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Preface

This PhD dissertation work has been carried out under the supervision of
Professor-Doctor Ryoichi Kuboi in the Division of Chemical Engineering, Graduate School of

Engineering Science, Osaka University, Japan from 2006 to 2010.

The objective of this study is to clarify thé interactive behaviors of the dopamine with
AP on the liposome membrane under the oxidative stress condition. Prior to the investigation,
the author developed the analytical methods for the above behaviors, such as dopamine sensor
and immobilized liposome QCM sensor. The interactive behaviors of (i) dopamine_ with
liposome membrane and (ii) AB with the membrane in the absence or presence of dopamine
were analyzed by using the above sensors under the normal condition and oxidative stress
conditions. The role of the dopamine on the membrane was shown to be elucidated through
the regulation of (a) the dopamine oxidation via AB/Cu complex and (b) the solubilization of
the formed AP fibrils on the liposome surface, depending on the state of the liposome
membrane. The author hopes that this research would contriBute to the development of the

new therapy of Alzheimer’s disease and its diagnostics.
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Summary

Dopamine (DA) has been reported to play an important role as a neurotransmitter in
neuronal system. The lack of DA in neuron is known to induce the dementia symptom although
the existence of DA at extremely high level induces the oxidative stress, together with the
formation of toxic DA-quinone (DAQ) through the “auto-oxidation” pathway. On the other hand,
the deposition of amyloid B-peptides (ABs) on the neuronal cell membrane has been reported to
be related with the “oxidative stress”. In a biological system, the cells could be protected from
the oxidative stress by antioxidative enzymes, such as superoxide dismutase and catalase.
However, in some cases, the antioxidative enzymes may lose their functions by the reactive
oxygen species (ROS), leading to the loss of their protective function. It is necessary to study the
mechanism on the prevention and removal of the toxic species including “oxidative stressors” to
recover the cells.

In this thesis, systematic studies have been carried out, mainly focusing on: (i) the
interactive behaviors of DA with ABs in order to reduce the toxicity of both of them and (ii) the
potential function of the membrane against the toxicity induced by DA and APs. Prior to the
investigation on the mechanism of the above studies, the methodologies to characterize the DA
and ABs on the membrane were also developed.

In chapter 1, the DA sensor was developed by using the conducting polymer based on
electrochemical method. The developed DA sensor was found to response in the DA
concentration with high sensitivity in the range of 5x107 to 2x10“M. The DA sensor was then
utilized for the evaluation of the interaction of DA with the model cell membrane (liposome).
The DA was found to show the propensity to partition onto the liposome membrane. The
DA-oxidation was also found to be promoted in the presence of liposomes. Through its
partitioning on the liposome membrane, the DA was found to induce the membrane damage,
caused by auto-oxidation to form the DAQ together with the generation of superoxide (0y).

In chapter 2, the liposome-based sensor was developed by the liposome immobilization onto the
surface-of the modified QCM electrode in order to evaluate the membrane-protein interaction,
focusing on the amyloidogenic proteins (i.e. ABs). By using the covalent binding methods, the
liposomes were shown to be immobilized with “intact” shape and high density for long time. The
immobilized liposomes were applied to evaluate: (i) the interaction between liposomes and Afs
in term of hydrogen bond stability of proteins (Ppr) and (ii) the DA-AP interaction on the
liposome membrane. It was found that the liposome membrane could modulate its interaction
with ABs, depending on its surface characteristics under the stress conditions, and the DA could
reduce the interaction of AP with liposome membrane.

In chapter 3, the AB/Cu complex on the liposome (AB/Cu LIPOzyme) was found to be utilized
for the regulation of the DA-oxidation as an enzyme-like pathway, instead of the auto-oxidation
pathway. The DA was oxidized by AB/Cu on the liposome, resulting in the formation of a DAQ
together with the formation of less toxic ROS (hydrogen peroxide). It has been shown that the
membrane could regulate both the DA concentration and the ROS generation by the control of
the enzyme-like activity of AB/Cu complex.

In chapter 4, the effect of DA against amyloid B-peptide on the liposome membranes under
stress condition was investigated, focusing on (i) the inhibition of fibril formation on the
liposome membrane and (ii) the disaggregation of AP fibril on the oxidized liposome membrane.
The DA showed the ability to reduce the toxicity from A fibril both by the inhibition of fibril
formation and the fibril disaggregation. Inversely, AR may have the effect to deactivate the toxic
DAQ. Finally, the function of biomembrane to defend itself from toxicity under the oxidative
stress were summarized and discussed. In brief, the membrane couid modulate the DA
concentration by regulating the enzyme-like activity of AB/Cu complex or by regulating the
DA-AB interaction. The membrane also possesses the ability to regulate the AR fibril level either
by promoting AB fibril formation or disaggregation of AP fibrils. When the membrane was
exposed to the oxidative stress conditions, the oxidized membrane can make responses against
the stress (a) by accelerating the formation of less toxic Af fibrils and (b) by promoting the
disaggregation of AP fibrils to reduce the toxicity level of both of DAQ and aggregated Ap.

The obtained results demonstrate that the potential function of membrane on the regulation
of stress induced by neurotransmitter dopamine and A in order to protect membrane from stress
and recover itself.



General Introduction

Neurotransmitters are endogenous chemicals, which can relay, amplify, and modulate
signals between a neuron and another cell. Nemotransmiﬁers are packaged into the synaptic
vesicles that cluster beneath the membrane on the presynaptic side of a synapse, and are
released into the synaptic cleft, where they bind to receptors in the membrane on the
postsynaptic side of the synapse. The release of neurotransmitters usually follows the arrival
of an action potential at the synapse, but may follow the graded electrical potentials. Major
neurotransmitter systems include the noradrenaline (norepinephrine) system, the dopamine

system, the serotonin system and the cholinergic system.

Catecholamines are sympathomimetic hormones that are released by the adrenal
glands in response to stress. They play a partial role.of the sympathetic nervous system. The
most abundant catecholamines in human tissue are epinephrine (adrenaline), norepinephrine
(noradrenaline) and dopamine, which can act as central neurotransmitters. Among three
catecholamines, nor-epinephrine (NE) is released by peripheral sympathetic nerves onto blood
vessels and both NE and epinephrine (EP) are hormones secreted by the adrenal medulla
(Burke ef al., 2004). These catecholamines as neurotransmitters have widespread projections
to the cortex, basal ganglia, limbic areas and spinal cord. They play an important role in
regulation of brain functions of memory, mood, movement, behavior and autonomic functions,
such as blood pressure regulation. These functions are lost in the brain of the patients of
Alzheimer’s disease (AD) and Parkinson’s disease (PD) due to the loss of the catecholamine
neurotransmitters, which can regulafe these brain functions (Burke e.t al., 2004). In neuronal
system, catecholamines are synthesized in the neuronal system first by the hydroxylation of
the L-tyrosine to L-DOPA via the tyrosine hydroxylase, and then by the decarboxylation of L-
DOPA by dopa decarboxylase. After the synthesis of DA, it is packaged into vesicles, which

are then released into the synapse in response to a presynaptic action potential (Fig.1).
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Fig.1 Formation of chemical transmitter DA from the precursors tyrosine and L-DOPA,
followed by being stored in vesicles in the nerve endings (Carlsson et al., Nobel Prize
on Medicine 2000).

In some neurons, the DA is further processed into norepinephrine by dopamine B-
hydroxylase (DBH). The epinephrine is then syntheéized via the ﬁethylation of the primary
distal amine of norepinephrine by phenylethanolamine N-methyltransferase (PNMT) in the
cytosol of adrenergic neurons and cellé of the adrenal medulla (so-called chromaffin cells)

(Fig.2).

Among the catecholamines working as neurotransmitter, the dopamine (DA) has been
reported to be one of the most important neurotransmitter in neuronal system. It plays an
important role in neuronal system and is widely distributed throughout the brain. The lack of
nigrostriatal dopaminergic neurons is known to induce the dementia symptom although the
existence of DA at extremely high level has reported to be related with some serious diseases,
such as Parkinson’s disease, Alzheimer’s disease and so on (Mo et al., 2001). Normally, after
its synthesis, DA is entrapped onto the synaptic vesicles immediately and is then released into
the synapse in response to a presynaptic action potential. After the DA is inactivated by
reuptake via the dopamine transporter, the enzymatic breakdown was achieved by catechol-O-

methyl transferase (COMT) and monoamine oxidase (MAO). DA that is not broken down by
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Fig.2 Biosynthesis of catecholamine neurotransmitters focusing on DA metabolism pathway
on neuronal system.

these enzymes can be repackaged into vesicles for its reuse. In general, the DA is stable inside
the storage vesicles because of its acidic environment (Sulzer ef al., 2000), whereas they are
easily “oxidized” outside the vesicles. The DA oxidation generates the dopamine semi-
quinone free radical, dopamine quinone, dopaminochrome, as well as reactive oxygen species

(Bors et al., 1978; Pileblad er al., 1988).

The treatment by L-DOPA, a precursor of DA, as a supplement can reduce the level of
the DA concentration in the brain and has been widely used. However, long-term L-DOPA
therapy often causes various adverse reactions. The adverse reactions are thought to be
correlated, at least in part, with the neurotoxicity induced by “auto-oxidation” of the excess

level of DA and L-DOPA. It has been reported that the spontaneous auto-oxidation of DA



produces “ROS (0;)” and “reactive quinone” (Tse et al., 1976). In the brain, the tyrosinase
may enzymatically and rapidly convert the excess amount of DA and L-DOPA to catechol-
quinone and H,O, and may further convert it to neuro-melanin (Asanuma et al,, 2003).
However, the tyrosinase could easily lose its function under oxidative stress condition
(Andrwais ef al., 1985). Therefore, the auto-oxidation of DA will occur, resulting in the
generation of the additional ROS. In normal condition, the generated ROS could be removed
by antioxidative enzymes, such as superoxide dismutase (SOD) and catalase. However, under
oxidative stress condition at the extremely-high level, the SOD could lose its function
(Nagami et al., 2005), resulting that the ROS could attack the membrane and could make the

membrane damaged (Fig.3).

The functions of DA in neuronal system have been reported to play both
neuroprotective and neurotoxic roles in neurodegenation disorders relating to some-disease,
such as Parkinson’s, Schizophrenia’s, and Alzheimer’s diseases (Kostrzewa et al, 2002,
Spencer et al., 1996; Burke ef al., 2004), which may be related with both of toxic DA-quinone
and generated ROS (Table 1).

Tyrosinﬁe - w= == == Nelanin

e

Tyrosinase’ .

Aute-
oxidation

Fig.3 Possible pathway of reactive oxygen speciés (ROS) generation by excess amount of free
DA to induce the cell damage (Asanuma er al., 2003).



Table 1 Summary of catecholamines and their functions

Compound Effect Function System References
Catecholamines increase the vulnerability
of cultured hippocampal neuronal cells to
) AB toxicity. Hippocampal Fuetal,
DA, NE t
-NE,EP Negative Induce cell death at high concentration neuronal cells 1998
(100-200 pM) by generating oxidative
stress.
DA, L- Negative Induced toxicity via quinone formation. Asanuma et
DOPA & Generate ROS by auto-oxidation. al., 2003
Antioxidants: inhibit the peroxidation of
DA, L- Positive lipifl_s by react with superoxide radical Ox-bra%n. Spencer ef al,
DOPA (O phospholipid 1996
] Pro-oxidant: generate free radicals, H,0,... liposomes
Negative .
by metabolism.
) Auto-oxidation to form high reactive
Negative . . .

L-DOPA quinone and reactive oxygen species. Kostrzewa et
... Act as antioxidant by becoming oxidized al., 2002
Positive '

instead of other cellular elements.
DA, NEQ;A"'EP, . Metabohsn% of neu-rotransrr.utter Burke et‘; I
Negative catecholamines by monoamine oxidase  Neuron cells
DOPAL 2004
generated ROS.
. ... Slow the progression of familial Gwinn-Hardy
DA Positive Parkinsonism. et al, 1999
P triatal i ti
, 3y : romote tl.1e recoxfery of. striatal innervation Female Wistar  Murer er al,
L-DOPA Positive in rats with partial lesions and slow the
. - . . rats 1998
progression of familial Parkinsonism.
. . Stokes et al.,
DA Negative Cytotoxic and genotoxic ° legs 9e9 “
Choi et al,
DA Negative Induce cells death PC12 cells 2000; Song et
al., 2004.
) Neuronal cells Rosenberg et
A i 1 \
DA,NE,EP Negative Toxic for cells and Glial cells al, 1988
.\ N N Andorn et al.,
DA,NE,EP Positive Inhibit lipid peroxidation 2001
Inhibit iron-plus- timulated lipi iuetal,
DA, NE Positive nhi 1:c 1r?n plus-ascorbate stimulated lipid Rat-brain Liveral
peroxidation. 1993

As introduced above, the diseases relating to DA have reported to be caused by the

level of DA concentration. The lack of neuron containing DA may often induce the



Parkinson’s disease while the existence of DA at the extremely-high level can induce some
diseases relating with neuronal degeneration. Therefore, in the human, the DA should be
appropriately controlled at normal concentration for the prevention of the diseases. The
estimation of the DA concentration is also helpful for the treatment of diseases, caused by the
“abnormal” DA concentration. The determination of DA concentration has been attracted
many researchers. The most commonly used methods for the determination of this biogenic
amine are the fluorometric assay (Wang ez al., 2002), radioenzymatic assay (Hard ef al., 2001),
HPLC analysis (Cannazéa et al., 2005), and voltammetric assay (Zucolotto et al., 2006).
However, for the convenience of the assay, the simple and fast measurement method is needed.
Recently, there has been an increasing demand for more sensitive and simple analytical
methods. Cyclic voltammetry (CV) and different pulse voltammetry (DPV) techniques are
very useful and popular for the trace analysis because these techniques are compact, efficient,
and sensitive (Zhang et al., 2006). Various voltammetric techniques have shown the low
detection limit required for dopamine analysis, depending on the type of working electrode
system. The sensitivity of voltammetric techniques mainly depends on the modification of
surface of the working electrode, where the electrochemical responses can be obtained
through the adsorption (Zheng et al., 2006) or the partition (Rocha et al., 2006) of the DA on

the modified membrane surface.

Liposomes are the artificial biomembrane of spherical shape with the smaller size,
which can be prepared from the nafural phospholipids and other compounds (i.e. membrane
proteins). In a biological system, the liposomes have been reported to contain some bio-
molecules, such as enzymes, neurotransmitters, and so on. Recently, the activities of
liposomes are very broad in application based on their sophisticated functions and properties.
More widely, the liposomes have been often used as model membrane systems to reveal the
basic nature of cell membranes and used for the deeper understanding of biological events in
cell membranes, such as permeability, fluidity, protein anchoring, and fusion of membrane.

For example, the liposome has a chaperone-like function to assist the refolding of protein,



where the denatured-proteins could interact with the liposome membrane to be refolded and
returned to native form (Kuboi ef al,, 1997; Yoshimoto et al,, 1998; Yoshimoto ef al., 1999;
Kuboi e al., 2000). Liposomes also show the “potential” function under “stress” condition,
such as LIPOzyme (Tuan, 2008) and the regulation of gene expression by its recognition of
the biomolecules relating to the gene expression (Bui, 2009) in a dependent manner on its
surface properties (i.e. surface charge density, hydrophobicity, and hydrogen bonds stability)
(Tuan, 2008; Bui, 2009; Ngo, 2009).

The biomembrane can be regarded as an important physical barrier to wrap-up the
biofunctional molecules (i.e. proteins, nucleotides, etc.) and, also, as an active interface to
make a response against the environmental change. The biological cell, which is a minimal
unit of “life”, could get into a death if the biomembrane couldA be destroyed or if its function
as an active interface could be lost. From the viewpoint of the protection of the structure and
function of the “membrane” under the stress conditions (i.e. ROS), it is rational to consider
that the “membrane™ could assist the potential functions of proteins or peptides, possibly
induced under the stress condition. The experiments have previously been conducted to
evaluate the oxidation of lipid by coper, focusing on the Alzheimer’s disease as a target. The
obtained result indicated that the unsaturated lipid bilayer was easy to be oxidized by copper.
However, the addition of AP slightly decreased the amount of ROS generation and the lipid
peroxidation. By recruiting AB, the membrane could inhibit the ROS generation by AB-Cu
interaction to protect itself (Nagami, 2005). Under the oxidative stress condition with H,0,,
the superoxide dismufase (SOD) lost its activity although its activity could be maintained in
the presence of membrane (Nagami, 2005). Furthermore, the membrane could recruit the
- oxidized and fragmented SOD together with metal ion (Cu(II) and Zn(II)) to induce the SOD-
like activity function of LIPOzyme (Tuan, 2008). From the above results, the interaction
between the membrane and proteins/peptides on the membrane surface showed an ability to

prevent of both membrane and proteins/peptides from further oxidation by ROS.
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Fig.4 Conventional pathway of AP fibril formation. Most researchers consider that the
oligomers or fibrils of AP on the neural cell surface could be toxic in the Alzheimer’s
disease.

Amyloid B-peptide (AB), which is a normally water soluble 4.3 kDa peptide, is the
main constituent of amyloid plaques in the brains of Alzheimer's disease (AD) patients
(Scheumer et al., 1996). A is secreted from amyloid precursor protein (APP), an 87 kDa
transmembrane proteins with apparent homology to a cell-surface receptor (Kang et al., 1987).
Various stress conditions are known to increase the AB production, such as oxidative stress
(Frederikse et al., 1996) and the increase of the cholesterol concentration (Michikawa et al.,
2003). Importantly, it has been reported that the AP was increasingly produced, especially-
under oxidative stress condition induced by different ways. Both hydrogen peroxide and UV
irradiation have reported to elevate the AP peptides production on monkey lenses eyes
(Frederikse et al., 1996), and neuroblastoma cells (Olivieri er al., 2001; Zhang et al., 1997).
Increased production of AP in the presence of hydrogen peroxide is not related with the
increased synthesis of APP, but rather related with the increased generation of Ap from APP
(Misonou ef al., 2000). Many previous findings could thus imply the possible relation of
oxidative stress with the Alzheimer’s disease.

The deposition of aggregated AP on neuronal cell membrane has been reported to be
associated with Alzheimer’s disease. The progressive deposition of A in Alzheimer’s disease
is generally considered to be fundamental in the development of neurodegenerative pathology
(Mattson et al., 2004). The aggregation of the soluble AP monomers into toxic oligomeric or
fibrillar species is considered to be a crucial step in the pathology of the disease (Resende et

al., 2008). It has been reported that the most neurotoxic species are oligomers acting as



intermediates during formation of fibrils (Kayed et al., 2003). The aggregated AP deposition
was proposed as the formation of toxic oligomers and fibrils in bulk solution, and then deposit
on the cell membranes as shown in Fig.4.

The mechanism of AP-mediated neurodegeneration in Alzheimer’s disease was
proposed to be involved by several pathways (Crouch ef al, 2008), such as mitochondrial
dysfunction (Aleardi ef al., 2005; Takuma et al,, 2005), axonal trafficking (Matsuoka et al,,
2001), synaptic transmission (Mesulam et al., 1999), membrane disruption (Ciccotosto ef al,,
2004), formation of channel in membranes (Hirakura et al, 1999), and especially relation
with the oxidativé stress (Clarke ez al., 1999; Varadarajan et al., 2000). The AP peptides have
shown to contribute to the oxidative stress that accompahies with Alzheimer’s disease (Smith
et al., 1997; Bush et al., 2003; Barnham ef al., 2004). The deposition of the aggregated Ap
has been reported to be associated with the metal ions, such as Cu(ll), Zn(II), Fe(II) and
Fe(IlI), at high concentration in amyloid plaque (Lovell ez al,, 1998). It is- considered that the
deposition of AB could induce not only the negative effect but also the positive one.

From another point of view, the soluble monomeric AB is found to be non-toxic.
Monomeric AP has been reported to inhibit the ROS generation from free metal ions (Nagami,
2005) and to reduce the toxicity of both AR and metal ions (Matsuzaki et al., 2007Db).
Furthermore, monomeric Af has been reported to reduce the toxicity of Cu(Il) by the
formation of AB/Cu complex (Opazo et al., 2002; Zou et al., 2002) and plays as antioxidant
(Curtain et al., 2001; Murray et al., 2005). From the view point of “membrane”, the above
results lead to one hypothesis that, under stress condition, the membrane intends fo make
response against the oxidative stress although it could not do by itself. Thefefore, the
cofactors with “potential” activity could be recruited on the membrane surface and its
potential functions could be induced there. In relation to Alzheimer’s disease, the monomeric
AP was secreted from APP to reduce the toxicity Qf metal ions. Otherwise, the formation of

fibril on biomembrane (Fig.5) could also protect the membrane from the metal toxicity
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Fig.5 Model for A fibril formation on biomembrane and induction of cell death.

(Nagami, 2005). In terms of antioxidant, by combining with some cofactor, AP may expose its
ability on the reduction of the ROS generation both by the inhibition of ROS generation or
regulation of the reaction onto other pathways, which generate the less toxic species. In short,
AB could act as an antioxidant molecule on the cell surface in the biological system. The
extremely high amounts of aggregated AB deposition has been reported to induce the toxicity
according to several reports (Dahlgren et al., 2002; Yang et al., 2005; Durairajan ef al., 2008).
From \}iew point of regeneration o}f the abnormal membrane, it has been reportéd that the
microdomain of the oxidized fatty acids on the liposome membrane could cooperatively
accelerate the amyloid fibrils formation of AB (Lee, 2005) and that the cholesterol domain
could recruit the AB/Cu complex to oxidize the cholesterol molecules and to remove them
from the membrane (Yoshimoto, 2005). It is needed to study the above potential functions of
membrane under oxidative stress condition by considering the possible role of DA in neuronal
system.

In this thesis, systematic studies have been achieved, mainly focusing on: (i) the
interactive behaviors of DA with AB on liposome membrane in order to reduce the toxicity of
both of them and (ii) the potential function of membrane against the toxicity induced by DA
and AP. Prior to the investigation on the mechanism of above studies, the methodologies to

characterize the DA and AP on the membrane were developed.
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The neurotransmitter DA is known as both of neuroprotective and neurotoxic
compound. In this study, the behavior of DA in a biological system was investigated from the
view point of its toxicity, focusing on (i) ROS generation by auto-oxidation of DA, which
could make the membrane damaged and (7i) toxic DA-quinone. In order to prevent the ROS
generation, the membrane could recruit AR and Cu(Il) as cofactor to regulate the DA
oxidation as enzyme-like pathway instead of the auto-oxidation pathway. On the other hand,
the oxidation of DA produces the DA-quinone, which induces toxicity to the cell by formation
of Schiff-base with Cys on the active domain of protein, leading to the protein dysfunction
(Miyazaki et al.,, 2009). Under such stress condition, the membrane could utilize ABs as
cofactors to remove the toxic DA-quinone by direct interaction with both DA and DA-
quinone. The level of fibrillar AB deposition on the liposome membrane could also be reduced
by both the inhibition of the AP fibril formation and the enhancement of the disaggregation of

AB fibrils.

The framework and flow chart of presence study are schematically shown in Figs.6
and 7, respectively, where the DA was considered as neurotoxic compound. ABs were utilized
as cofactors of membrane to prevent the ROS generation and remove toxic production of DA.
Taken together, these processes also indicated the ability to reduce the negative effect of
aggregated AP. |

In chapter 1, the DA sensor was developed to monitor the DA concentration based on
the electrochemical method by using the conducting polymer to monitor the DA concentration.
The mechanism of the DA oxidation on the electrode was also investigated based on the
electrochemical viewpoint. The developed DA sensor was then utilized for the monitoring of
the DA concentration to evaluate the interaction of DA with the model cell membrane
(liposome). The DA was found to show the propensity to partition onto the liposome
membrane. Through its partitioning on the liposome membrane, the DA was found to induce

the membrane damage, caused by auto-oxidation, together with the generation of superoxide
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(02). The addition of the liposomes was found to promote the DA-oxidation.

In chapter 2, the liposome-based sensor was designed and developed by the liposome
immobilization onto the surface of modified QCM electrode in order to evaluate the
membrane-protein interaction, focusing on the amyloidogenic proteins. By using the covalent
binding methods, the liposomes were shown to be immobilized with intact shape and high
density for long time. The immobilized liposomes were applied to evaluate: (i) the interaction
between liposomes and proteins, specially AP proteins, controlled by both of hydrogen bond
stability of proteins (o) and hydrogen bond instability of liposome (), and (ii) the DA-AB
interaction on liposome membrane, in order to clarify the mechanism of AP fibril formation
and its interaction with DA.

In chapter 3, the AB-Cu-LIPOzyme was found to be utilized for the regulation of the
DA-oxidation as an enzymatic-like pathway instead of the auto-oxidation pathway. It has been
shown that the membrane could regulate both the DA concentration and the ROS generation
through the control of enzyme-like activity of AB/Cu complex. The enzyme-like activity of
AB/Cu was regulated by liposomes depending on the hydrogen bond instability of liposémes
(miip). The non-oxidized membrane (low my;,) could enhance the enzyme-like activity of
AB/Cu, leading to the reduction of the ROS generation to protect the membrane from the
damage induced by ROS.

In chapter 4, the effect of DA addition against the AP on the liposome membranes
were investigated, focusing on (i) the inhibition of fibril formation on the liposome membrane
and (i) the disaggregation of AP fibril on the lipoSome. membrane. The DA was found to
reduce the toxic AP fibrils both by the inhibition of fibril formation at nucleatiqn step and by
the fibril disaggregation. Inversely, AR was also found to have the effect to deactivate the
toxic DA/DA-quinone by reducing level of DA/DA-quinone through their interaction. The
oxidatively damaged membrane was found to (i) recruit A monomer on its surface to quickly

form AP fibril with less toxicity, and to (ii) promote of the disaggregation of AP fibrils with
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the assist of DA, which could reduce the level of both of DA-quinone and aggregated AP for
the reduction of toxicity from both. The function of biomembrane was finally summarizgd
and discussed in order to claify its ability to defend itself from toxicity under the oxidative
stress. Through the removal of AP fibrils with the assist of DA/DA-quinone, the possibility to
remove the oxidized lipids associating with AP fibrils in order to recover the membrane was
finally hypothesised.

The results obtained from this work are summarized in the General. Conclusions

section. Suggestions for future work are described as extension of the present study.
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Chapter 1. Development of Electrochemical Sensor Based on
Conducting Polymer for Detection of Dopamine Concentration —

Monitoring of Dopamine - Liposome Membrane Interaction

1. Introduction

Dopamine (DA) plays a very important role in neuronal system as a neurotransmitter.
The existence of DA at extremely high level has been reported to be related with some serious
diseases, such as Parkinson’s disease, Alzheime;’s disease, and so on (Burke et al,, 2004). DA
is, in the neuronal system, synthesized from L-tyrosine by two reaction steps: (i) a
hydroxylation of the L-tyrosine to L-DOPA via tyrosine hydroxylase and (i) a
decarboxylation of L-DOPA by dopa decarboxylase. In some neurons, DA is further processed
into norepinephrine by dopémine B-hydroxylase (DPH) and finally converts to epinephrine by
phenylethanolamine N-methyltransferase (PNMT). In almost all neurons, after the synthesis
of DA, the DA is entrapped immediately into the synaptic vesicles and is then released into
the synapse in response to a presynaptic action potential. After the DA is inactivated by re-
uptake via a dopamine transporter, an enzymatic breakdown was achieved by catechol-O-
methyl transferase (COMT) and monoamine oxidase (MAO) to give a homovanillic acid
(degraded form of DA). DA that is ﬁot broken down by the enzymes can be re-packaged into
vesicles for its reuse. In general, the DA is stable inside storage vesicles because of low pH
value (Sulzer et al., 2000), whereas they are easily oxidized outside the organelles. The DA
oxidation generates a dopamine semi-quinone free radical, dopamine quinone,
dopaminochrome, as well as the reactive oxygen species (Bors et al., 1978; Pileblad ef al,
1988). The treatment by L-DOPA, precursor of DA, as a supplement can reduce the level of
DA in the brain and has been widely used. However, long-term L-DOPA therapy frequently

causes various adverse reactions. The adverse reactions are thought to be correlated, at least in
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part, with the neurotoxicity induced by auto-oxidation of excess level of the DA. It has been
reported that the spontaneous auto-oxidation of DA produces ROS (O, and reactive quinone
(Tse et al,, 1976). In the brain, the tyrosinase may enzymatically and rapidly convert the
excess amount of DA to DA-quinone and H,O, and then convert to neuro-melanin (Asanuma
et al, 2003). However, the tyrosinase could lose its function under the oxidative stress |
condition (Andrwais et al., 1985). Therefore, the DA oxidation will occur by auto-oxidation
pathway of DA to generate ROS, which could make membrane damaged. However, the

relationship between DA and membrane has not been clarified yet.

Extremely abnormal levels of DA concentration have been reported to be symptoms of
several diseases, such as Parkinsonism and schizophrenia (Mo ef al., 2001; Wightman et al.,
1988). Therefore, the detection of DA concentration is useful for the prevention of disease and
for the monitoring of the disease treatment. Much research on the determination of DA
 concentration has been carried out. The most common methods for the determination of this
biogenic amine are the fluorometric combined chromatography (Takahashi ef al., 1972; Peat
et al., 1983; Mori et al., 1985), radio-enzymatic assay (Hard et al., 2001), HPLC (Cannazza et
“al., 2005), and voltammetric assays (Atta ef al,, 1991; Zucolotto et al., 2006). Although the
chromatography system works very well with high sensitivity, it is an expensive system with
complicated sarﬁple treatment. Therefore, the sensor systems need to be applied because those
can provide the cheaper, more portable, easier sample preparation and faster measurement.
The detection can be often achieved by the electrochemical methods utilizing an anodic
oxidation because the DA is easily oxidized compound. Voltammetric assays were known as
the simple method with high sensitivity and fast measurement. Recently, there has been an
increasing demand for more sensitive and simple analytical methods. Cyclic voltammetry
(CV) and different pulse voltammetry (DPV) techniques are very .useﬁll and popular for the
trace analysis because these techniques are compact, efficient, and sensitive (Zhang et al,
2006; Zhao et al., 2001). Various voltammetric techniques have been shown to have the low

detection limit required for DA analysis, depending on the type of working electrode system.
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Among the various approaches used, the polymer-modified electrodes can offer several
- advantages in terms of the ease of preparing stable and adherent films and the possibility to
manipulate the selectivity and sensitivity through the incorporation of functional groups. The
polymer modified conventional electrodes, such as glassy carbon, platinum, gold, carbon
paste, etc. (Erdogdu et al., 1997; Zheng et al., 2006), have attracted great attention because of
their gqod stability and reproducibility. Among the electronically conducting polymers, a
poly(3-methylthiophene) (PMeT) has been widely investigated. It can be easily

electrodeposited onto an electrode surface by the electro-oxidation of its monomer.

In this chapter, a glassy carbon electrode modified with a PMeT layer or a composition
of Nafion and PMeT were prepared in order to develop the sensing method of DA. The
Nafion film was first prepared on the surface of a GC electrode before the preparation of the
PMeT film. Both of PMeT and Nafion/PMeT modified GC electrode showed high sensiﬁvity
in the DA detection. Second, for the deeper understanding of the behavior of DA on the
biomembrane and the effect of biomembrane on DA and its oxidation, a series of experiments
were performed in order to clarify: (i) how the DA partitions onto lipid mem‘brane? (ii) how
the DA make the membrane damaged, and (iii) how the membrane affects the stability of DA.
Some kinds of liposomes were prepared to mimic both normal membrane and damaged
membrane under the oxidative stress condition (oxidized membrane). The experiments were

achieved by monitoring the DA concentration measured by DA sensor.

2. Materials and Methods
2.1. Materials

Dopamine hydrochloride (DA), L-tyrosine (Tyr), catechol (Cat), 3,4-dihydroxy-L-
phenylalanine (L-DOPA), norepinephrine (NE) and epinephrine (EP) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). 3-Methylthiophene (MeT), and Nafion® 117 were

purchased from Fluka (Switzerland) and used without further purification. Dopamine
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hydrochloride (DA) and tetrabutylammonium tetrafluoroborate (TBATFB) were purchased
from Sigma-Aldﬁch. 1-(4-Trimethylammo-niumphenyl)-6-phenyl-1,3,5-hexatriene (TMA-
DPH), 1,6-dipheny1-1,3,5-hexatriehe (DPH) from Molecular Probes (Eugene, OR). 1,2-
dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP), 1-palmitoyl-2-oreloyl-sn-
glycero-3-phosphocholine (POPC), 1,2-ditetradecanoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (sodium salt) (DMPG), 1-octadecanoyl-2-arachidonyl-sn-glycero-3-phosphocholine
(SAPC) were obtained from Avanti Polar Lipids (Alabaster, AL, USA). Cholesterol (Ch) was
obtained from Wako Pure Chemical (Osaka, Japan). Stearic acid (SA) was purchased from
Sigma Aldrich. The chemical structure of lipids used here was listed in Table 1-1. Other
reagents used were purchased form Sigma Aldrich and Wako Pure Chemical (Osaka, Japan).

All of the aqueous solutions were prepared with twice-distilled water.

-Table 1-1 Chemical structure of lipids used in this chapter
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2.2, Apparatus

Electropolymerization was carried out with a 750A Electrochemical analyzer (Tokyo,
Japan) in a three electrode cell (Bioanalytical Systems, USA) consisting of a Ag/AgCl (3M
NaCl) reference electrode (Bioanalytical Systems, USA), a platinum coil auxiliary electrode
(Bioanalytical Systems, USA), and a glassy carbon (GC) disk electrode (2 mm i.d., Metrohm,
Switzerland) used as the working electrode. All of the electrochemical measurements were

performed in a standard cell (Tokyo, Japan).

2.3. Fabrication of Modified Glassy Carbon Electrode

Three kinds of electrodes were used in this study (Table 1-2). The GC electrodes were
pretreated by using the following process. First, the surface of a GC electrode was polished
with alumina slurry (0.05 um), washed with distilled water, and placed in a »water-ﬁl’led
ultrasonic bath for 30 s. Each GC electrode was subsequently subjected to cyclic voltammetry
in 1.0 M sulfuric acid between -0.1 and +1.6 V with a scan rate of 100 mV/s for 5 cycles,
washed, and allowed to dry at room temperature in a desiccator. Electrochemical
polymerization was carried out in a one compartment cell containing a nitrogen-purged
solution of 100 mM TBATFB and 150 mM MeT in agetonitrile. The PMeT film was grown
for 20 s at a constant potential of 1.8 V vs. Ag/AgCl. After electropolymerization, the polymer
film was kept at the reduction potential (0.2 V) for 5 min. The preparation of a
GC/Nafion/PMeT electrode required an additional step prior to the polymerization of the
PMeT film on the electrode. A 0.5% Nafion solution in ethanol was prepared from a 5%
Nafion® 117 solution. 5 pl of the 0.5% Nafion solution was carefully deposited on the
electrode surface using a 25-pl syringe (SGE, Australia). The electrode was then left in a
desiccator for 5 min to evaporate the solvent to create a thin film. The average thickness of

the Nafion film was estimated using a recast density of 1.98 g cm™ (Rocha et al., 2006).
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Table 1-2 Conditions for preparation of modified electrode

No Electrode Contents
1 GC! Bare
2 | GC/PMeT? PMeT was electrochemically deposited on GC
3 GC/Nafion/PMeT  PMeT was polymerized on surface of Nafion-coated GC

'Ge: glassy carbon, 2 PMeT: poly(3-methyl thiophene)

2.4. Scanning Electron Microscopy

To obtain SEM images, the Nafion film and Nafion/PMeT film were prepared on
indium tin oxide (ITO)-coated glass substrates (BAS Inc., Tokyo, Japan), instead of GC
electrodes. All the films were prepared on the ITO electrodes using the same conditions as the
v,GC electrodes. These films were sputtered with Pt and observed with a scanning electroﬁ

microscope (S-3500, Hitachi Co. Ltd.).

2.5. Electrochemical Measurement

Electrochemical experiments were performed in a 0.1 M H,SO4 solution containing
the catecholamine with specific concentrations and deoxygenated by purging with high-purity
nitrogen. All the CVs and DPVs were recorded in a suitable potential range. All the
experiments were performed at room temperature and under an air atmosphere in a standard

cell.

2.6. Liposome Preparation

Liposomes were prepared by the following method as previously reported (Yoshimoto
et al., 2006). The lipid mixture was dissolved in chloroform and then dried onto the wall of a

round-bottom flask in vacuum and was then left overnight to ensure the removal of all of the
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solvent. The dried thin lipid film was hydrated with adequate buffer solution to form
multilamellar vesicles (MLVs). Large unilamellar vesicles (LUVs) were formed from the
MLVs with five cycles of freeze-thaw treatment. The liposomes were made in a diameter of
100 nm. For the preparation of oxidized lipid, the SAPC,x was prepared by mixing SAPC
vesicles with CuSO4/H,0, (1 mM) solution over night at 25 °C. After that, the lipid was
extracted into chloroform/MeOH phase by Folch’s method (Folch et al., 1957). The oxidized

liposomes were prepared by mixing SAPC,x with DMPC or DMPG lipid in a molar ratio 4:6.

2.7. Membrane Fluidity Measurement

Membrane fluidity of liposomes was analyzed by measuring the fluorescence
polarization (P) of TMA-DPH/DPH incorporated in lipid membranes according to the
previous report (Yoshimoto ef al.,, 2006). The method is simply described here as follows. A
solution of TMA-DPH or DPH (in ethanol) was added to the liposome solution to maintain
the lipid/probe molar ratio 250 ([TMA-DPH/DPH] ny = 1 pM, water/ethanol volume ratio >
100). The mixture was incubated at 37 °C at least 1 h with gentle stirring. The fluorescence
polarization of samples was measured with a spectrofluorimeter (FP-777 JASCO Co. Ltd.,
Tokyo). The sample was excited with vertically polarized light (360 nm), and emission
intensities (430 nm) both parallel (I;) and perpendicular (I,) to the excited light were recorded.

Then, polarization of TMA-DPH was calculated using the following equation:

P= Iy~ (1-1)
I,+I,

The term “fluidity” is inversely proportional to the degree of fluorescence polarization
of the probe; that is, “membrane fluidity” of the surface of membrane was defined by (I/P) of

TMA-DPH/ DPH.
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3. Results and Discussion
3.1. Development of Sensor Based on Conducting Polymer
3.1.1. Electrochemical Polymerization

The polymer film was deposited on the GC electrode by electrochemical method. The
polymerization was carried out in a one compartment cell containing a nitrogen-purged
solution of 100 mM TBATFB and 150 mM MeT in acetonitrile. The PMeT film was grown
for 20 s at a constant potential of 1.8 V vs. Ag/AgCl. The condition for preparation of

electrodes was shown in Table 1-2.
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Fig.1-1 Cyclic voltammograms of 1 mM DA solution at different electrodes: (E1) Bare GC,
(E2) GC/PMeT, and (E3) GC/Nafion/PMeT. Electrolyte H,SO4 0.1M, scan rate: 50 mV s,
measurement temperature: 25 °C.

A comparison was made in the cyclic voltammetric behavior of DA at three kinds of
modified electrodes (Table 1-2). The CVs of solutions containing 1 mM DA in 0.1 M H,SO,
at three different electrodes are shown in Fig.1-2. At the bare GC electrode (curve E1), the
response was very poor. The response of DA increased at PMeT modified GC electrode
(curve E2). The reason for the higher peak current may originate from the larger surface area

of the PMEeT film as compared with that of the bare GC electrode, along with the electronic
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conductivity of the PMeT. The Nafion and PMeT composite was designed to modify the
electrode based on the above results, showing the more improvement on the DA response
(curve E3). The reason on the above results may originate form the negatively-charged
property of Nafion film to enhance the partitioning of DA at cationic form. It is expected that
the polymerization of the PMeT after the Nafion modification of the GC electrode would

improve the response of DA in both the Nafion and PMeT.

3.1.2. Observation of Hybrid Film Using SEM

The surface properties of the electrode are the key for the selective detection of DA.
The surface structures of electrodes modified with polymer films were observed. PMeT and

Nafion were used for the modification of an ITO glass electrode. Figures.1-2a, 1-2b, and 1-2¢

Fig.1-2 SEM images of (a) bare ITO electrode, (b) Nafion modified ITO electrode, and (c)
Nafion/PMeT modified ITO electrode.
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show the SEMV images of a bare ITO electrode, an ITO/Nafion electrode mimicking the
GC/Nafion electrode, and an ITO/Nafion/PMeT electrode mimicking the GC/Nafion/PMeT
electrode,‘ respectively. The surface of a bare ITO electrode was found to have a slight
roughness (Fig.1-2(a)). However, it became smoother when the surface of the electrode was
coated with Nafion film (Fig.1-2(b)). The results indicated that there was Nafion film on the
surface of the ITO electrode. In the case of the Nafion/PMeT film, a compact spherical grain
of polymer was observed on the surface of the electrode (Fig.1-2(c)), resulting in an increase

on the surface area of the electrode to increase the peak current.

3.1.3. Effect of Scan Rate on the Peak Currents Jor Dopamine at the GC/Nafion/PMeT

Electrode

The effect of the scan rate on the peak current for DA was investigated in a 0.1 M

H,804 solution containing 1 mM DA. As shown in Fig.1-3(a), both the cathodic and anodic
peak currents increased with an increase in the scan rate from 10 to 200 mV s, and the peak
potential shifted slightly. The anodic or cathodic peak currents were proportional to the scan

" rates from 10 to 200 mV s and the curves were linear (Fig.1-3(b)), suggesting that the
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Fig.1-3 (a) Electrochemical response of 1 mM DA in 0.1 M H,SO, solution at Nafion/PMeT
modified GC electrode with different scan rates, from 10 to 200 mVe s and (b) the plot of the
peak current against the scan rate. Measurement temperature: 25 °C. '
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electrode reaction of DA at the Nafion/PMeT modified GC electrode was a typical adsorption-

controlled process.

3.1.4. Effect of Nafion Film

At pH values below 7.0, DA (pK, = 8.93) (Tuckerman ef al, 1959) exists
predominantly in the cationic form. Because of this, the DA signal can be enhanced by
improving the cation exchange capacity of the conducting polymer layer. The proton
exchange polymer Nafion was used. The additic;n of Nafion to the GC electrode was shown to
improve the DA signal since Nafion has a negatively charged ion-exchange group (SO3),

which could enhance the adsorption of DA on the surface of the electrode via the following

equation (Rocha e al., 2006):
Nafion(~SO03)(H") ™ + (DA")**" = Nafion(~SO05 YDA H ™ + (Hy" (1-2)

At a condition of [H'] >> [DA™], the partitioning behavior of DA, described above,

can be simply described by (DA*Y*™™ = (DA™ and the partition coefficient of DA has been
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Fig.1-4 Effect of the amount of Nafion on measurement of DA. (a) DPV voltammograms of
DA on electrodes were prepared from different volumes of Nafion (0 to 9 ul). (b) Effect of the
average Nafion film thickness on the oxidation peak height of DA. Measurement temperature:

25 °C.
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reported to be given by K = Cpa™™ /Cps*™" = 401 in the range of Cp,*™™ < 0.1 mM (Rocha ef
al.,v2006). In the above condition tested here, the DA was considered to preferably partition

into the Nafion film.

The degree of improvement was also dependent on the amount of Nafion. In order to
estimate the effect of the amount of Nafion (corresponding to the number of ion-exchange
sites), five kinds of GC/Nafion/PMeT electrodes were prepared with the different volumes of
Nafion coated on the surfaces of GC electrodes. Other than the Nafion content, all of the

PMeT films were prepared under the same conditions.

As shown in Fig.1-4, the peak height was shown to be increased as the average
thickness of the Nafion film increased to 4.9 pum. The peak current decreased when the
average thickness of the Nafion film became higher than 4.9 um. Nafion has the ability both
to attract the DA due to its high affinity to cations (partition coefficient = 401 (Rocha et al.,
2006) and to reduce the mass transfer rate of both DA and electrons (Wang et al., 2006).
Therefore, the addition of Nafion with a little amount forms a thin film, resulting in poor
sensitivity to DA, while a larger amount of Nafion forms a relatively thick film decreasing the
mass transfer rate of DA and the transfer rate of electrons within the Nafion film. Therefore,
in this study, an average Nafion film thickness of 3.5 pm (corresponding to 5 ul of the 0.5%

Nafion solution) was chosen for the modification of an electrode in all further experiments.

3.2. Response of Dopamine at Modified Electrodes

3.2.1. Sensitivity of Modified Electrode for Dopamine

The detection by electrochemical methods is possible based on the anodic oxidation
considering the fact that DA is easily-oxidized compound. The oxidation of DA was simply

described in Fig.1-5.

27



HO 0
— +2H* + 2¢
Homm om% ©

Dopamine : Dopamine-quinone

Fig.1-5 Reaction for oxidation of DA to form DA-quinone.

The detection limit of sensor for DA was also shown in Fig.1-6. In a 0.1 M H,SO,4
solution, the voltammetric response of DA on the GC/PMeT electrode shows linearity range
as follows: 1 to 1000 pM. The linear regression equation was I(uA) = 0.739 + 0.038x Cpa
(uM) with a correlation coefficient of 0.999 (Fig.1-6(a)). In the case of the GC/Nafion/PMeT
electrode, the linear regression equation was I(uA) = 7.23 + 0.845x Cpa (uM) with a
correlation coefficient of 0.999 in the range of 0.5 — 200 pM. In the case of the
GC/Nafion/PMeT electrode, the linear regression equation was I(uA) = 723 +
0.845xCpa(uM) with acorrelation coefficient of 0.999 in the range of 0.5 — 200 uM (Fig.1-
6(b)). The slopes representing the sensitivities of two electrodes were 1.21 and 26.7 pA uM'l

cm?, respectively.
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Fig.1-6 DPV voltammograms for various DA concentrations in a 0.1 M H,SOy solution. (a)
DA concentration: 1 - 1000 pM at GC/PMeT electrode and (b) DA concentration: 0.5 - 200

uM at GC/Nafion/PMeT electrode. Inset figures show the relationship between the height of
the peak current and the concentration of DA. Measurement temperature: 25 °C. '
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3.2.2. Analytical Application

In order to check the reproducibility of DA response at conducting polymer modified
GC electrode. The response of DA solution was performed at both of PMeT/GC and
PMeT/Nafion/GC electrode. The recovery concentration of DA calculated by this method was
shown in Table 1-2. The response of 50 pM DA solution on PMeT/GC and 10 uM DA at

PMeT/Nafion/GC was performed with 10 times for reproducibility.

Table 1-2 Response of 50 uM DA solution at PMeT modified GC electrode and 10 uM DA
solution at Nafion/PMeT modified GC electrode

PMeT/GC electrode PMeT/Nafion/GC electrode
DA conc. [uM] Recovery [%] DA conc. [uM] Recovery [%]
50 94.57 £2.17 (n=10) 10 - 97.05 £ 6.35 (n=10)

3.3. Dopamine-Liposome Membrane Interaction ~ Application of DA Sensor
3.3.1. Conventional Pathway of DA Oxidation and Possible Lipid Peroxidation

From the numerous researches relating to the neurotransmitters, their metabolic
pathway has been clarified to some extent. Figure 1-7 shows the pathway of dopamine-
relating me.tabolism, together with the relating enzymes. In its scheme, the DA-oxidation is
achieved by an auto-oxidation associated with the production of the O, with strong toxicity or
by an enzymatic oxidation associated with H,O production. In the auto-oxidation process, the
generated O, can give the damages to (membrane) proteins or genes although the damage of
biomembranes has not been mentioned in the conventional research. Considering the
downstream of DA metabolism to produce the epinephrine, its hydroxylation process from
dopamine to norepinephrine is catalyzed by a dopamine B-hydroxylase (DBH). It has been
reported that the DBH has the membranous form (the conformational state to bind to the

membrane) (Grouselle ez al., 1982), strongly suggesting that DA is likely to partition into
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lipid membrane phase. However, there is a little information on the partitioning behavior of
these neurotransmitters. Therefore, two problematic issues could be elucidated as below:

(1) The relationship between the DA-relating metabolites and the biomembrane.

(2) The oxidative stress of DA to biomembrane.

In order to discuss the above two points, the partitioning behavior for these
compounds was quantitatively studied in the following section based on the analytical data
using an immobilized-liposome chromatography (ILC). The DA sensor was also applied for
.the detection of DA concentration in this series of experiment. The experimental condition
was selected to investigate the DA-lipid membrane interaction in order to clarify (i) how DA
behaves on liposome membrane and (7i) how the liposome membrane affects on DA
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Fig.1-7 Possible pathway of reactive oxygen species (ROS) generation by excess amount of
free DA and induces cell damage (Asanuma et al., 2003).

3.3.2. Partitioning of Dopamine onto Liposome Membrane

It has been previously reported that the ILC is a useful tool to evaluate the affinity of

target material to (model) biomembrane (Yang ef al., 1994, Yoshimoto e al., 2006). In terms
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of the quantitative structure toxicity relationships (QSTR) study, there are many reports that
the partitioning behavior of target compounds can be explained by their hydrophobicity.
Among the evaluation method of hydrophobicity of substrates, such as drugs or amino acids,
the partition coefficient of target between water and octanol (LogP) has been well-known
(Abraham et al.,, 1987). A linear correlation of k; value for various compounds with their LogP
value was also obtained: |

ks =1.199 + 0.4485 logP (R*> = 0.9297) (1-3)
This equation is consistent with the previous findings in relation to the assessment of toxicity
of drug molecules with ILC (Yang ef al., 2001) or other methods (Moridani et al., 2003).
There is a calculation rule to get the logP value for target. For examples, a “fragmentation
rule” is a typical method to calculate the logP value by a fragmentation of chemical structure
of target into the elemental structure with defined LogP value (Abraham et al, 1987).
Therefore, the chemical structure can give the rough estimate for its membrane affinity.

The logP value and the ks value for catechol and its derivatives were calculated by
using the equations (1-3) and the fragmentation rule (Table 1-3). As a whole, the trend of the
partition behavior of catechol derivatives could roughly be expressed with the equation based
on the amino acids although there are some deviations of calculated ks value from the
measured value exist. Among the above catecholamines, the DA was found to show the
largest ks value (ks = 4.7), indicating that the DA could strongly partition to the liposome
membrane. On the other hand, L-DOPA was found to show the negative k; value (k = -0.54),
indicating that L-DOPA disfavors the partitioning on membrane and exists in bulk équeous
solution. This finding also suggests that the decarboxylation of L-DOPA might occur for the
enhancement of its partitioning characteristics on membrane.

In order to compare the DA partitioning in different liposome membranes with
different hydrophobic nature, a series of liposomes were prepared as for both normal
liposome membranes and oxidized liposome membranes. The 2 ml mixed solution

containing0.5 mM DA and 1 mM liposome was incubated for 30 min for the partitioning of
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Table 1-3 Hydrophobicity of some neurotransmitter catecholamines

LogP* ks
Compounds Structure ] [ml/mmol]
: OH '
Catechol [j"“ 0.29* 1.33(calc.)®
i
§ . 5 <8 0.279(calc.)
L-Tyrosine m OH 2.05 0.189(obs )"
HO 2
0
i HO 1 99b 0.652(calc.)
L-DOPA D/,\ﬁ\“* 1.22 -0.541(obs.)
HO 2
Dopamine HO:O/\/NHZ 0.12° 1.25(calc.)
(DA) HO ' 4.71(obs.)
Oy, NHg
Dopamine-quinone Df\/ -0.34¢ 1.05(calc.)
O
OH
Nor epinephrine Nk _1.75° 0.41(calc.)
(NE) HO ’ 2.15(obs.)
OH
OH H
Epinephrine N Lgt 2.04(calc.)
(EP) o 2.80(obs.)
OH

*Water-to-octanol partitioning coefficient. According to the fragmentation rule, LogP value
was calculated. LogP 2 f(R). Here, f(R) is the fragment constant of the elemental group R. ?
Moriani et al., 2003, ° f(L- DOPA) f(DA)-f(CH+{(CH)+{(COO") = 0.12-0.66+0.43+(-1.11)
= -1.22. ° Liu et al, 2004, 9 f(DA-quinone) = f(DA)-f(C¢Hs50,)+{(CsH302) = 0.12-
0.575+0.115 = -0.34. Here, f(CsHs02) = 3f(CHaromatic)3fCaromatic)*2f(OHuromatic) =
3(0.355)+3(0.13)+2(-0.44) = 0.575 and f(CsH30,) = 3f(CHammat,c)+3f(Cammatlc)+2f(OHammat,c)
2f(H) = 3(0.355)+3(0.13)+2(-0. 44)-2( -0.23) = 0.115. © f(NE) = f(DA)-f(CH,)+{(CH)+(OH) =
0.12-0.66+0.43+(-1.64) = -1.75. T f(EP) = fINE)-f(NH,)+H(NH)+(CH3) = -1.75-(- 3 40)+(-
0.67)+0.89 = 1.87. & k values was calculated from LogP value with equation (1-3). ! & was
experimentally determined.

DA onto lipid bilayer, and then the non-partitioned (unbound) DA was separated form
solution by ultra-filtration with tl_le membrane filter to cut off 3 kDa molecules (The operation

was schematically shown in Fig.1-8(a)).
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Fig.1-8 (a) Conceptual illustration for ultra-filtration for separation of free DA from liposome
solution. (b) Free remained DA concentration after 30 min incubated with liposome at 37 °C.

As shown in Fig.1-8(a), the DA concentration was remained at 100% in the case of
control sample, indicating the non-oxidation of DA within 30 min. However, the DA
concentration deceased in the presence of liposomes, indicating that the DA could partitions
(adsorbs) onto the liposome membrane, except for the cationic DOTAP liposome. The DA
concentration with the cationic DOTAP liposome was similar as that of control sample. This
is caused by the electrostatic repulsion between the liposomes and DA. On the contrary, the

anionic liposomes (POPA and DMPG/SAPC, liposomes) show more effective partitioning |
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into the liposome membrane. These results also indicate that the partitioning (adsorption) of
the DA on the liposome membrané may be contributed by both of the hydrophobic interaction
and electrostatic interaction, caused by the cationic group of DA which has a positive charge
at physiological pH value (pK,= 8.93).

The partition coefficient for water-lipid was calculated for different liposomes by
using the following equation:

Kip = Cpa™/Cpa™™

water

where Cpa is DA concentration on water phase and Cpa™ was the DA concentration on

lipid phase. The Cps™™ value was estimated by unbound DA concentration measurement
(Fig.1-8(b)).
The DA concentration on lipid phase was calculated based on the mole of DA

partitioning onto lipid membrane and total volume of lipid. In order to estimate the volume of

Table 1-5 Partition coefficient of DA onto different liposome membrane

L Viip* Kio  AwP)™  AuP)  mw LHy'
iposome 3
10™ [ml] [-] TMA-DPH DPH [-] [-]
POPC 3.164 224.13 0.031 0.105 0.0240 0.81
DMPC 3.164 116.8 0.042 -0.004 0.0038 0.95

DMPC/SA (10:4) 3.164 126.73 -0.200 0.145 0.0710 0.24
DMPC/SAPCy (6:4)  3.164 529.86 0.001 -0.157 0.0620 0.23
DMPG/SAPCox (6:4)  3.164 853.46 0.025 -0.080 0.0510 0.21

DOTAP 3.164 nd -0.016 -0.095 n.d. nd
POPA 3.164 325.27 0.027 -0.070 0.0021 0.21

** Plip, volume of liposome on 2 ml solution of 1 mM lipid concentration, was calculated as
method described above, herewith be assumed that lipid bilayer thickness of 3.7 nm (Tahara
el al., 1994), lipid molecule head group of area of 0.72 nm? (Tazan et. al., 1996); thickness of
other compounds incorporated POPC or DMPC bilayer membrane is similar to POPC, DMPC
bilayer membrane. ** A(1/P) = (1/P)pa- (1/P)y # The my, value and LHjy, value were
measured at 25 °C.
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lipid, it is assumed that all liposomes solution contains the same volume of lipid at the same
concentration of lipid and volume of liposome concentration. Viip could be calculated in the
following by selecting POPC liposome as an example: Viipia/1 liposome = (4/3)m(Rouc-Rin’) =
(4/3)m (50° - 46.3%) = 107.8 x 10° (nm®) = 107.8x10°x10! = 107.8x10"'8 (cm®) = 107.8x10"
(ml). The number of liposomes on 2 ml of solution with 1 mM lipid concentration is:
Niiposome = 2x107°x1x107%6.023x10%/40503 = 2.934x10" (liposomes)

The number 40503 is number of lipid molecules per 1 liposome, herewith be assumed that
Iiposo;ne is a 100 nm in diameter spherical shape, a PC head group of area of 0.72 nm? (Tazan
et al., 1996), a POPC lipid bilayer thickness of 3.7 nm (Tahara ef al,, 1994). Therefore, the
calculated volume of lipid on 2 ml lipid solution with 1 mM lipid concentration is: Vip =
107.8x107%x2.934x 10" = 3.164x10" (ml). The value of Kip was summarized in Table 1-5,
“The partitioning(adsorption) of DA into liposome membrane can lead to the change in the -
membrane fluidity. The membrane fluidity, (//P)rma-ppu and (1/P)ppy, for both of surface and
inner membrane fluidity, respectively, were measured. The variation in surface membrane
fluidity A(Z/P)tma-ppu is considered to be induced by the adsorption of DA on surface of
-liposome. Otherwise, the A(//P) ppy value is considered to be induced by the partitioning of
DA into hydrophobic region of lipid bilayer. The experiments were performed by incubating |
DA with liposome for 30 min. The data were shown is Table 1-5. Not a significant variation
of membrane fluidity was observed in all the liposome. In the following, the effect of an auto-
oxidation of DA on membrane property of liposome was investigated by measuring of the

membrane fluidity after 24-h incubation of liposome with DA.

3.3.3. Toxicity of Dopamine in Biological System

As shown in the previous reports, under normal condition, the DA exists inside the
vesicles, which keep it stable because of low pH value of inner vesicle solution (Sulzer et al.,

2000). Outside of the vesicle, it is easy for DA to be oxidized by auto-oxidation pathways
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which produce ROS (O, OH") (Asanuma ef at., 2003). According to the above result, the DA
was found to adsorb on the surface of membrane and to partition onto hydrophobic region of
lipid bilayer. On the surface of liposome membrane, the DA may be coverted into DA-
quinone and therefore produces ROS. ROS is easily attached on the lipid membrane.

In order to confirm the effect of DA in term of the membrane damage by ROS
generation, the effect of DA on the liposome membrane was estimated by the membrane
fluidity (I/P)ppy for inner membrane fluidity. The membrane ﬂuidity (1/P) using DPH
measurement was performed after incubating 100 uM DA with 250 uM liposome for 24 h at
37 °C and the obtained result was compared to that without DA. The variation of membrane
fluidity is shown in Fig.1-9 to compare the oxidable liposome (POPC) and non-oxidable
liposome (bthers) in term of double bond. As expected, the membrane fluidity of POPC
liposome, containing 1 double bond on each lipid molecule, decreased significantly in
comparison with other liposomes, which have no unsaturated fatty- acid. Form these results,
although the more clear evident is needed, it could be concluded that that the DA induced the

peroxidation of unsaturated lipid on the liposome surface by ROS generation during its

Normal liposomes Oxidized liposomes
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Fig.1-9 Variation of membrane fluidity, A({/P)ppn, by lipid oxidation of liposomes composed
of various lipid composition induced by DA after incubated with DA at 37 °C for 24 h.
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auto-oxidation and that a possible lipid-DA adduct might be generated at high extent enough
to raise the packing density of lipid membrane structure. This result is helpful to clarify the
mechanism of the t(')xicity‘ of DA and other neurotransmitter induced in the case of their

extremely high concentration.

3.3.4. Oxidation of Dopamine Promoted by Lipid Membrane

Inversely, by entrapping DA on the membrane, the liposome may have the effect to the
DA, especially on an auto-oxidation of DA. In order to make this point clearly, the
expetiments were performed. The effect of liposome on the DA .oxidation was evaluated by
monitoring the free DA concentration remaining in the bulk solution after incubated for 24 h
at 37 °C for its auto-oxidization in the absence and presence of liposomes. The free DA was .
-:aISO separated from the solution treated by an ultra-filtration membrane to cut off 3 kDa

molecules as schematically shown in Fig.1-8(a). The DA was oxidized by auto-oxidation

75

DA oxidaiton [%]
W
N
N
N
N

N
W
T
L

POPARN

Control
DOTAP
DMPC/SA
POPC R
DMPC

DMPC/SAPC,,
DMPG/SAPC, N

Fig.1-10 Oxidation of DA with and without liposomes, DA was incubated with and without
DA for 24 h incubated at 37 °C.

37



pathway in the presence and the absecence of liposomes was calculated based on remained
free DA and DA partitioning (adsorption) onto liposomes. The results were shown in Fig.1-10.
After the incubation for 24 h, the concentration of free remained DA decreased significantly
as compared with that of DA after 30 min-incubation (Fig.1-8(b)), indicating that the auto-
oxidation of DA occurred. In the presence of liposomes, the percentage of DA oxidized was
much higher than that of without liposomes. This result indicates that liposome could

accelerate the DA oxidation.

3.4. Principle of Dopamine Oxidation

As introduced above, the DA is very instable compound and is easily auto-oxidized to
form DA-quinone. To be oxidized, a DA molecule will donate two electrons to the acceptor
molecule, such as oxygen molecule (Fig.1-11(a)). The transferring electron occurs directly to
the acceptor during contact between DA molecule and oxygen. Similarly, by electrochemical
method, at anodic electrode of system under electrical potential, DA molecule donates 2
electrons and electrode plays as the mediator to transfer electrons to the acceptor which make
process occur faster. In order to imprqve the sensitivity of method, the surface of electrode
was modified by the conductive polymer membrane, where the DA could partition (adsorb) in
the polymer film to enhance the DA concentration on surface of electrode (Fig.1-11(b)). In
this chapter, by comparing with the bare GC electrode, the DA concentration was enhanced
on the electrode surface not only on the anionic membrane prepared by anionic Nafion film
and PMeT composite but also on the PMeT which is hydrophobic layer (Kim et al, 2001). It
may suggest that the enhanced partitioning of DA could improve the electrostatic force in
derivative group and hydrophobic on aromatic ring. It could lead to the hypothesis that, on the
oxidation of DA to form DA-quinone by enzymatic pathway, the enhanced partitioning of DA
into the active center or neighboring environment may help to enhance the activity of enzyme.
It has been reported that the DA could be oxidized in enzymatic (enzyme-like catalytic)

pathway by AB/Cu complex (Opazo et al., 2002). In this case, the DA also donates two
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'Fig.1-11 Comparison of DA oxidation pathways. (a) Oxidation of DA to form DA-quinone
{b) Electrical oxidation - electrode is mediator to transfer electron ~ Enhancement of DA
concentration on “hard” film modified surface GC electrode (c) Model of enzymatical-like

oxidation by AB/Cu complex, AB/Cu act the role as the mediator to transfer electron ~
Enhancement of DA concentration on “soft” layer (liposome membrane).

electrons to acceptor, where the AB/Cu complex plays an important role as a transporter of the
electrons (Fig.1-11(c)). Furthermore, the enzyme-like activity of AB/Cu for the oxidation of
cholesterol has been reported to be modulated by the liposome membrane (Yoshimoto ef al,
2005). It is therefore considered that the liposome membrane, in which the DA could be easily
partitioned, will énhance the enzyme-like activity of AB/Cu complex for the oxidation of DA.
In drder to clarify this possibility, a systematic experiment was performed and introduced
more in detail in chapter 3.

In short summary, the partition coefficient of DA in liposome, Kip, was plotted
against the corresponding my;, value of various liposomes as shown in Fig.1-12. A linear
relationship was observed in almost all liposomes, except for DMPC/SA liposome (10:4
molar ratio). The liposome with high mj;, value has the instable hydrogen bond between the

headgroups of lipids because of the fully hydration on the membrane surface, suggesting that
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Fig.1-12 Relationship between the DA partition to liposomes and their mjp values. DA
partition coefficient K p wad defined in Table 1-5.

the hydrophobic region of acyl chain could easily be exposed to the bulk aqueous phase. The
above results show that the liposome with higher my;, value favors the partitioning of DA into
the liposome membrane phase. It was thus found that the DA partitioning could be modulated

by the hydrogen bond instability of the membrane itself.

It is suggesting that the membrane with higher my, value could be oxidatively
damaged in the presence of DA because of the higher DA accumulation considering the
membrane-enhanced auto-oxidation of DA. At this condition, the membrane has no strategy
to protect itself from the DA-induced stress, except for the auto-formation of melanin
(Miyazaki et al., 2009) or the release of DA-quinone because of oxidation (Table 1-3). It is
considered that other kinds of reponse could be induced, depending on the state of liposome

membrane. These possible responses will be described in the following chapters.

4. Summary

In this chapter, the electrochemical sensors were developed based on the conducting
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polymer film (PMeT) and the composite of Nafion and conducting polymer film
(PMeT/Nafion) modified GC electrode. The behavior of DA at both of GC/PMeT and
GC/Nafion/PMeT electrode were examined at different concentration, resulting in a gobd
relationship between DA concentration and signal amplitude. Both of electrodes show ability
for detection DA at wide range of DA concentration, as 0.5 — 200 UM uM and 1 - 1000 pM
for PMeT/Nafion/GC and PMeT/GC electrode, respectively. By using the electrochemical
sensor, the DA concentration was easily measured with simply sample preparation and fast
measurement. These sensors were applied for monitoring the DA concentration to evaluate the
DA-liposome membrane behaviors. The interactive behavior of DA and liposome membrane
was characterized. The DA was found to show the propensity to partition (adsorb) into
liposome membranes, depending on the hydrogen-bond stability of the liposome. Through its
partitioning on the liposome membrane, the DA was found to induce the membrane damage,
caused by an auto-oxidation of DA together with the generation of ROS (OH", 0y). At the
same time, the addition of the liposomes was found to promote the DA-oxidation. These
results are very helpful for the deeper understanding of the interactive behavior of DA with

proteins on liposome membrane, which will be shown and discussed in chapter 3.
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Chapter 2. Development of Immobilized Liposome Sensor for

Detection of Protein-Membrane Interaction

1. Introduction

Lipid membrane is one of the most important elements in biological systems. This is
because they are essential constituents of all the biological membranes which are not only
physical boundary against the environment but also the functional units that sense the
environmental conditions and/or recognize other molecules. The immobilization of the
liposome membrane on sensing devices is useful for studies involving the detection /
evaluation / analysis of the protein-liposome interaction (Jung et al, 2003; Morita ef al,
2006; Yoshimoto et al., 2006) or the membrane-membrane interaction (Felix et al., 2002).
This is because the immobilization of liposome can minimize the effect of membrane-
membrane interaction, such as the aggregation of liposomes and their membrane fusion. Since
the most membrane-bound molecules are likely to have different structures and binding
affinities in solution, it is desirable to immobilize them onto the analytical devices together
with the reconstituted membrane systems for the investigation of the biomolecular
interactions. Although supported planar lipid bilayer onto the solid surfaces yields stable
membrane systems and reproducibility (Granél et al., 2003; Navratilova et al., 2006), these
films could have less fluidity and could not perfectly mimic the plasma environments of the
biological cells. In order to utilize the functions of the phospholipids membrane itself, it is
important to maintain the fluidity or mobility of the membrane, which is deeply related to the
expression of its functions, after their immobilizations onto sensor electrodes. Therefore, the

immobilization of intact liposomes on the sensor surface has attracted much attention.

Since an immobilization technique has been developed, the immobilized liposomes

have been utilized as the model of cell membranes in various techniques such as immobilized
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liposome chromatography (ILC) (Lundahl et al., 1991; Yoshimoto ef al., 1998; Yoshimoto ez
al., 2006), a quartz crystal microbalance analysis (QCM) (Morita ef al, 2006), and
immobilized liposome sensor (ILS) (Jung et al., 2003). The kinetics of vesicles adsorption can
be monitored by a variety of different techniques, such as ellipsometry, surface plasmon
resonance spectroscopy, and most prominently the quartz crystal microbalance (QCM) (Keller
et al., 1998; Liithgens ef al., 2003; Reimhult ef al.,, 2003). The QCM technique allows us to
distinguish intact and ruptured liposomes. Normally, the immobilized liposomes are likely to
(1) keep intact structure, (ii) form bilayer, and (iii) form rhonolayer, depending on the type of
solid materials, the properties of modified solid surface, the immobilization methods and the

liposomes properties (Keller ez al., 1998).

Recently, several studies have been performed to investigate the adsorption of
liposomes on the solid surface. By using phyéical adsorption on the extremely hydrophobic
surface, such as alkyl thiol, the adsorption of liposomes displays the simple exponential
behavior of adsorption of monolayer (Keller et ;zl., 1998; Reimhult ef al., 2003). On other
éubstrates such as SiO, and Si3Ny, the adsorption of liposomes displays the formation of
bilayer through two steps; firstly liposomes adsorb on the solid surface with own intact
strucfure and then rupture for bilayer formation (Keller e al, 1998; Reimhult et al., 2002;
Reimhult ez al., 2003; Richter et al.,, 2003; Seantier ef al., 2005). Other studies reported that
the intact liposomes were adsorbed onto extremely hydrophilié surface such as oxidized Au
(Keller e al., 1998; Reimhult ef al., 2003), oxidized Pt (Reimhult ef al, 2003), and TiO,
 (Reimhult er al, 2002; Reimhult et al, 2003). However, the densities of the adsorbed
liposomes on the solid surface were small according to the small measured frequency shifts.
For its applications in biotechnology, the community has developed a number of specific
tetﬁering methods based on chemical and biological ligation, e. g. the well studies receptor-
ligand pair of biotin/streptavidin (Béumle ez al., 2004), chemical binding (Morita et al., 2006),
avidin-biotin binding (Liebau ez al., 1998; Pignataro et al., 2000; Reiss et al,, 2003), DNA

complementary strand (Stidler et al., 2006). Almost all the studies have been mainly focused
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on the binding method, selection of substrates, and applications of surface-based vesicle
systems as functional nano-container by entrapped solutes inside vesicles (Vladimir et al,
2005; Christensen et al., 2007). There are a few reports describing the design of liposomes in
term of membrane composition (Liebau ef al., 1998; Liithgens ef al., 2003; Reiss ef al., 2003).
However, there is no report which described the relationship between the shape of
immobilized liposome and its properties and, furthermore, the stability of immobilized

liposomes.

Recent study on amyloidgenic protein such as amyloid B-protein relating with
Alzheimer’s disease (AD) indicates that its accumulation on the lipid membrane is a key for
its amyloid fibril formation (Axellsen et al., 2007; Matsuzaki et al., 2007a). The detection
system of QCM combining with the liposome immobilization has the potential to get the

direct evidence on the AB-accumulation on lipid membrane. In chapter 1, the DA favors its

Table 2-1 The application of immobilized lipid membrane for biosensor

Lipid Determinant Measuring method Reference
Denatured CAB protein Liposome immobilized Morita et al.,
POPC liposome based.on hyd.rophoblc on QCM 2006
Interaction
- Amyloidogenic proteins Fernandez ef al.,
DLI.)C lipid based on hydrogen bond Optical detection
bilayer o . 2002
stability of proteins
Amyloidogenic proteins - Yoshimoto et al.,
POPC liposome  based on hydrogen bond chIrngxn;;)tbolhrzaei 2006
stability of proteins graphy
POPC, POPG  Monomeric and aggregated Surface plasmon Kremer et al.
Liposome APB(1-40) resonance 2003
DMPC/SA Amyloidogenic proteins Liposome immobilized | :
linosome based on hydrogen bond QCM This study
P stability of proteins
POPC;
]51?/111))((:://2},:, Monomeri;: AB(1-40) Liposome i(rjnl\;lnobilized This study
DMPC/SAPCox protein Q
liposome
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partitioning into lipid membrane phase because of its hydrophobicity, resulting in the
oxidation of liposome membrane by an auto-oxidation of DA. Previous reports have
described that the oxidized lipid membrane strongly interact with AB (Axellsen et al., 2007).
Taking into the consideration of the result in chapter 1, there is a possibility that the DA-
induced oxidation of lipid membrane might promote the accumulation of AP and the

subsequent nucleation / elongation of amyloid fibrils on lipid membrane.

The major purpose of this chapter is to design and develop the membrane sensor by
immobilizing liposomes with high densities and long stability. Furthermore, the immobilized
liposome sensor was applied for the dynamic analysis (and static analysis) of the interaction
of the proteins with biomimetic membrane (liposomes). To utilize the immobilized liposome
as sensor material for the investigation of the rhembrane-protein interaction, a systematic

. study of liposome immobilization on the solid surface was first performed, focusing on (i) the
effect of immobilization methods, (ii) membrane compositions, and (iii) membrane properties
on the liposome immobilization. The density of immobilized liposomes and their stability
‘were also estimated. The relation of the protein-membrane interaction with the stability of
hydrogen bond of proteins was then analyzed by using immobilized liposome quartz crystal
microbalance (IL-QCM). The hydrogen bond wrapping (p,: value) (Fernandez et al., 2003)
was used as a standard parameter to establish the calibration which showed the relationship
between number of adsorbed molecules per area unit of liposome against hydrogen bond
wrapping. Furthermore, the hydrogen bond stability of unknown protein was estimated based
on the number of adsorbed molecules. Finally, the IL-QCM was applied for evaluation of

response of AP protein on liposome membranes with and without DA.

2. Materials and Methods
2.1. Materials

The phospholipids used were 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
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(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1,2- dimyristoyl-
sn-glycero-3—phosphocholine (DMPC), 1,2-dimyristoyl --sn-glycero-3-phosphoethanolamine

(DMPE), L-a-phosphatidylethanolamine (Egg- PE), 1,2-dioleoyl-3-trimethylammonium-
Table 2-2 Chemical structure of lipids used in this chapter

Chemical
Lipids M.W. Chemical structure
aspect

DMPC 677.93 \/W\N\/\(ofﬂ i v
o]
Q o
P NN NN NPN - .
POPC 760.06 /\/\N\___/V\N;o s
[
Easily oxidized /\/\/\/\/\/\/\/\)?\ e
SAPC 810.135  because of for DOADOPOT A g
double bonds 8
_ Indispensable M 0
DMPE 635.85 reagent for S g NP
' amino-coupling \/\/\/\/\/\/\[ro Ho O
method Y
Indispensable 0 o
reagent for /\/\/\/\/\/\/\/u\o > O,I'LO\/\ ;
POPE 71799 e upling W O~
method °
9 0 om
: i PPN NN NP N N
POPG 770.99 Negatively o/}(H\o i o I on
charge /\/\/\/\_:/\/\/\/Y Na*
(¢}
o}
Positively = o <
DOTAP 698.54 . charge W ‘Er
’ o}
Decrease in e ,\°"JJ" \‘5’/‘\{“.,
Cholesterol 386.64 membrane i jwj\ [ |
fluidity J/ hd T
SA(stearic Negatively 7
acid) 284.48 charge PPN NP NP
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propane (Chloride Salt) (DOTAP) (cationic lipid), and 1-palmitoyl-2-oleoyl-sn-glycero-3-
[phospho-rac-(1-glycerol)] (Sodium Salt) (POPG) (anionic lipid), were purchased from
Avanti Polar Lipids (Alabaster, AL). Stearic acid (SA) was purchased from Sigma (St. Louis
MO, USA), 11-mercaptoundecanoic acid (MUA) from Sigma-Aldrich, 11-amino undecanthiol
(AUT) from Dojindo (Kumamoto, Japan). N-(3-Dimethyl aminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC) was purchased from Sigma-Aldrich, N-Hydroxysuccinimide (NHS)
from Wako (Osaka, Japan). N,N,N-Trimethyl-4-(6-phenyl-1,3,5-hexatrien—1~y1) phenyl
ammonium p-toluenesulfonate (TMA-DPH) were obtained from Molecular Probes (Eugene,
OR), and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium chloride (DMTMM)
was from SYNTH (Kyoto, Japan). Solvents and other chemicals for preparation of buffers

were purchased form CICA Reagent.

2.2. Preparation of Functionalized Quartz Crystal and Liposome Immobilization

Thiol SAM was formed on the gold surface by immersing the QCM electrode on the
ethanol solution of 1 mM thiol for at least 12 h. After that, the electrode was rinsed with
ethanol, then with distilled water and finally dried by air flow. In the case of carboxylic thiol-
SAM, SAM was activated according to previous report (Morita et al., 2006) and was briefly
described here as follows: after the preparation of SAM, the QCM electrode was immersed in
dioxane-distilled water solution (90:10 in volume ratio) solution contained 17 mM NHS and
17 mM EDC for 3~4 h. In the presence of EDC, the N-hydroxyl group of NHS interacts with
bound carboxyl groups to form reactive sites (Kotarek ez al., 2008). NHS-activated SAM was
rinsed and incubated with amino group doping liposomes for 1 h to allow a primary amine
group within liposomes to displace a succinimide group. NHS residues were deactivated in
IM 2-aminoethanol solution for 30 min. The stearic acid (SA) containing DMPC liposomes

were immobilized amino group layer by using DMTMM as cataljrsis according to the
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previous report (Morita et al., 2007).

2.3. Preparation of Liposomes

Liposomes were prepared by the following process described in previous report
(Morita et al., 2006). Briefly, the lipid mixture was dissolved in chloroform and then dried
onto the wall of a round-bottom flask in vacuum and then left overnight to ensure the removal
of all of the solvent. The dried thin lipid film was hydrated overnight with adequate buffer
solution to obtain a total lipid concentration of 10 mM. Large unilamellar vesicles (LUVs)
were formed with five cycles of freeze-thaw treatment. Alternatively, mono-dispersed LUVs
were prepared by using an extruder (LiposoFast, Avestin Inc., Ottawa, Canada) equipped with
polycarbonate filters possessing pore sizes of 50, 100, 200, and 400 nm (namely LUVETsy,
LUVET;¢y, LUVET,qq, and LUVET00, respecﬁvely). Liposomes with 26 nm in diameter
(SUVs) were prepared by a probe sonication of a MLV suspension in a 10-ml plastic tube on
an ice-bath at 40 W for 20 min with 1 min intervals for each 1 min (Yoshimoto et al., 1998).
Just before the experiment, the liposomes solutions were diluted by adequate buffer to a final

lipid concentration of 2 mM.

" 2.4. Membrane Fluidity Measurement

Membrane fluidity of liposomes was estimated by measuring the fluorescence
polarization (P) of 1-(4-trimethylammo-niumphenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH)
incorporated in lipid membranes according to the previous method (Yoshimoto et al., 2006).
The method is simply described here in the following. A solution of TMA-DPH (in ethanol)
- was added to the liposome solution to maintain the lipid/probe molar ratio 250 ([TMA-DPH]
final = 2 WM, water/ethanol volume ratio > 100). The mixture was incubated at 25 °C for at

least 1h at room temperature with gentle stirring. The fluorescence polarization of samples
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was measured with a spectrofluorimeter (FP-777 JASCO Co. Ltd., Tokyo). The sample was
excited with vertically polarized light (360 nm), and emission intensities (430nm) both
parallel (I) and perpendicular (I;) to the excited light were recorded. Then, the
polarization of TMA-DPH was calculated by using the following equation:

— 1// —I_L

I,+1, (2-1)

The term “fluidity” is inversely proportional to the degree of fluorescence polarization
of the probe; that is, “membrane fluidity” of the surface of membrane was defined by (I/P) of

TMA-DPH.

2.5. QCM Measurement

AT-cut quartz crystal with diameter 5.1 mm gold electrode, which resonated at 8 MHz,
(BAS Inc., Tokyo, Japan) was used in this study. The quartz crystal is connected to ALS/CHI

electrochemical quartz crystal microbalance equipment (400, BAS Inc.).

According to Sauerbrey’s equation (Sauerbrey er al., 1959), there is linear relationship

between the frequency decrease (-Af) and mass increase per unit area (Am/A).

2/o_Am

Af =—
d VHPy A

where fo is the basic frequency of the crystal, y, is its shear module and p, is its density.

(22)

Equation (2-2) can be applied with precision only to the adsorption of a rigid thin layer on an
electrode. Another theory of the resonant frequency of quartz crystal in liquid is proposed by

Gordon and Kanazawa (Kanazawa et al., 1985).

Af=—2f;)3/2 771P1 (2_3)
7, P,
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where 77; and p; are the viscosity and density of liquid, respectively.

The frequency shifts corresponded simply to mass change by equation (2-2). In this
study, the mass sensitivity of the crystal used in this study is 6.84x102 ng/mm? per Hz of

frequency shift.

2.6. Calculation of Number of Protein Molecules per Unit Area

The liposome coverage was temporarily calculated base on measured frequency shift
(Afoneas™™) and maximum frequency shift (Af;'F), which was calculated based on the adsorbed
mass of liposome for 100% of liposome cover with an assumption all immobilized liposome

keep intact shape.
Coverage [%] = Afieas P* 100/Af; P (2-4)
The number of immobilized liposomes also was calculated base on Afpeas With an
assumption that all the immobilized liposomes keep their intact shape. The surface area of
immobilized liposome was then calculated. On the other hand, from adsorbed mass of
proteins calculated base on Afyeas’ > the number of adsorbed proteins was calculated for each

protein. All calculation was performed by using equation (2-2) based on the relationship

between adsorbed mass and frequency shift.
The number of protein molecules per one area unit can be estimated as follows:

Ads.mol [molouM'l] = Number of adsorbed protein molecules/unit area
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3. Results and Discussion
3.1. Development of QCM Combining with the Immobilization of Liposomes (IL-QCM)
3.1.1. Immobilization of Liposomes onto SAMs

The liposome immobilization on the solid support is important for its utilization as
sensor material in order to monitor the interaction between membrane and other biomaterials.
A systematic study of the liposome immobilization was performed to investigate the
-conditions for the liposome immobilization with high density and to keep its intact structure
and high stability. Some possible methods of liposome immobilizations were schematically
shown in Fig.2-1. Model (I) indicates the immobilization of liposomes modified with fatty
acid on amino-thiol SAM (AUT-SAM) by covalent binding. Model (I) presented the
immobilized liposomes modified with phosphoethanolamine lipids on the activated
carboxylic thiol SAM (MUA-SAM) by the covalent binding. The immobilization of

liposomes using above methods were monitored by quartz crystal microbalance.

A typical tendency of frequency shifts in the QCM analysis was studied when the
surface of QCM sensor was modified with liposomes. As shown in Fig.2-2, the value of
frequency shifts reached about 430 Hz when POPC/POPE (98:2)-LUVET ¢, were
immobilized on the activated MUA-SAM membrane (line (a)), where the value was not
affected when the electrode was rinsed by buffer. The kinetic adsorption of liposomes
described above was similar to that of previous report (Morita et al,, 2006). By using QCM
sensot, a distinct decrease of the frequency during the adsorption of vesicles was observed for
the several decade minutes while the frequency decrease rapidly stopped in a few minutes in
the case of vesicle fusion (Reimhult ef al., 2002; Reimhult et al., 2003). First, the frequency
shift corresponding to a mass increase of 28 ng/mm?” was extremely larger than the formation
of a lipid bilayer of 3.06 ng/mm?* (Calculated by equation (2-2) assuming bilayer formation .
with the surface area per lipid molecule was 0.72 nm? (Victoria ef al., 1996)). It has

previously been reported that there was no cumulating of bilayers once the first bilayer
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Fig.2-1 Scheme, not to scale, of the surface immobilized lipid membrane modified QCM
sensor: (I) Stearic acid containing liposomes immobilized on amino-thiol SAM, (II)
phosphoethanolamine lipids containing liposomes immobilized on activated carboxylic thiol
SAM.

formation by vesicle fusion was completed (Keller ez al., 1998). It is thought that a multilayer
of the phospholipids on the QCM surface could not be formed under the conditions tested
here since a rapid, single-step frequency shift was observed. Second, a large and rapid
increase in the frequency was observed when the QCM electrode was treated with nonionic
surfactant Triton X-100. The frequency increased and reached to the saturated value at 60 Hz,
which is corresponding adsorbed mass 4.1 ng/mm? and is equal to the formation of POPC
lipid bilayer (3.06 ng/mm?). This result suggests that the adsorbed liposomes on the QCM
surface were disrupted to release the entrapped water and form the lipid bilayer. Furthermore,

to confirm the necessity of activation step of carboxylic group of MUA-SAM on the liposome
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Fig.2-2 Time-course of frequency shift of QCM sensors when POPC/POPE (98:2) liposomes
immobilized on activated MUA-SAM (a), and on MUA-SAM without activation (b), only
buffer was injected on activated MUA-SAM (c). Liposomes diameter: 100 nm.

immobilization, the frequency shift of QCM sensor was analyzed when POPC/POPE (98:2)-
LUVET ¢ was immobilized on the carboxylic thiol SAM without activation step (Fig.2-2,
curve (b)). The results showed that, without activation step, the amount of liposomes
immobilized onto SAMs was small as compared with that of activated SAM (Af = 80 Hz).
This result demonstrated that the activation of carboxylic group was necessary for the

immobilization of liposomes.

3.1.2. Eﬁ’eci of Immobilization Methods

The effect of immobilization method was investigated based on the models shown in
Fig.2-1 in order to immobilize the liposomes as a layef on a solid planar surface with high
density of liposome. The shift of the frequency change in the QCM analysis was 608 + 126
Hz and with DMPC/SA-(10:4)-LUVET100 on AUT-SAM was 734 + 89 Hz when surface of
QCM sensor was modified with POPC/POPE-(70:30)-LUVET100 on carboxylic thiol SAM.
The data showed that the amount of DMPC/SA-(10:4)-LUVET100 immobilized on AUT-
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SAM was slightly higher than that of POPC/POPE (70:30)-LUVET100 on carboxylic thiol
SAM and both of these cases showed the large change in frequency, showing the high amount
of immobilized liposomes. Therefore, both of POPC/POPE-LUVET100 immobilized on
carboxylic thiol-SAM and DMPC/SA-LUVET100 immobilized on amino thiol-SAM were
selected for further investigation. Method I could be used for the immobilization of
switterionic liposome or weakly negative charge liposomes onto positive charge surface of
AUT-SAM, and the model of method II can be used for the immobilization of switterionic
liposome or weakly positively-charged liposomes onto the negative charge surface of MUA-
SAM. The selection of adequate method could eliminate the effect of electrostatic repulsion,
which prevented the immobilization of liposome or the induction of the liposome rupture

(Christensen et al., 2007).

3.1.3. Stability of Immobilized Liposomes

In order to apply the immobilized liposomes for detection of interaction between
membrane and other biomaterial as model of material, there is an important requirement that
the immobilized liposomes must be stable for long time. The stability of the immobilized
liposomes was investigated by measuring the kinetics of the frequency shift, which is
equivalent to the change in the immobilized amounts. Time courses of change in frequency of
immobilized liposomes on modified QCM in buffer solutions were measured for 10 h at room
temperature. The solutions used in these experiments are similar to buffer solutions used for
the immobilization of liposomes. The results were shown in Table 2-3. After rinse by buffer
for 10 h, the frequency was slightly changed (less than 5%). The control experiments were
performed on bare crystal and MUA-SAM modified crystal by injection of buffer to contact
with surface of QCM electrode for 10 h. An 11 Hz frequency shift and 18 Hz frequency were
observed in the case of bare crystal in the case of MUA-SAM modified QCM electrode,
respectively. These data were similar to the frequency shift in the case of converted from

Table 2-3.
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Table 2-3 Frequency shifts of immobilized liposomes after their immobilization for 10 h

Liposome  Molar ratio Lip. diameter [nm] Freq. shift [%] -

POPC/POPE 98:2 26 2.8
POPC/POPE  98:2 100 2.7
POPC/POPE  98:2 400 2.0
POPC/POPE  70:30 100 4.8

DMPC/SA 72:28 100 4.6

The frequency shift of the immobilized liposomes modified QCM sensor may,y

therefore, not only be induced by liposome rupture but also be caused by the instability

of quartz crystal itself. The frequency shift of immobilized POPC/POPE (70:30)-LUVET;qo
and DMPC/SA (10:4)-LUVET;o after keeping for 10 h are much more than that of POPC/PE
(98:2)-LUVET . It can be explained that the increase of amount of PE or SA induces the
increase of the number of reaction gfoups. As a result, for a long time, the reaction groups on
other sites of liposomes can interact with the SAM membrane inducing the increase adhesive
force between liposomes and surface of electrode. When the adhesion forces to the surface
exceed the interactions forces between the individual lipids, the liposomes eventually ruptures

partly and releases entrapped water, which lead to frequency increases.

In order to use the immobilized liposomes sensor for the evaluation of the membrane-
protein interaction, the membrane properties should be stable. Since the result shown in Table
2-3 suggested, at least, the 10-h stability of the immobilized liposomes, the stable detection of
the protein-liposome during 10 h was examined. The POPC/PE (70:30) liposome showed the
largest frequency shift among the liposomes tested here, suggesting that the most unstable
liposomes in terms of their immobilization on QCM. Then, the POPC/PE (70:30) liposome

was used as a test case. The IL-QCM using POPC/PE (70:30) was first prepared and 10 uM
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Fig.2-3 (a) Time-course of frequency of IL-QCM by adding 10 uM CAB to the immobilized
POPC/POPE (70:30) liposome with and without the 10-h incubation. (b) Frequency change of
immobilized liposome for addition of 10 pM CAB.

of carbonic anhydrase from bovine (CAB) was then injected. The resulting frequency shift
“was 40 Hz or so (Fig.2-3(a)). By using the IL-QCM (10-h incubation of immobilized
liposomes), 10 uM of CAB was also injected. A similar adsorption kinetics could be
monitored (Fig.2-3(a)). Since the adsorption kinetics is, in general, dominated by the
membrane property, this result suggests no significant variation in the membrane fluidity
during a 10-h incubation of the immobilized liposome. The adsorbed mass of CAB was also

statistically compared with both cases. No significant difference was observed (Fig.2-3(b)).

From these experiments, it is considered that the immobilized liposome has the high
stability enough to detect the protein with high accuracy and stability during at least the first

10 h from the preparation of IL-QCM.

3.2, Detection of Protein-Liposome Interaction
3.2.1. Hydrogen Bonds Stability of Protein

Hydrogen-bond (HB) seems to be stable only when surrounded by a hydrophobic

environment, where water is excluded or highly structured. It is informative to determine their
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average extent of desolvation over many protein structures. This parameter can then be
averaged over a statistical ensemble of protein structures to determine the typical environment

of a HB.

This average environment, in turn, enables us to define and identify UWHB, which are
highly relevant to our present study. A HB environment is operationally defined (with our
coarser method) by the number of hydrophobic residues (third bodies) contained within the 7-
A-radius spheres centered at the carbons of the residues paired by the HB. Thus, the number
of three-body hydrophobe-HB residue pair correlation characterizes an HB environment: a
hydrophobic side chain whose center of mass is contained within the désolvation sphere of a

HB is counted as a correlation.

To determine the extent of HB wrapping (desolvation), the desolvation spheres of
radius R for a backbone HB by fixing R at 7.0 A was defined and centering the spheres at the
a-carbons of the residues paired by the HB was also defined. The interferences made are
robust to moderate changes in the desolvation radius, holding within the range R = 7.0 + 0.3
A. An amide—carbonyl HB is defined by an N—O distances within the range 2.6-3.4 A (typical
extreme bond lengths) and a 45° latitude in the N-H-O angle. To calculate the extent of
wrapping of an HB, one should count up the number of hydrophobic residues (third bodies)
whose side-chain center of mass lies within the wrapping spheres. The counting includes
residues paired by the HB themselves if they happen to be hydrophobic. Thus, the HB
wrapping is determined by three-body (hydrophobe-HB pair) correlations. Residues Ala, Leu,
lle, Val, Phe, Met, Trp, and Tyr are regarded as hydrophobic in accordance with solvent-
partitioning scales and the center of mass for each residue is computed by averaging over all
side- chain rotamers using the native structures from the database described below. The
average extent of HB wrapping, gy is derived from two quantities: Cs, the total number of

three-body correlations, and Q, the total number of backbone HB.
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Table 2-4 Physicochemical properties of various proteins (Fernandez el al., 2003)

Proteins My [kDa] Pprl[-]
Apolipoprotein A-1 233 3.9
Insuline 5.7 421
Cystatine C 133 4.4
Cystatine (Chicken egg white) 12.2 4.4
Ubiquitin 8.5 5.6
Lysozyme 14.3 6.1
Human Carbonic Anhydrase II 29.1 6.6
Carbonic Anhydrase from Bovine 29.2 6.6
| Myoglobin 17.0 6.7
B-Lactoglobin 18.3 6.87

The average extend of H—bond wrapping for a protein is calculated as
o =C3/Q (2-5)

The py; values for various proteins were summarized in Table 2-4.

3.2.2. Interaction of Amyloidogenic Proteins and Liposome Controlled by the Extend of

Hydrogen Bond Stability

In order to get the relationship between the p,r value for various proteins and their
adsorbed mass to liposomes, the interaction between the immobilized liposomes and target
proteins were monitored with an IL-QCM. First, the adsorption behavior of protein was
examined by using carbonic anhydrase from bovine (CAB). The injection of CAB with
different concentration (from 0.1 to 5 uM) was consecutively performed (Fig.2-4(a)). The
plateau value of Af was obtained above 5 uM (Fig.2-4(b)), suggesting that the adsorbed mass
measured by an injection of 10 pM CAB is considered to reach the adsorption equilibrium

state. Therefore, the frequency shift for four standard proteins (10 pM-each) was measured
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Fig.2-4 Adsorption of CAB on immobilized POPC/PE 70:30 liposome membrane. (a)
Injection of CAB with different concentrations (0.1 to 5 pM) and (b) concentration
dependency of CAB against its adsorbed mass to the immobilized POPC/PE. Liposomes
diameter: 100 nm.

and converted to the adsorbed mass. Subsequently those data were plotted against the
corresponding p,; value (Fig.2-5). A liner relationship was obtained in consistent with the
previous finding using DLPC planner membrane (Fernandez e al., 2003), strongly suggesting

the possibility of the evaluation of the gy, value for protein with unknown hydrogen bonding

stability.
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Fig.2-5 Correlation between the number of adsorbed molecules per pm® at DMPC/SA
liposomes of four proteins and their hydrogen bond wrapping, Por, value [-].
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3.2.3. Evaluation of Hydrogen Bond Stability of Ap with IL-QCM

The theofetical evaluation of p,r value needs the well-defined crystallographic data.
Since the detailed information on X-ray crystallography for AP has not been reported, there is
no information of hydrogen bonding stability for AB. Then, the experimental determination of
Ppr value for AP was tried with the relationship obtained in Fig.2-S. The resulting data for pyr
value for AB(1-40) and AB(1-42) were shown to be 4.5 and 3.5, respectively (Table 2-5).
According to the previous report (Fernandez and Berry, 2003), the condition of g, = 6.2 is the
critical amyloidgenicity, implying that the proteins with lower p, value than 6.2 is likely to
spontaneously form the amyloid fibrils. It is, therefore, considered that bbth AB(1-40) and

APB(1-42) posses the strong amyloidgenic propensity.

The association of the protein with the lower g, value, such as a myoglobin (p,= 6.7)
and Bp-microglobulin (g, =5.1), could stabilize themselves by forming the complex or
associate structures as can be seen in the case of hemoglobin (o, = 7.2) and MHCI (pr =
6.21). The AB(1-40) and AP(1-42) could therefore stabilize themselves by their association
similarly in the case of above proteins. According to equation (2-5), the acquirenient of
hydrophobic environment neighboring to the hydrogen bonds is a advantageous way to
stabilize the structure of APBs. For examples, the protofibrils of AB(1-40) fibrils showed tﬁe
lowest ppr value (opr = 2.1), whereas the AB(1-40) fibrils showed p,r = 7.2. The above results
indicate that the fibrillation process is thé stabilization process of intramolecular hydrogen
bonds of AB(1-40). The liposome can provide the lipid bilayer structure with hydrophobic
environment of acyl chains, implying that the liposome-protein interaction could stabilize the

hydrogen bonds of Afs.

In the following, the AB-liposome interaction was examined with an IL-QCM in order

to discuss the reinforcement of instable hydrogen bond of APs.
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Table 2-5 Evaluated stability of intramolecular hydrogen-bond for AP proteins and ladder of

- Ppr value
Protein Conditions Por [-]
Monomeric AB(1-40) : 4.3 kDa 4.5
Monomeric AB(1-42) 4.5 kDa 3.5

Protofibrils of AB(1-40) fibrils The protofibrils has the 200 — 600 nm in 2.1%*
length from the observation with a total
internal reflection fluorescence
microscopy.
APB(1-40) fibrils The fibrils have 8 pm in mean length and 7.2%
4 kDa/nm in molecular weight per length.
AB(1-40)/DA 10 pM AB(1-40) and 100 pM DA were n.d.
mixed for 24 h.
AB(1-42)/Cu AB(1-42)/Cu was prepared with 1:2 n.d.
stoichiometric ration.

*The ppr values were measured with IL-QCM using the DLPC-LB membrane.

3.2.4. Evaluation of Ap -Liposome Interaction with IL-QCM

The AB-liposome interaction was examined by using several liposomes with different
propensity (Fig.2-6). In the case of POPC as a normal liposome, the adsorption was observed
as the frequency shift at most 10 Hz. In order to mimic the biomembrane, the liposome with
domain structure on the lipid membrane was prepared. POPC/Ch (2/1) and DMPC/SA (10/4)
liposomes are good models for the liposome with domain structure. The adsorption of Ap was
in the range of 12 to 35 Hz. In order to discuss the electric charge of the membrane surface,
the adsorption of AP to positively charged POPC/DOTAP was compared with that to
negatively charged DMPC/SA. In the case of POPC/DOTAP liposome, the moét frequency
shift with 22 Hz was observed, suggesting no significant influence of electrostatic
contribution to AP-liposome interaction. In the case of an oxidized liposome using
DMPC/SAPCox (6:4), the largest adsorption of AP was observed among five liposomes.
Therefore, the oxidation of liposome membrane is a key factor for the AP-liposome

interaction.

From these results, AP is considered to stabilize itself by utilizing the hydrophobic
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Fig.2-6 Accumulation of AB(1-40) on liposomes. POPC liposome as a normal liposome,
POPC/Ch (2:1), POPC/DOTAP (7:3), and DMPC/SA (10:4) liposome were used as domain
liposome. DMPC/SAPCyx (6:4) was used as an oxidized liposome. These liposomes were
LUVET .

environment of the liposome membranes. In the previous reports (Yoshimoto, )2005;
Matsuzaki et al., 2007a), it has been reported that the process of the AB-liposome interaction
contributes to the nucleation of AP fibril on the surface of the liposome membrane. Here, the
nucleation process is the first step of the fibril formation of AP. Figure 2-6 indicated that the
nucleation process of APs on the liposomes could be controlled by the membrane property.

The relationship between the nucleation of AP on the liposome membranes and the

accumulation behavior of Ap on the liposomes will be investigated in chapter 4.

3.2.5. Behaviors of Dopamine and Af} on Immobilized Liposomes Membrane

The interactive behavior of DA with AP on the liposome membrane was investigated,
focusing on the surface of the oxidized DMPC/SAPC,, liposome immobilized on the QCM

electrode. The solution containing 500 uM DA or 10 uM AP was independently injected onto
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the immobilized liposomes on QCM electrode. A small decrease in frequency was observed
for the injection of DA. The large decrease in frequency was observed for an injection of 10
MM monomeric AB(1-40) solution. However, the injection of the mixture of 500 pM DA and
10 pM APB(1-40) induced a small decrease in frequency (Fig.2-7). This result suggests that the
- DA may interact with monomeric AP, which could induce a change in property of AB,
especially on the propensity for its binding to the lipid membrane. A certain stabilization
effect of AP by DA is also expected. Although further investigation on the DA-AB interaction
on the surface of the liposome membrane will be carried out in chapter 4, AB(1-40)-DA
complex migh;t show the lower amyloidgenecity in comparison with AB(1-40). The oxidized
liposome membrane promoted the accumulation of A on membranes. In chapter 1, the DA
easily partitions into the lipid membrane phase of non-oxidized liposomes. For the fibrillation
of AB on the biomembranes, the DA-induced membrane damage should be inhibited. For this
purpose, the AB/Cu complex on the liposome membranes is a promising option for
membranes (Yoshimoto ef al., 2005) because the toxic ROS is not generated by the catalytic
oxidation of DA by AB/Cu complex (Opazo et al., 2002). The behavior of AB/Cu complex on -

the liposome membranes would be introduced in chapter 3.
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Fig.2-7 Behaviors of DA and AB on membrane of DMPC/SAPC,, (6:4) immobilized
liposomes on QCM.
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3.2.6. Stability of Hydrogen Bonds within Liposome Membranes

Figure 2-5 shows the linear relationship between the gy for various proteins and the
protein-lipsome interaction, strongly suggesting that the slope involves the physical meaning
of the hydrogen bonding stability of liposome membrane, from the rate theorem. According to
the previous finding (Yoshimoto, 2005; Shimanouchi, 2005), the parameter of the protein-
liposome interaction analyzed by the dielectric dispersion analysis and the immobilizd-
liposome chromatography could give the similar index because they both employ a same
approach to uitilize liposome as a sensor element. In those studies, the solpe has been defined
as m[ip. Considering the experimental value for the protein-liposome interaction being F, the

following equation can be difined.
F=a+mip X py (2-5)

where a is an intercept and a conversion factor between methods. If F can be properly defined,
a can be excluded, so that the m;;, value can become same nevertheless to the method for the

measurement of F value.

The my;, value for representative liposomes used in this thesis was summarized in
Table 2-6. The liposome with single lipid component is likely to show the small my;, value,
such as DPPC (myi, = 0), DMPC (my, = 0.0024), and POPC (my, = 0.024). Alternatively, the
liposomes with binary lipid phase system showed the larger m;, value in contrast to those for
liposomes with single lipid component. From another point of view, the hydration of liposome
membrane was evaluated by using an FT-IR analysis since the bound water is generally
advantageous to unstabilize the hydrogen bond. The adsorption observed at around 1230 cm™
is derived from the anti symmetric stretching bond for PO, of head group in phospholipid

molecule. The representative vinax was also summarized in Table 2-6.

A linear relationship_ can be obtained between the my;, value for various liposomes and

their vmax although some deviations (such as no.3 and 9) from the desired line were observed
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Table 2-6 Relationship between the mijp value of various liposomes and their phase state
(Shimanouchi, 2005; Yoshimoto, 2005)

No Liposome State at 25 °C Vinax [em™] myp [-]
1 DMPC gt 1238 0.0024
2 DMPC/SA (9:1) IgH, 1234 0.003
3 DMPC/SA (2:1) Ig+, 1229 0.085
4 DMPC/LA (2:1) I | 1239 0.013
5 DPPC s 1239 0

6 DOPC Iy 1236 0.038
7 DOPC/SM (1:1) Lo 1243 0.042
8 POPC/SM (1:1) Ii+so 1241 0.030
9 DMPC/SAPC,, (6:4) latlois 1231 0.081

expected ‘

(Fig.2-8). In the case of liposome with single lipid composition (no.1, 5, 6), the linear
correlation between both was observed because the stability of hydrogen bond ‘within
liposome membranes is dominated by the interaction between headgroups. This head-head
interaction can be simply weakend by the hydration around the PO,” group in headgroup. In
the binary lipid system, the domain formation is generally induced at a specific lipid

composition (Almeida et al., 2003).

The modification by fatty acids such as stearic acid or linoreic acid (no.2, 3, 4), did not
show the significant deviation effect in the desired line of myip as a function of vpg,. Since the
fatty acid with single acyl chain cannot form the bilayér membrane structure, fatty acid-rich
domain on DMPC liposome should be affected by the membrane property of DMPC. Then, a
hydration around PO,” of DMPC is anticipated to be influenced by an induction of fatty acids

in dependent manner on their concentration.

In the case of other binary lipid system, such as DOPC/SM (no.7) and POPC/SM
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(n0.8), a significant deviation from the desired line was observed. The phase transition
temperature of DOPC, POPC and SM are herewith -20, -3, and 32 °C. Therefore, the mixiture
of DOPC/SM and POPC/SM cannot result in a considerable solubilization within liposome
membranes. The boundary region between DOPC and SM or POPC and SM is expected to be
the place to occurr the mismatch of hydrogen bonds between both lipids. Because of this, a
binary lipid system with lower hydration around PO;" could result in the relatively higher m,

value.

In the case of oxidized lipsome such as DMPC/SAPCx (n0.9), the phase transition
temperarute of DMPC and SAPC are below the room temperature and the significant
mismatch is unlikely to be induced relative to the case of DOPC/SM and POPC/SM. The
oxidants  including aldehyde and carboxylic PC also show the similar phase transition
temperature, implying the similar effect to SAPC. The other oxidant derivatives, including 4
hexianonenal (4-HNE), have a single fatty acid and, therefore, the similar effect could be

observed in the use the stearic and linoreic acid. The agreement of liposome (no0.9) with the
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Fig.2-8 Relationship between the my, value for various liposomes and their hydration
propensity. 1: DMPC, 2. DMPC/SA (9:1), 3: DMPC/SA (2:1); 4: DMPC/LA (2:1), 5: DPPC,
6: DOPC, 7: DOPC/SM (65:35), 8: POPC/SM (1:1), 9: DMPC/SAPCyx (6:4).
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desired line is considered to be plausible.

In the following, the AP accumulation on the liposome membrane was investigated by
using an IL-QCM. First, the accumation of AP on various liposomes were measured and the
resulting Af for various liposomes was plotted against their myp value for the liposomes
(Fig.2-9). A linear relationship was observed, being consistent with the definition expressed
as equation (2-5). Furthermore, the adsorbed amount of AB(1-40) treated with DA was
measured and the resulting Af value was plotted in Fig.2-9. The co-existence of DA and A
reduced its accumulation on the liposome membrane. The formation of AB-DA adduct is
expected to reduce its affinity to liposome membrane due to the variation of secondary
structure. Altematively, the slope of the Fig.2-9 is corresponding to the g, according to the
equation (2-5). It is considered that the DA-AP adduct shows the greater P value (pyr > 4.5)
than that of AB(1-40). This suggests that the reaction of DA with AP(1-40) could lead to the |

conformational change to stabilize hydrogen bond in AB(1-40). It is considered that the
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Fig.2-9 The accumulation of AB(1-40) on various liposome membranes in the absence and the
presence of DA. The absoubed amount of AB(1-40) was measured with an IL-QCM. DA
concentration was 100 uM and the initial AB(1-40) concentration was 10 pM.
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interaction between DA and AP could be modulated on the liposome surface in dependent
manner on its state in order to protect the membrane itself from the toxicity of both DA
(Chapter 1) and AB (Chapter 2). The influence of the interactive behaviors of DA with A3 on

the liposome membrane would be introduced in chapter 4 in detail.

4. Summary

In this chapter, the “membrane sensor” was developed to evaluate the protein-
membrane interaction. The method for immobilization of liposome on the SAM-modified Au
electrode was investigated by modifying both of surface electrode and membrane components..
All experiments were performed by using QCM electrode. It has been shown that the QCM is
an effective tool to investigate immobilization of liposomes. Intact liposomes were found to
be stably immobilized onto the planar surface of QCM electrode by covalent binding method. -
The large decrease in the resonance frequency of quartz crystals observed was dependent on
the liposome diameter, showing that the small liposomes are proper for their immobilization.
The electrostatic interaction could enhance the amount of immobilized liposomes by attractive
force or to prevent the immobilization by repulse. By using the amino coupling method, the
intact liposomes could be immobilized on the solid surface and immobilized liposomes could

stably exist for 10 h with frequency changes less than 5%.

For the evaluation of membrane-protein interaction, “Membrane-sensor” was applied
for the detection of unspecific interaction between the membrane and amyloidogenic proteins.

The membrane-protein interactions were evaluated based on the adsorbed mass of proteins on
immobilized liposome membrane. The hydrogen bond stability of several proteins (o) was
well correlated with their adsorbed amount, resulting in a successful evaluation of gy for
AB(1-40) and AB(1-42). Both proteins showed the strong amyloidgenic propensity, so that
both could induce those fibrillations. As expected from the theoretical evaluation of complex

formation to the stabilization of hydrogen bonds in proteins, the fibrils showed the largest py;
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Fig.2-10 Ladder of g, value for various proteins.and myp values for various liposomes and
their nomograms.

of samples (Fig.2-10). The complex formation of AB(1-42) with copper and of AB(1-40) with

DA also resulted in the stabilization of intramolecular hydrogen bonds of ordinal Aps.

Furthermore, the AB-liposome interaction was examined to discuss the effect of
membrane surface state. As shown in Fig.2-10, the interaction of certain liposome with the
target protein given py,r value can be estimated (see red and blue colored lines in Fig.2-10).
The oxidation of liposome membrane raises its myp value, followed by the increase in
interaction between protein and liposome. For example, the increase in interaction of A with
oxidized surface was observed in comparison with non-oxidized liposomes (POPC/Ch) and
oxidized liposomes (DMPC/SAPC,,). Finally, the behaviors of DA with AB on the
immobilized_. liposomes were investigated. The DA was found to act as a modulator to reduce

the membrane adsorption affinity of A monomer.
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Chapter 3. Regulation of Dopamine Oxidation by AP/Cu

LIPOzyme

1. Introduction

Oxidative stress has been reported to induce the cell death and to be involved in many
diseases, such as Alzheimer's disease, atherosclerosis, Parkinson's disease, Heart Failure, etc.
In a biological system, there are many reasons to induce the oxidative stress via the generation
of the reactive oxygen species (ROS), such as the leakage of activated oxygen from
mitochondria during oxidative phosphorylation, the metabolism of biological compounds, and
so on. The dopamine (DA) plays a very important role in neuronal system as a
neurotransmitter in a human brain. The loss of neuron containing DA induces the dementia
symptom (Mo et al., 2001). However, the existence of DA at extremely high level induces the
oxidative stress, such as superoxide (O, and toxic DA-quinone by auto-oxidation pathway

(Tse et al., 1976; Asanuma et al., 2003).

HO o
= +2H + 2¢

DA DA-quinone

From another point of view, amyloid-p (APB) has been shown to contribute to the
oxidative stress that accompanies with Alzheimer’s disease (AD) (Bush ef al., 2003; Barnham
et al, 2004). Otherwise, a monomeric AP has been reported to serve as an antioxidant
molecule against a metal-induced oxidative damage (Zou et al., 2002). It has been reported
that the AB/Cu complex can oxidize some reducing reagents, such as vitamin, cholesterol and
catecholamines in the aqueous solution and, at the same time, can generate the H,O, (Opazo

et al., 2002). For understanding of A relating to both of toxic and protective functions, the

70



function of AP has beén investigated (Opazo et al., 2002; Murray et al,, 2005; Nagami, 2005;
Yoshimoto et al., 2005). In relation to the neurotoxic function, it has been reported that the
APB/Cu could oxidize the cholesterol incorporated within a liposome membrane although it
could not effectively oxidize the insoluble cholesterol in the aqueous solution (Yoshimoto et
al., 2005; Yoshimoto, 2005). Furthermore, the AB/Cu-catalyzed oxidation of cholesterol on
the liposome membrane could result in a morphological change of liposome (Yoshimoto,
2005). This result implies the significance of the “interactive behavior » of cholesterol (within
a membrane) and AB/Cu complex on the liposome membranes. Alternatively, a possiblé
antioxidative function of AP has been proposed, where the toxicity of Cu ion in terms of ROS
generation could be reduced by the formation of AB/Cu on liposome membranes via the

entrapment of free Cu ion within a membrane by AB (Nagami, 2005).

In chapter 1, it is suggested that the DA partitions into the liposome membranes and
can give the oxidative stress to the membranes via its auto-oxidation. The severe oxidative
stress to membrane can be induced by the DA oxidation. Meanwhile, the liposome membrane .
itself, such as DMPC liposome, can induce the function to reduce the weak ROS, such as
H,O; (Yoshimoto et al., 2007). Considering the above the findings, an alternative conversion |
system of ROS from O, to H,0; is considered to be demanded for the maintenance of the
liposome membrane. In chapter 2, it is suggested that the AB can strongly interact with the
oxidized liposome membrane, implying the possible formation of AB/Cu complex on the
liposome membranes. Instead of the toxic ROS such as O, radical and so on, the AB/Cu
complex could generate the less toxic ROS, H,0,, together with the stoichometric oxidation
of the DA according to the previous report (Opazo et al., 2002). Thus, the AB/Cu-induced
oxidation of DA might be a promising strategy for a reduction of the toxicity by an auto-
oxidaiton of DA on the surface of liposome membranes and consequently for the defense of

(bio)membrane from the further oxidative stress.

In this study, the DA oxidation by AB(1-42)/Cu complex was investigated in the
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presence and absence of some kinds of liposomes. The influence of liposome membrane
against a second-ordered kinetic parameter, kc./Km, was examined to discuss the relationship
of reactivity with the membrane property such as the extent of the hydration. A possible
regulation of the DA-oxidation by AB/Cu complex on the liposome surface under oxidative

stress condition has finally been discussed.

2. Materials and Methods
2.1. Materials

AB(1-42) peptides were purchased from the Peptide Institute (Osaka, Japan). 1,2-
Dimyristoyl-sn-glycero-3—phosphocholine ~ (DMPC),  1,2-dipalmitoyl-sn-glycero-  3-
phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3—phosphocholine (DOPC), sphingomyelin
(SM), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were obtained from
Avanti Polar Lipids (Alabaster, AL, USA). Stearic acid (SA) and dichlorofluorescein diacetate
(DCF) were purchased from Sigma Aldrich (St. Louis MO, USA). Other reagents used were

purchased form Sigma Aldrich and Wako Pure Chemicals (Osaka, Japan).

2.2. Liposome Preparation

Liposomes were prepared by the following process as previously reported (Yoshimoto
et al., 2006). The lipid composition of liposome at this study was summarized in Table 3-1.
The lipid mixture was dissolved in chloroform and then dried onto the wall of a round-bottom
flask in vacuum and was then left overnight to ensure the removal of all of the solvent. The
dried thin lipid film was hydrated with adequate buffer sblution fo form multilamellar vesicles
(MLVs). Large unilamellar vesicles (LUVs) were formed from the MLVs with five cycles of
freeze-thaw treatment. The liposomes with different composition were then made in diameter

100 nm.
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2.3. Preparation of AB/Cu Complex

APB(1-42) peptide solutions were prepared from powder by dissolve on 0.1% NH;
solution to 200 uM as stock solution at 4 °C. The stock solutions were stored at -80° C until
its use. For a preparation of AB/Cu complex, 10 M AB(1-42) were independently pre-
- incubated with 20 pM CuCl, for 30 - 60 min and were vortexed before reactions. After that,
100 uM EDTA was added for eliminate free Cu(II) ion and further incubated for 15 min. The
reactions were carried out at -37 °C in phosphate-buffered saline (PBS), pH 7.4, under ambient
conditions containing preincubated Af (0.2 uM), CuCl, (0.4 uM). The AB/Cu complex on
liposome membrane was prepared as following: the solution containing 2 uM AB(1-42) and 4
MM CuCl, was pre-incubated at 37 °C for 30-60 min. The free Cu ion inaétivated by addition
of EDTA at final concentratioﬂ of 10 uM and further incubated for 15 min. All solution was

deoxygenated by purging with high-purity nitrogen.

2.4. Hydrogen Peroxide Assay

Dichlorofluorescein diacetate (DCF) was dissolved (5 mM) in 100% dimetyl sulfoxide
(bubbled with N, gas for 30 min to remove oxygen), deacetylated with 0.25 M NaOH for 30 .
min, and then neutralized, pH 7.4, to a final concentration of 1 mM. Horse radish peroxidase
(HRP) stock solution was prepared to 1 uM in PBS, pH 7.4. The oxidative reactions for DA
by AP/Cu complex were carried out in PBS, pH 7.4, under ambient conditions. H,0,
concentrations were measured by fluolescence spectrometer (FP-6500 SpectroFluoroMeter)
(Ex: 485 nm, Em: 520 nm). During the reaction, there is no fibril was formed confirmed with

SEM observation and ThT fluorescence measurement.

2.5. Dielectric Dispersion Analysis

The dielectric spectrum was measured using an HP4291B impedance analyzer
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(Hewlett Agilent Tech.) according to the previous reports (Schrader et al., 2001; Morita et al.,
2003). A spectrum of relative permittivity and dielectric loss were measured in a'frequency
range between 1 MHz and 1 GHz. The characteristic frequency observed at around 50 MHz
was obtained with the fitting analysis of the obtained spectra using Debye’s equation. The

difference in frequency for liposomes between the absence and presence of AB/Cu was

utilized as an index of the AB/Cu-liposome interaction.

2.6. Fourier Transforms Infrared Spectroscopy (FT-IR)

The FT-IR measurement was performed as follows. 1 mM of various liposome were
prepared in 100 nm in diameter. Samples for infrared spectroscopy analysis were prepared in
50-um-thick cells with CaF, windows. The infrared spectra were measured with a FT/IR-
4100ST (Nihon Bunko Co. Ltd.) at 25 °C. The temperature of sample was controlled by
means of a block assembly equipped with a circulating water jacket and monitored by a
thermosensor placed at the edge of the cell window. The resolution was 4 cm”. The
subtraction of spectra in buffer was carried out to remove the contribution from water bands.

The accuracy of the frequency reading was better than +0.1 em™.

3. Results and Discussion
3.1. Oxidation of Dopamine by AB/Cu Complex
3.1.1. Metalloenzyme-like Function of A/Cu Complex

The role of oxidative stress on Alzheimer disease (AD) has recently become an
important issue among the researchers. Amyloid B-peptide (AB) has been shown to contribute
to the oxidative stress that accompanies AD (Bush et al., 2003; Barnham et al., 2004). The
APB/Cu coﬁplex generates H,0, through the reduction of copper ion (Cu(ll) = Cu(I)),

accompanied by the oxidation of biological reducing agents such as vitamin, DA, and
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Fig.3-1 Model for AP/Cu-catalyzed oxidation of DA in a bulk phase (left, Opazo et al., 2002)
and on liposome membrane (right, this study).

cholesterol (Opazo et al., 2002). The metalloenzymé function of AB/Cu complex has also
been reportéd to oxidize a cholesterol on biomembrane and its reactivity was dependent on
the physical states of the cholesterol/POPC (liquid disordered phase) and cholesterol/DPPC
(liquid ordered phase) liposomes (Yoshimoto et al., 2005).

The liposome membrane is therefore expected to regulate the reactivity of AB/Cu-

catalyzed oxidation of DA (Fig.3-1).

3.1.2. Oxidation of Dopamine by A/Cu Complex in Bulk Solution

As shown in Fig.3-1, H,O, is generated by an oxidation of DA with 1 to 1
stoichiometry. The generation rate of HyO», Vinoz, can herewith be regarded as an oxidation
rate of DA. The reaction system was first optimized in terms of Cu concentration. The
concentration of AB(1-42) was set-at 200 nM considering its soluble concentration in the AD
brain (McLeen et al., 1999). The H,0, generation were monitored at different Cu(Il)
concentratioﬁ (0-600 nM) with the constant AB(1-42) concentration (200 nM). In the case of
10 uM of DA, the Vo value reached the saturated value at molar ratio of 2 Cu : 1 AB
(Fig.3-2), suggesting that there could be two copper binding sites in monomeric AB at pH 7.4

according to the previous reports (Atwood et al., 2000; Opazo et al., 2002). In the following,

75



40 T T T T T T
AB(1-42): 200 nM
Dopamine: 10 uyM

W
o
T

Reaction rate .[nMjminj
= S

0 . 200 I 400 ‘ 600 ‘ 800
Cu(Il) [nM]

Fig.3-2 Optimal stoichiometry of AB(1-42)/Cu complex. AB(1-42) (200 nM) was incubated at
the different concentration of Cu(Il) (0-600 nM) in the presence of 10 uM DA. H;O,
generation was confirmed to be associated with the dopamine oxidation by AB(1-42)/Cu
complex. All the reaction was performed at 37 °C.

all the experiments were performed by using AB/Cu complex at the molar ratio of 2:1.

The reaction rate Vo, was then estimated at various DA concentrations (1 to 10 pM)
as shown in Fig.3-3(a). The slope of H,O, concentration against the time gives the VHzoz
value and those reciprocal values were plotted against the reciprocal DA concentration (Fig.3-
3(b)). The resulting linear relationship between both values indicated that the reaction
mechanism with Michaelis-Menten type can be applied for the DA oxidation catalyzed by
AP/Cu in bulk phase (Opazo et al., 2002). According to the Lineweaver-Burk equation, the
catalytic broperty of AB/Cu complex‘ was investigated. The Ky, and Viax was 8.9 pM and 34.6
nM/min, respectively. These values are considerably consistent with the previous finding (8.9

UM and 34.5 nM/min) (Opazo et al., 2002).
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3.2. Membrane Enhanced Activity of AB/Cu Complex for Dopamine Oxidation.
3.2.1. Reaction on Liposome Membrane

In the first series of experiment, the AB/Cu-catalyzed oxidation of DA was examined
in the presence of liposome. The ratio of AB/Cu to lipid was, in general, considered to be an
important factor for the observation of the target reaction. Our experimental conditions were
set in the presence of 200 nM AB(1-42) aﬁd 1 mM total lipid (roughly corresponding with 8.1
AB/Cu molecule per one vesicle assuming the average lipid area as previously reported)
(Papahadjopoulos and Kimeberg, 1973). Therefore, the reaction catalyzed by AB/Cu is
considered to completely occur on the liposome membrane and the contribution of reaction in
bulk phase can be negligible because of the partitioning of DA on the liposome surface.

At the DA oxidation catalyzed by AB/Cu, an equi-molar H,O, with the DA oxidation
is generated (Opazo ef al., 2002). The incubation of DMPC liposome with H,O, for 24 h
resulted in the H,O, decomposition (Yoshimoto ef al.,, 2007). It was confirmed that no

degradation of H,O, was observed in the incubation of H,O, with DMPC liposome for 30 min.

021
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Fig.3-3 Time course of produced H,O, concentration catalyzed by AB/Cu complex: Ap(1-42):
200 nM, Cu**: 400 nM. DA concentration: 1-10 pM.
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Although the H,0, at milimolar level affected the oxidation by AB/Cu, the H,O, level in our
experiments was the micromolar range, showing that the reaction of AB/Cu with H,O; was
negligible. The decomposition of H,O, by liposome occurred in the time range in hours
(Yoshimoto et al., 2007). No effect of liposome on the degradation of H,O, was, however,

observed in our experimental conditions.

From these preliminary experiments, the initial velocity during the first 30 min of the
reaction is reasonable for the kinetic analysis on AB/Cu-catalyzed DA oxidation. Since Hy0,
is produced in a stoichiometric to DA with 1:1, the rate of H>O, production was analyzed with
DCF method. H,O; production as a product of the stoichiometry of Cu bound to AB(1-42)
was first optimized. AP(1-42) (200 nM) with Cu(II) (0 to 800 nM) was incubated and the
concentration of resultant HyO,, generated in the presence of DA (5 mM), EDTA and DMPC
liposome, was assayed (Fig.3-4(a)). H,O, production by AB/Cu complex on the liposome
membrane was reached to the saturated value at a molar ratio of 2 Cu : 1 AB, as well as that in
bulk phase (Opazo et al., 2002). These resuits suggest that two Cu atoms coordinating to A3
monomer could support the redox activity even in the presence of liposome. The saturation of
H,0, production in this experiment suggests that only the Cu(Il) bound to Af, and not free

Cu(II), contributed to the production of H,0,.

The data obtained were plotted according to the Lineweaver-Burk equation in order to
investigate the catalytic property of AB/Cu complex (Fig.3-4(b)). The distinct linear
relationships were observed both in the absence and the presence of liposome. The kinetic
parameters were Vmax = 22.8 nM/min and Ky, = 3.3 pM in the absence of liposome, roughly
consistent with the previously reported data of Ve = 34.5 nM/min and Ky, = 8.9 pM (Opazo
et al., 2002). On the other hand, Vi = 15.9 nM/min and K, = 2.88 uM were yielded in the
presence of liposome. There is a possibility that the liposome membrane could affect the

reactivity of DA oxidation by AB/Cu complex.
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Fig.3-4 (a) Effect of liposome on the stoichiometry of Cu to AB(1-42) on H,O, generation

associated with the dopamine oxidation by AB/Cu complex. (b) Lineweaver-Burk plot of

dopamine oxidation catalyzed by AB/Cu complex (AP : Cu =1 : 2) in the absence and

presence of DMPC liposome. Circle: no liposome (n=3), Square: DMPC liposome (n=3).

Concentration of AB(1-42) and dopamine were 200 nM and 10 pM, respectively. 1 mM
DMPC was added to the reaction solution. All the reaction was performed at 37 °C.

3.2.2. Regulation of Enzyme-like Activity of Af/Cu Complex on Liposome Membrane

The effect of liposome against the reactivity was investigated as shown in Table 3-1.
The kca/Kim value was used for the comparison of reactivity among various liposomes. DPPC
and DOPC liposome showed the similar reactivity (k.a/Km) as that of DMPC liposome (5 ~
. 6x10°min™ + nM™). In the case of DMPC/Stearic acid (SA), the reactivity was promoted in a
dependent manner on the SA concentration. DOPC/SM and POPC/SM liposomes at liquid-
disordered (/g)+solid-ordered (s,) phase also indicated the higher kc./Ki, value as compared
with the control condition (ke/Km = 2.12+£0.3 x10° min™ + nM™). These results may show
that the enzyme-like activity for AB/Cu complex was controlled on the surfaces of liposomes

with different phase states.
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Table 3-1 Comparison of reactivity of AB/Cu in the presence of eight kinds of liposomes

Liposome keat/ Km Fcat K Vinax:
system [10°xmin™ « nM™] [min™] [uM] [em™]
No liposome 2.12+0.3 (n=3) 0.173 8.9 -
1 DMPC 5.52+0.71 (n=3) 0.159 2.88 1238
DMPC/SA
7.52+0.4 (n=3) 0.131 1.74 1234+0.5 (n=3)
9:1)
DMPC/SA
3 @:1) 8.23+0.035 (n=3) 0.101 1.23 1229+0.8 (n=3)
DMPC/LA
4 4.15+0.3 (n=2) 0.109 2.62 1239+0.4 (n=3)
2:1 _
5 DPPC 6.05+0.45 (n=2) 0.206 341 1239+0.5 (n=2)
6 DOPC 5.61+0.42 (n=2) 0.159 2.84 1236+0.7 (n=2)
DOPC/SM
7 2.52 0.062 2.46 1243+0.6 (n=3)
(1:1)
POPC/SM
4.23 0.058 1.37 1241+0.5 (n=3)
(1:D)
DMPC/SAPCx
0.5 0.011 2.20 1231+0.8 (n=3)
(6:4)

? The antisymmetric stretching vibration of POy (Vmax) Was evaluated from the FT-IR spectra
at around 1230 cm™.

From the above results, the phase state of liposome membranes or the relating
characteristic might control the reactivity. In the following, the membrane property of

liposomes was examined.

3.2.3. Effect of Bound Water of Liposome Membrane on DA Oxidation by AB/Cu Complex.

The key mechanism of the oxidative reaction mediated by AB/Cu is the proton-
coupled electron transfer (PCET) mechanism (Haeffner ef al., 2005). Two electrons and two
protons must be transferred between DA and O, to generate both DA-quinone and H,0,. In

principle, the proton transfer is promoted by the water molecule based on Grotthuss’s typed
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mechanism. It is confirmed that the D,0 reduced the H,0O; generation, indicating the proton
transfer relating to the water molecule.'Furthermore, the reduction of the H,O, generation was
significantly large relative to the bulk phase, suggesting that the bound water might be
responsible for the proton transfer in AB/Cu-induced oxidation of DA. '

In lipid membranes, the unsterilized phosphate oxygen form hydrogen bonds with
adjacent molecules through water molecules (Yamamoto ef al,, 1995). The antisymmeteric
stretching band for the PO,™ double bond of PC obtained from FT-IR study is useful index to
monitor the hydration state of the polar head group (Casal ef al, 1987; Yamamoto et al.,
1996). Therefore, the hydration in liposome membrane was investigated by using the
dielectric dispersion analysis and FT-IR.

In order to investigate the difference between water in bulk and the bound water, the
relaxation time reflecting the mobility of water molecule was estimated, for water in bulk (10°

12 sec) and water bound to DMPC liposome membrane (107 sec) by using the dielectric

0.01 - T - T

0.005

Absorbance [a.u.]

00 1250 1200 1150
Wavenumber [cm‘1]

Fig.3-5 Infrared spectra of (a2) DMPC, (b) DMPC/SA (9:1), and (c) DMPC/SA (2:1),
liposomes for the PO,™ double bond stretching region at 25 °C. Arrows show the maximum
frequencies of the antisymmetric stretching band (vys).
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dispersion analysis (data not shown). These were consistent with the previous report (Klosgen
et al., 1996). The activation energy AE for both waters was evaluated according to Arrhenius’s
law: 2nt)! = A exp (-AE /RT). The resulting AE value was ~21 kJ/mol fof bulk water and 31
kJ/mol for water bound to liposome membrane, respectively. This indicates that the
polarization of O-H bond in bound water is stronger than that in bulk water. The bound water
favors the polarization in O-H bond. It is, therefore, considered that the proton transfer via

waters on a basis of Grotthuss’s mechanism could be reasonable.

The bound water to phospholipids was investigated by using FT-IR. Figure 3-5 shows
the infrared spectra of various liposomes for the PO, double bond stretching bands (1000-
1300 cm™). The assignment of spectra has been already studied (Inoue ez al., 2001). In the
case of liposome, the symmetric and antisymmetric stretching modes had the maximum
frequencies at 1238 cm™. These values are consistent with those of Egg PC liposomes
(Yamamoto ef al., 1996) and dipalmitoylphosphatidylcholine liposome at liquid crystalline
state (Asher et al., 1977). The incorporation of stearic acid in DMPC liposome shifted the
PO, antisymmetric stretching band to lower frequency. It seems that the bandwidth slightly
decfeases. However, an accurate estimation of the bandwidth was difficult because of
overlapping with the C-O stretching band of the ester group at approximately 1170 c¢m™
(Yamamoto ef al., 1996). The shift to lower frequency by incorporation of stearic acid was
therefore caused by an enhanced hydration of PO, group of DMPC on the membrane surface.
These results show that the water was strongly immobilized at the phosphorous group. This

immobilization of water is advantageous for the polarization of O-H bond in water molecule.

From both approaches using a dielectric dispersion analysis and FT-IR, it can be
considered that the bound waster favors the polérization of O-H bond, suggesting that the
bound water could play a key role for promotion of the PCET based on Grotthuss’s
mechanism. Then, the k../Ky value for various liposomes was plotted against those Avpax

value as shown in Fig.3-6(a). A linear correlation was observed in almost all liposomes,
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Fig.3-6 Relationship between kinetic parameter of dopamine oxidation by AP(1-42)/Cu
complex and (a) Avmax value, (b) myp value for three liposomes. [AB/Cuy] = 200 nM,
[substrate] 1-10 pM, [lipid] = 1 mM, 37 °C. The second-rate constant keat/Kim for dopamine
was obtained with Michaelis-Menten equation. 1: DMPC, 2. DMPC/SA (9:1), 3: DMPC/SA
(2:1), 4: DMPC/LA (2:1), 5: DPPC, 6: DOPC, 7: DOPC/SM (65:35), 8: POPC/SM (1:1),
DMPC/SAPC, (6:4).

except for the oxidized liposome (no.9), suggesting that the bound water could promote the
PCET mechanism for enhancement of the reactivity. In the case of oxidized liposome, the

kea Kin value deviated from the desired line might be caused by the conformational change of
APB(1-42) via the Schiff-base formation as dscived in the following.

It is therefore considered that the liposome membrane with bound waters promoted the

reactivity of AB/Cu—induced oxidation of DA in comparison with that at bulk phase.

3.3. Possible Function of Liposome Membrane against Oxidative Stress

From the results obtained before, the significance of reaction on the liposome

membrane was discussed here. The kq/K,, values for bulk phase, the non-oxidized liposome,
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and the oxidized liposome were plotted (Fig.3-7). In the case of DMPC and DMPC/SA (2:1)
Iiposomes, the enhanced effect was observed. Meanwhile, the oxidized liposome,
DMPC/SAPC,x, showed the inhibitory effect. It is likely that AP might take the different
secondary structure from ordinal one by a formation of Schiff-base with lipid oxidants such as
a 4-hexanonenal (HNE) (Axelsen et al., 2008) or an aldehyde-type lipid as an intermediate of
lipid oxidation. Therefore, it can be expected that the AB/Cu complex could reduce the ROS
level by modulation of DA concentration under non-oxidative stress conditions while
superoxide dismutase (SOD) can directly modulate the ROS level independent of DA
concentration. It is thus considered that the AP/Cu complex has the possible function to
defend the biomembranes from the oxidative stress. Under the oxidative stress conditions, the

fragmented SOD could convert the O, "radical to HyO, for the reductio.n of ROS level (Tuan

et al., 2009). As described in the following chapters, it is considered that AP can contribute to
the alternative function under the oxidative stress condition.

For the other compounds as substrates for AB/Cu complex, the k./Kn value was
summarized in Table 3-2. The £../K,, value for DA, L-DOPA, and cholesterol in bulk showed
the similar value at around 2.2x10”° min™ + nM™. In the presence of DMPC liposome, the
kea/ K value for DA is obviously larger than that for L-DOPA. If the conformation of the
APB/Cu complex on the liposome membrane is similar, the reactivity expressed by the second-
order rate constant depends on the effective concentration on the surface of liposome
membrane. The membrane environment is also likely to promote an oxidation of substrate
such as DA, as described in chapter 1. DA favors the partitioning into the liposome
membranes in comparison with L-DOPA. Therefore, the reaction process as a wholé is
considered to be affected by the membrane énvironment.

In the case of cholesterol incorporated into the liposome membrane, the reactivity was
dependent on the phase state of liposome membrane. The behavior of cholesterol within a

lipid membrane depends on its concentration. In the case of DPPC liposome, below 33 mol%
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Fig.3-7 Comparison of the kinetic parameter of DA oxidation by AB/Cu complex for three
liposomes. [AB/Cu,] =200 nM, [DA] = 1-10 uM.

of cholesterol, it favors the dispersed state on the liposome membrane (called as s, phase or
sotliquid-ordered (l,) phase). The resulting ke/Knm value was 2.1x10°min! « aML
Meanwhile, a concentrated cholesterol on the liposome membrane (called as I, phase)

promoted the k/Kpy value up to 4.8 x 10 min! « nM™,

Table 3-2 Summary of reactivity of various substrates controlled by liposomes

keat/ Kin
Substrate Conditions# 5 ) 1
: [*10”min~ * nM™]
Bulk 2.12+0.3 (n=3)
Dopamine (DA)
' (t) DMPC 5.52+0.71 (n=3)**
Bulk 2.18 (n=2)
L-DOPA
(+) DMPC 2.56 (n=1)
Bulk* 2.59"
Cholesterol
DPPC/Ch (2:1) 2.1~4.8 (n<4)

# the concentration of lipid was 1 mM. * Free cholesterol was dissolved in chloroform, dried
under nitrogen, re-dissolved in ethanol, and brought into PBS buffer (24 volumes of PBS, pH
7.4, per volume of ethanol extract) by sonication. ## Puglielli et al,, 2005. ** All the data for
various liposomes were referred to Table 3-1.
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Fig.3-8 Relationship between the reactivity of Ap/Cu complex on various liposomes and their
mip value. '

From these results, it is concluded that the behavior of the substrates on/in liposome
membrane is dependent on their partitioning behaviors (See chapter 1), resulting in the
modulation of the reactivify of AB/Cu complex on the liposome surface (AB/Cu-LIPOzyme).
It is also considered that the AB/Cu-LIPOzyme is effective to the processing of DA.

| Finally, the mechanism of the regulation of the AP/Cu activity by liposome membrane
was discussed from the physicochemical aspects. The AB/Cu-liposome membrane interaction
is expected to be dominated the enzymatic activity because the interaction between both
might induce the variation in secondary structure of AB/Cu. In the discussion for the relation
of bouond water to the reaction mechanism, the kq/Ky value for DMPC/SA liposome was
adjusted to the desired line (Fig.3-8). Meanwhile, in the discussion about the physicochemical
mechanism, the DMPC/SA lipsome was deviated from the desired line in Fig.3-8. The
interaction of AB/Cu with the liposome with high my;, value might result in the conformational

change to reduce its reactivity.
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4. Summary

In this chapter, the enzymatic function of AB/Cu on the liposome membrane was
examined. AP can form the complex with Cu by a stoichiometric manner of 1:2 of AB:Cu.
AP/Cu complex could catalyze the oxidation of DA, so that the toxicity level of ROS could be
reduced as compared with that in the auto-oxidation pathway. Since AB/Cu-catalyzed
oxidation of DA is dominated by a proton-coupled electron transfer (PCET) mechanism,
Water molecule with considerably polarized O-H bonds is advantageous for the proton
transfer from DA to O, to generate both DA-quinone and H202_. The liposome membrane can
accumulate the bound water with considerably polarized O-H bonds prior to PCET.
Consequently, the liposome membrane could promote the DA—oxidation by an enhancement
of PECT mechanism. This could result in the reduction of toxicity level of the ROS by
modulation of DA concentration. The enzyme-like activity of AB/Cu (kca/Kin) was found to be .
dependent on the hydrogen bond instability of lipospome (muip). 1t is also consisdersd that the
AP/Cu complex on membrane could act as a modulator of (i) the formation of DA-quinone -
for its release from membrane and (ii) the formation of less toxic ROS (H20,) instead of Oy .
in auto-oxidaiton. In such a sense, it suggested that the APB/Cu complex has the possible

function for the defense of (bio)membranes frbm the ROS.
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Chapter 4. Interactive Behavior of DA with AB on Liposome

Membrane ~ Quantity Control of DA and A Fibrils ~

1. Introduction

Amyloid B (AB) secreted from amyloid precursor protein is a peptide of 39-43 amino
acids that some scientists suspect to be the main constituent of amyloid plaques in the brains
of Alzheimer's disease patients. As is the case with other amyloidgenic proteins, AP originates
as a soluble and constitutive protein found in biological fluids, such as cerebrospinal fluid,
blood, and tissue (Haass et al.,, 1992; Soji et al., 1992). The aggregation of the soluble AB
monomer into toxic oligomeric or fibrillar species is considered to be a crucial step in the
pathology of the disease (Dahlgren ef al., 2002; Resende et al., 2008). It has been reported
that the most neurotoxic species are oligomers acting as intermediates during the formation of
fibrils (Dahlgren et al,, 2002; Kayed et al, 2003). Until now, there is no way to cure |
Alzheimer's disease or to stop its progression. Some researchers were encouraging advances
in Alzheimer's treatment, including medications and non-drug appfoaches to imﬁrove
symptom management. Therefore, the prevention of formation of Ap oligomers and fibrils are
promising strategies for the prevention and treatment of AD (Hard et al., 2002).

In previous studies, a number of inhibitors of fibril formation have been described to
prevent the formation of a biologically active species of peptide. It has been shown that
various compounds as summarized in Table 4-1 can inhibit the amyloid fibril formation.

'On the other hand, the identification of the molecules that could initiate the “reverse”
reaction to the fibril formation may be a key step toward the better understanding of the
pathology of inclusions and deposits in human diseases, which allows us to evaluate the role
of fibrils in neurodegenerative processes and disease progression. If these molecules could

exert neuro-protective effects, their discovery could open new avenues for the therapeutic
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Table 4-1 Summary of the inhibitory factors and suggested mechanisms of inhibition of
amyloid fibril formation

Chemical

c q Peptide Proposed Mechanism Reference
ompounds
Pyrroloquinoline o PQQ, which contains quinone group, bind to o~ Kobayashi et
a-Synuclem  gynyclein via a Schiff-base to form a PQQ-conjugated-
(PQQ) o-synuclein adduct which prevent fibril formation. al., 2006
Salvianolic acid Sal B has many hydroxyl groups that might interact Durairajan et
Y
B (Sal B) AB(1-40) with the peptide side chain to inactivate fibril I 2008
as) aggregation. Sal B inhibits elongation process s
Baicalein quinone (oxidized baicalein) binds to o- Zhu et al
Baicalein a-synuclein synuclein by formation of a Schiff-base with a lysine s
side chain in a-synuclein to inhibit a-synuclein 2004
nucleation,
The compact and symmetric structure of curcumin
Curcumin AB(1-40) (Cur) might be suitable for the specially binding to free Ono et al,
AB(1-42) Ap and subsequently inhibiting polymerization of AB 2004a
into A fibrils.
Tannic acid AB(1-40) TA and Myr could bind to the ends of short fibrils and Ono et al
(TA), Myricetin - then inhibit the extension of fibrils. TA and Myr would ~ 1© ¢ @/
AB(1-42) bind to A monomers and consequently inhibit of 2004b
(Myr) polymerization. :
Oxidized product of DA (DAQ) form coupling with Tyr
Dopamine to form a covalent adduct. The DAQ-a-synuclein Conway et
P o-synuclein covalent adduct formation by nucleophilic attack of al., 2001; Li
L-DOPA DAQ to Lys side-chains (Lys forming a Schiff base

with DAQ). DAQ-o-synuclein covalent adduct induced ¢ al., 2004
the stabilization of protofibrils.

intervention. The formed amyloid fibrils have been reported to be disaggregated by ;farious
compounds, such as DA and L-DOPA (Li et al., 2004), nofdihydroguaiaretic acid (NDGA),
rifampicin (RIF), tannic acid (TA), quercetin (QUE) (Matsuzaki et al, 2007a), and
Salvianolic acid B (Durairajan et al., 2008), Anti-ABy.1; antibody (Mamikonyan et al., 2007).
The disaggregation of AP fibrils also seems to be a promising strategy for the treatment of AD
(Soto et al., 1998). From in vivo experiments using dyes specific to amyloid, AB fibrils are

commonly observed on cell membranes (Okada et al., 2007). It has also been reported that the
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liposome membrane could recruit not only the fragmented or short peptides (Tuan et al.,
2008; Tuan et al., 2009) but also AP fibrillar aggregates (Avdulov et al., 1997). In the neuralr
cell system, varieties of catecholamine derivatives are secreted and some hydrophobic
derivatives, such as DA, are subject to partition into the lipid membrane. It is therefore
expected that the disaggregation of AP fibrils on the liposome membranes by catecholamine
derivatives would occur and might be useful for the understanding of the physiological
phenomena of AD.

The aggregation of AP also occurs in lipid raft mediated by a cluster of
‘monosialoganglioside GM1. The membrane has played a “seed” role during the AP fibril
formation (Matsuzaki et al., 2007b). It has also been reported that, a toxic form of AP is
generated during the aggregation with GM1-contanning raft-like liposomes, and the existence
of GM1-bound AP in AD brains Was confirmed (Hayashi er al, 2004). The secondary
structure of AP fibrils formed in the presence of GM1 containing-membrane has reported to
be different iﬂ the absence of membrane (Ké,kio et al., 2004). Tt therefore seems that the
membrane has a strong effect on the fibril formation and properties of fibrils. |

Amyloid fibrils are deposited on the neuronal cell membranes, whereby the
catecholamines, such as DA was found to partition (adsorb) onto the lipid membrane. It is
well known that the DA is easily to form the reactive DA-quinone, which was closely linked
to other hypothesis, such as mitochondrial, inflammation, generation of oxidative stress,
dysfunction of the ubiquitin-proteasome system, and degeneration of dopaminergic neurons
(Miyazaki et al., 2009). Therefore, some molecules or reagents to prevent quinone formation
or quench generated DA-quinone would be potential therapeutic approaches against DA-

quinone-related diseases.

In this chapter, the interactive behavior of DA with AP proteins on the liposome
membrane were investigated, mainly focusing on: (i) inhibition of AP fibril formation by DA,

(ii) disaggregation of AP fibrils by DA; and (iii) reduction of DA/ DA-quinone concentration

90



via AP fibrils though its interaction with DA. The function of biomembrane to defend itself
from toxicity were finally summarized and discussed. Main focusing points are (1) the
modulation of the DA concentration on “membrane” through the regulation of the enzyme-
like activity of AB/Cu complex in order to reduce toxicity induced by ROS generation and )
toxic DA-quinone, (2) regulation of the A fibril level by “membrane” in order to reduce the
toxicity induced by AP fibrils, and (3) the possibility of “membrane” to prevent toxicity or

recover itself under stress condition.

2. Materials and methods

2.1. Materials

AB(1-40) and AB(1-42) peptides were purchased from the Peptide Institute (Osaka,
Japan). The phospholipids, such as 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and 1,2-dimyristoyl-sn-glycero-3—phosphocholine (DMPC), were obtained from
Avanti Polar Lipids (Alabaster, AL, USA). Cholesterol (Ch) was obtained from Wako Pure
Chemical (Osaka, Japan). Stearic acid (SA) was purchased from Sigma Aldrich (St. Louis, |
MO, USA). Thioflavin T (ThT) was obtained from Dojindo (Kumamoto, Japan). Dopamine
hydrochloride, L-tyrosine (Tyr), catechol (Cat), 3,4-dihydroxyphenylacetic acid (L-DOPA),
norepinephrine (NE) and epinephrine (EP) were purchased from Sigma-Aldrich. Other

reagents used were purchased form Sigma Aldrich and Wako Pure Chemical (Osaka, Japan).

2.2. Liposome Preparation

Liposomes were prépared by the following process as previously reported (Yoshimoto
et al. 2006). The lipid mixture was dissolved in chloroform and then dried onto the wall of a
round-bottom flask in vacuum and was then left overnight to ensure the removal of all of the
solvent. The dried thin lipid film was hydrated with adequate buffer solution to form

multilamellar vesicles (MLVs). Large unilamellar vesicles (LUVs) were formed from the
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MLVs with five cycles of freeze-thaw treatment. For the preparation of oxidized lipid, the
SAPCOX was prepared by mixing SAPC vesicles with CuSO4#/H,0, (1mM) solution over night
at 25 °C. After that, the lipid was extracted in chloroform/MeOH phase by Folch’s method
(Folch ez al., 1957). The oxidized liposomes were prepared by mixing SAPC,, with DMPC or
DMPG lipid in the molar ratio 4:6.

2.3. Fibril Preparation

APB(1-40) and AP(1-42) peptide solutions were prepared from powder by dissolve in
0.1% NHj3 solution to 200 pM as stock solution at 4 °C. The stock solutions were stored at -
80 °C until its use. Just before the experiment, the AP stock solutions were thawed and then
diluted 20-fold by Tris-HCI buffer (Tris-HCI buffer: 50 mM and 100 mM NaCl, pH 7.4) to a
final concentration 10 pM. The fibrils were prepared by incubating A monomer solution at
37 °C for at .least 24 h. For the inhibition of AB fibril formation experiment, the inhibitor, such
as DA or other catechol derivatives, was added at beginning of incubation time. The processes

were monitored as a function of time via ThT fluorescence.

2.4. AP Seed Preparation

Seed stock solutions were prepared by the following procedure as previously reported
(Andersen et al., 2009). In brief, the seed was prepared from 10 uM of already fibrillated
sample solution prepared as the conditions described above. Fibrils were disrupted into seeds
by sonication of the fibril solution by a probe sonication in a 10-ml plastic tube on an ice-bath
at 40 W for 10 min with 1 min intervals for each 1 min. The seed stocks were kept at 4 °C and

briefly vortex mixed before use.
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2.5, Fibril Hisaggregﬁtion Experiment
Preformed AB fibrils were incubated with catechol derivatives at various
concentrations at 37 °C. The dissociation of AP fibril was monitored by ThT fluorescence
Vmeasurement as a function of time. The TEM images and TIRFM images were also obtained
as a function of time. Fluorescence spectroscopy data for disaggregation of AP fibrils were
fitted to a first order-exponential decay equation (Mamikonyan ez al.‘, 2007).
F(t) = F; exp(-kqt) (4-1)
where F(7) represents the ThT fluorescence at time ¢, F; is the initial level of fluorescence, and

k4 is the pseudo-first order rate constant of disaggregation.

2.6. Fluorescence Measurement

The fibrils formation and existing fibril disaggregating processes were monitored by "
measuring the ThT fluorescent intensity. The fluorescence measurements were carried out at
37 °C by using JASCO, PF-6500 fluorescence spectroscopy at an excitation wavelength of -
442 nm and an émission wavelength of 485 nm. To account for the background fluorescence, .

the fluorescence intensity for each control solution containing AP was also measured.

2.7. Transmission Electron Microscopy (TEM)

The AP fibrils formation and degradation of AP fibrils were monitoring by
transmission electron microscopy (TEM). The TEM images were obtained by the following
procedure as previously reported (Sasahara et al., 2007). In brief, a 5 ul aliquot of diluted
solution was placed on a copper grid (400-mesh) covered with a carbon-coated collodion film
for 1 min and the excess sample solution was removed by blotting with filter paper. After the
residual solution had been dried up, the grid was negatively stained with a 2% (wt/vol) uranyl

acetate solution. Again, the liquid on the grid was removed with filter paper and dried. EM
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images were acquired using a JEOL 100CX transmission microscope (JEOL, Tokyo, Japan)

with an acceleration voltage of 80 kV.

2.8. Total Internal Reflection Fluorescence Microscope (TIRFM)

The TIRFM system used to observe amyloid fibrils degradation was developed based
on an inverted microscope (IX70, Olympus, Tokyo, Japan) as previously described (Ozawa et
al., 2009). The ThT molecule was excited at 442 nm by a helium-cadmium laser (IK5552R-F,
Kimmon, Tokyo, Japan). The laser power was 4-80 milliwatt, and the observation period was
3-5s. The fluorescence image was filtered with a bandpass filter (D490/30, Omega Optical,

Bratteboro, VT) and visualized using a digital steel camera (DP70, Olympus).

2.9. CD Spectroscopy

Variation in the secondary structural content of AB with and without DA was recorded
by using a circular dichroism spectrometer (J-720W, JASCO, Tokyo, Japan). CD spectra were
measured by using a quartz cell from 195 to 250 nm with a step interval 0.1 nm bandwidth, a

scanning at speed of 10 nm min™.

2.10. Cell Culture and Neurotoxicity Assay

For the cytotoxicity of AP experiment, Human Glioblastoma (A172 DSP) cells were
cultured, maintained, differentiated and assayed as previously described (Durairajan et al.,
2008) and briefly described as follows: Human Glioblastoma (A 172 DSP) cells were plated in
24 wells plate at a density of 5x10* cells/ml in 2 ml Dulbecco’s modified Eagle’s medium

(MEM) medium containing 10% fetal bovine serum, plus 0.3 ml 3% L-glutamine solution and
incubated for 24 h at 37 °C with 5% CO, in CO; incubator. After 24 h, the cell were treated

with the aggregated AP for 18 h in a medium solution in CO, incubator at 37 °C. After that,
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the medium was carefully decanted off, and then 1 ml kDulbecco’s PBS containing 0.05%
EDTA and 0.05% Trypsin was added. 50 pl of aqueous MTT solution (5 mg/ml) were then
added to each well, and the mixture was incubated at 37 °C for 3 h. The formazan was
extracted from the éells with 1 ml DMSO in each well. Finally, color intensity was measured

at 570 nm. All MTT assays were repeated three times.

2.11. QCM Measurement

Liposomes were immobilized on modified QCM electrode as described in the chapter
2. In briefly, the DMPC/SA (10:4) liposomes were immobilized on amino undecanthiol-self
assembled monolayer (AUT-SAM) modified QCM sensor in the presence of DMTMM as
catalysis. For other kinds of liposome, the liposomes were modified with 2% molar of PE
lipid for binding with mercaptou-undecanoic acid -self assembled monolayer (MUA-SAM). A
10 pM solution of monomeric AB(1-40) were injected onto the immobilized liposome for 45
min with flow rate of 0.06 ~ 0.07 ml/min. The adsorbed mass of monomeric AP was

estimated equal to change in frequency of QCM signal at saturated value.

2.12, Statistical Analysis

Results are expressed as mean + standard derivation (SD). All experiments were
performed at least in triplicate. The data distribution was analyzed, and statistical differences

were evaluated using the Student’s t-test. A P value of < 0.05% was considered significant.

3. Results and Discussion
3.1. Liposomes Regulate AP Fibril Formation
3.1.1. AB Fibril Formation

It has been reported that the AP toxicity in Alzheimer’s disease was well correlated
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with the formation of fibrillous and/or amorphous aggregation of AB. The fibril formation
experiment was performed by incubation 10 uM AB monomer on Tris-HCI buffer solution at
37 °C. The kinetic of AP fibril formation was monitored by ThT fluorescence intensity
measurement. The ThT fluorescence intensity against of time shows the characteristic
sigmoidal curves (Fig.4-1(a)). From the previous report (Nuria et al, 2007), this curve
consists of two processes: (i) a nucleation process and (i) an elongation process. In the
process (i), the oligomers/protofibril formation or the nucleation occurs while the
fluorescence variation was not detected. This duration is defined as “lag phase” and its time is
a “lag time” (f15¢), and the nucleation rate was estimated as 1/fi5g. In the process (ii), the fibrils
grow by the binding of monomers to the ends of fibrils and the ThT fluorescence intensity

increased. This duration is called as “elongation phase” and its rate is an “elongation rate”.

In order to confirm the significance of the nucleation process, the fibrils formed in this
process was directly observed with a scanning electron microscopy (SEM), a total internal
reflection fluorescence microscopy (TIRFM) and a transmission electron microscopy (TEM).
Firstly, the fibrils obtained in Fig.4-1 were observed with a SEM because SEM observation is
advantageous to grasp the macroscopic and steric structure of the target. The fibrillar
aggregates were observed as shown in Fig.4-1(b). In order to clarify if these fibrillar
aggregates were amyloid fibrils, the modification by ThT was performed. In the observation
with a TIRFM combining with ThT, the fibrillar aggregates with ThT fluorescence were
observed (Fig.4-1(c)). These fibrillar aggregates could be considered as amyloid ﬁbrﬂs of
AB(1-40), consistent with the previous reports (Ban et al., 2004; Yagi et al., 2007). The
microscopic structure of these fibrillar aggregates was confirmed with a TEM observation
(Fig.4-1(d)). The fibrillar structure with a characteristic structure of amyloid fibrils previously

reported (Ban et al., 2004; Yagi et al., 2007) was observed.

The sonication of fibrils was then performed to obtain the short fibrils. That TEM

image shows the short fibrils with 100 nm in length or so (Fig.4-1(e)). From the histogram
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analysis of seeds, these length distributions were found to show a mono-dispersion with 101.8
nm of median length. In order to check the importance of the seeds, the seeds were added to
the process of the amyloid fibril formation (Fig.4-1(a)). It is obvious that the lag time
disappeared by the addition of seeds, implying that the seeds can act as an alternative
intermediate of nuclei formed during the lag phase, consistent with the previous reports

(Nichols et al., 2002; Yagi et al., 2007).
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Fig.4-1 (a) Growth of A fibrils. Open circle: spontaneous growth, closed circle: growth from
seeds, closed triangle: growth from seeds in the presence of Triton X-100 (0.25 wt%). 5 uM
of AB(1-40) was used. Direct observation of fibrils of AB(1-40) with (b) SEM (observation
angle was 70 deg.), () TIRFM, and (d) TEM. (¢) TEM image of seeds of AP(1-40) fibrils.
Fibrils were prepared by incubation monomeric A on 50 mM Tris-HCI, 100 mM NaCl pH
7.4 at 37 °C.
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The formation of seeds-like aggregate (nuclei) is considered to be sensitive against the
presence of liposome because the nucleation process is one of the association of A molecules
via hydrophobic interaction and the stabilization of hydrogen bonds within AR molecules.
Therefore, the effect of liposome membrane on the nucleation process was investigated in the

followings.

3.1.2. Liposomes Modulate Ap Fibril Formation

It was found that liposome with different hydrogen bond instability shows the different
ability to accumulate AB on its surface (Fig.2-9), which is a key step for A fibril formation.
In order to investigate effect of liposomes on AP fibril formation, 250 pM various kinds of
liposomes were independently added in the 5 uM AB(1-40) solution at the beginning of
incubation time. The kinetic of AP fibril formation was measured and plotted against the fibril
formation time. The effect of liposome on the amyloid fibril formation was investigated on

both of nucleation step (#.g) and elongation step (k). The elongation rate (ky,) was
calculated by fitting following equation (Nielsen ef al., 2001).
yf+ mgx

Y=y +mx+ 4-2
YT {1 +exp[-(x - x,)/7]} (4-2)

by =% -2% k=1t

ag
where Y is the fluorescence intensity, x is time, and x is the time of 50% maximal
fluorescence. y; and m; are the initial fluorescence and its slope at the nucleation phase,

respectively. yrand mrare the final saturated fluorescence and its slope at the maturation phase.

The lag time (#,;) and elongation rate (ka.,p) were plotted against the hydrogend bond
instability of liposome (mp) as shown in Fig.4-2. The liposome with high hydrogen bond
instability shows the ability to promote AP fibrils formation at both of nucleation and

elongation step. In the case of non-oxidized liposomes, the nucleation process was not
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Fig.4-3 AB-liposome interaction evaluated by the calcein leakage.

promoted significantly, whereas the oxidized liposome such as DMPC/SAPC, (6:4) showed
the significant promotional effect of nucleation. Then, the liposome-Af interaction was
exaﬁlined by using the calcein leakage experiment. The liposome entrapping calcein as a lipid
fluorescence probe is a useful tool to evaluate the interaction strength between the membrane

and the target material because the calcein leakage behavior is sensitively proportional to the
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target-induced membrane perturbation. As shown in Fig.4-3, the release of calcein entrapped
inside various liposomes was also observed after the addition of the AB(1-40) in order to
investigate the AB-liposome interaction. The DMPC and POPC liposomes showed the weak
interaction, whereas DMPC/SA and DMPC/SAPC,y liposomes showed the significant strong
interaction between the liposome and AP(1-40). However, it is coarse that the liposome-Ap
interaction could directly result in the rapid nucleation. Therefore, the accumulation of AR on

the liposome membrane was examined with an IL-QCM developed in chapter 2.

3.1.3. Evaluation of Adsorbed Mass of AP(1-40) on Liposome

The effect of liposome on the nucleation process may involve at least two steps: (i)
accumulation of A monomer on the surface of fibril which leads to critical concentration of
AP monomer to form nuclei and (ii) the effect on transformation form o-helix structure onto
B-sheet structure of AP monomer. In order to clarify these possibility, the adsorbed mass of
monomeric AB(1-40) on the liposome membrane was measured by using immobilized

liposome-QCM developed in the chapter 2. The adsorbed mass of AB on each liposome
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Fig.4-4 Effect of liposome on nucleation step of AB(1-40) fibril formation.
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membrane was plotted against nucleation rate for AP fibril formation on those liposomes. As
shown in Fig.4-4, there is a relationship between adsorbed mass of AB(1-40) on liposomes
and its nucleation rate. The nucleation rate shows the tendency to increase with increasing the
adsorbed mass of monomeric AP. It may explain the effect of liposome on the nucleation step
of A fibril formation through the accumulation of AR monomer on its surface and make AP
easy to form nuclei.membrane was plotted against nucleation rate for AP fibril formation on
those liposomes. As shown in Fig.4-4, there is a relationship between adsorbed mass of AB(1-
40) on liposomes and its nucleation rate. The nucleation rate shows the tendency to increase
with increasing the adsorbed mass of monomeric AB. It may explain the effect of liposome on
the nucleation step of AB fibril formation through the accumulation of AB monomer on its

surface and make A easy to form nuclei.

3.2. Effect of DA on AP Fibril Formation
3.2.1. DA and Its Derivatives Could Inhibit Ap Fibril Formation

The prevention of amyloid fibril formation is beiieved to be a promising strategy for
the treatment of AD (Soto et al., 1998). The pdssibility of prevention of the AP fibril
formation by DA and its derivatives, such as Catechol, L-DOPA, NE and EP, was confirmed
by incubating AB monomer in Tris-HCI at 37 °C in the presence and absence of catechol
derivatives. The fibrils formation processes were monitored by ThT fluorescence intensity in
order to minimize the potential interactions between the dye and catecholamines. The ThT
fluorescence was measured immediately after the addition of an aliquot of the incubation
sample to the dye. The results were shown in Fig.4-5. After 24 h incubation, the ThT
fluorescence intensity was high in the solution without catechol derivatives, implying ’;he
fibril formation. The fluorescence in the absence of any compounds Waé set to 100%.

However, in the presence of 100 pM catechol derivative compound, the ThT signal did not
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Fig.4-5 Effect of various compounds on fibril formation of AB(1-40) (a) and AB(1-42) (b) in
the absence and in the presence 1 mM DMPC/SA (10:4) or 1 mM POPC/CH (6:4) liposomes.
AB fibrils were prepared by incubating 10 uM Ap monomer in Tris-HCI buffer solution at
37 °C for 24 h Fibril formation was estimated by ThT assay, and the ThT fluorescence
intensity in the absence of any compound was set to 100%.

increase, indicating the inhibition of fibril formation. Such effect was also examined in the
presence of Tyr. The experiment was also performed by using Tyr as inhibitor. The ThT
fluorescence intensity in the solution with and without 100 uM Tyr was similar, indicating
that Tyr had no effect on the inhibition of fibril formation. This result suggested that the
catechol group was required for the inhibitory effect on the AB fibril formation. However, the
inhibitory effect of catechol derivative was found to be dependent on its chemical structure.
Its dependence on the concentration of catechol derivatives was also investigated. Catechol
and its derivatives showed the dose-dependent inhibitory effect on AP fibril formation (Data
not shown).

In order to compare the inhibitory activity of these compounds, the concentration of
these compounds necessary for half-maximal effect (ICso) was estimated, the result shows in
order: DA <L-DOPA < NE < EP < Catechol for both of AB (1-40) and A (1-42) (Table 4-2).
DA was thus found to show the strongest inhibitory effect against both AB (1-40) and AP (1-
42) fibril formation. Therefore, the DA-induced inhibition of fibril formation was selected for

further experiments.
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Table 4-2 The inhibition concentration (ICsq) of Catechol, DA, L-DOPA, NE and EP for the
AB(1-40) and AB(1-42) fibril formation

Inhibitor ICso" [uM]
AB(1-40) AB(1-42)
Catechol 5.2 26.4
DA ~1 3.4
L-DOPA 1.3 3.8
NE 1.4 7.4
EP 2.3 8.1

" ICso (LM) was defined as the céncentration of Catechol, DA, L-DOPA,
NE and EP to inhibit the fibril formation to 50% of the control value.

3.2.2. Direct Observation of Inhibition of A Fibril Formation by Dopamine

In order to demonstrate the inhibition of AP fibril formation by DA, a direct‘
observation of A fibrils was performed with a TIRFM combined with ThT fluorescence
(Fig.4-6). TIRFM is a useful technique to evaluate a population and a length of fibrils on é :
quartz slide. As shown in Fig.4-6(al), a considerable AB(1-40) fibrils with 10.2 pm in
average length was observed without any inhibitor. The fibrils observed by a TEM were
confirmed to possess the micro-structures peculiar to amyloid fibrils (Fig.4-6(b1)), consistent
with the previous reports (Li ez al., 2004). On the contrary, the samples of AP monomers co-
incubated with 100 pM DA (for 24 h) showed no ThT fluorescence intensity in the
observation field of TIRFM, indicating the inhibitory effect of DA on the fibril formation of
AP (Fig.4-6(c1)). At a microscopic observation with TEM, the AP fibrils could not be
observed and small amorphous aggregates were observed in the samples of 10 uM AP
monomers co-incubated with 100 uM DA for 24 h (Fig.4-6(d1)). The similar results were

obtained for AB(1-42) as shown in Fig.4-6(a2-d2). The samples of AB(1-42) monomers
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Fig.4-6 The direct observation with two different microscopic techniques. The TIRFM images
(scale: 10 um) of fibrils formed in the absence of DA (al, a2) and in the presence of 100 uM
DA (cl, ¢2) for AB(1-40) and AB(1-42), respectively. The TEM images (scale: 200 nm) of
fibrils formed in the absence of DA (bl, b2) and in the presence of 100 uM DA (d1, d2) for
AB(1-40) and AB(1-42), respectively. AP fibrils were prepared by incubating 10 uM AR
monomer in Tris-HCI buffer solution at 37 °C for 24 h.

co-incubated with 100 uM DA (for 24 h) showed a slight ThT fluorescence intensity in the
observation field of TIRFM (Fig.4-6(c2)) and a few very short fibrils coexisting with small
amorphous aggregates were obtained by TEM (Fig.4-6(d2)), indicating that the DA also

shows the inhibitory effect on AB(1-42) fibril formation. It is thus considered that DA could

inhibit the fibril formation of AB.

3.2.3. Effect of DA on the Kinetics of Af3 Fibril Formation

The ThT fluorescence intensity was measured during the fibril formation (Fig.4-7) in
order to investigate the effects of DA on the kinetics of AB fibril formation. The control
experiment was performed by incubating 10 uM AP monomers without any inhibitor. The

time-course of ThT fluorescence intensity was measured and shown in the Fig.4-7. As shown
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in the Fig.4-7(a) and (c), the presence of 5 uM DA induced decrease in ThT intensity
compare to control samples (without DA) and the presence of 100 pM induced inhibit
completely AP fibril formation: The inhibition of A fibril formation by DA may involve two
broadly different mechanisms, in inhibition of either a nucleation process or an elongation
process. In order to »clarify whether DA could inhibit a nucleation process or elongation
process or both of these processes, the effect of DA on kinetic of AP fibril formation was

investigated by using the seeds of AP fibrils. The seeds were added to AB monomer solution
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Fig.4-7 Effect of DA on kinetics of AP fibril formation. The time-course of the ThT
fluorescence during AB(1-40) (a) and AB(1-42) (c) fibril formation without DA (filled circles)
and with 5 pM DA (open circles), with 100 UM DA (open squares) from AP monomer
solutions. The time course of the ThT fluorescence during AB(1-40) (b) and AB(1-42) (d)
fibril formation without DA and with 5 UM, 100 uM DA, from 7 uM AP monomer and 3 pM
AP seed solution. AP seed + AB only (filled circles); AB seed + AB monomer + 5 uM DA
(open circles); AP seed + AP monomer + 100 UM DA(open squares); AP seed + 10 h pre-
incubated solution containing 100 uM DA and 7 uM AP monomer (filled squares). All the
solution were prepared in Tris-HCI buffer solution and incubated at 37 °C.
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to make the final concentrations of seeds and monomers at 3 uM and 7 uM, respectively. The
kinetic of AP fibril formation in the presence of seeds were also measured and shown in the
Figs.4-7(b) and (d) for AB(1-40) and AP(1-42), respectively. In the absence of DA, the
fluorescence intensity significantly increased without a lag phase and reached to plateau more
rapidly in contrast to the sample without seeds. These curves are consistent with the previous
first-order kinetic model (Naiki et al., 1996). The addition of seeds to the monomer solution
in the presence of 5 uM DA also shows the similar increase of the ThT fluorescence intensity
to the case in the absence of DA. The elongation of AB(1-40) fibrils was induced up to 4 h.
The addition of 100 pM DA could not inhibit the elongation up to 1 h or in the presence of
seeds (Fig.4-7(b)) although 100 uM DA could completely inhibit the spontaneous AP fibril
formation (Fig.4-7(a)). The initial rate in ThT fluorescence intensity (apparent elongation
rate) was similar in the experiments with 5 and 100 uM of DA. It is thus considered that the
DA did not inhibit the elongation process of AP fibril formation and that DA inhibited the
nucleation process in the fibril formation of AB(1-40). The similar results were obtained for
AB(1-42) (Fig.4-7(d)). From the results, it is considered that DA inhibits the nucleation
process, rather than the elongation process. The decrease in ThT fluorescence intensity may
be resulted from the disaggregation of AP fibrils induced by DA. Both the decrement in ThT
intensity and the transition time from elongation phase to disaggregation phase depend on the

concentration of DA, which strongly supports the DA-induced disaggregation of fibrils.

3.2.4 Proposed Mechanism of DA Inhibition of AB Fibril Formation

The obtained results clearly show that the DA could inhibit the AP fibril formation.
The remaining problem is the mechanism responsible for the inhibition of amyloid fibril
formation. It has been reported that, for inhibition of a-synuclein fibril formation, the

oxidized product of DA (DA-quinone, DAQ) stabilized the protofibrils of a-synuclein,
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leading to an inhibition of fibril formation, where 5-10% of the o-synuclein molecules formed
a covalent adduct with DAQ by a reaction of DAQ with Tyr of a-synuclein (Conway et al.,
2001; Li et al.,, 2004). In the other chemical compounds, it has been reported that the
formation of a Schiff-base between quinone group of inhibitory compounds and Lys-side
chain of a-synuclein induced the inhibition of fibril formation (Zhu et al., 2004; Kobayashi er
al., 2006). On the other hands, a nucleophilic attack of DAQ to Lys (Lys forming a Schiff
base with DAQ) is aiso considered as another possible mechanism to form the complex
formation between proteins and compounds (Conway ef al., 2001; Li ef al, 2004). It is
therefore supposed that the oxidized product of catechol derivatives (catechol quinone and its
derivatives) bound to AP monomer to form the covalent adduct-like complex. The effect of
DA on the secondary structure of AB monomer was investigated though the circular dichroism
measurement. Figure 4-8(a) shows that the structure of DAQ-AB(1-40) complex (incubated
for 24 h) was similar to that of AP(1-40) monomer, suggesting that DA/DAQ retains the

secondary structure of Ap. Therefore, the catechol ring of catechol derivatives as a common
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Fig.4-8 CD spectra of AB(1-40) (a) and APB(1-42) (b) at the beginning (0 h) and the end (24 h)
of incubation in the absence and the presence of 100 uM DA. AP only at 0 h (curve 1), AB
only at 24 h (curve 2); AB and 100 MM DA at 0 h (curve 3); and AP and 100 pM DA at24 h

(curve 4). The solutions were prepared by incubating 10 puM AP monomer on PBS buffer pH
7.4 at 37 °C.
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chemical structure might contribute to their interaction with AB. The sequence of AB(1-40)
and AB(1-42) involves two Lys residues (Lys'® and Lys®™®) (Petkova et dl, 2002). It is
therefore likely that the DA-quinone could forms a Schiff-base with A molecule although no
direct evidence has not been obtained. This conjugated adduct might stabilize the disordered
conformation and be advantageous for a prevention of the conversion to a B-sheet-rich
structure. The addition of seeds to a 10 h pre-incubated sample of 7 uM AP monomer and 100
uM DA inhibited the formation of intermediate of AB fibrils (closed square in Figs.4-7(b) and
(d)). No increase in ThT fluorescence intensity was observed, .strongly suggesting that the
conjugated adduct has the structure disadvantageous for a binding to the seeds for fibril
growth. The similar results were obtained for inhibition of AB(1-42) fibril formation but the
effect of DA on AB(1-42) fibril fomation was less than that of AB(1-40) (Table 4-2 and
Fig.4-8(b)). AB(1-42) has been reported to show the higher propensity to form fibrils by
showing the shoﬁer lag time as compared with that of AB(1-40). Therefore, this data also
confirmed the inhibitory effect of DA on the nucleation process rather than the elongation

process.

3.2.5. Effect of Liposome on Dopamine Inhibit AB fibril formation

In the presence of liposome membranes, the DA prefers to iaartition(adsorb) into the
liposome membrane (as shown in the chapter 1). Otherwise, as shown in the section 3.1.2, the
liposomes could modulate the AB fibril fohnation. Therefore, the liposomes may affect on
both of DA concentration and AP fibril formation, and may affect on the DA-monomeric AP
interaction in term of inhibitory activity of DA for AP fibril formation. In order to investigate
the influence of liposomes on inhibitory effect of DA, the serial experiment was performed.
The inhibitory activity of DA (defined as ICs-Fig.4-9(a)) for AP fibril formation was
investigated in the presence of 0.5 mM several kinds of liposomes. As shown in Fig.4-9(b),

for the switterionic liposomes, the influence of liposomes on inhibitory activity of DA is not
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so strong athought these liposomes showed influences on both of DA and AB fibril formation.
In contrary, the charged liposomes show strong effect on inhibitory activity of DA on AP fibril
formation by showing very high ICsq values of DA. These rerults may cause from electrostatic
interaction of liposome surface with positively charge DA (Tuckerman et al, 1959) and
negatively charge AB(1-40) (Kuboi et al, 2006) at pH 7.4. In the presence of negatively
charge POPA liposomes, DA could be enhanced on surface of POPA liposomes where AP
monomers look like difficult to adsorb on. Inveserly, AP monomers interact very strong with
positively charge DOTAP liposomes’ surface and rapidly formation of fibrils, where DA is
difficult to bind. Althought DA and AP could bind to each other because of their charge
properties. In the presence of liposomes with high concentration compare to that of DA and
AP monomers, the strong electrostatic interaction in the presence of liposomes may induce

separation of DA from AP monomers leading to decrease inhibitory activity of DA.
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Fig.4-9 Effect of Hposome on inhibitory effect of DA (ICs) for AB(1-40) fibril formation.
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3.3. Dopamine Disaggregate AP Fibril — Effect of Liposomes

3.3.1. Dopamine and Its Derivatives Induced Destabilization of A Fibrils in the Absence and

Presence of Liposomes

As shown in the Figs.4-7(b) and (c), the decrease in ThT fluorescence intensity may
be resulted from the disaggregation of AP fibrils induced by DA. Therefore, the effect of DA.
and its derivatives on stabilization of DA were performed. The addition of DA or its
derivatives onto AP fibril solution to final concentration of 100 pM was performed. The time-
course of the ThT fluorescence intensity was monitored and shown in Fig.4-10(a). As can be
seen in Fig. 4-10(a), the ThT fluorescence intensity significantly decreased in the presence of
100 uM DA or its derivatives. On the contrary, no significant decrease in ThT fluorescence
intensity was observed in the presence of 100 uM Tyr, indicating that Tyr had no effect on the
AB fibrils (data not shown). These results suggest that the catechol group is necessary for the
disaggregation both of AP(1-40) and A[3(A1 -42) fibrils. Furthermore, the disaggregation
activity of these compounds on AP fibrils was examined in the presence of fatty acid-
containing domain-like liposomes (DMPC/SA (10:4 in molar ratio)) as a model biomembrane.
Since DMPC/SA liposomes can interact strongly with AP fibrils (Avudulov ef al., 1996), the
additive effect of liposomes can be expected. Figure 4-10(a) showed that a significant
enhancement effect for disaggregation was observed in the case of dopamine (DA) and L-
DOPA except for catechol (Cat), noepinephrine (NE) and epinephrine (EP). Furthermoe, the
apparent disaggregation rate constant, kg, was analyzed with a first-order kinetic analysis
using equation (4-1). In the case of Cat, NE, and EP, the k4 value was (23 ~ 38)x10° s
(Fig.4-10 (b)). It is obvious that the addition of liposomes raised the k4 value in the case of
DA and L-DOPA. From these results, DA among various catechol derivatives was found to
show the strongest effects. In the following, the DA-induced disaggregation of fibrils was
further investigated.

It has been reported that the oxidative product of DA and other catecholamines are

110



major factors for inhibit fibril formation (Li ef al,, 2004) and the Schiff-base formation
between catechol-quinone group of oxidative product of catecholamines and Lys residues of
protein was proposed to be the key factor for inhibition of fibril formation. Therefore, it is
proposed that schiff-base formation may be a key factor for disaggregation of AP fibril.
Therefore, in this experiment, the effect of oxidative product of DA (DA-quinone) on AB(1-

40) fibril disaggregation was investigated and was compared with that of DA. The oxidation
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Fig. 4-10 (a) Time-course of ThT fluorescence intensity in the presence and the absence of
liposome. (b) Disaggregation rate constant for AB(1-40) fibrils in the absence and the
presence of liposome. AP fibrils were prepared by incubating 10 uM AB monomer solution at
37 °C for 24 h in Tris-HC] buffer containing 100 mM NaCl, pH 7.4. AB(1-40) (10 pM) and
DMPC/SA (10:4) liposome with 100 nm in diameter (1 mM) were used. All the experiments
were performed at 37 °C. (c) Comparison of DA and oxidation product of DA on
disaggregation of AP fibrils. Oxidation product of DA was prepared either incubation at 37 °C

for 12 h in aerobic condition for auto-oxidation or oxidation by AB/Cu complex. All
experiments were performed at 37 °C.
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product of DA was prepared either incubation at 37 °C for 12 in aerobic condition for auto-
oxidation or oxidation by AB/Cu complex. As shown in Fig.4-10(c), the oxidation product of
DA, DA-quinone, expresses higher activity on disaggregation of AP fibril. It could be
conclude that oxidation product of DA is major factor for disaggregation of the AP fibril.

Athough this result is not enough evidence; it may support the above proposal.

Form view point of the DA, the effect of liposomes on enhancement of disaggregation
of AB fibrils by DA may be explained by following: (i) enhancement of DA concentration by
partitioning (adsorbtion) on the liposome membrane (Table 1-5) where AP was reported to
strongly interact with (Avdulov et al., 1997), and (ii) enhancement of DA-oxidation to form
DA-quinone (Fig.1-10) which showed higher activity on disaggregation of AP fibrils than that
of DA.

As shown in Table 4-3, an apparent rate constant, k4, of disaggregation was estimated
according to equation (4-1) to be (5.07£0.2)x10” s! and the k4 for APB(1-42) fibrils was

(8.05+0.2)x10™ s™'. AB(1-42) fibrils showed larger ks value than AB(1-40) fibrils, which may

be induced by the difference on the values of molecular weight per length value of AB(1-40)

Table 4-3 Summary of disaggregation behavior of AB(1-40) and AB(1-42) fibrils induced by

DA
AB(1-40) AP(1-42)
Molecular weight per length [kDa/nm] 30.3 19
. No liposome 50.74 80.45
DA-induced
disaggregation i te With liposome :
constant, kg [s™] 84.26 152.92
DMPC/SA(10:4)
No liposome 0.42%0.01 0.60%0.05
D,0 isotope effect, With I
- 1th liposome
kpao/kizo [] P 0.35£0.01 0.51£0.01
DMPC/SA(10:4)
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and AP(1-42) were estimated to be 30.3 kDa/nm (Petkova et al, 2005) and 19 kDa/nm
(Antzutkin et al., 2002), respectively, and by the difference in conformation of fibrils between
double layered structure with in registered parallel B-sheet of AB(1-40) (Petkova et al., 2002)
and in registered parallel B-sheet of AB(1-42) (Antzutkin et al, 2002), which has been
clarified with a solid-state NMR experiments. These findings suggests that the AB(1-40)
fibrils indicated the solid-like nature as compared with AB(1-42) fibrils. It is, therefore,

considered that the DA could disaggregate the AB(1-42) fibrils faster than AB(1-40) fibrils.

3.3.2. Direct Observation of AP Fibril Disaggregation in the Absence and the Presence of

Liposomes

In order to demonstrate the disaggregation of AB fibril by DA, the direct observation
was performed with TIRFM combined with ThT fluorescence and TEM. A 10 uM AB(1-40) 4
fibrils were incubated with 100 pM DA at 37 °C. The TIRFM images showed the progreésive
loss of 10 uM AB(1-40) fibrils in the presence of 100 uM DA (Figs.4-12(al)-(a3)). The fibrils
almost disappeared after 6 h of the incubation (Fig.4-12(a3)), indicating the completed
disaggregation of AP fibrils by DA. These results provide the strong evidence for the DA-
induced disaggregation of AP fibrils. However, the remaining AP fibrils, at 6 h later, was
unclear. Then, the microscopic structure of these aggregates was confirmed with a TEM
observation. TEM images of the aggregate at each period were shown in Figs.4-11(b1)-(b3).
At 2 h later after the DA addition, many short fibrils with several hundreds nm in length were
observed (Fig.4-11(b2)) and at 6 h after DA addition, not only the length but also the number
of fibrils decrease significantly, indicating the disaggregation of AP fibrils by DA. On the
other hands, the presence of DMPC/SA liposome  promoted the disaggregation of fibrils
(Figs.4-11(c1)-(c3)). Especially, the magnification of TEM image gave the insight that the

DA-induced disaggregatin of fibrils was induced by their fragmentation, not only by the
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dissolution from the both ends (see arrows in Fig.4-11(c3)).

In order to confirm the DA-induced disaggregatin from the viewpoints of
fragmentation, the size distribution of fibrils was monitored. Figure 4-12 shows the TEM
images on fragmented fibrils by DA. In the case of disaggregatin of fibrils by DA, the size
distribution showed the 40 to 60 nm in length (Figs.4-12(a) and (b)). Meanwhie, the mean

length of fragmented fibrils by an ultrasonication was 100 nm or so (Fig.4-12(c)). These
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Fig.4-11 Direct observation of disaggregation of AP fibrils by DA in the absence and the
presence of DMPC/SA (10:4) liposome. (a) Disaggregation of fibrils of AB(1-40) monitored
by TIRFM (scale 10 pm). The preformed fibrils of AR were incubated in the presence of 100
uM DA at 37 °C for (al) O h, (a2) 3 h, and (a3) 6 h. (b) Disaggregation of fibrils of AB(1-40)
monitored by TEM (scale 200 nm). The preformed AP fibrils were incubated in the presence
of 100 uM DA at 37 °C for (bl) 0 h, (b2) 2 h, and (b3) 6 h. (c) Disaggregation of fibrils of
AP(1-40) monitored by TEM for (c1) 0 h, (c2) 6 h, and (c3) its magnification. Arrows
indicates the fragmentation sites of fibrils. L1 and L2 indicate DMPC/SA liposomes.
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Fig.4-12 TEM images of fragmented AB(1-40) fibrils and their length distribution. (a, b)
Fibrils disaggregated by DA for 6 h at 37 °C. (c, d) Fibrils disaggregated by DA in the
presence of 1 mM DMPC/SA (10:4) for 6 h at 37 °C. (e, ) Fibrils sonicated for 2 min. AP
fibrils were prepared by incubating 10 uM of monomeric AB(1-40) in 50 mM Tris-HC1 buffer
(100 mM NaCl, pH 7.4) at 37 °C for 24 h.

indicated that DA-treated disaggregation was obviously different from the conventional

fragmentation process.

Secondly, the existence of DMPC/SA liposome resulted in the effective disaggregation
(40 nm and 60 nm in mean length of fibrils). As shown in Fig.4-11(c3), DMPC/SA liposomes
might play role for the field of the fragmentation of fibrils since the DA molecule favors the

partition to lipid membrane as described in chapter 1.

3.3.3. Liposomes-Regulated Disaggregation of A Fibrils

In order to understand the role of liposomes on the disaggregation of A fibrils,
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various liposomes were systematically prepared, where the prepared liposomes include
normal liposomes, charged liposome and oxidized liposomes. The effect of liposomes on the
disaggregation of AP fibrils was investigated in order to evaluate the disaggregation rate
constant, k4, as shown in Table 4-4. It was found that, the addition of the different liposomes
showed the different effects on the disaggregation of AP fibrils by DA. In brief, the normal

liposome (including single lipid or micro-domain liposome) enhanced the disaggregation of

Table 4-4 Effect of liposomes on disaggregation rate constant

Membrane properties ka[s']x10°
Experiment conditions mi[-] O] AB(1-40) AB(1-42)
DA only 50.74+5.7 80.4517.92
DA + liposome
1 POPC/SM (7:3) 0.030 53.75 92.93
2 PC/SM/CH (4:3:3) 0.043 66.84 97.65
PC/SM/CH/GM1
0.070 60.87 94.12
(3:3:3:1)
Normal 4 POPC 0.024 0 69.4546.90  102.60+7.52
liposomes
5 POPC/Ch (6:4) 0.033 61.30+8.10 106.04+7.10
6 DMPC 0.0024 0 62.59+2.70 106.71+4.20
7  DMPC/SA (10:2) N.Y** 64.22+1.74 150.48+4.82
8 DMPC/SA (10:4) 0.065 84.26+£1.20  152.92+10.51
DMPC/SAPC
Ve 9 0.081 0 115.74+11.40 168.54+12.7
Oxidized (6:4)
liposomes DMPG/SAPC ,«
P 10 (6:4) 0.074 -0.84 164.90+8.23  160.3517.65
11 POPA N.Y -1.40 76.96 105.24
Charged 12 DOTAP NY +1.40 34.401£2.41 54.514.54
liposomes POPC/DOTAP
13 (7:3) N.Y +0.42 42.3543.71 68.0614.67

* Surface charge density of liposomes was calculated assuming unilamellarity, spherical
shape, a bilayer thickness of 3.7 nm (Tahara ef al, 1994), and a mean head group area
of 0.72 nm® (Tazan et al., 1996), and considering that the head group of POPG; POPA
and DOTAP are fully ionized at pH 7.4 (Vechettt et al., 1997). **N.Y: Not yet evaluated.
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Fig.4-13 Effect of surface charge density of liposome on disaggregation of AP fibrils. The
liposomes were numbered as shown in the Table 4-4.

A fibrils and the disaggregation process was enhanced significantly in the case of oxidized
liposomes. The addition of the charged liposomes showed an opposite effect on the
disaggregation of AP fibrils. The anionic liposome could enhance the disaggregation process
while the cationic liposomes suppressed. Therefore, the effect of liposome may be contributed
by both of hydrogen bond stability of lipbsome (miip) and surface charge dénsity of liposomes.
The effect of surface charge density of liposomes was also analyzed. Figure 4-13 shows the
effect of surface charge density of liposomes on the disaggregation rate constant, implying
that the electrostatic interaction may play very important role for the liposome effect. It is
well known that, at pH. 7.4, DA mainly exists as‘ a cationic form (Tuckerman et al., 1959).
Therefore, the DA concentration could be enhanced on the surface of the negatively-charged
liposome and could be reduced on the surface of positively-charged liposomes because of the
electrostatic interaction.

Furthermore, the effect of liposome on the disaggregation of A fibrils was plotted as
the function of membrane properties - hydrogen bond stability of liposome (my;p) as shown in
Fig.4-14. The addition of liposomes could enhance the disaggregation of AR fibrils by DA in

the range of my;, > 0.06. This may be considered by the following effects: (i) a contribution of
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hydrated water against a stabilization of hydrogen bonds inside AP fibril, which has been
reported to be key factor for stabilization of AP fibrils (Fernandez et al, 2002) and (ii) the
enhancement of DA concentration on liposome membrane in which AP fibrils have been
reported to favor the interaction (Kremer ef al, 2003). As for the case (i), the liposome
membrane with the high my;, value is considerably hydrated at around PO, as described in
chapter 2.

The possibility of the enhancement of DA concentration on liposome membrane was
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Fig.4-14 Disaggregation rate constant of Af fibrils in the presence of various liposomes.
Correlationship of membrane property (m;p) and disaggregation rate constant. The liposomes
were numbered as shown in the Table 4-4.
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Fig.4-15 Dependence-DA concentration on disaggregation rate constants of Ap fibrils.
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already shown in the chapter 1 (Fig.1-8), where the higher concentration of DA leads to
higher disaggregation rate constant (Fig.4-15). Figure 4-15 shows the effect of the DA
concentration on the disaggregation rate constant. The k4 value monotonously increased with
the DA concentration from 10 pM up to 500 pM. This result will also support the explanation
on the effect of surface charge of liposome at various disaggregation rate constant of AB

fibrils by DA.

3.3.4. Proposed Mechanism of Disaggregation of Af Fibril Induced by Dopamine

Previous study indicates that the bound water to the liposome membrane promoted the
enzymatic hydrolysis reaction on the liposome membrane (Yamamoto ef al, 1995). The bound
water might be effective for the disaggregation of fibrils. The bound water to DMPC
(un)modified the stearic acid (SA) was then investigated since SA preferably binds to A
fibril (Avdulov et al, 1997). The liposome membrane includes the waters bound to the
phosphoester group (PO;") (Yamamoto et al., 1995). The peak shift of PO,  antisymmetric
stretching band observed at around 1230 cm’! to lower frequency corresponds well with the
increase in the bound water (Yamamoto et al., 1995). Figure 4-16 indicated that the peak for
DMPC/SA shifted to lower frequency with increasing the SA molar ratio, suggesting that the
SA could pool the bound water within liposome membranes. In the experiment with a
dielectric dispersion analysis, the relaxation times of bulk water and bound water could be
also estimated (Klosgen ef al., 1996). The activation energy AE was estimated to be 22 kJ/mol
for bulk water and 31.8 kJ/mol for bound water according to Arrhenius’s law: (2nt)" = 4
exp(-AE/RT) (Klosgen et al., 1996). The AE value indicates the extent of polarization of O-H
bond in water molecule because the strong polarization along O-H bond results in the increase
in intermolecular interaction between water molecules (Klosgen et al., 1996). The O-H bond
in bound water is strongly polarized by its binding to phospholipid. It is considered that the

bound water with strong polarization along O-H bond is advantageous to attack the HBs
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within fibrils. Thus, the bound water is anticipated to be “active” water in contrast to bulk
water. Therefore, the DMPC/SA with much bound water is expected to enhance the
disaggregation of AP fibrils, in comparison with its disaggregation in bulk phase.

The addition of DMPC liposome promoted the k4 value (Fig.4-16). Furthermore, the
induction of SA into DMPC liposomes promoted the disaggregation of AB(1-40) fibrils,
depending on the concentration of SA (Fig.4-16). It is confirmed, in this study, that the
addition of liposomes by itself could not disaggregate the AP fibrils (data not shown),
~although there is a report that a neutral phospholipid vesicle could disaggregate AP(1-42)
fibrils into protofibrils (Martins et al., 2008). It is, therefore, concluded that the promoting
effects of DMPC/SA liposomes on the disaggregation of fibrils resulted from the other factors.

In order to clarify the role of the bound water to DMPC/SA liposome towards the
disaggregation of fibrils, a solvent isotope effect was examined by using D,0O. The
polarization of O-D bond in DO needs more energy than that in O-H bond in H,0. The

resulting k4 p2o/kd moo value was 0.40+0.03 for DMPC ~ 0.34+0.05 for DMPC/SA(28.6 mol%),
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Fig.4-16 Effect of liposome on the rate of disaggregation (a) AB(1-40) fibrils and (b) AB(1-
42) fibrils. Fibrils were disaggregated by 100 pM DA in the absence and presence of 1 mM
SA containing DMPC liposome. A fibrils were prepared by incubating 10 uM Ap monomer
solution at 37 °C for 24 h in Tris-HCI buffer containing 100 mM NaCl, pH 7.4. The data were
- obtained from at least three independent experiments.
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which were obviously smaller than that in bulk phase (0.42+0.01). On the other hand, the
kypoo'kamo value for AP(1-42) fibrils in the presence of DMPC/SA(28.6 mol%) was
0.5240.02, which is larger than the case of AB(1-40) (Table 4-3). This finding is consistent
with the result in the absence of liposomes. The kqp2o/kq o value also agreed with the extent
of the bound water measured by the FT-IR technique (Avpay) as shown in Fig.4-16, suggesting
that the bound water could preferably contribute to the disaggregation of fibrils. The bound
water weakened the HB within the fibrils associating with the liposome membrane, thus

enhancing the DA-dependent disaggregation of fibrils.

3.3.5. AP Fibril Reduced Level of DA/DA-Quinone

It has been clearly shown that the DA could reduce level of the AP fibril by
disaggregation of AP fibrils. Inversely, AR may also reduce the level of DA. In order to check
this possibility, the remained DA concentration was analysised after its incubation at 37 °C for
12 h to disaggregate the AB(1-40) fibril, separated by ultra-filtration with membrane to cut off
3 kDa molecules as shown in Fig.4-17(a). The effect of the DA concentration on thé
disaggregation was examined by using elecfrochemical sensor developed on the chapter 1,
showing that the DA concentratioﬁ after 12 h incubates with 10 pM AP fibrils was reduced at
its magnitude of about 40 pM although AP concentration was 10 uM (Fig.4-17(b)). The DA
concentration could be reduced much more in the presence of 1 mM DMPC/SAPC (6:4).
This result lead to two possibilities: (i) more than one DA molecules are necessary to attach
on AB fibril per one AP monomer molecules during the fibril disaggregation, and (i) AP
fibrils may induce the DA oxidation to convert onto non-toxic melanin. The second possibility
may become proper because of the appearance of melanin-like polymer structure in the

sample solution after the incubation up to 24 h (data not shown).
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Fig.4-14 (a) Conceptual illustration for ultra-filtration for separation of free DA from AP
solution. (b) Remain DA concentration after 12 h incubate with 10 uM AB(1-40) fibril
solution at 37 °C in the presence and the absence of 1 mM DMPC/SAPC, (6:4). The control
sample was prepared by DA only. Initial DA concentration: 100 pM.

3.4. Role of Membrane on Prevention and Removal of Toxicity

3.4.1. Liposome Could Regulate Ap Fibril’s Toxicity

It has been reported that the liposomes membranes could regulate the AP fibril
formation. The difference in the kinetic constant of AP fibril formation resulted in the
difference in morphology (data not shown) and in the difference in characteristics of the Ap
fibril, especially in toxicity of AP fibrils. In order to confirm this hypothesis, the toxicity of
A fibrils was studied by using the Glial cell as the target cell. The toxicity of AP fibrils on

the cells was measured thought the cell viability by using MTT assay method. As shown in
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Fig.4-18 Toxicity of AP formed on liposome membrane for Glial cells. The cell viability was
measured by MTT assay method. '

Fig.4-18, it was found that the liposomes could regulate the toxicity of Af fibrils, which may
cause the difference in the dependent manner on the morphology of AP fibrils regulated by

liposome membrane.

3.4.2. Summary of Role of Liposome Membrane - A Hypothesis that Membrane Could Protect

and Repair Itself

First, the state of liposome membrane should be classified by the physicochemical
parameters, such as stability of hydrogen bond (m;p), local hydrophpbicity (LHyp), and so on.
In chapter 2, the oxidized liposome showed the high m;, value in comparison with the normal
liposomes, depending on the concentration manner of oxidized lipid. Then, the m;, value was
adopted as an index for the state of oxiditively damage. Based on the findings obtained in this
study, the characteristic parameters were summarized as a function of myip as shown in Fig.4-
19.

The DA partitioning into liposome membrane was roughly correlated with the m;,

value for various liposomes, suggesting that oxidized liposomes favors the partition of DA in
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Fig.4-19 The my,, dependency of
(a) DA partition into liposome,
(b) AB accumulation on liposome
membranes, (c) the reactivity of
AB/Cu complex on liposome
membranes, (d) Fibril formation
kinetics (#,, and Kopp)» and (e)
DA-induced disaggregation of
fibrils on liposomes. (a) is
referred to Chapter 1. The
calculation of K, for various
liposomes and their values were
summarized in the Table 1-5. (b)
1s referred to Chapter 2.
Accumulation of AB(1-40) was
estimated with an IL-QCM
(Fig.2-11). (c¢) is referred to
Chapter 3 (Fig.3-8). (d) and (e)
are referred to Chapter 4. The lag
time and the apparent elongation
rate constant were estimated
from a fitting of the time-course
of ThT fluoresence intensity with
an equation (4-2) (Fig.4-2). The
disaggregation rate constant of
AP fibrils was estimated from a
fitting of the time-course of ThT
fluorescence intensity with an
equation (4-1) (Table 4-4).



comparison with normal liposomes (Fig.4-19(a)). Oxidized liposomes favor not only DA but
also AP accumulation as shown in Fig.4-19(b). Among the liposomes used here,
DMPC/SAPC, (6:4) liposome shows the highest m;, value enough to interact with AB(1-40).
The AP accumulation could be linearly correlated with the m;p, being consistent with the
principle of myp described in chapter 2. Under low DA concentration, the DA-induced
oxidation of liposome membrane is not significant. Meanwhile, the excess DA partitions into
liposome membrane enough to give the oxidative damages. The resulting oxidative damaged
liposome membrane reduced the reactivity of AB/Cu on membranes (Fig.4-19(c)), indicating
that the excess DA under oxidative stress remains there. Furthermore, a secretion of Af} and
its accumulation could be promoted, resulting in the rapid nucleation on oxidized liposome
membrane (Fig.4-19(d)). The nucleated APs is advantageous for their elongation since the
elongation rate constant k,p, was correlated with the my;, value. Finally, the rapidly formed
fibrils could be rapidly, on the (oxidized) liposome membranes, disaggregated by remained
DA.

From the viewpoints of the interactive responses of DA and AP on membrane,
systematic studies have been carried out by exemplifying the two representative cases from

Fig.4-19.

[Non-Oxidative Membrane]

In the case of non-oxidative membranes, the DA partitioning and the associating
accumulation of AB is unlikely to occur. Even though an increase in DA concentration would
occur, the AB/Cu complex on the liposome with low my;, value can effectively convert into
DA-quinone to control the DA concentration, resulting in the reduction of ROS from an auto-
oxidation of DA. Non-oxidative stress condition is disadvantageous for the amyloid fibril
formation although the formed fibrils on the liposome surface showed strong cytotoxicity

(Fig.4-20).
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[Oxidative Damaged Membrane]

Under the excess DA, the DA-induced toxicity could be developed based on the auto-
oxidation of DA leading the formation of the oxidized membrane. Although the further auto-
oxidation of DA might not be inhibited, the DA-AP adduct formation could alternatively
result in the control of the DA concentration. DA-APB adduct is also advantageous for the
inhibition of the formation of amyloid fibrils with strong cytotoxicity since an accumulatin of
DA-APB adduct on the liposomes and a nucleation of AP could be suppressed as shown in
Fig.4-19(b). Once the oxidized lipid species are generated by the excess DA, a rapid
nucleation for fibril formation with low cytotoxicity (See Fig.4-18) was induced, followed by
a rapid disaggregation of fibrils including DA-AP adduct. This process is expected to be as a
part of the removal of both the oxidized lipids and the exess DA from the membranes and its

recovery.
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Fig.4-20 Membrane regulates (i) the enzyme-like function of AB/Cu complex, (i) AP fibril
~ formation, (iii) toxicity of AP fibrils, and (iv) disaggregation of AP fibril induced by DA.
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As summarized in Fig.4-20, the normal membrane could protect ifself by
enhancement of the AB/Cu complex-enzyme like activity to reduce ROS generation from
auto-oxidation of DA. When the membrane was exposed to such oxidative stress conditions
(oxidative damaged membrane), it can make responses against the stress by several pathways,
such as (a) recruilt AP to quickly form AP fibrils with less toxicity and then (b) promote the
disaggregation of AB ﬁbrils by DA/DA-quinone to reduce toxicity induced by both DA/DA-
quinone and aggregated AP. The above results lead to hypothesis that the “membrane” could
protect and recover itself under stress condition. The role of liposome membrane was

summarized and was schematically shown in the Fig.4-21.

It was found that monomeric AP protein has high affinity to bind to oxidized
membrane, suggesting the specific interaction between monomeric AP protein with oxidized
membrane. By its adsorption on the oxidized membrane and rapidly formation of fibrils

together with formation of cluster of oxidized lipid (Lee, 2005), AP may show its ability to

® Az - NH,.

DA-quinone

.4, quicity of

7 fibrils

Normalfihembrane Dami qed
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2. Inhibition of fibril formation 3. Disaggregation of fibrils
: L

Fig.4-21 Schematic of liposome membrane regulates DA concentration, level of A fibril, and
toxicity of AP fibrils. :
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recruit oxidized lipid from membrane. Taken together with disaggregation of A fibrils by DA,

it is expected that the AP may remove the oxidized lipid from membrane to repair membrane.

4. Sunimary

In this chapter, the effect of DA against AP on liposome membranes was investigated,
focusing on (i) the inhibition of fibril formation on liposome membrane and (ii) the
disaggregation of A fibril on the liposome membrane. The DA showed the ability to reduce
the toxicity of the AP fibril both by the inhibition of fibril formation and by the fibril
disaggregation. Inversely, AR may have the effect to inactivate the toxic DA-quinone. Finally,
the functions of biomembrane to defend itself from toxicity under the oxidative stress were

summarized and discussed.

In brief, the membrane could modulate the DA concentration By regulating the
enzyme-like activity of AB/Cu complex or by regulating the DA-APB interaction. The
membrane possesses the ability to regulate the AP fibril level by promoting both of AB fibril
formation and the disaggregation of AP fibril. When the membrane was exposed to such
oxidative stress conditions, it can make responses against the stress by several pathways, such
as (a) the enhancement of the AB/Cu complex-enzyme like activity to reduce ROS generation
from auto-oxidation of DA or (b) the promotion of the disaggregation of AP fibrils by
DA/DA-quinone to reduce toxicity of both DA-quinone and aggregated AP. Although the
damaged membrane (oxidized membrane) could not enhance such enzyme activities, it could
make response on the other ways by (c) accelerating the formation of less toxic AP fibrils and
by (d) accelerating the disaggregation of AP fibril which could remove toxic DA-quinone. (e)
By removing AP fibrils, it may remove the oxidized lipids associating with AP fibrils. The |
above response of DA and AP on the membrane were found to be regulated by the

“membrane” under stress condition, depending on the “state” of membrane (i.e. hydrogen
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bond instability).

The obtained results lead to the hypothesis that the “membrane” could make response

to protect and recover itself under the oxidative stress condition.
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General Conclusion

Dopamine (DA) has been reported to play a important role in neuronal system as
neurotransmitter. The lack of DA in neuron was well known to induce the dementia symptom
although the existence of DA at extremely high level induces the oxidative stress, together
with the formation of toxic DA-quinone through the “auto-oxidation” pathway. On the other
hand, the AP deposition on the neuronal cell membrane has been reported to be related with
the “oxidative stress”. In a biological system, the cells could be protected from the oxidative
stress by antioxidative enzymes, such as superoxide dismutase (SOD) and catalyses. However,
in some cases, the antioxidant enzymes may lose their functions by the reactive oxygen
species (ROS), leading to the loss of their protective function. Furthermore, it is necessary to

remove the toxic species for the recovery the cells themselves.

In this thesis, systematic studies have been performed, mainly focusing on: (i) the
interactive behaviors of DA with AP on the liposome membrane in order to reduce toxicity of
both of them and (7i) the potential function of membrane against the toxicity induced by DA
and AB. The appropriate methodology to analyze the interactive behaviors of DA with AB
peptide on the liposome surface has been developed prior to the investigation on the

mechanism of above studies.

In chapter 1, the DA sensors were developed based on the electrochemical method by
using conducting polymer film and composition of Nafion, and conducting polymer film
modified GC electrode. Electrochemical response of DA at GC/PMeT was compared with that
at a GC/Nafion/PMeT electrode in terms of the signal amplitude. The GC/Nafion/PMeT
electrode was found to show the superior characteristics over GC/PMeT. The heights of the
current peaks for DA oxidation increased linearly with a DA concentration in the range of 5 x
107 to 2 x 10* M. A mechanism of the DA detection by using the above method was

discussed, where (i) the partitioning of the DA in the polymer film and (ii) the DA oxidation
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accompanied with the transfer of two electrons could be important for the selective detection
of DA. Then, the DA sensor was utilized for the monitoring of the DA concéntration to
evaluate the DA-liposome interaction. The DA was found to show the propensity to partition
(adsorb) onto the liposome membrane. Through its partitioning on the liposome membrane,
the DA was found to induce the membrane damage, caused by auto-oxidation together with
the generation of ROS (OH’, Oy). Inversely, the addition of the liposomes was found to
promote the DA-oxidation indicated by decreased DA concentration significantly as
compared without liposome. These results are very helpful for the deeper understanding of the

phenomena, which will be shown and discussed in the éhapter 4.

In chapter 2, the membrane sensor was designed and developed by the immobilization
of liposome onto the surface of the modified QCM electrode in order to evaluate the
mémbrane - protein interaction, focusing on the amyloidogenic proteins. The method for
immobilization of lipdsome on the SAM-modified QCM (Au) electrode was investigated by
modifying both of surface electrode and membrane components, The large decrease in the
resonance frequency of quartz crystals observed was depehdent on the liposome diameter,
showing that the small liposomes are proper for immobilization. The incorporation of other
compounds in membrane induced the fixation of membrane, and was found to the induce
stabilization of the immobilized liposomes, resulting that the amount of immobilized
liposomes increased with the increase of percent of other component on liposomes. On the
other hand, the electrostatic interaction could enhance the amount of irﬁmobilized liposomes
by attractive force or to prevent immobilization by repulse. By using amino coupling method,
intact liposomes could be immobilized on solid surface and immobilized liposomes could
stabilize for 10 h with frequency changes less than 5 %. It was finally found that, by using the
covalent binding methods, the liposomes could be immobilized with “intact” shape and high
density for long time. The immobilized liposomes were applied to evaluate: (i) the interaction

between liposomes and proteins, specially AB peptide, and (i) the DA-AP interaction on the

liposome membrane, in order to clarify the mechanism of AP fibril formation and its
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interaction with DA. It was found that the interaction of amyloidgenic AB could basically be
governed by the hydrogen bond stability in the hydrophobic environment inside the liposome
membrane and could be modulated by the variation of the surface properties (i.e. hydrogen
bond instability) of the liposome membrane in the presence of DA under the oxidative stress
condition. It is considered that the DA could play an important role in the regulation of the A
and liposome interaction to create some important values such as LIPOzyme function

(Chapter 3) and AP fibril formation (Chapter 4).

In chapter 3, the AB-Cu-LIPOzyme (liposome with enzyme-like function) was found
to be utilized for the regulation of the DA-oxidation as an enzymatic-like pathway, instead of
auto-oxidation pathway. AP can form the complex with Cu by a stoichiometric manner of 1:2
of AB:Cu. AB/Cu complex could catalyze the oxidation of DA, so that the ROS level could be
reduced as compared with that of the auto-oxidation pathway. Since Ap/Cu-catalyzed
oxidation of DA is dominated by a proton-coupled electron transfer (PCET) mechanism,
water molecule with considerably polarized O-H bonds is advantageous for the proton
transfer from DA to O; to generate both DA-quinone and H,O,, which can be regarded as
“less-toxic” ROS in comparison with superoxide (0y). The liposome membrane can
accumulate the bound water with considerably polarized O-H bonds prior to PCET.
Consequently, the liposome membréne could promote the DA—oxidation by a enhancement of
PECT mechanism. This could result in the reduction of toxicity level of the ROS by
modulation of DA concentration. In such a sense, it can be considered that the Af/Cu complex

has the possiblé function for the defense of (bio)membranes from the ROS.

In chapter 4, the effect of DA against the AP on liposome membranes were
investigated, focusing on (i) the inhibition of fibril formation on liposome membrane and (ii)
the disaggregation of AP fibril on the liposome membrane. DA showed the ability to reduce
the toxicity of AB fibril both by the inhibition of fibril formation and by the fibril

disaggregation. Inversely, AP may have the effect to deactivate the toxic DA-quinone. Finally,

132



the function of biomembrane to defend itself from toxicity under the oxidative stress were
summarized and discussed. It was found that the membrahe could modulate the (1)
partitioning(adsorption) of DA and AP, (2) enzyme-like function of AB/Cu complex (AB/Cu
LIPOzyme), (3) nucleation and elongation of AP fibril formation, and (4) disaggregation of
AP fibrils by DA/DA-quinone, depending on the hydrogen bond instability of membrane
ifself. After summary of the above general tendency, two kinds of case studies on “normal |
membrane” and “oxidized membrane” were described. In briefly, the “normal membrane”
could protect ifself by enhancement of the AB/Cu complex-enzyme like activity to reduce the
ROS generatioﬁ from auto-oxidation of DA. When the membrane was éxposed to oxidative
stress conditions and became the oxidatively damaged membrane, it can make responses
against the stress by several pathways, (a) by recruiting the AB to rapidly form AP fibrils with
less toxicity and then (b) by promoting the disaggregation of A fibrils by DA/DA-quindne to
reduce toxicity induced by both DA/DA-quinone and aggregated AP, and (c) by removing AB

fibrils together with the oxidized lipids for the recovery of membrane itself,

The obtained results lead to the hypothesis that the membrane could make response by
interactively utilizing the DA and AP as the “potentially functional elements” in order to

protect and recover itself under oxidative stress condition.
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Suggestions for the Future Works

The following studies are recommended in order to extend the findings obtained in

this work.
1. Membrane Chip for the Diagnostics of Alzheimer’s Disease

In this study, a possible role of DA in Alzheimer’s disease (AD) has been
investigated based on its interactive behaviors with stressed membrane, together with
its recruiting behaviors of AP and other elements. By combining the DA sensor
(described in chapter 1) and membrane (liposome) sensor (described in chapter 2), the
“state” of the lipid membrane surface, which can waken the potential functions of the
biomolecules (DA and AP) and molecular assemblies (liposbme), could be assessed
quantitatively. The obtained results can brighten another aspect of AD from view point
of “Membrane”. Although some problems should be solved for the practical
application in the AD diagnostics, a possibility of the AD diagnostics has been

investigated in this thesis by employing the simple case studies.

2. Deeper Understanding of Mechanism of Alzheimer’s Disease

A hidden mechanism of the Alzheimer"s disease has been revealed by regarding
the “dopamine” as a key material. Most of the previous researchers considered that the
Amyloid fibril formation on the neural cell could induce the toxicity, resulting in the
cell death. Some researchers imply the possible roles of the reactive oxygen species
against the toxicity of the cells in AD patients. L-DOPA therapy (precursor of the DA)
could also be one strategy of the Parkinson’s disease and also AD. Although there are
many principles, models, and strategies, which have been proposed by others, the total

process relating to the AD has not been presented. In this thesis, the interactive
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behaviors of DA with A on the liposome membrane were systematically investigated,
focusing on the hypothesis that the oxidative stress could play some important roles in
the O,-comsuming brain cells. It was found that the lipid membrane, which was
commonly distributed in the biological cell, could “waken” the potentials of the
biomolecules, depending on the state under the normal and oxidative stress condition
(hydrogen bond instability). This basic stance is quite different from the previous
ﬁndingé. A new therapy or new medicine could be developed based on the above
Membranomics strategy, together with the conventional genome and proteome

strategies.

3. Possible Study on “Membrane Repairment” as a Response of Biological Cell at

Molecular Assembly Level

It was found that monomeric AP protein had high affinity to bind to oxidized
membrane, and it may induced by specific interaction between monomeric AP with
oxidized membrane. By adsorption on the oxidized membrane and the rapid formatioﬁ
of fibrils together with formation of cluster of oxidized lipid (Lee, 2005), A rhay
show its ability to recruit oxidized lipid from membrane. Taken together with
disaggregation of Aﬁ fibrils by DA, AP may remove the oxidized lipid from
membrane to repair membrane. The above hypothesis could -imply the possible
significant role of the membrane as both of a modulator of the potential functions of
bioelements and a platform to realize it. The conventional research mainly focuses on
the metabolism of biomolecules. The above concept could provide us the significance
of the metabolism of the “membrane itself” through the interactively induced

rearrangement of them on the self-assembly.
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4. Characterization and Application of AP/Cu LIPOzyme to Control the DA

Concentration

As shown in the chapter 3, AB/Cu complex expressed its ability to regulate DA
oxidation as an enzyme-like pathway, where the enzyme-like activity of AB/Cu could
be regulated by liposome membrane. It was suggested that the distribution and
orientation of metal ion and AP on the liposome membrane was varied, depending on
the membrane properties of vliposomes. The regulation of the membrane properties
leading to the regulation of the enzyme activity to control the DA concentration, on
the brain is promising approach for a medical treatment of neurodegeneration disease
patients, such as Alzheimer’s disease, Parkinson’s disease.. For the possible
application of AB/Cu LIPOzyme for medical treatment, the following objects should
be performed: (i) Characterization of AB/Cu LIPOzyme; (ii) Investigation of
mechanism of AB/Cu complex on DA oxidation; (/i7) Possibility of application of
liposomes as a drug for control the DA concentration through the regulation of AB/Cu

activity.
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Nomenclature

P = fluorescence polarization of probes embedded in bilayer [-]
/P = membrane fluidity of liposome [-]
k’ = capacity factor, (retention volume of the peptide — retention [-]

volume of solvent peak) / retention volume of solvent

0 = molecular ellipicity [mdeg/mol]
S fo, = characteristic parameter of dielectric dispersion analy51s [MHz]

Im = phase transmon temperature [°C]

kq = disaggregation rate constant [s7]

Iy = fluorescence intensity of parallel to excited light [-]

I = fluorescence intensity of perpendicular to excited light [-]

LH = local hydrophobicity [-]

Miip - = apparent hydrogen bonding stabilization index of protein [-]

molecule, by liposome

Do = hydrogen bonding wrapping of protein [-]

kea'Km = apparent second order rate constant , [-]

ks = specific capacity factor measured by ILC [ml/mmol]
Hag = lag time [h]

kapp = elongation rate [h]

Kip = partitioning coefficient constant [-]

V = reaction rate [0M/min]
logP = hydrophobicity of molecular {-1
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AB(1-40)
AB(1-42)
APP

a.u

AUT

CD

cv

Cat

Ch

DA
DMPC
DMPE
DMPG
DMTMM
DOTAP
DPH
DPPC
DPV
EDC

EP
Egg-PE
FT-IR
GM1
ILC
IL-QCM
L-DOPA
MUA

List of Abbreviation

Amyloid B-peptide ending at 40 residues

Amyloid B-peptide ending at 42 residues

Amyloid precursor protein

Arbitrary unit

11-Amino undecane thiol

Circular dichroism

Cyclic voltammetry

Catechol

Cholesterol

Dopamine

1,2-dimyristoyl-sn-glycero-3-phosphocholine
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine
1,2-ditetradecanoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt)
4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium chloride
1,2-Dioleoyl-3-Trimethylammonium-Propane (Chloride Salt)
1,6-diphenyl-1,3,5-hexatrien
1,2-Dipalmitoyl-s»n-Glycero-3-Phosphocholine

Different pulse voltammetry

N-(3-Dimethyl aminopfopyl)-N’-ethylcarbodiimide hydrochloride
Epinephrine

L-a-Phosphatidylethanolamine

Fourier transform infrared spectroscopy

Gangliosides

Immobilized liposome chromatography

Immobilized liposome-quartz crystal microbalance
3,4-dihydroxyphenylacetic acid

11-Mercaptoundecanoic acid

Norepinephrine

N-Hydroxysuccinimide
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PCox
PMeT
POPA
POPC
POPE
POPG
QCM
ROS
SA
SAM
SAPC
SEM
SM
SOD
TEM
TIREM
TMA-DPH

ThT
TrisHCI
Tyr

Oxidized PC

Poly(3-methyl thiophene)
1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphate (Monosodium Salt)
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine

Quartz crystal microbalance

Reactive oxygen species

Stearic acid

Self assembled monolayer
1-Stearoyl-2-Arachidonyl-sn-Glycero-3-Phosphocholine

Scanning electron microscopy

Sphingomyelin

Superoxide dismutase

Transmission electron microscopy

Total Internal Reflection Fluorescence Microscope
N,N,N-Trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-yl)phenyl ammonium p-
toluenesulfonat

Fluorescence probe of fibrilous structure (Thioflavin T)
2-Amino-2-(hydroxymethyl)-1,3-propanediol, hydrochloride

L-Tyrosine
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