8.10
C-0-O-H 8.46 23.30 6.51 18.40 0 0

C-C-C=O0 047 180.00 1.58 180.00 2.67 180.00

* Unit of a, ¢, and e is kJ/mol/rad® and unit of b, d, and f is degree.
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Natural population analysis (NPA)(Reed et al., 1985) and electrostatic surface
potential (ESP) fitting method with Merz-Kollman atomic radii (Singh and Kollman,
1984) were used to estimate the atomic charges (Table 5.1) after a geometry
optimization. In order to improve the dihedral parameters, the topology of 3-
hydroperoxy-1-butene was created for GROMACS 3.3.1 (van der Spoel et al., 1991-
2005). The Lennard-Jones potential (LJ) and electrostatic energy were calculated for
different angles and used for subtracting from total energy profile. The dihedral
parameters were calculated from the subtracted total energy profile. The charges at the
last carbon and oxygen and dihedral angle parameters of C-C-C=O in aldehyde lipid
tail were calculated from Propanal molecule (Figure 5.2) by using the same procedure
with hydroperoxide lipid tail. The new parameters for the oxidized lipids, including
partial charges, bonds, angles and dihedral angles, are reported in Table 5.1, 5.2, and
5.3.

5.1.1.2 Bilayer setup and simulation details

The systems were generated starting from the equilibrium structure of a PLPC
bilayer containing 72 lipids. 1, 2, 4, 8, 18, and 36 PLPC lipid molecules were
replaced by each oxidized lipid, corresponding to concentrations of 1.4%, 2.8%, 5.6%,
11.1%, 25%, and 50% respectively. The two bilayer leaflets always contained the
same number of oxidized lipids, except for the one with the lowest concentration. All
25 simulation systems contained 72 lipid (including PLPC and oxidized lipids) and
2880 water molecules. After energy minimization, molecular dynamics simulations
were run for 180 ns, and initial 80 ns were considered as an equilibrium period. The
integration time step was 2 fs. Periodic boundary condition was applied in all
directions. A 1.0 nm-cutoff was employed for the electrostatic and Lennard-Jones
interactions and updated every time step. The long range electrostatics was calculated
using particle mesh Ewald (Darden et al., 1993; Essmann et al., 1995) and updated
every 10 steps. The LINCS algorithm was used to constrain all bond lengths (Hess et
al., 1997). The weak temperature coupling scheme was applied separately to the lipids
and water (Berendsen et al., 1984), with a temperature of 298 K and a time constant of
0.1 ps. The semiisotropic pressure was applied(Berendsen et al., 1984), with and

equilibrium pressure of 1 bar both in the x-y plane and in the z direction (bilayer
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normal) with a time constant of 4.0 ps and a compressibility of 4.5x10” bar™.

Molecular graphics were made using VMD (Humphrey et al., 1996).

5.1.1.3 Potential of mean force and permeability of water
The calculation of the potential of the mean force (PMF) and the water
permeability into the lipid bilayers and a lipid bilayer containing with 11.1 and 50 %
oxidized lipids was performed using constraint simulations (Marrink and Berendsen,
1994; Marrink and Berendsen, 1996). A series of constraint simulations were run with
the distance between the water and the center of bilayer constrained between 0 and 3.0
nm, with 0.1 nm spacing. Only the component of the distance normal to the bilayer (Z
axis) was constrained, while water was completely free to move in the X and Y
directions. The SHAKE algorithm was used, with a tolerance of 10°. Two water
molecules were constrained at the chosen depths inside the bilayer for increasing the
sample size. The distance between two water molecules was taken to be 3.0 nm. In the
first simulation, one water molecule was restrained at 0 nm (corresponding to the
center of the bilayer) and the second molecule at 3 nm (corresponding to the bulk
water phase). Each simulation took 15 ns to do and the forces were calculated as a
function of the simulation time. The free energy (AG(z)) of the water transfer from
bulk water into various depths z of membrane is expressed by
AG(2)=- j.< F(z') >,dz’ , (5.1)
outside

where < F(z') >, indicates an average forces over the simulation time and the limited

of integration is starting from outside bilayer (Bulk water) to depths z. In our
simulation, the forces were separated into 5 intervals with 3ns long for estimating the
error of free energy profiles. We used the force autocorrelation method for the
calculation of the local time-dependent friction coefficient, &(t), as described by
Marrink (Marrink and Berendsen, 1994; Marrink and Berendsen, 1996). The static
friction coefficient, &, is inversely proportional to the local diffusion coefficient (D(z)).
(Kirkwood, 1946; Kubo, 1966; Marrink and Berendsen, 1996) The permeability

coefficient (P) of the solute is defined as the inverse of the resistance ((2). The
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resistance (2 to permeate through the bilayer is obtained by integrating over the local
resistances R(Z):

exp(AG(Z)/RT) ., _ 1 52)
D(z)) P

Q= _Z[ER(Z')dz' = j

outside outside

5.1.2 Results and discussion

The first important change that we notice in the simulations of all the oxidized
lipids is in the conformation of the lipid tails. Snapshots showing the conformation of
oxidized lipids are shown in Figure 5.3. The portion of the lipid tail containing the
oxygen atoms is generally found, on average, closer to the interface region, as
conformed by the distribution of oxygen atoms in the bilayer. This is confirmed by the
distribution of aldehyde and peroxide groups in the bilayer, shown in Figure 5.4. For
both the aldehyde-containing and the peroxide-containing lipids, the maximum density
of oxygen atoms is around the carbonyl group, and the distribution is broader for
aldehyde-containing lipids. Together with the conformational change, hydrogen
bonding is observed between the oxidized lipid tail and water, carbonyl groups and
phosphate groups. Table 5.4 shows the average number of hydrogen bonds formed by
hydroperoxide or aldehyde group with other groups, in each simulation. In all cases,
oxidized lipid tails form hydrogen bonds mostly with water. For hydroperoxide-
containing lipids, hydrogen bonds with phosphate groups are more probable than with
carbonyl groups. The average number of hydrogen bonds per lipid does not change
significantly with the concentration of oxidized lipids. Its average value is 1.00 + 0.13
for hydroperoxide lipids and 0.48 + 0.05 for aldehyde lipids. This highlights a
correlation between oxygen density distribution and hydrogen bonding: aldehyde
groups have broader density distributions and lower propensity to form hydrogen

bonds with water.
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Figure 5.3 Snapshots from simulations of systems with 5.6% oxidized lipids: 9-tc
(A),13-tc (B), 9-al (C), and 12-al (D). Non-oxidized PLPC lipids are shown as
sticks,colored by atom type (nitrogen: blue; carbon: yellow; oxygen: red; phosphate:
tan).Oxidized lipids are shown as Van der Waals spheres colored by atom types
(nitrogen:blue; carbon: cyan; oxygen: red; phosphate: tan). Water molecules are

omitted for clarity.
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Figure 5.4 Electron density profiles for the carbon (red), oxygen (blue and green),
hydrogen (yellow) atoms in the oxidized tails and carbon (black ) in carbonyl group in

bilayers containing 5.6% with oxidized lipids.

The presence of additional hydrogen bonding interactions involving the lipid
tails affects most of the properties of the lipid bilayer. Figure 5.5A shows the electron
density profile calculated from our simulations of pure PLPC and for bilayers
containing 50% concentration of each oxidized lipid. The total density at the center of
the bilayer is increased in the presence of oxidation, and the maxima are shifted
towards the center. The increase of the density at the center of bilayers corresponds
with partial interdigitation of the phospholipids acyl chain terminal methyl segment
when the thickness of bilayer decreases. While experimental data on PLPC are
missing, the change in the electron density profile upon peroxidation has been
characterized experimentally for dilinoleoyl phosphatidylcholine (DLPC) bilayers, as

shown in Figure 5.5B (reproduced from reference (Mason et al., 1997)). Simulation
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results on PLPC compare favorably with the experimental ones, showing a decrease in

the bilayer thickness and a higher density in the center.

Table 5.4 Number of H-bonds between hydroperoxide / aldhyde and other groups

%
Carbonyl  Phosphate

Lipids oxi.di.zed group s 8 water  H - bonds of water

lipid # oxidized lipids
PLPC with 13-tc 1.4% 0.04 0.78 1.05 1.05
2.8% 0.68 0.83 1.55 0.77
5.6% 1.42 1.76 3.40 0.85
11.1% 1.09 4.97 8.35 1.04
25.0% 5.38 8.03 16.85 0.94
50.0% 7.05 13.59 31.94 0.89
PLPC with 9-tc 1.4% 0.60 0.06 1.26 1.26
2.8% 0.71 0.82 2.12 1.06
5.6% 1.99 0.81 3.72 0.93
11.1% 1.71 3.99 9.21 1.15
25.0% 4.05 9.56 18.66 1.04
50.0% 9.27 18.34 34.68 0.96
PLPC with 12-al 1.4% £ / 0.44 0.44
2.8% = S 1.07 0.54
5.6% - - 1.81 0.45
11.1% - - 4.30 0.54
25.0% - - 8.16 0.45
50.0% - - 14.74 0.41
PLPC with 9-al 1.4% = = 0.55 0.55
2.8% - : 0.90 0.45
5.6% - - 1.78 0.45
11.1% - - 4.14 0.52
25.0% - - 9.67 0.54
50.0% - - 16.45 0.46

The thickness of the bilayer was calculated from the simulations as the average
distance between the phosphate groups in the two leaflets. For the pure PLPC bilayer,
the average area per lipid and thickness are 0.651 + 0.015 nm” and 3.62 + 0.01 nm,
respectively. The difference with previous calculations (Bachar et al., 2004; Berger et
al., 1997; Kupiainen et al., 2005) and experimental findings (Hyvonen and Kovanen,
2005 ; Hyvonen et al., 1997; Lewis and Engelman, 1983) is within 0.05% for area per
lipid and 3% for thickness. Figure 5.6 shows the area per lipid molecule and the
thickness of the bilayer at different concentrations of each oxidized lipid. For all

lipids, the area decreases with increasing concentrations of the oxidized lipids, and the
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thickness increases correspondingly. We notice that the bilayer thickness is generally
lower for lipids containing the aldehyde groups, for which the tails are shorter. The
expansion of bilayer is consistent results with previous studies (Sabatini et al., 2006 ;
van Kuijk et al., 1988; Wratten et al., 1992 ) both bilayer and monolayer. This could
be readily explained by the chain reversal (Figure 5.3), the polar moieties in lipid
chain accommodate into the vicinity of lipid headgroups. Moreover, the areas per
lipid expansion is depending on the position of the oxygen in lipid tail, 13-tc and 12-al
are larger area per lipid than 9-tc and 9-al because of the repulsive interaction between
oxygen and head group. Pradham D. (Pradham et al., 1990) showed the peroxidized
lipid increase the phospholipids spacing and enhance phagocytosis by macrophages.
Additionally, altered packing of bilayer is one of recognition mechanism to induce cell

clearance from the circulation.
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Figure 5.5 (A) Experimental electron density in DLPC bilayers (reproduced from
reference(Mason et al., 1997)) and (B) electron density calculated from our

simulations of PLPC and different oxidized lipids (concentration of 50%).
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Figure 5.6 The thickness and area per lipid of lipid bilayer, containing various

concentrations of each oxidized lipids.

The degree of order of the tail is also influenced by the presence of the oxygen
atoms, as shown by the deuterium (D) order parameter (Figure 5.7). Basically, the

order parameter can be measured by deuterium NMR and defined by
1
S, =§<3cosz(ﬁj)—1> ,(5.3)

where 0; is the angle between a C-D bond and the membrane normal. The brackets
indicate averaging over the two bonds in a certain CD, group, over all the lipids and
over time. Since we used a united atoms representation in our simulations, the
positions of the deuterium atoms were reconstructed assuming ideal tetrahedral
geometry of the methylene groups. The order parameter was calculated for all the CD,
bonds in the sn-1 and sn-2 chains of both PLPC and the oxidized lipids in all the
simulations. As expected, in PLPC molecules the unsaturated lipid tail has lower order

parameter compared to saturated one. The average order parameter for the acyl chains
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decreases with increasing concentration of oxidized lipids, both for PLPC and for the
oxidized lipids. The order parameter for both the sn-1 and the sn-2 tails of oxidized
lipids is lower than for the linoleate tail of the pure PLPC bilayer. The disordering
effect induced by the presence of the oxidized lipid tail is stronger for aldehyde lipids
than for hydroperoxide ones, possibly due to the reduced hydrogen bonding propensity
of the acyl tails.

Wratten et al. (Wratten et al., 1992 ) measured the membrane ordering in PLPC
and DLPC bilayers containing hydroperoxide and hydroxide groups using angle-
resolved fluorescence depolarization. Their results showed that the presence of
oxidized lipid molecules cause decrease membrane order. However, other studies
showed an increase (Bruch and Thayer, 1983; Cavatorta et al., 1985; Eichenberger et
al., 1982; Gut et al., 1985) or no change (Galeotti et al., 1984) in order parameter. It
has been suggested that this discrepancy depends on the presence of numerous

oxidative products, different from our case.
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Figure 5.7 Deuterium order parameter in the sn-2 lipid tails of PLPC and 25%
oxidized lipid tails: 9-tc-hydroperoxide, 13-tc-hydroperoxide, 9-aldehyde, and 12-
aldehyde
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Together with the changes in the structural properties of the bilayer, dynamic
properties of the lipids were also modified. We calculated the lateral diffusion
coefficient from the mean square displacements (MSD) of the lipids as a function of
time. We observed that the two monolayers move relative each other and relative to
water during the simulations. Both types of motion are artifacts due to the finite size of
the simulated systems and to periodic boundary conditions (Wohlert and Edholm,
2006). We therefore subtracted the center of mass motion of each monolayer before
calculating the MSD. We then utilized the model proposed by Wohlert and Edholm for
the calculation of the lateral diffusion coefficient at short and long time scales. This
model considers two different types of diffusion occurring on different time scales.
The diffusion at short times (described by the D; coefficient) takes place within a
circular area of radius R and is not Brownian, while the diffusion at long times
(described by the D, coefficient) involve large displacements. This two time scales
diffusion process could be observed in vacancy mediated-diffusion process. From the
model can be implied that in the first time scale, the lipid molecule displacement is in
the space between their nearest neighbor molecules. And then the lipid molecule can
randomly displace in bulk for second time scale, like Brownian motion. Both
diffusion coefficients can be calculated by fitting the MSD curve to the following
expression (Wohlert and Edholm, 2006);

2 2
<r? >=jD¢+4DZt, where 1} ER— ,(5.4)
r2+4Dt 2

In order to estimate the error of diffusion coefficients, we split our 100 ns

trajectories five intervals (20 ns each) and fitted the MSD curves between 0 and 10 ns.

For the pure PLPC bilayer we found values of 10.3 £ 0.8 107 cm/s, 0.60 £ 0.05 - 107
cm/s and 0.27 nm® for Dy, D, and 17, respectively. Previous simulations of a PLPC
bilayer gave a diffusion coefficient of 1.3 £ 0.3 - 107 cm/s (Ollila et al., 2007). This
value is significantly higher than our result, but it was obtained for a system of
different size and at higher different temperature. Our results compare favorably to

previous simulation results for a DMPC bilayer, with D; = 13 - 107 cm/s, D, = 0.79 -
107 cm/s and r, =03 nm’ (Wohlert and Edholm, 2006). The agreement with

experimental diffusion coefficient is also very reasonable: D; can be compared with
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the diffusion coefficient from neutron scattering experiments, measuring D = 1~10 -
107 cm/s (Konig et al., 1992; Tabony and Perly, 1990) while D, can be compared with
diffusion coefficients from fluorescence recovery after photo bleaching (FRAP)
experiments, which typically give values around 0.5~1 - 107 cm/s (Almeida and Vaz,
1995). Short-time and long-time diffusion coefficients for all the simulated systems
are reported in Figure 5.8. While the presence of oxidized lipids has a large influence
on structural properties, its effect on lipid diffusion appears to be relatively small.
Short-time diffusion coefficients decrease very slightly with increasing concentration
of oxidized lipids. This can be related to the decrease of membrane fluidity (Stark,
1991). Long time diffusion coefficients are not significantly affected. However, the
diffusion is faster for aldehyde lipids compared to the hydroperoxide lipids. This can
be related to the stronger hydrogen bonding interactions observed for hydroperoxide

lipids, which involve not only water but also polar head groups of neighboring lipids.
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Figure 5.8 Short time (D;) and long time (D,) lateral diffusion coefficient for each

oxidized lipid as a function of the concentrations.

The presence oxidized lipids has a profound influence on the permeability of
water through PLPC bilayers. Water pores are observed in all the simulations
containing 5% or more oxidized lipids, and they are relatively stable at higher
oxidation levels, Figure 5.9 shows a water defect in a bilayer containing 13-tc lipids at
50% concentration. Based on visual inspection of the simulations, water defects can
form independently on both leaflets and they are larger in the presence of 12-al and

13-tc. This difference correlates well with the higher area per lipid in bilayers
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containing 12-al and 13-tc lipids, which have polar oxygen atoms closer to the
terminal methyl group. From MD simulation, water defect due to lipid peroxidation
can be explicitly shown in atomistic scale and this is a major mechanism leading to

cell membrane leakage.

Figure 5.9 Snapshot from the simulation of a bilayer, containing 13-tc-hydroperoxide

lipids (concentration of 50%). Water defects are evident.

In order to understand the energetics of water penetration inside different
bilayers, we calculated the potential mean force (PMF) of water as a function of the
distance from the center of the bilayer using constraint simulations. Due to the high
computational cost, we limited the calculations to 9 systems, including pure PLPC and
bilayers containing 11.1% and 50% of each oxidized lipid. For the same systems we
also calculated the local diffusion coefficient and the permeability of water across the
bilayer. PMF profiles are shown in Figure 5.10B. The shape of free energy profile for
pure PLPC is very similar to previously published profiles for DPPC (Bemporad et al.,
2004; Marrink and Berendsen, 1994; Marrink and Berendsen, 1996). The free energy
increases moving from the water interface to the hydrophobic tail region, reaching a
maximim of 29.4 + 2.3 kJ/mol at 0.5 nm from the center of bilayer. A dip of about 1
kJ/mol is observed at the center of bilayer, due to the slightly lower local density

(Marrink and Berendsen, 1994; Marrink and Berendsen, 1996). Free energy values in
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our simulation are higher than those obtained by Marrink and Bemporad simulating
DPPC bilayers (Bemporad et al., 2004; Marrink and Berendsen, 1994; Marrink and
Berendsen, 1996). The difference might be explained by the lower temperature used in

our simulations.

Free energy (kl/mol )
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Figure 5.10 PMF for water as a function of the distance from the center of the
bilayer,(A) comparison PMF of water in pure PLPC by using Umbrella sampling (US)
method and constraint simulation CS method (B) PMF for water as a function of the
distance from the center of the bilayer, in a bilayer containing pure PLPC, oxidized
lipids(concentration of 11.1% and 50%).; PLPC black, 11.1% 9-tc red, 50% 9-tc
green, 11.1% 13-tc blue, 50% 13-tc yellow, 11.1% 9-al brown, 50% 9-al orange,
11.1% 12-al violet, 50% 12-al cyan. The errors are omitted for clarity and of the order
of 7-20% at the center of bilayer.

For the pure PLPC bilayer we compared results obtained from constraint and
umbrella sampling simulations (Figure 5.10A), and did not find any significant
difference. For the mixtures containing oxidized lipids, the shape of the PMF becomes
Gaussian-like when the concentrations of oxidized lipids increases, and the dip at the
center of the bilayer disappears. Since the density at the center of the bilayer increases
with increasing level of oxidation, this result is consistent with the idea that the dip in
the PMF depends on the local density. The free energy barriers to translocation across
the bilayer decreases as the concentration of oxidized lipids increases, with all four
lipids. The free energy at the center of bilayer is decreased by 0.6~1.6 kJ/mol in the
presence of 11.1% oxidized lipids, and by 4.0 to 11.1 kJ/mol in the presence of 50%



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physics) / 75

oxidized lipids. Like for the bilayer thickness, 12-al and 13-tc lipids have a stronger

effect on the free energy barrier compared to 9-tc and 9-al.
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Figure 5.11 Local diffusion coefficients and local resistance for water as a function of

the distance from the center of the bilayer.

Figure 5.11 shows the local diffusion coefficients and the local resistance for
water at different depths in the membrane. In the case of the pure PLPC bilayer, we
observe a decrease in the local diffusion coefficient from bulk water to lipid tail
interior and an increase in the central portion of the bilayer. Although this behavior is
qualitatively similar to what observed by Marrink and Bemporad on DPPC bilayers
(Bemporad et al., 2004; Marrink and Berendsen, 1994; Marrink and Berendsen, 1996),
the discrepancy in the actual values is significant. In the central region, the local
diffusion coefficient of water is lower in oxidized bilayers than in the non-oxidized
bilayer. This is related to the increase in the local density at the center of oxidized
bilayers. As expected, the free energy barrier dominates the local resistance profiles
for water in the bilayers, and therefore water permeability. Table 5.5 shows the
permeability of water through PLPC bilayers at two different concentrations of
oxidized lipids. As all oxidized lipids decrease the free energy barrier for water
penetration, all of them increase water permeability. This effect is not very large at the
concentration of 11.1%, but at 50% the increase in permeability is between one and
two orders of magnitude. The increase in water permeability with increasing
concentration of oxidized lipids is as expected (Chatterjee and Agarwal, 1988;

Kunimoto et al., 1981). 12-al and 13-tc lipids have a larger effect on water
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permeability compared to 9-al and 9-tc lipids. This result shows that permeability of
water through a lipid bilayer depends on the nature of the oxidation products, and
suggests a relationship between permeability and the bilayer thickness. Similar results

were found by Wratten et al(Wratten et al., 1992 ).

Table 5.5 Water permeability in a bilayer containing oxidized lipids in PLPC bilayer

(concentration of 11.1 and 50 %)).

Lipids OXi;/;Zed Permeabiiity ;)f
Fsrdl water ( 107cm?/s)
PLPC 0 1.6 +0.5
PLPC with 9-tc 11.1% 33+0.6
50% 11.6 £4.5
PLPC with 13-tc 11.1% 2.1+0.8
50% 92.8 £40.0
PLPC with 9-al 11.1% 32+19
50% 16.1 £4.7
PLPC with 12-al 11.1% 4.0+2.2
50% 66.4+32.8

To our knowledge, water permeability through PLPC bilayer has never been
reported in the literature. However, several papers reported experimental results for
water permeability through different saturated and unsaturated lipid bilayers. A value
of 4.940.6 x10”cm?/s has been reported for stearoyl linoleoyl phosphatidylcholine
(SLPC), 9.142.4 x10”cm?/s for dilinoleyl phosphatidylcholine (DLPC) (Olbrich et
al., 2000 ). These values are comparable to our findings for pure PLPC, 1.6+0.5 x10
‘em?’/s at 25 °C. It is found that generally water permeability is higher through
unsaturated lipid bilayers, and this has been related to the lower degree of ordering of
the lipid tails.(Olbrich et al., 2000 ) The 13-tc and 12-al induce water permeation
through the membrane more than 9-tc and 9-al because of area per lipid and shape of
lipid molecules changes (Wratten et al., 1992 ). This result suggests that the deeper
oxygen is in lipid tail, the more water molecules penetrate in bilayer. We expect

similar trends to be valid for any polar solute (Kunimoto et al., 1981).
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CHAPTER VI
CONCLUDING REMARKS AND PERSPECTIVES

Electromagnetic fields (EMF) are present everywhere in our environment.
Two of the most common fields regarding to EMF that influence our life in various
aspects are the ultraviolet light (UV) and magnetic fields (MF). In UV spectral band
(combination of UVA, UVB and UVC radiation), the ultraviolet A (UVA) radiation is
the major part of UV radiation, reaching to the earth surface. This is the reason why
UVA radiation is the main focus here, besides many relatively inconclusive
information compared to UVB and UVC radiation.

EMF may produce biological and environmental effects which sometimes,
lead to adverse health effects in living organisms ranging from simple structure
prokaryotic cells to very complicated eukaryotic cells. Specifically, pathogenic
spirochete, Leptospira spp., is our focused systems mainly because their medical and
health impacts and many basic sciences are unknown explanation. Motivated by those
mentioned important facts and because there are no effective strategies to control the
spread of this disease, the effects of UVA radiation and MF on the Leptospira
interrogans were studied. The ultimate aim of this investigation is to understand the
effects of both UVA radiation and MF on these leptospires both at the cellular and
molecular levels. To do so, both experimental and computational tools were applied.

Experimentally (from chapter 1V), the growth and morphology of the
leptospira were changed by magnetic fields and to UV A radiation exposure depending
on doses. For UVA treatments, crucially at 1 day exposure (dose ~112 J/cm?) of the
UVA radiation corresponding to the maximum daily dose in environment, the lethal
effect was consistently observed. This may support the fact that why leptospirosis
mainly occur in the rainy season due to the lesser UVA radiation exposure period to
reduce the growth. Of course, water certainly is the major factor of the growth and
spreading of these leptospira. Moreover, it was found that antigenic proteins at 21 kDa

are degraded after the stress arising from UVA radiation. This antigenic protein was
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reported to be part of outer membrane, damaged after UV irradiation as seen from
TEM micrograph from our experiment. The mechanism of the damage in morphology
and outer membrane of leptospia after UVA exposure is unknown. However, in the
outer membrane of leptspira 22 % in weight is lipid and 90% of lipids are unsaturated
lipid, susceptible for lipid peroxidation. As far as literature survey was concerned,
there are many studies suggested that UV A radiation can induce ROS and cause lipid
peroxidation, leading to cell membrane leakage. Therefore, we proposed that one of
the mechanisms causing of leptospira death could be lipid peroxidation, damaging the
cell membrane. From this hypothesis and experimental results, they lead us to further
investigate the effects of lipid peroxidation on properties of lipid bilayers by using
molecular dynamics (MD) simulation (chapter V). The MD technique helps us to gain
a better understanding insight to the molecular level of the membrane.

In computational studies, the simulations of oxidized lipids in lipid bilayer
were carried out by using MD simulations. The simulations show that the permeability
of the bilayer for water increases as the concentrations of the oxidized lipids in bilayer
increases and also the water defect form in lipid bilayer when the presence of oxidized
lipids in bilayer. The explanation for this phenomenon is that the polar groups in the
oxidized lipids tails form hydrogen bonds with water and induce water into the
bilayer. This could relate to the mechanism of cell membrane leakage in the real
system. In addition, the simulation results showed the changes in the thickness, area
per lipid and membrane order of bilayer. These findings reasonably support those
experimental results demonstrated in chapter IV. Not only could computational results
describe and explain experimental results, but also MD simulations could provide a
better understanding of the behavior of the oxidized lipids in lipid bilayer which is still
doubt and difficult to do by experiment at least for the time being. It is worth being
noted that one of the physical properties that play a major role in the phenomena
governing our MD results and more importantly experimental results is the diffusion
dynamics especially for the two or higher time scale types, namely the time scale of
small or high mobile components and the bulk or system dynamics (see chapter I11).
For example, the dynamic movement of lipid bilayer system is controlled by the two
time scales diffusion process, i.e., the time scales of individual atoms or molecules and

that of the bulk or bilayer system. Having insight into the correlation between this
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diffusion and lipid peroxidation generated membrane damages, it makes us gain a
better understanding in the effects of EMF like UV A radiation.

Though, in this research the connection between the theories by computational
works and experiments may still be controversial or not relevantly specific, to the best
of our knowledge, this is the first attempt to make this connection. Indeed it was the
first time experimental works as well. Therefore, it is fair to say that there are so many
possibilities and possible explanations. It is a very wide open problem to be
investigated. One of the key arguments is that how we can more precisely and
experimentally identify if the cause of the membrane damage of leptospira was
governed by the lipid peroxidation, what are the membrane components that are
responsible for this membrane change, how do they happen or what are the
mechanisms. To answer all those questions, a lot more work with special care
techniques will be required. This is also one of our ongoing works that aim to identify
the possible components of leptospire’s membrane undergoing lipid peroxidation. It
consequently will well fit with our MD simulation model.

Interestingly, there are the possible implications and applications of our
findings. Firstly, our findings might support the fact that why the outbreak of
leptospirosis mainly occurred in the rainy season. Certainly, water and flooding is still
the main contribution. It also should be mentioned that based on this study, one may
take advantage of UVA radiation as a bactericidal or bacteriostatic factor to further
development of new strategies to control leptospira in the environment. For example,
one could adapt or set the landscape of household as well as the environments where
are susceptible or very high risk areas to be more exposed to UVA radiation, or one
can try to use artificial UVA sources as needed to irradiate the things that are soaked
with water with high susceptible to leptospira. Or combination of UVA radiation and
other photocatalytic materials like titanium dioxide (TiO,) may be alternative.
However, a lot of works would be further investigated to effectively enforce the
proposed plan in action including the research concerning cost, risk, effectiveness and

optimization.
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APPENDIX B
PREPARATION OF MEDIUM AND REAGENTS

1. Medium preparation for Leptospira culture
1.1 EMJH-liquid medium (A+B = 1000 ml)
Solution A: Albumin fatty acid supplement (Volume = 100 ml)
1. Dissolve bovine serum albumin fraction V (BSA) 10 g in distill water 80

ml (Stir with magnetic stirrer until dissolve) and then add other stock solutions as

follows :
- 1% CaCl,.2H,0 + 1% MgCl, 6H,O = 1.5 ml
- 0.4% ZnSo04.7H,0 = 1.0 ml
- 0.3% CuS04.5H,0 = 0.1 ml
- 0.02% Vitamin B12 = 1.0 ml
- 9.3% Tween 80 = 12.5 ml

2. Dissolve 0.05 g of FeSO4.7H,0 in distill water 2 ml. Mix and add into
albumin fatty acid supplement (1)

3. Adjust pH up to pH 7.4 with 1 N NaOH

4. From step 1, 2 and 3 — Final volume = 100 ml

5. Add 5-FU into Albumin fatty supplement. (1) [0.5 ml of 5-FU : 100 ml
of Albumin fatty supplement] Warm in water bath at 50°C, 30 min.

6. Filter by sterile filter membrane. (Sterile technique)

Solution B: Basal medium (Volume = 900 ml)

1. Dissolve ingredients in distill water and mix.

- Distill water = 900 ml
-  Medium Base EMJH = 23¢g
- 10% Na-pyruvate = 1 ml
- 10% Glycerol = 1 ml

2. Adjust pH up to pH 7.4 with 1 N HCI
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3. Autoclave at 121°C for 20 min.
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4. When the solution has cooled slightly, add sterile Albumin fatty acid

supplement (A). Mix until dissolve completely and aliquot 5 ml in sterile bacteria

culture tube.

1.2 EMJH-Semisolid medium

1. Add 2 g of agar into 900 ml of Basal medium

2. Warm until dissolve completely and adjust pH up to 7.4 with 1 NaOH

3. Autoclave at 121°C for 20 min.

4. When the solution has cooled slightly, add sterile Albumin fatty acid

supplement (A). Mix until dissolve completely and aliquot 5 ml in sterile bacteria

culture tube.

2. Reagents for SDS-PAGE and immunoblotting

2.1 Lysis solution (6X sample treatment buffer)

Reagents Final concentration Amount
0.5 M Tris-Cl, pH 6.8 0.35M 7.0 ml
SDS (FW 288.4) 0.35M 10g
Glycerol (FW 92.09) 30% v/v 3.0 ml
DTT (FW 154.2) 0.6 M 093¢
Bromphenol Blue (FW 691.9) 0.175 mM 1.2 mg

2.2 12% Polyacrylamide gel (18 ml)

Reagents Amount
Distil Water 5.8 ml
Acrylamide 7.5 ml
1.5 M Tris-Cl, pH 8.8 4.5 ml
10% SDS 180 ul
10% APS 90 pul
Temed 10 ul
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