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ABSTRACT

EXPERIMENTAL AND COMPUTATIONAL ANLALYSIS OF THE
SYNUCLEINS PROTEINS

Sr. Agatha Munyanyi
Old Dominion University
Director: Dr. Lesley Greene
The synuclein proteins a. 3 and y which are located in the brain, have been a
subject of intense research. Of particular interest is a-synuclein, which is found in
misfolded forms in Lewy bodies that are associated with Parkinson’s disease. Despite the
efforts of researchers across the world. the physiological structure and function of the
synucleins remains elusive. In recent years, highly controversial reports by some
investigators indicate that in its natural form, a-synuclein exists as a tetramer instead of
as an intrinsically unstructured monomer. This dissertation presents results of the
experimental and computational analysis of the synucleins. First, we investigated
methods of destroying protein fibrils from a-synuclein. We report that low temperature
plasma can disrupt synuclein fibrils and proposed that neuronal macrophages can
eliminate the resulting structures via phagocytosis. We also conducted inhibition studies
to investigate the mechanism by which B-synuclein inhibits a-synuclein fibrillation.
Using our experimental conditions, B-synuclein readily formed fibrils while a-synuclein
inhibited B-synuclein fibrillation. We show, for the first time, that two fibril forming
proteins when incubated together have an inhibitory effect on each other. This important
information can be employed in the future development of inhibitors of formation. In
order to determine the native structure of the synucleins, we expressed and isolated

multimeric forms of the synuclein proteins. We found that expression of B-synuclein in



which we did not boil the bacterial lysate. yielded a high molecular weight multimeric -
synuclein form. This study has established the basis for further research with the ultimate
aim of forming a well-diffracting crystal that will lead to solving a high resolution X-ray
crystallographic structure of the native state. Finally. computational approaches involving
bioinformatics and molecular modeling were employed to establish a superfamily for the
synucleins. The hypothesis is based on the fact that the structure and function of the
synucleins could be inferred from that of their related proteins, whose structure and
function have been resolved. Our computational results indicated that the synucleins
seem to be orphans in the animal kingdom but share sequence similarity with an
endoglucanase enzyme from Acetobacter pomorum bacterium, a CRE-DUR-1 protein
from a nematode. a cytochrome c protein from a spiral bacterium and a protein from the
Tasmanian Devil. This study led to the development of a proposed evolutionary model
for the synucleins, which hypothesized that B-synuclein, encoded by seven exons, is the
oldest of the synucleins. a-Synuclein, encoded by 6 exons, evolved to contain amino acid
sequences to prevent fibril formation such as the change from threonine 53 to alanine.
Together, these results further our understanding of the synuclein proteins from a myriad

of experimental and computational vantage points.
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CHAPTER 1

INTRODUCTION

PROTEIN STRUCTURE

When amino acids are joined by covalent peptide bonds in a specific order. they
produce a polypeptide. The specific amino acids, the order in which the amino acids are
linked as well as the size of a chain are termed the primary structure of a polypeptide.
The information for the correct folding of a particular polypeptide chain is contained in
its sequence (Anfinsen, 1973). After a polypeptide chain is synthesized on the
ribosomes. it forms secondary structures including a-helices and B-sheets, which are
stabilized by hydrogen bonds between the carbonyl oxygen and the amide hydrogen of
the polypeptide backbone. The a-helices, B-sheet structures and turns constitute the
secondary structures of a protein.

It is a common view that for a protein to function, it must fold into a three-
dimensional structure (3D) or tertiary structure. When the secondary structures of a
polypeptide chain interact in space via noncovalent bonds including hydrogen bonds,
van der Waal forces, non-polar hydrophobic interactions, acid/base ionic interactions
and cysteine covalent disulfide bonds, a globular or tertiary structure is generated.
Globular proteins are composed of either all a-helices, all B-sheets or mixed o/
secondary structures which interact in space to form a tertiary structure (Figure 1). A

protein can be composed of one or more polypeptide chains. In the case of a multimeric

The journal for this dissertation is Cell



protein. different polypeptide chains associate through noncovalent bonds. disulfide
bonds or cofactors to form a quaternary structure (Rodrigues et al.. 2012: Sanchez-

Romero et al.. 2013).

v

Alla o/p All

Figure 1. Examples of globular monomeric protein structures based on class
The rainbow color scheme indicates the flow of the polypeptide with the N-terminus in

blue and the C-terminus of the polypeptide in red. The proteins from left to right are the

to

all a-helical myoglobin protein (pdb code: 1a6n), the mixed o/p protein GB1 (pdb code:

1pgb) and the all B-sheet titin, (pdb code: 1tit). These structures are visualized with

Rasmol (version 2.7.1).

In general, there are three types of fundamental protein forms: globular such as
myoglobin, transmembrane such as bacteriorodopsin and fibrous structures such as
collagen (Garrett and Grisham, 2013). The proteins in these three categories carry out

the overwhelming majority of biological functions in an organism. from metabolism. to



cell structure. cell-cell adhesion. cell-cell communication. intracellular signaling.
replication. transcription. translation and immunity. As the scientific community makes
advances in protein research. it is now becoming understood that the traditional view of
protein structure also extends to partially unfolded proteins (also known as intrinsically
unstructured proteins) and protein fibrils (Soto., 2003: Tompa et al., 2005).
Intrinsically unstructured proteins

Contrary to conventional thinking that a defined 3D structure is necessary for
protein function. experimental studies have shown that function can arise from
unstructured proteins (Wiltzius et al., 2009). Their persistence in nature implies that they
have a pivotal role to play in the biological activities of the cell. As a matter of fact, it
has been proposed that over time, proteins have been evolving to lose their high degree
of hydrophobic character in the core. The absence of a hydrophobic core has led the way
for intrinsically unstructured proteins to evolve and come into existence (Mannige et al.,
2012). For a protein to be described as intrinsically unstructured or unfolded. it must
lack a hydrophobic core and have high densities of charged amino acids including
lysine, glutamate and arginine (Nelson and Cox, 2013). The hormone amylin is a good
example of an unstructured protein with metabolic function. Amylin. also known as islet
amyloid polypeptide, is secreted in the beta-islet cells of the pancreas along with insulin
(Westermark et al., 1987; Westermark et al., 2007). It regulates blood glucose levels in
the body (Wiltzius et al., 2009) (Figure 2). As in the case of amylin, it appears at present
that the majority of the functions of intrinsically unstructured proteins are involved in
regulating cellular processes including transcription, translation. signal transduction and

the cell cycle (Tompa. 2002). Apparently. the conformational flexibility of intrinsically



unstructured proteins allows them to interact with a wide range of different proteins
(Wright and Dyson. 1999). Their unstructured state helps them to overcome steric
hindrances and also enables them to make contact over a larger surface area of the

substrate than could be achieved by a rigid structure (Figure 3) (Dunker et al.. 2001).

Figure 2. Model structure of amylin peptide hormone (pdb code: 1kuw)

The structure represented is conformer six in the ensemble which is the best
representative of the peptide hormone in the pdb file. The model shows the peptide
backbone of the amylin hormone. The black color indicates the N-terminus and the dark
grey the C-terminus of the peptide. This structure is visualized with Rasmol (version

2.7.1).



Figure 3. Intrinsically unstructured proteins interacting with globular proteins
Unstructured proteins depicted in red or yellow wrap around their respective protein
substrates which are shown in blue (A-D). Their unfolded conformations allow them to
cover a long stretch of their targets. Because intrinsically unstructured proteins contain
more a-helix forming amino acid residues than p-sheet formers, they have a tendency to

form a-helices (Tompa, 2005). Figure reproduced from Tompa (Tompa, 2005).



There must be a special feature in the amino acid sequence of intrinsically
unstructured proteins that keeps them in the partially unfolded state at physiological
conditions. Researchers observed that intrinsically unstructured proteins are rich in
amino acids that have a high net charge and low hydrophobicity (Dunker et al., 2001;
Williams et al.. 2001; Tompa. 2002). Amino acids that keep the polypeptide in an
extended or unstructured form include proline. arginine. glutamate, lysine, serine and
glutamine (Malkov et al.. 2009). The high net charge provided by lysine, glutamate and
arginine promotes electrostatic repulsion which in turn prevents hydrophobic core
formation (Kuznetsov and Rackovsky. 2003). The lack of cysteine residues avoids intra-
or intermolecular disulfide bonds which otherwise are important stabilizing factors. The
composition of amino acids in an intrinsically unstructured protein demonstrates that
their structure has been evolutionarily selected (Tompa, 2002).

There are other factors that support the selection of a particular sequence by
evolution. High net charge, low hydrophobicity and low B-sheet propensity help the
intrinsically unstructured proteins to avoid B-aggregation (Linding et al., 2004). Some of
the factors that enhance B-aggregation include a low net charge and the presence of
amino acid residues including valine, isoleucine, tryptophan and phenylalanine which
have side chains at the §-C position (Linding et al., 2003). In addition, high
concentrations of proline and glutamine in an intrinsically unstructured protein prevent
the polypeptide from forming 3-strands because both residues do not promote B-sheet
conformation which may result in fibril formation. The presence of many prolines at
either the N- or the C-terminus of an intrinsically unstructured protein. results in the

formation of polyproline II helices (Williamson. 1994: Adzhubei et al.. 2013). The



polyproline 11 helices provide hydrophobic surfaces and carbonyl oxygens for protein-
protein interactions between the intrinsically unstructured protein and its protein ligand
(Williamson. 1994). Furthermore. the amino acid composition of intrinsically
unstructured proteins is not as complex or variable as compared to that of a globular
protein (Wootton. 1994). The low complexity is characterized by repeats of one or more
amino acid residues. for example. the KTKEGV repeat sequences in the N-terminal
regions of the synuclein proteins (Uversky et al.. 2002).

Observations indicate that intrinsically unstructured proteins have a tendency to
form local 1-4 hydrogen bonds leading to the formation of a-helices (Fuxreiter et al..
2004). Consequently, a-helical structures are observed more often than -sheets since
intrinsically unfolded proteins contain more a-helix forming amino acid residues than
the B-sheet formers (Kuznetsov and Rackovsky, 2003).

Normally. unfolded proteins easily undergo protease digestion in the cell
cytoplasm (Glickman and Ciechanover, 2002). However, there are mechanisms that
protect disordered proteins from proteolytic enzymes. For example, some disordered
segments are not accessible to proteases due to steric hindrance while other disordered
segments lack protease susceptible amino acid residues (Dunker et al., 2002). In
addition, some unfolded regions of proteins are protected by chaperones (Dunker et al.,
2001). Also, association with another protein can protect the disordered region from
protease digestion. However, when the protein substrate is removed, the disordered
protein is susceptible to protease digestion (Dunker et al.. 2002).

Experimental studies have shown that when intrinsically unstructured proteins

were subjected to high temperatures. heat-induced secondary structures were formed



(Uversky et al.. 2001a). For example. when the unfolded a-synuclein protein was heated.
its circular dichroism spectrum changed from one of a random coil to that of a partially
folded protein (Uversky et al.. 2001a). In this case. heat induced the unstructured protein
to partially fold. This finding is contrary to what would be expected in the case of a
folded protein. It has been suggested that the partial folding upon heating may be due to
increased hydrophobic interactions at higher temperatures (Uversky et al.. 2001a).
Similarly, at low pH. when the net charge was decreased. hydrophobic interactions also
promoted a-synuclein protein to transition from a random coil to a partially folded
conformation (Uversky et al.. 1999; Uversky et al.. 2001a).

When some unfolded proteins bind divalent or trivalent metal ions or lipids, they
are transformed from a random coil to a conformation which contains secondary
structures (Uversky et al., 2001b). The water soluble myelin basic protein (major
component of myelin sheath), for example. has been reported to be transformed from a
random coil to a partially folded conformation with secondary structures after binding
lipids (Polverini et al.. 1999). Ribosomal proteins involved in the assembly of the
subunits 50S and 30S are unfolded in solution. but acquire a 3D structure after binding
the ribosome subunits (Yusupov et al., 2001; Timsit et al., 2009).

During their protein-protein interaction, the unstructured proteins employ
specific side chains to interact with the binding site or groove of the protein substrate
(Rajamani et al., 2004). They bind their protein substrates with high specificity but with
low affinity which enables them to dissociate easily from their substrates when the
function is accomplished. The anchor side chains themselves are eventually buried in the

groove after the formation of the complex. The segments of the unfolded protein which



are in an appropriate conformation for interacting with a protein substrate make the first
contact. The recognition of binding sites on the substrate is followed by the organization
of the flexible region and the stabilization of the protein-protein complex. Table 1
indicates several examples of intrinsically unstructured functional proteins. In solution.
intrinsically unstructured proteins exist as a mixture of fluctuation conformational
structures (Fuxreiter et al., 2004).
Protein fibrils

A protein fibril is a long and insoluble fibrous polymer which can arise from
misfolded and normal monomeric protein molecules or peptides. The B-strands form -
sheets which then stack on each other to form a fibril and run perpendicular to the long
axis of the fiber (Sunde and Blake, 1997) (Figures. 4-5). Generally protein fibrils are 10
nm in diameter but can vary in length. The distance between the B-strands is 0.48 nm
while the B-sheet layers are 1.0 to 1.3 nm apart (Dobson, 1999; Serpell et al., 2000). The
mechanism of protein fibrillation is not yet clearly understood. Interestingly, the protein
fibril appears to be a unique protein fold that can be formed by all proteins under a
specific set of conditions for a given protein (Collins and Greene, 2012). This hypothesis
was proposed by Professor Christopher Dobson (University of Cambridge. UK)

(Dobson, 1999). Details on protein fibrillation will be discussed in another section.



Table 1. Examples of functional intrinsically unstructured proteins

Protein Function Reference

Tau Microtubule-binding. (Uversky et al.. 2000)
polymerization

SRY Assembly of transcription (Zhao and Koopman.

Prion protein

Synaptobrevin

SNAP-25

Topoisomerase |

Topoisomerase 11

Histone 5

Histone 3

Small heat shock
chaperones

50s ribosomal proteins

30s ribosomal proteins

Amylin peptide

initiation complex

Copper binding

Protein-protein binding
(membrane fusion)

Protein-lipid binding
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Figure 4. Early structural model of a fibril based on solid-state nuclear magnetic
resonance spectroscopy

The structure shows a proposed model of the A ;.40 protein fibril. The AP peptide
contributes 3-strands that form B-sheets (red and blue). The loops that link together the
B-strands are indicated in green. Then the B-sheets stack on each other to form a fibril.

Figure reproduced from Petkova (Petkova et al., 2006).



Figure S. Most recent and accurate structure of the AP fibril based on solid-state
nuclear magnetic resonance spectroscopy

The rainbow color scheme indicates the flow of the polypeptide with the N-terminus in
blue and the C-terminus of the polypeptide in red. Several B-strands make a f-sheet.
Then three B-sheets assemble to make a fibril. During the elongation of the fibril, triplet
-sheets stack on each other. Figure reproduced from Tycko (Tycko and Wickner,

2013).

BIOPHYSICAL TECHNIQUES TO STUDY THE STRUCTURE OF PROTEINS
Nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallography are
the two experimental methods presently in use to study protein structure (Clore and
Gronenborn, 1998; Acharya and Lloyd, 2005). The solved structures of proteins are
stored in the Protein Data Bank (PDB). In X-ray crystallography. the 3D structure of a
protein is determined from a crystal of the protein. One of the challenges of the X-ray

crystallographic technique is to find suitable conditions that enable the researcher to



grow single crystals of sufficient size to be used for determining structure (Smyth and
Martin. 2000). The determination of the structure of a protein in its crystal form may not
give an accurate evaluation of the true structure of a protein compared to what one
would obtain when the protein is in solution. The NMR method has an advantage over
X-ray crystallography in that the protein is analyzed in solution almost under
physiological conditions but its applicability is limited by size unlike crystallography
(Clore and Gronenborn. 1998).
Near- and far-ultraviolet circular dichroism

Circular dichroism (CD) is a biophysical technique employed to determine
secondary and tertiary structure of a globular protein (Sreerama and Woody, 2004). The
molecule under investigation must have a chiral center, or must be covalently linked to a
chiral center or be in an asymmetric environment (Kelly and Price, 2000). An optically
active molecule may absorb equal or unequal amounts of left- and right-circularly
polarized light at a given wavelength. The difference in the absorption between the left-
and right-circularly polarized light by the molecule is what is termed CD (Greenfield,
2006). When at a given wavelength, the chiral molecule absorbs equal left- and right-
circularly polarized light, the resultant component is plane polarized light. However,
when one of the components is absorbed more than the other. the result is an elliptically
polarized light. The CD instrument displays dichroism either as the difference in
absorption between the left- and right-circularly polarized light or as ellipticity in
degrees (Kelly and Price, 2000).

In order for the polarized light to be absorbed. a protein must contain a

chromophore which include the C=0 of the peptide bond and the C=C bonds in the



aromatic rings tryptophan. tyrosine and phenylalanine (Kelly and Price. 2000). A
chromophore is a group of atoms in a molecule that absorbs ultra-violet (UV) and visible
radiation at specific wavelengths. The absorbed energy will cause either an n-c” or a -
7 transition in the chromophore (Chen et al.. 1972). In the case of a protein molecule.
the far-UV CD signals are generated when the C=0 chromophore of the peptide bond
absorbs the radiation in the 240 nm -180 nm range. The chiral a-Cs of the amino acid
residues provide an optically active environment for the C=0 chromophores. In the
near-UV, the CD signals are produced by the radiation absorbed by any one of the
aromatic amino acid side chains depending on the asymmetry of their environments.
These aromatic rings absorb radiation in the 260 nm - 320 nm range (Kelly and Price,
2000).

The far-UV CD provides the content of secondary structures in a natively folded
or fibril protein structure, while the near-UV CD provides a signature of the tertiary
structure. a-Helices show negative molar ellipticities at 208 nm and 222 nm and positive
molar ellipticity 193 nm. Anti-parallel B-sheets show a negative molar ellipticity at 218
nm and a positive molar ellipticity at 195 nm. A random coil has a negative molar
ellipticity at 195 nm. These basic patterns in ellipticities can be found in the work by
Greenfield, Whitmore and Wallace (Greenfield, 2006; Whitmore and Wallace, 2008).
Bioinformatics

Bioinformatics, which is a combination of biology, biochemistry, computer
science and mathematics, is increasingly being employed to complement the
experimental methods used to investigate protein structure and function (Todd et al.,

2001; Greene and Grant, 2012). Bioinformatics techniques use computer programs to
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analyze protein or gene sequences in order to elucidate the relationship between them
(Kinch and Grishin. 2002). One of the algorithms used to identify to which family or
superfamily a protein belongs is the position-specific iterated basic local alignment
search tool (PSI-BLAST) (Altschul et al.. 1997). Proteins related to a common ancestor
can be identified by a consensual sequence signature. a common 3D structure and may
have a similar function (Greene and Higman. 2003). The structure and function of an
uncharacterized protein can be inferred from that of its relatives (proteins which share
sequence identity with the query protein) whose 3D structure and function have been
determined. Despite the fact that there may be some sequence and structural changes
over time as an ancestor protein evolves, those regions of the ancestral protein that are
responsible for its structural stability and function remain largely preserved in the
offspring protein (Kinch and Grishin, 2002; Alexander and Zhulin, 2007). This has great
value when trying to understand the nature of a protein whose structure and function is
not known. This is particularly important when it can take several years to solve the
structure and function of a protein experimentally if at all as some proteins are not well
behaved.
PROTEIN FOLDING

Protein folding is a process in which linear polypeptide chains are converted into
their 3D structures that give proteins their functional properties. During the folding
process, the polypeptide does not try out all possible conformations in order to find the
native conformation. Instead, interactions between amino acid residues that lead to a
stable native fold are chosen over those that lead to unstable conformations, thus, the

process of folding is directed and nonrandom (Levinthal. 1968; Dinner et al.. 2000).



The three most prominent mechanisms by which a polypeptide chain folds are:
the hydrophobic collapse model. the framework model and the nucleation-condensation
model. Early proposed protein folding pathways (Figure 6). include the framework and
the hydrophobic collapse as well as the spontaneous refolding model. the nucleation
growth model and the jigsaw model. In the framework model. some segments of the
polypeptide chain may form helices and B-strand structures. The native conformation of
the protein is then formed by diffusion and collision of the pre-formed secondary
structures (Karplus and Weaver, 1994; Dinner et al., 2000). In the hydrophobic collapse
model, nonpolar amino acid residues associate with each other and form a hydrophobic
core in order to keep away from an aqueous environment. The remainder of the
polypeptide chain folds around the hydrophobic core into a 3D structure (Cheung et al.,
2002). Anfinsen proposed that a polypeptide chain can spontaneously fold (Anfinsen,
1973). The nucleation growth model suggests that a diffuse nucleus containing
secondary structures is formed by specific amino acids, then the tertiary structure grows
from this nucleus (Fersht, 2000; Vendruscolo et al., 2001). In the jigsaw model,
individual polypeptide molecules can fold by any of the pathways into intermediates
which then associate with one another to produce the native structure of the protein
(Kim and Baldwin, 1982).

After the early protein folding models, another folding pathway, the nucleation-
condensation model was proposed (Fersht, 2000; Vendruscolo et al., 2001) (Figure 7). In
this model, the folding process begins via the formation of a nucleus which contains
some secondary and tertiary structures (Daggett and Fersht, 2003). Then, the remainder

of the polypeptide chain condenses around this nucleus. The formation of a fairly stable
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Figure 6. Early protein folding models

In the hydrophobic collapse model, hydrophobic side chains of amino acid residues
associate to form a core in order to avoid the aqueous environment. The remainder of the
polypeptide chain folds around the core into a 3D structure (Cheung et al., 2002). In the
framework model, some segments of the polypeptide chain form secondary structures.
The native fold is formed by diffusion and collision of the pre-formed secondary
structures (Dobson, 2004). Anfinsen model suggests that the polypeptide chain can
spontaneously fold (Anfinsen, 1973). The nucleation growth model proposes that
specific amino acid residues associate to form a diffuse nucleus with secondary
structure. Then, the tertiary structures develop from this nucleus to produce a 3D fold
(Fersht, 2000; Vendruscolo et al.. 2001). In the jigsaw model, individual polypeptide
molecules may fold by any of the pathways into intermediates which then associate to
form one 3D native structure of the protein (Kim and Baldwin, 1982). Figure reproduced

from Radford (Radford, 2000).
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nucleus limits the alternative pathways by which the polypeptide chain can fold (Fersht.
1995). Note. this model is different from the nucleation growth because its transition
state contains some characteristics of the native state. The folding nucleus also termed
the *fold-determining core” by Greene et al. is proposed to be evolutionarily conserved

(Greene et al.. 2003).

Unfolded state Nucleus Folded conformation
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Figure 7. The nucleation-condensation protein folding model

The unfolded polypeptide chain first forms a nucleus which contains some secondary
and tertiary structures. The remainder of the polypeptide chain folds around the nucleus
to form the native conformation of the protein (Fersht, 1995). Figure reproduced from

Nolting (Nolting and Andert, 2000).

Protein folding is now recognized to occur on a funnel shaped energy landscape;
irrespective of the model (Figure 8) (Dill and Chan, 1997; Miao et al., 2014; Woodside

and Block. 2014). The energy landscape describes the energy levels of different



conformations which a polypeptide can assume as it moves from a high energy level
unfolded structure towards a low energy level native structure (Wolynes. 1997
Weinkam et al.. 2010). Small proteins. such as chymotrypsin inhibitor 2 (64 residues).
have one transition from the unfolded to the native state while large proteins (>100
residues) can involve intermediates (Jackson and Fersht. 1991; Walters et al.. 2013).
These intermediates may or may not contain structures similar to those in the native state
of the protein (Brockwell et al., 2000). The polypeptide intermediates that contain

native-like structures are said to be on the pathway while those with non-native-like
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Figure 8. The protein folding funnel

Unfolded protein molecules at the top of the energy landscape fold to their native
conformation using any of the folding models. Small proteins fold smoothly down the
funnel to their native structure (Jackson. 1998). The folding of large proteins may

involve few or many intermediates. The molten globule is one of the intermediates into



Figure 8 Continued
which a polypeptide can be trapped during the folding process (Schultz. 2000). Some
protein molecules achieve their native fold at the bottom of the funnel while others fail

to fold correctly and assume a misfolded conformation. Figure reproduced from Radford

(Radford. 2000).

structures are described as off-pathway (Brockwell et al., 2000). Conformers on the off-
pathway are trapped at certain energy levels of the folding funnel. Chaperones can assist
the trapped intermediates to form native-like secondary structures which culminate in
the native state (Radford, 2000; Kim et al., 2013).
Chaperones and in vivo folding

Under normal circumstances a cell employs molecular chaperones to deal with
the problem of proteins that tend to misfold and/or aggregate. These chaperones
maintain the normal levels and integrity of these proteins (Takalo et al., 2013). A
molecular chaperone recognizes and binds the exposed hydrophobic segments of the
newly synthesized polypeptide chains or misfolded proteins, assists them to fold
correctly into their native conformations, prevents their aggregation and assists in the
repair of damaged proteins (Hartl, 2011; Vabulas et al., 2010).

Chris Anfinsen used ribonuclease to show that a pure denatured protein can
refold spontaneously in vitro to its functional native state when the denaturant is
removed. This earned him a Nobel prize in 1972 (Anfinsen. 1973). However, the ideal

conditions in vitro are different from those in the cell cytoplasm where there are many



other nascent polypeptide chains (Fink. 1999). A mechanism that prevents the newly
synthesized polypeptides from interacting with each other is necessary. The exposed
hydrophobic regions of linear polypeptide chains have the tendency to associate with
each other resulting in flawed and premature folding (Srinivasan. 2012). In a folded
protein. such hydrophobic patches are buried in the core of the protein or in the lipid
bilayers in the case of membrane proteins (Bross. 2011). Chaperones are able to identify
and bind these hydrophobic segments of the polypeptide chains and prevent
inappropriate interactions within the chain or between the chains (Chaudhuri and Gupta.
2005). Chaperones do not determine how a protein will fold to its native conformation.
but prevent ineffective intra- and intermolecular contacts and assist the linear
polypeptide chain to reach its 3D structure determined by its amino acid sequence (Hartl
and Martin, 1995; Dahiya and Chaudhuri, 2014). Some polypeptide chains do not
require chaperones and fold as they emerge from the ribosomes or fold after they are
released into the cytoplasm (Figure 9) or into the lumen of the endoplasmic reticulum

(Hardesty et al., 1999).
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Figure 9. Chaperones assist the newly synthesized polypeptide chains to fold

The figure depicts the folding process in a prokaryotic cell. Approximately seventy
percent of small polypeptide chains fold spontaneously to their native structure with the
help of the trigger factor (TF). About twenty percent of larger polypeptides require the
assistance of Hsp70 (DnaK) and Hsp40 (Dnal) chaperones to fold correctly as they
emerge from the nibosomes. Ten percent of the larger polypeptide chains will enter the
GroeEL-GroES complex where they will fold and then be released into the cytoplasm
(Hartl and Hayer-Hartl, 2002; Vabulas et al., 2010; Dahiya and Chaudhuri, 2014).

Figure reproduced from Hartl.
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The molecular chaperones found in eukaryotic cells include heat shock proteins
(Hsp) Hsp40. Hsp60. Hsp70 and Hsp90 (Hartl and Hayer-Hartl. 2002). The Hsp are
synthesized when a cell experiences stress due to environmental changes including
increased temperatures above the physiological level (Schlesinger et al.. 1997). The heat
shock proteins are able to distinguish between native and non-native conformations of
proteins (McClellan and Frydman. 2001). The activities of the Hsp60 and Hsp70 are
regulated by the binding and hydrolysis of ATP. The Hsp60 chaperones. which are
GroEL-like proteins, have a central cavity. In a prokaryotic cell, the GroEL and its
cochaperone the GroES isolate a nascent or a misfolded protein from the cytoplasm and
allow it to fold in a protected environment and then release it again into the cytoplasm
after it has folded correctly (Hartl, 2011). The Hsp70 chaperones do not only assist the
newly synthesized polypeptides to fold but also protect the hydrophobic patches of the
polypeptide chains as they translocate from the cytoplasm into the endoplasmic
reticulum (Fink, 1999). Another group of chaperones are the small heat shock proteins
which are not ATP regulated. These chaperones form spherical structures to which
unfolded proteins can bind during unfavorable conditions until chaperones that assist the
proteins to fold are available (Bross, 2011).
PROTEIN MISFOLDING

When a polypeptide folds into a conformation which is different from the native
state, it is considered to be misfolded. Often misfolded proteins can refold properly with
the help of chaperones (Hartl, 2011; De Los Rios and Barducci, 2014). Misfolded
proteins that cannot be rescued by molecular chaperones are destroyed by the cell

through mechanisms discussed in the next section. However. a small group of proteins



can misfold into an alternative. stable conformation that eventually leads to fibrils. As
mentioned previously. most fibrils are stacked 3-sheets which elongate into an insoluble
polymer. Some peptides naturally form B-sheet polymers. for example. the conversion of
fibrinogen to fibrin during the formation of a blood clot. Studies have shown that
proteins and peptides associated with neurodegenerative diseases including
Huntington’s, Parkinson’s. Alzheimer’s and Dementia with Lewy bodies are misfolded
and have a $-sheet conformation. which is prone to aggregation and fibrillation (Soto.
2003; Ross and Poirier, 2004; Suzuki, 2014; Valastyan and Lindquist, 2014). The fate of
a newly synthesized polypeptide chain is determined by the physiological conditions in
the cell cytoplasm which may enhance or prevent it from folding to its native
conformation implying that disease states have different cell cytoplasm conditions

(Figure 10).
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Figure 10. The fate of a polypeptide chain coming off the ribosome

The nascent polypeptide chain can, through an intermediate, fold to a monomeric native
structure, or form a protein fiber, a functional oligomer or a crystal in vitro. The
polypeptide intermediate can form disordered aggregates or prefibrillar species which
assemble into amyloid fibrils. The unfolded polypeptide chain can also form disordered
aggregates and/or amyloid fibrils or it can be degraded into fragments. The degraded
fragments can assemble into disordered aggregates or amyloid fibrils (Dobson, 2003).

Figure reproduced from Dobson.



Certain conditions. such as inflammation. oxidative stress and aging have a
tendency to enhance protein oxidation. phosphorylation. nitration and protease
truncation (Haigis and Yankner. 2010; Tarawneh and Galvin. 2010). These can result in
protein misfolding and aggregation. Reactive oxygen species (ROS) including
superoxide anion (O,"). hydrogen peroxide (H>O,) and peroxynitrite (ONOQ") are
produced during cell respiration and by the oxidative burst of macrophages during
inflammation (Sultana et al., 2006; Slauch. 2011). The reactive species can generate free
radicals which react with and damage nucleic acids, lipids and proteins. The resulting
oxidation at the cysteine and methionine residues increases protein susceptibility to
aggregation (Slauch. 2011). In individuals with Alzheimer’s disease,
hyperphosphorylation of the tau protein enhances tau aggregation (Mandelkow and
Mandelkow, 2012). Furthermore, increased cleavage of the A precursor protein by 3-
and y-secretase enzymes increases the levels of f-amyloid peptide resulting in its
accumulation and aggregation (Haass et al., 2012).

Other examples of unfavorable conditions in a cell that trigger protein
conformational changes include high concentrations of free fatty acids due to obesity
(Boden, 2008) and the presence of numerous unfolded newly synthesized polypeptide
chains (Goldberg, 2003). The hydrophobic regions of fatty acids act as micelles which
denature proteins by binding their hydrophobic regions. Denatured proteins whose
hydrophobic cores are exposed to the aqueous solvent have the propensity to aggregate
before they are destroyed by the proteasome system (Sherman and Goldberg, 2001).

Another cause of protein misfolding problems is from mutations in the sequence

that are prone to form B-sheets and fibrils (Bross. 2011). The mutations either impair



correct folding or decrease the stability of the native conformation (Valentini. 2013).
Thus. energy of the folding funnel is affected such that misfolded proteins have a greater
chance of forming.

Neurodegenerative diseases are generally related to a combination of aging and
mutations (Migliore and Coppede. 2009). During aging. the protein quality control
system declines and fails to efficiently sustain protein homeostasis (Haigis and Yankner,
2010). Increased accumulation of misfolded and aggregated proteins may overwhelm
the protein quality control and the clearance systems (Cuervo etal., 2010).

Protein misfolding and degradation

A cell has two mechanisms by which it maintains protein quality (Bross. 2011).
The first mechanism, already discussed, involves chaperones which assist in folding and
refolding nascent polypeptides and denatured proteins. respectively (Hartl, 2011). In the
case of proteins beyond rescue, chaperones will interact with the ubiquitination system
to mark them for degradation by the ubiquitin-proteasome system (UPS) or by the
autophagosome-lysosome pathway (ALP) (Ciechanover et al., 2000; Dikic et al., 2009;
Amm et al., 2014). The UPS involves the 26S proteasome system (Figure 11) which
eliminates proteins no longer required by the cell and those incapable of folding to their
native structure. The 268 protease complex consists of a central 20S cavity and a
regulatory 19S particle at both ends of the cavity (Voges et al., 1999; Glickman and
Ciechanover, 2002). Most cell proteins are degraded by the 26S proteasome (Glickman
and Ciechanover, 2002). The ubiquitinated proteins enter the proteasome system through
the 19S regulatory particle. which contains ATPases that bind the proteins and use ATP

hydrolysis to unfold them and then transfer the linear polypeptides to the 20S particle



(Benaroud) et al.. 2003). The 19S particle also contains enzymes which dissociate
ubiquitin molecules from the proteins (Glickman and Ciechanover. 2002). The
peptidases of the 20S particle digest the polypeptides into small peptides (Kisselev et al..
1999). The peptides released into the cytoplasm are rapidly broken down to amino acids

by cytosolic endopeptidases and aminopeptidases (Saric et al., 2004).

Figure 11. The ubiquitin-proteasome system

Three ligase enzymes E1, E2 and E3; the ubiquitin protein and the barrel shaped 26S
proteasome complex make up the ubiquitin-proteasome system. Enzyme E1 activates
the ubiquitin molecule. The activated ubiquitin molecule is transferred to E2 (the
ubiquitin conjugating enzyme). The ubiquitin can either be transferred to a protein

substrate already bound to E3 enzyme or it is transferred first to an E3 enzyme and



Figure 11 Continued

then transferred to the E3 bound substrate. In a similar manner. additional molecules of
ubiquitin are successively added to the already conjugated ubiquitin strand. The protein
substrate enters the 26S proteasome complex where it is broken down to small peptides.
The deubiquitination enzymes free the ubiquitin strand from the protein substrate for

reuse. Figure reproduced from Ciechanover (Ciechanover and Brundin, 2003).

The second pathway for protein degradation involves the ALP. A constitutively
expressed cytoplasm Hsp70 chaperone directs proteins intended for degradation to the
surface of lysosomes (Pan et al., 2008). The proteins are then transferred into the
lysosomes and are degraded (Mijaljica et al., 2010). When a misfolded protein fails to
refold and is not degraded by either the UPS or ALP, it is isolated in a specific location
in the cell, where it forms an intracellular inclusion body (Kopito, 2000; Olzmann et al.,
2008). Inclusion bodies in the surviving neurons. are believed to be a defense scheme by
the cell against misfolded proteins and aggregates (Kopito, 2000). The sequestration of
misfolded proteins into inclusions reduces the accumulation of misfolded proteins and
toxic species and prevents them from interacting with other proteins and cell organelles
(Chen et al., 2011). Protein folding, refolding. degradation and isolation into inclusion
bodies all require the action of different types of chaperones (Takalo et al., 2013).
Protein misfolding and fibril formation

Under certain unfavorable conditions, a natively folded protein may unfold

partially or completely and expose its hydrophobic patches. which are normally buried



in the protein core. to the aqueous environment. These hydrophobic segments of a
polypeptide have the tendency to associate with one another and form soluble oligomers
that are stabilized by B-sheet structures (Hilbich et al.. 1992). The soluble oligomers can
be formed by a few or several residues of the polypeptide chain (Chamberlain et al..
2000). These oligomers can act as a nucleus and incorporate additional monomers to
form larger polymers called protofibrils, which are the precursors of protein fibrils
(Walsh et al., 1997; Walsh et al., 1999; Alexander and Zhulin, 2007). The fibrils are
characterized by an interior cross f-sheet structure which resists protease digestion,
binds to Congo red and thioflavin T dyes and appears as rod-like structures under
transmission electron microscopy and atomic force microscopy (Soto, 2003).

Protein fibrils can arise from proteins with a folded native state and from
intrinsically unstructured proteins. The ability to form fibrils is not restricted to proteins
associated with diseases and is an intrinsic property of polypeptide chains (Chiti et al.,
1999). In fact the general overall basic morphology is similar for large and small
proteins as well as peptides (Lopez De La Paz et al., 2002). The core of the fibril is held
together by hydrogen bonds involving the polypeptide backbone (Dobson, 2004). Since
the polypeptide backbone is common to all proteins; it explains why protein fibrils
formed by proteins of different native conformations have certain common
morphological features. However, each protein and even the same proteins forming
fibrils under different conditions have unique structural characteristics (Collins and
Greene. 2014).

In a folded protein, the polypeptide backbone is buried in the interior of the

protein. The polypeptide backbone must be exposed before fibrillation process can take



place. Consequently. globular proteins must fully or partially unfold before they refold
into fibrils (Kelly. 1998). Protein fibrillation in vitro has a lag phase that is followed by a
rapid growth of fibrils (Harper and Lansbury. 1997). The lag phase is the period when
the fibril nucleus is formed and the rapid growth or elongation period occurs when the
nucleus incorporates monomers or oligomers. The nucleation phase can be by passed by
adding preformed exogenous fibrils or oligomers to fresh protein solution (Harper and
Lansbury, 1997).

The mechanism of protein fibrillation is not yet fully understood. One proposed
pathway for amyloid fibril formation suggests that a natively folded protein is
destabilized and unfolds (Figure 12). Then the misfolded intermediates aggregate into
soluble oligomers which are stabilized by a cross B-sheet structure (Soto, 2003). These
soluble oligomers then incorporate additional misfolded monomers to form protofibrils.
The protofibrils then stack up to form mature, insoluble fibrils. The fibrils can also serve
as nuclei to which monomers, soluble oligomers and protofibrils are incorporated.
Factors including pH, temperature, ionic strength, protein concentration and agitation
have an effect on the length of the lag phase in vitro. Each protein has its own unique
conditions under which it unfolds and then forms fibrils (Soto, 2003). The factors in
vivo are more elusive and can involve concentration. mutation and presence of certain

metals for example.
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Figure 12. Model of protein fibril formation

The native protein is destabilized and unfolds, the misfolded intermediates form soluble
oligomers which incorporate more misfolded intermediates to form protofibrils.
Protofibrils interact through hydrogen bonds to form fibrils. The B-strands are

perpendicular to the long axis of the fibril. Figure adapted from Soto (Soto, 2003).

Protein misfolding and potential disease states

Neurodegenerative disorders including Alzheimer’s, Parkinson’s. Huntington’s,
Amyotrophic Lateral Sclerosis and Dementia with Lewy bodies are characterized by a
gradual loss of neurons in certain regions of the brain resulting in abnormal synapses

and clinical symptoms (Martin. 1999). In addition, intracellular or extracellular protein
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fibrils are found in the affected regions of the brain (Dobson. 2001). The cytoplasmic
inclusions that are detected in surviving neurons contain ubiquitin tagged misfolded
proteins that have transformed into an amyloidogenic or fibril conformation (Soto. 2003;
Ross and Pickart. 2004). The loss of neurons occurs by programmed cell death (Mattson.
2000; Simon et al.. 2012). Cell death can occur because the function of a specific protein
associated with the disease has been lost due to the protein having a misfolded or fibril
conformation. The regions of the brain and the type of neurons affected by the protein
fibrils determine the clinical symptoms associated with each disease (Soto, 2003).

Protein fibrils, particularly those deposited outside the cell may interact with
surface receptors and activate signal transduction pathways leading to apoptosis
(Bamberger et al., 2003). When protein aggregates bind transcription factors and
chaperones, they interfere with the production of mRNA and the protein folding process
respectively (Soto, 2003). Soluble protein oligomers may form ion channels which are
large and nonselective (Lashuel et al., 2002). These channels disrupt membrane potential
and allow an influx of calcium ions which initiates apoptosis (Lin et al., 1997). Protein
aggregates may also stimulate oxidative stress by producing ROS resulting in protein
and lipid oxidation. For example, when a-synuclein located at the inner mitochondrial
membrane aggregates, it potentially inhibits complex [ which can disrupt the electron
transport chain system (Schapira, 2007, 2008). Consequently ATP production is
reduced. An acidic cytosolic environment created by the ROS activates cytochrome ¢
and an apoptotic pathway can then be initiated resulting in cell death. (Mounsey and

Teismann, 2010).



Additionally. brain inflammation may be triggered by the accumulation of
protein aggregates or by signals from injured neurons. A large number of activated
microglia and astrocytes are usually found in the areas around protein deposits (Zhang et
al.. 2005). Activated microglia cells produce superoxide anions resulting in oxidative
stress in the affected neurons (Colton et al., 1989).

Two types of fibrils are observed for those with Alzheimer’s disease. The
amyloid plaques are deposited outside the cell and the main component of the plaque is
a 40 or 42 residue AP peptide fibril (Glenner and Wong, 1984). However, these plaques
do not necessarily correlate with the severity of the disease. The fibrillar tangles (tau
protein fibrils), whose main constituent is tau protein, are deposited in the cytoplasm
(Grundke-Igbal et al., 1986) and are potentially one of the contributing factors in this
disease. It is presently under intensive investigation. In Alzheimer’s disease the loss of
hippocampus and neocortex neurons result in dementia.

Patients with Parkinson’s disease have inclusions called Lewy bodies and Lewy
neurites in the cytoplasm of the substantia nigra neurons. The major protein in the Lewy
body and Lewy neurite inclusions is a-synuclein fibrils (Spillantini et al.. 1997). Rigidity
and tremor in Parkinson’s are caused by the lack of the neurotransmitter dopamine due
to the death of the dopamine producing neurons in the substantia nigra region (Wu,
2011). The presence of Lewy bodies is not directly linked as a cause to these motor
problems.

Huntington’s disease is characterized by the aggregated huntingtin protein which
is deposited in the nucleus of the cell (Kaltenbach et al.. 2007). Depleted levels of

huntingtin protein (an anti-apoptotic protein) due to its aggregation result in the death of



the striatum and cortex neurons (Cattaneo et al.. 2001). The loss of brain cells of the
cerebral cortex and striatum in Huntington's disease results in uncontrolled movements
and dementia.

Individuals with Amyotrophic Lateral Sclerosis have aggregates composed of
superoxide dismutase which are deposited in the cell bodies and axons of motor neurons
(Turner et al., 2005). The enzyme superoxide dismutase, which catalyzes the conversion
of superoxide anions to hydrogen peroxide, is depleted by misfolding and aggregation
(Murakami et al.. 2011). The loss of superoxide dismutase activity results in the
accumulation of superoxide anions which initiate lipid peroxidation. Lipid peroxidation
causes neuronal membrane damage which results in cell death (Mattson, 2000; Wang et
al., 2012). In this disease, neuronal cell death occurs in the spinal cord, the brain stem
and the motor cortex causing progressive paralysis (Soto, 2003).

Functional protein fibrils

Although protein fibrils are more often associated with select neurodegenerative
diseases, functional fibrils have been identified in bacteria, fungi, insects, invertebrates
and humans. The fibril structure is now described as a quaternary structure formed by
hydrogen bonded B-sheets (Chiti and Dobson, 2006). E. coli and Salmonella species
employ curli fibrils (from protein curli) to attach themselves to surfaces to form colonies
and 1nvade host cells (Cherny et al., 2005; Gebbink et al.. 2005; Fowler and Kelly,
2012). Insects and fish use chorion protein fibrils as a structural component and for
protection of their eggshells (Hamodrakas et al., 2004). The electron micrographs of a-
synuclein and chorion protein fibrils are shown in Figure 13. There appears to be no

significant difference in structure between functional and disease state fibrils.



Figure 13. Fibril structures of a-synuclein and silkmoth chorion proteins

(A) Transmission electron microscopy micrograph of a-synuclein fibrils.

(B) Transmission electron microscopy micrograph of silkmoth protein fibrils.

Figures reproduced from Bousset, Panel A (Bousset et al., 2013) and Hamodrakas, Panel

B (Hamodrakas et al., 2004).

Fibrin fibrils are also employed in clot formation. Factor XII initiates the
cleavage of fibrinogen into fibrin. The fibrin polymerizes and contributes to the
formation of a blood clot (Kranenburg et al., 2002; Allan et al., 2012). Human Pmel17
protein forms fibrils which function as sites at which melanin is synthesized from
tyrosine in the melanosomes (Figure 14). The Pmell7 fibrils also bind reactive melanin

precursors which are toxic to the melanocytes (Fowler et al., 2007).
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Figure 14. Biosynthesis of melanin from tyrosine on human Pmell7 fibrils

(A) Human Pmell 7 protein forms fibrils in the melanosome of a melanocyte.

(B) Pmel17 fibrils are scaffold for melanin biosynthesis (Fowler et al., 2007). This
schematic is modified from Fowler et al. The symbols shown correlates to the following:

0= tyrosine; @ = reactive melanin precursor; @ = tyrosinase; 000 = :clanin polymer.

THE SYNUCLEIN FAMILY
The synuclein family consists of small and soluble proteins: a. f and v which are

primarily expressed in the brain cells of vertebrates (George, 2002). The size of human



synucleins ranges from 127 to 140 amino acid residues (Yoshida et al.. 2006). a- and B-
Synucleins are expressed predominantly in the presynaptic axon terminals of the central
nervous neurons including the dopamine producing neurons of the substantia nigra while
y-synuclein is expressed in the peripheral nervous system neurons. The three proteins
are encoded by three specific a-. -, and y-synuclein genes. In humans, a-, B-, and y-
genes are located in chromosomes 4. 5 and 10, respectively (Chen et al., 1995;
Spillantini et al.. 1995; Lavedan, 1998). a-Synuclein shares 60% and 78% identity with
v- and B-synuclein. respectively. B-Synuclein differs from a-synuclein by the deletion of
a cluster of eleven amino acids in its central region (Uversky et al., 2002; Sung and
Ehiezer, 2006).

The synuclein polypeptide chain is divided into three regions: the N-terminus,
the central region and the C-terminus (Figure 15). The region of highest homology
among the synuclein proteins is the N-terminal region which contains several degenerate
eleven amino acid repeats with a KTK(E/Q)GV conserved sequence (Sung and Eliezer,
2007). Their C-terminal domains are diverse. a-and y-Synucleins contain seven repeat
domains while B-synuclein has five. The sixth and seventh repeat sequences in B-
synuclein are incomplete because of the deletion of the eleven amino acid residues in the
central region (Lavedan. 1998). There is a variation in the KTK(E/Q)GV sequence
among the three human synucleins. however, the third hexameric sequence is highly
conserved. Several experimental studies have shown that the synuclein monomers are
random coils in solution but adopt an a-helical conformation when associated with
phospholipids (Perrin et al.. 2001; Uversky et al.. 2002: Sung and Eliezer, 2006; Israeli

and Sharon. 2009).
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Figure 15. Sequence alignment of the human synuclein family

The number of amino acid residues in a-, B- and y-synuclein proteins are 140, 130 and
127, respectively. The synuclein polypeptides are divided into three regions: the N-
terminal (blue); the central (boxed area) and the C-terminal (yellow). In the N-terminal
region there are degenerate 11 amino acid repeats (underlined) with conserved
KTK(E/Q)GV sequences (red). The sixth and seventh repeats lack the KTK(E/Q)GV

conservation (Uversky et al., 2002).

a-Synuclein
Human a-Synuclein is a 140 amino acid protein encoded by the a-synuclein gene
consisting of six exons (Maroteaux et al.. 1988; McLean et al.. 2012). Alternative

splicing in which exon 3 or 5 or both are omitted yields 126. 112 and 98 a-synuclein
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variants. respectively (McLean et al.. 2012). There are conflicting reports about the
native structure of a-synuclein. Some researchers insist that the protein exists in vivo
predominantly as an unstructured monomer (Fauvet et al.. 2012) while others maintain
that a-synuclein can form a helical tetramer which resists fibril formation under
physiological conditions (Bartels et al.. 2011; Wang et al.. 2011).

Gurry and coworkers, using simulation approaches, recently reported that though
a larger fraction of a-synuclein protein exists in vivo as a monomer, a small fraction
forms helical trimers and tetramers (Gurry et al., 2013). The researchers suggest that the
formation of the helical tetrameric conformation is a mechanism for storing high
concentrations of non-membrane bound monomeric a-synuclein in order to prevent it
from aggregating (Gurry et al., 2013).

Another group of researchers have reported that after cross linking a-synuclein in
the primary neurons and neuroblastoma cells in cell culture, a large fraction of the
protein exists as a helical 60 kDa tetramer with a small fraction of 80 and 100 kDa
species and variable amounts of the monomer (Dettmer et al., 2013). B-synuclein was
also shown to exist in the same conformations. This folded form of a- and B-synuclein
may be their natural structure in the brain tissue.

The N-terminal region of a-synuclein forms a-helices when associated with lipid
membranes. The middle region of the protein. which is between residues 65 to 95 is
prone to aggregation. A portion of the C-terminus (residues 120 to 140) of a-synuclein
has a net negative charge of 8, which is contributed by aspartate and glutamate residues
(Uversky et al., 2002). The central region encompassing residues 65 to 95, has a positive

charge of 3. which is contributed by lysine residues (Uversky et al., 2002). Between the



41

C-terminus and the central region the electrostatic interactions may prevent the central
regions of a-synuclein molecules from associating with each other and forming fibrils
(Bertoncini et al.. 2005). A decrease in the negative net charge increases the propensity
of u-synuclein to fibrillate (Uversky et al.. 2001b).

The results of some experimental studies suggest that the role of the conserved
KTK(E/Q)GV repeat sequence is to maintain a-synuclein in its unfolded state when in
solution and to interact with membrane phospholipids (Sode et al., 2007). When a-
synuclein is associated with a micelle, it forms a hairpin structure (Figure 16) (Ulmer et
al., 2005). One helix covers a stretch that includes residues 3-37 and the other is
composed of residues between 45 and 92. The loop that joins the two helices

encompasses residues 38-44.

Figure 16. Micelle-bound a-synuclein based on solution NMR
Under physiological conditions in a neuron, a fraction of a-synuclein is associated with

lipid membranes and assumes a hairpin structure. Figure reproduced from Ulmer

(Ulmer et al., 2005).



It is proposed that a-synuclein may first form an a-helical intermediate before
converting into fibrils (Uversky et al.. 2001a). The degenerate KTK(E/Q)GV sequences
resist the formation of the partially folded a-synuclein. Mutants of a-synuclein are more
prone to fibrillation than the unmutated form (Li et al.. 2001). The three point mutations
A30P. E46K and AS53T in the N-terminal region of a-synuclein disrupt some of the
repeat sequences (Sode et al.. 2007). These mutations are believed to enhance the
formation of a-helical intermediates leading to fibril formation (Harada et al.. 2009).

Polymeropoulos and coworkers discovered an A53T point mutation in a-
synuclein which was associated with early-onset of familial Parkinson’s disease
(Polymeropoulos et al., 1997). A second A30P mutation was reported in 1998 (Kruger et
al., 1998) and a third E46K a-synuclein mutant was also reported in 2004 (Zarranz et al.,
2004). Recently, two new mutations H50Q and G51D which are also associated with
early-onset Parkinson’s disease were reported (Lesage et al., 2013). The five point
mutations are all in the N-terminal region. It should be noted that early-onset familial
Parkinson’s disease is actually a rare medical condition.

The physiological function of a-synuclein in the brain tissue is not clearly
understood but a number of possible functions have been proposed. Several
experimental studies seem to indicate that a-synuclein is involved in the biosynthesis
and storage of the neurotransmitter dopamine (Peng et al.. 2005). In addition, a-
synuclein may be involved in dopamine release and reuptake at the presynaptic
terminals (Sung and Eliezer, 2007). Dopamine biosynthesis involves the conversion of
tyrosine to levo-dihydroxyphenylalanine (L-DOPA) in a reaction that is catalyzed by a

phosphorylated tyrosine hydroxylase (TH) (Sidhu et al.. 2004b). The enzyme DOPA



decarboxylase catalyzes the conversion of L-DOPA to dopamine. A chaperone protein
14-3-3 binds the phosphorylated TH and stabilizes its phosphorylated conformation and
prevents its dephosphorylation (Kleppe et al.. 2001: Obsilova et al.. 2008). a-Synuclein
can either directly bind the dephosphorylated TH and prevent the phosphorylation of TH
at serines 19 and 40. rendering the TH inactive (Leal et al., 2002; Perez et al., 2002). or
activate a protein phosphatase 2A that dephosphorylates the TH enzyme (Lou et al.,
2010). However, when a-synuclein itself is phosphorylated at serine 129, it cannot
activate the phosphatase 2A, which in turn will not dephosphorylate the TH enzyme.
Phosphorylation and dephosphorylation of TH regulates dopamine synthesis. After
dopamine is synthesized, it is immediately stored in synaptic vesicles (Perez et al.,
2002). Low levels of a-synuclein in the nerve terminals due to low expression or
aggregation, results in increased activity of TH with subsequent increase in the
production of dopamine. If dopamine levels exceed the ability of the cell to clear the
neurotransmitter from the cytoplasm, the accumulated dopamine forms dopamine
quinones and other reactive species including hydrogen peroxide, superoxide anion and
hydroxyl radicals (Hasegawa, 2010). These ROS can extract electrons from double
bonds in lipids. proteins and nucleic acids leading to cell damage.

Another possible function for a-synuclein is regulation of the formation of
synaptic vesicles. A transmembrane enzyme phospholipase D2 is essential for synaptic
vesicle formation. The enzyme hydrolyzes phospholipids in order to generate
phosphatidic acid. which is one of the building components for the synaptic vesicles
(Sidhu et al.. 2004a). When a-synuclein binds phospholipase D2, the enzyme is

inactivated (Jenco et al.. 1998). On the other hand when a-synuclein is phosphorylated at
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position 129 (phospho-Ser 129). it loses its ability to interact with phospholipase D2 and
allows vesicles to be built (Pronin et al.. 2000: Ellis et al.. 2001). Thus the binding and
release of phospholipase D2 by a-synuclein regulates formation of the synaptic vesicles.

a-Synuclein may also be involved in the reuptake of dopamine from the synaptic
cleft by the protein dopamine transporter (DAT) (Chadchankar et al.. 2011). The rate of
reuptake of dopamine must not exceed the rate at which it is repackaged into vesicles. a-
Synuclein binds to the dopamine transporter with its middle region encompassing
residues 58 to107 (Wersinger et al.. 2003). This protein-protein interaction controls the
amount of free DAT available for the reuptake of dopamine. The regulation of the
amount of free DAT prevents an excess of free dopamine in the cytoplasm of the
terminal axon. The acidic pH of the storage vesicles prevents a spontaneous oxidation of
dopamine (Sidhu et al., 2004a). At physiological pH in the cytoplasm and in the
presence of molecular oxygen, dopamine is oxidized and generates reactive quinones,
superoxide and hydrogen peroxide (Sidhu et al., 2004a). The DAT protein has been
identified in the intracellular Lewy bodies together with a-synuclein (Bellucci et al.,
2008). As a result of this retention, dopamine transporter levels in the cell are depleted.
The rate of reuptake of the dopamine from the synaptic cleft is adversely affected.

In order for the synaptic vesicles to release dopamine into the synaptic cleft, they
must fuse with the presynaptic membrane. a-Synuclein bound to the vesicle SNARE
protein synaptobrevin-2 seems to promote the formation of the complex between the v-
SNARE proteins in the vesicle membrane and the t-SNARE proteins in the membrane of
the pre-synaptic terminal. The fusion of the two membranes facilitates the release of the

neurotransmitter into the synaptic cleft (Burre et al.. 2010). The absence of the three
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synucleins in experimental animals showed a marked decrease in the fusion between the
v-SNARES (integral membrane proteins of the vesicle) and the t-SNAREs (the integral
membrane proteins of the presynaptic terminal).

PARKINSON’S DISEASE

Parkinson’s disease is a movement disorder that affects about six million
individuals world-wide who are over 50 years of age (Bellucci et al.. 2012). At the age
of 40-50, those affected generally have early-onset Parkinson’s disease due in part to
select mutations already discussed in the previous section. The areas of the brain
affected by the disease include the substantia nigra also known as substantia nigra pars
compacta (Arias-Carrion et al., 2010) and the striatum (Wersinger et al., 2004). The
disease is characterized by a progressive loss of dopamine producing neurons of the
substantia nigra (Figure 17) and the presence of Lewy bodies and LLewy neurites in the
terminal axon cytoplasm (Wu, 2011). Depleted levels of dopamine due to the loss of the
dopamine producing neurons, produces the Parkinson’s disease clinical symptoms. The
surviving neurons contain Lewy bodies and Lewy neurites inclusions.

Although a-synuclein is the major component in the Lewy bodies, there are also
several other proteins which are associated with Parkinson’s disease and it appears to be
a multifactorial problem. The proteins include PINKI, Parkin, DJ-1. leucine-rich repeat
kinase 2 and Fbxo7 (Bonifati et al., 2003; Darios et al., 2003; Valente et al., 2004;
Zimprich et al., 2004; Burchell et al., 2013). Each of the five proteins plays a role in the
normal function of the mitochondria. Mutations in any one of them disrupts the
mitochondrial function. including the electron transport chain. resulting in the generation

of ROS (Murphy. 2009).
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Figure 17. A cross section of the brain showing the substantia nigra pars
compacta (SNc)

The areas of the brain mainly affected by Parkinson’s disease are the striatum and the
substantia nigra pars compacta (Wersinger et al., 2004). Axons of the substantia nigra
neurons (red) extend into the striatum region (Arias-Carrion et al., 2010). Figure

reproduced from Arias-Carrion.

The mechanism or therapy by which Parkinson’s disease progression can be
completely stopped has not yet been discovered. Current treatment of the disease is the
administration of the dopamine precursor levo-dihydroxyphenylalanine (L-DOPA).
Once L-DOPA has crossed the blood-brain barrier, it is converted to dopamine in a
reaction catalyzed by DOPA decarboxylase (Perez et al., 2002). However, the drug L-
DOPA loses its effect in alleviating the symptoms as the disease progresses. There are
three other drugs that inhibit a-synuclein fibril formation and they include selegiline,

entacapone and tolcapone (Braga et al., 2011). Unfortunately. these drugs have serious
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side effects including nausea. hypertension and liver toxicity (Simola et al.. 2010). None
of the drugs that inhibit a-synuclein fibrillation or ameliorate Parkinson's disease
symptoms can stop the progression of the disease. which further indicates the
multifactorial nature of the problem.

Another alternative therapy for combating the disease is the direct replacement
of dopamine producing neurons using human embryonic stem cells (Wakeman et al..
2011). However, dopamine producing neurons derived from embryonic stem cells have
been shown to develop Lewy bodies after eleven to sixteen years (Kordower et al..
2008). Other compounds which can disrupt a-synuclein aggregation in a concentration-
dependent manner are being tested to assess their effect. Experimental studies have
shown that rifampicin, an antibiotic used to treat bacterial infection, can inhibit a-
synuclein aggregation in vitro in a concentration-dependent manner (Li et al., 2004) and
also dissolve a-synuclein mature fibrils. Flavonoid baicalein from a Chinese herb
Scutellaria baicalensis was shown to inhibit a-synuclein fibrillation and to disaggregate
its mature fibrils into non-toxic soluble oligomers both in vitro and in vivo (Li et al.,
2004; Ma et al., 2014). Other compounds that inhibit a-synuclein fibrillation include
curcumin, polyphenols, nicotine and hydroquinone (Braga et al., 2011).

When misfolded and aggregated a-synuclein cannot be cleared from the
cytoplasm either by the UPS or the ALP systems, it is isolated into inclusions called
Lewy bodies. The location of the Lewy bodies depends on the type of the disease
(Davies et al.. 2011). For example, in Parkinson’s disease the Lewy bodies are found in
the substantia nigra while in Dementia with Lewy bodies they are present in the

neocortex and the brain stem (Kruger et al.. 1998). When Lewy bodies in the affected
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neurons are stained with hematoxylin and eosin. they appear spherical with a dense core

surrounded by a halo of granular matter (Figure 18).

Figure 18. A Lewy body stained by hematoxylin and eosin stain
A section of the substantia nigra region stained with hematoxylin and eosin stain shows
a Lewy body. The Lewy body appears spherical and has a dense core surrounded by

granular material. Figure reproduced from Spillantini (Spillantini et al., 1997).

a-Synuclein and disease implications

The scientific community believes that a-synuclein may play a role in
Parkinson’s disease. Its mutants (A30P. E46K , H50Q, G51D and A53T) are associated
with early-onset Parkinson’s disease (Schulz-Schaeffer, 2010). The cause of a-synuclein
accumulation in the presynaptic terminals has not yet been elucidated. Epidemiological

studies show that Parkinson’s disease is a multifaceted disorder caused by various
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factors both in the body and from the environment (Elbaz and Moisan. 2008).
Nonetheless. a-synuclein aggregation is potentially a step in the development of
Parkinson’s disease in select patients.

An experimental study involving mice showed that the expression of a-synuclein
in the substantia nigra decreases with advance in age (Mak et al.. 2009). In another study
involving monkeys and humans. the results indicated an increase in a-synuclein
expression with increase in age (Chu and Kordower. 2007). Chu and coworkers
hypothesized that an increased accumulation of a-synuclein in the human substantia
nigra may trigger the onset of Parkinson’s disease. Perhaps the accumulation of the
protein is due to age associated inefficiency of the ubiquitin-proteasome system to
remove unwanted a-synuclein protein molecules from the cell. It may not necessarily be
an overexpression of the protein in old age.

o-Synuclein is most commonly found in the brain and cerebrospinal fluid (CSF)
but the protein has also been recently found in red blood cells (Tokuda et al., 2006;
Fauvet et al., 2012) and recent attempts to quantitatively and reliably determine if it is in
blood plasma have been made (Tinsley et al., 2010). Conflicting results on the levels of
a-synuclein in individuals with Parkinson’s and in those without the disease have been
reported. One group of researchers. using cerebrospinal fluid, observed that a-synuclein
levels in individuals with Parkinson’s disease was lower than in non-Parkinson discase
CSF (Kasuga et al., 2010). Borghi and coworkers reported no significant difference in
the CSF a-synuclein levels between patients with Parkinson’s disease and control
subjects (Borghi et al.. 2000). Tokuda and coworkers have also reported elevated CSF «-

synuclein levels in individuals with Parkinson’s disease compared to control subjects
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(Tokuda et al.. 2010). The variability may lie in the different methods used to determine
the a-synuclein concentration.

Different oligomers have been identified that can lead to fibril formation.
Fibrillar oligomers are soluble filaments with a -sheet structure and develop into
protofibrils (Apetri et al.. 2006: Hong et al.. 2011). Protofibrils are -strands arranged in
parallel with the side chains on the surface of the B-sheets (Breydo et al.. 2012).
Recently. a group of researchers has identified a ring shaped a-synuclein oligomer. This
form is capable of adversely interacting with artificial cell vesicles in vitro and causing
nonspecific ion transport. They can also assemble into fibrils (Giehm et al., 2011).

In cell cultures some oligomers appear to be able to move from one cell to
another, though the new cells degrade the oligomers in the lysosome (Lee et al., 2011).
Within neuronal in vitro cell cultures, a-synuclein aggregates can be transmitted from
cell-to-cell under extreme nonphysiological conditions (Desplats et al., 2009). In
addition, experimental studies involving neuronal cell cultures have shown that specific
forms of exogenous oligomers generated in the presence of FeCl; can induce
intracellular a-synuclein aggregation (Danzer et al., 2009).

a-Synuclein oligomers bind to lipid membranes and can potentially make
channels in the bilayer membrane thereby creating nonselective membrane channels
(van Rooijen et al., 2010). These oligomers, and not mature fibrils, could be a more
responsible factor in Parkinson’s disease. For example, cell death in vitro takes place
before a-synuclein fibrils are detected (Gosavi et al.. 2002). In one experiment when
human a-synuclein was expressed in rat substantia nigra, the death of dopaminergic

neurons occurred before Lewy bodies were formed (Lo Bianco et al., 2002).
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Consequently. a correlation between fibril accumulation and cell death is now
questionable. suggesting that oligomers are potentially a toxic species or the soluble
oligomers interact with unknown cofactors. Dopaminergic neurons containing Lewy
bodies do not necessarily undergo apoptosis faster than the normal population of
neurons (Schulz-Schaeffer. 2010). However, the presence of a-synuclein oligomers in
the dopaminergic neurons compromises the integrity of the cells.

Protein modification. which can occur during protein translation or after
translation. is a mechanism that regulates the activity, binding affinity and stability of a
protein (Schonichen et al., 2013). a-Synuclein undergoes posttranslational modifications
including phosphorylation, oxidation, nitration and protein cleavage. Some
modifications stabilize the protein while others cause it to misfold and form fibrils
(Oueslati et al., 2010). Phosphorylation of the serines at positions 87 and 125 protects a-
synuclein from misfolding and fibrillation (Paleologou et al., 2010; Oueslati et al.,
2012). However, phosphorylation of serine 129 in the C-terminus of a-synuclein
increases the propensity of the protein to form fibrils (Fujiwara et al., 2002). a-
Synuclein in Lewy bodies and Lewy neurites is highly phosphorylated at serine 129
(Fujiwara et al., 2002; McCormack et al., 2012).

All four methionine residues of a-synuclein are prone to oxidation to sulfoxides
(Met-S-Q) in vitro (Glaser et al., 2005). Experimental studies have shown that the more
methionines oxidized the higher the resistance of a-synuclein to fibrillation.
Interestingly. a methionine-oxidized a-synuclein inhibits the fibrillation of other non-
modified a-synuclein molecules (Zhou et al., 2010). On the other hand, when metal ions

bind at the sulfoxide moieties of the methionine-oxidized u-synuclein, they promote its



fibrillation (Glaser et al.. 2005). Zn>". AI’” and Pb”" ions overcome the resistance of
methionine-oxidized a-synuclein to form fibrils (Yamin et al.. 2003).

Tyrosine nitration promotes fibril formation (Giasson et al.. 2001). The 20S
proteasome system is unable to break down a-synuclein molecules that have a nitrated
tyrosine at position 39 (Hodara et al.. 2004). The failure to clear abnormal a-synuclein
from the brain tissue results in its accumulation. aggregation and formation of Lewy
bodies. Experimental studies have shown that incomplete degradation of a-synuclein
generates synuclein fragments which are more prone to aggregation in vitro than the full
length a-synuclein (Liu et al., 2005). It appears that modifications in different regions of
the a-synuclein protein have different effects on its structure. Dopamine and other
positively charged molecules interact with the C-terminal region and induce the protein
to aggregate (Norris et al., 2005).

Lewy bodies have been reported to contain an abundant amount of C-terminally
cleaved a-synuclein (Liu et al., 2005; Lewis et al., 2010). Cleavage sites lie between
residues 115 and 135. The C-terminus is cleaved by the protease enzyme calpain-1
(Dufty et al., 2007). Studies have shown that a C-terminally truncated a-synuclein has a
high tendency to fibrillate both in vivo and in vitro (Li et al., 2005; Kim et al., 2010).
Metals and a-synuclein aggregation

Most of a-synuclein protein is copper bound in vivo (Breydo et al.. 2012). The
imidazole of histidine at position 50 is the anchoring point for copper. a-Synuclein in
solution binds copper ions with methionine 1. aspartate 2 and histidine 50 (Dudzik et al.,
2013). When a-synuclein is membrane bound, the histidine is spatially unavailable and

therefore copper is bound by only methionine 1 and aspartate 2 (Dudzik et al., 2013).



Copper-bound a-synuclein has ferrireductase enzyme activity that catalyzes the
reduction of Fe’™ to Fe*™ (Davies et al.. 2011).

Epidemiological studies conducted in Quebec. Detroit and Michigan indicated
that heavy metals were a risk factor for Parkinson’s disease (Uversky et al.. 2001b).
Occupational exposure to manganese. iron, and copper seemed to increase the incidence
of Parkinson’s disease (Gorell et al.. 1999). Postmortem of tissues from Parkinson’s
disease brains showed higher levels of iron, zinc and aluminum in the substantia nigra
compared with brain tissue unexposed to the metals (Uversky et al., 2001b). Interaction
between metals and a-synuclein causes changes in the conformation of the protein
(Uversky et al., 2001b; Santner and Uversky. 2010). When a-synuclein is incubated with
APP" ions, there are changes in the far-UV CD, the UV absorbance and the intrinsic
fluorescence spectra which are attributed to a partially folded species (Santner and
Uversky, 2010). Changes in the structure of a-synuclein eventually lead to fibril
formation.

The relationship between calcium and a-synuclein appears to be complex.
Investigators have observed that a-synuclein regulates the channels by which Ca®' ions
enter the cell (Mosharov et al.. 2009). However. the interactions between a-synuclein,
dopamine and Ca®" ions can cause the death of substantia nigra neurons (Mosharov et
al.. 2009). In addition, Ca’" ions can interact with the last fifteen amino acid residues of
the C-terminus of a-synuclein and induce the protein to form the previously mentioned
ring-shaped oligomers, which can form pores in the cell membrane (Lowe et al.. 2004).

High concentrations of Ca®” ions in the cytoplasm cause a-synuclein to bind to lipid



membrane with both the N- and the C-termini leading to aggregation of the protein and
eventual perforation of the membrane (Pountney et al.. 2005).

Iron has been implicated in Parkinson’s disease (Mounsey and Teismann. 2012).
Postmortem analysis of Parkinson’s disease brain tissue has shown iron accumulation in
the substantia nigra (Gorell et al.. 1999: Ayton and Lei. 2014). The elevated levels of
iron are accompanied by an increase in the concentration of ferritin protein. which binds
Fe’ jons (Davies et al.. 2011). In addition. since Fe" is a cofactor of tyrosine
hydroxylase, the lower concentration of Fe?" jons decreases the rate of dopamine
synthesis (Davies et al.. 2011). The copper-bound a-synuclein maintains a supply of
Fe’ ions by reducing Fe® “through its interaction with the ferrireductase. The loss of a-
synuclein through aggregation reduces its ferrireductase activity. Consequently Fe** jons
accumulate resulting in the generation of ROS.

Lead exposure has been shown to increase a-synuclein expression and induce the
formation of inclusion bodies (Zuo et al.. 2009). Pb*>* ions can even overcome the
resistance of methionine-oxidized a-synuclein to fibril formation (Yamin et al., 2003).
The concentration of magnesium has been known to decrease in the cerebral spinal fluid
as Parkinson’s disease progresses (Bocca et al., 2006). A study using mice revealed that
magnesium intake between 1-4 mM concentration was sufficient to protect a-synuclein
against fibrillation (Oyanagi et al., 2006). At concentrations greater than 10 mM, Mg2+
ions induced a-synuclein fibrillation (Oyanagi et al., 2006). Furthermore, 1-4 mM
magnesium concentration was shown to protect dopaminergic neurons from 1-methyl-4-

phenylpyridinium (MPP"). a neuron toxin (Hashimoto et al.. 2008). The interaction
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between magnesium and a-synuclein seems to play a protective role by inhibiting
aggregation of the protein.

Manganese toxicity produces symptoms that are similar to Parkinson’s disease.
The clinical symptoms include fixed gaze. slowness of movement. postural difficulties
and tremor (Lucchini et al.. 2009). However, there are no Lewy bodies present in
manganese induced Parkinsonism and the neurons of the substantia nigra region are not
involved (Bleecker, 1988) When a manganese transporter protein PARK9 is omitted in
in vitro studies, there is an increase in a-synuclein aggregation and toxicity (Gitler et al.,
2009). Manganese ions can oxidize a-synuclein resulting in the formation of di-tyrosine
cross-links both intra- and intermolecular (Uversky et al., 2001b; Santner and Uversky,
2010). This modification makes a-synuclein more prone to aggregation.

Although higher levels of zinc have been observed in Parkinsonian substantia
nigra tissue compared with control tissue, the correlation between zinc exposure and
disease progression is questionable (Forte et al., 2005). However, in vitro studies have
indicated that zinc can accelerate a-synuclein fibril formation (Uversky et al., 2001b).

On the whole there are two types of interactions between metals and a-synuclein.
One type involves electrostatic interaction between metal ions and the negatively
charged side chains of a-synuclein in the C-terminal region. The second type of
interaction between metals and a-synuclein is facilitated by methionine 1. aspartate 2
and histidine 50 in the N-terminal region of the protein (Dudzik et al., 2013). Cu (II)
binds with high affinity to the N-terminal region of a-synuclein specifically the

'MDVFMKGLS® and *VVHGV™ sites and histidine 50 is the anchoring residue. Other
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divalent metal ions have a preference to bind the' "DPDNEA'*site in the C-terminal
region and aspartate 121 is the anchoring residue (Binolfi et al.. 2006).

Many metals stimulate partial folding of a-synuclein (Uversky et al.. 2001b).
The partially folded conformation is prone to aggregation. Iron. aluminum. cobalt and
manganese and high levels of copper ions are the most effective at inducing a-synuclein
partial folding with subsequent aggregation (Uversky et al.. 2001b).

APPROACHES TO STUDY PROTEIN FIBRILS IN VITRO
Transmission electron microscopy

Examination of a specimen under a transmission electron microscope (TEM)
gives information about the surface features. size and shape of an object on a nanometer
to micrometer scale. A modern TEM consists of an electron source, a specimen stage, an
objective lens system, the magnification lens system and data collection system. The
magnified electron image is projected onto a fluorescent viewing screen or the image
can be captured by a charge coupled device camera and displayed on a computer screen
(Wang, 2000).

A beam of electrons generated in a high vacuum by an electron gun is
accelerated towards the specimen and it interacts with the atoms of the specimen. The
interactions and effects on the electron beam are detected and converted into an
image.(Wang, 2000) Thinner areas of the specimen allow more unscattered electrons to
be transmitted and these areas appear light. Areas of the specimen that are thicker allow
fewer unscattered electrons to be transmitted and appear dark (Wang. 2000). However, a
beamn of high energy electrons is not compatible with molecules such as proteins. Such

molecules would easily dry up and their structure would collapse. In addition, the
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molecules do not have the ability to scatter the electrons (Ohi et al.. 2004). Negative
staining. for example. the use of uranyl acetate. has been introduced to insert the
specimen in a layer of dried heavy metal solution. The heavy metal upholds the structure
of the specimen. In addition. the heavy metal can withstand the radiation from electrons
and is capable of scattering the electrons more efficiently than the delicate protein
specimen.
Atomic force microscopy

As the name implies, atomic force microscopy (AFM) characterizes the nature of
surfaces at atomic scale. The atomic force microscope generates very high resolution 2D
and 3D images by using a very small probe tip at the end of a cantilever (Meyer. 1992).
Atomic force microscopy is employed to erase nanoscale electronic structures. measure
surface structures of biological substances, visualize objects from living cells and to
conduct drug crystallization studies (Jensen, 2013) The main components of an AFM are
a cantilever with a sharp tip at one end, a source of laser beam and a photo detector.
Interactions between the tip of the cantilever and the sample surface are regulated by
different types of forces including van der Waals forces, adhesive forces. capillary
forces and electrostatic forces (Meyer, 1992). The van der Waals forces are the most
commonly associated with AFM.

When the cantilever tip is a few angstroms from the surface of the sample,
repulsive van der Waals forces have an effect on the tip. But when the tip is several
angstroms from the sample surface it experiences attractive van der Waals forces

(Meyer, 1992; Hayton et al.. 2010; Jensen, 2013). The van der Waals forces between the
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tip and sample surface generate electrical signals which are converted into topographic
images.

The tapping mode AFM is most commonly used for soft and biological samples.
In the tapping mode atomic force microscopy. the tip oscillates vertically. makes contact
with the surface and lifts off. The oscillation distance ranges from 20 nm to 100 nm.
When the tip comes too close to the sample surface. van der Waals forces. dipole-dipole
interactions and electrostatic forces act on the cantilever and cause a decrease in the
amplitude of oscillation (Jensen, 2013). As the cantilever tip scans the sample surface,
the oscillation amplitude changes with varying contours of the surface. The changes in
the amplitude cause the cantilever to reflect the incident laser beam at different angles.
The photo detector records the changes in amplitude and these signals are converted by
the computer into images of the sample (Jensen, 2013).
Thioflavin T fluorescence

The fluorescence of a benzothiazole dye thioflavin T is an established test for
detecting and monitoring amyloid fibril formation. Thioflavin T dye is composed of a
hydrophobic dimethylamino group attached to a benzene ring which is linked to a polar
benzothiazole containing a polar nitrogen and sulfur (Khurana et al., 2005) (Figure 19).
When a free thioflavin T molecule absorbs a photon of light, the angle of rotation
between the rings rises to 90°. The dimethylamino benzene ring becomes positively
charged while the benzothiazole ring is slightly negative (Wolfe et al., 2010). The
fluorescence of the dye at this conformation is weak. When the dye is trapped between

B-sheets of amyloid fibrils and is irradiated, the angle of rotation is reduced to 65¢, the
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positive charge on the dimethylaminobenzene ring decreases and fluorescence of the dye
is enhanced.

In a polar solvent, the thioflavin dye peak absorption is at 340 nm and its
maximum emission is at 445 nm (Wolfe et al.. 2010). However, when the dye molecule
is trapped between [-sheets of protein fibrils that has more of a nonpolar environment,
there is a shift in its absorption and emission peaks to 440 nm and 480 nm respectively
(Wolfe et al.. 2010; Hsu et al.. 2013). Besides limiting the rotation between the
thioflavin rings. the protein fibrils also reduce the quenching effects of the environment

of the dye thereby enhancing its fluorescence (Hsu et al., 2013).
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Figure 19. Structure of a thioflavin T molecule

The benzothiazole ring on the left is linked to the dimethylaminobenzene ring on the
right. The dimethylaminobenzene is the hydrophobic portion of the molecule while the
benzothiazole is the polar portion .There is an angle of rotation between the rings. When
the molecule is trapped between B-sheets of the protein fibrils, the rotation between the
two rings is restricted causing the bound molecule to fluoresce more than the free

molecule and there is also no quenching effect.
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SPECIFIC AIMS OF THE RESEARCH PROJECT

The purpose of my research project was to contribute to the further
understanding of the synuclein proteins and investigate potential treatments for the
synucleinopathies. Experimental and computational approaches were employed to
conduct the study. The first aim was to investigate potential methods of destroying
protein fibrils with the hope that these methods could be employed to facilitate medical
treatment of fibril related diseases. The second aim was to explore the mechanism by
which B-synuclein inhibits a-synuclein fibril formation. In the future, synthetic protein
molecules mimicking B-synuclein could be employed to arrest a-synuclein fibrillation.
My third aim was to express and isolate a multimeric B-synuclein from which well
diffracting crystals could be produced for X-ray crystallographic studies in order to
elucidate its physiological structure. The fourth aim was to use bioinformatics
techniques to construct a superfamily for the synucleins in order to identify ancestral

relatives which may shed light on their native structure and function in the brain.
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CHAPTER 11

MATERIALS AND METHODS

MATERIALS

All reagents were of analytical grade. Thioflavin T. phenylmethyl sulfonyl
fluoride (PMSF) and sodium chloride were purchased from EMD Chemicals Inc.
(Gibbstown. NJ). Hepes free acid buffer was purchased from AMRESCO (Solon. Ohio)
and the n-octyl-B-D-glucopyranoside was from Indofine Chemical Company (ICC)
(Hillsborough, N.J). Carbenicillin disodium salt, sodium dodecyl sulfate (SDS) running
buffer and tryptone medium were obtained from Teknova (Hollister, CA.). G-75
Sephadex medium size and Q-Sepharose Fast Flow anion exchange resins were from GE
Healthcare (Pittsburgh, PA). Isopropyl-f-D-thiogalactoside was purchased from IBI
Scientific (Peosta, 1A). Tris Base and ethylenediaminetetraacetic acid (EDTA) were
purchased from T.J Baker (Pillipsburg, NJ). Ammonium sulfate was obtained from
Mallinckrodt (St. Louis, MO). Streptomycin sulfate was from Calbiochem (La Jolla,
CA). Dithiothreitol (DTT) was purchased from MP Biomedicals, LLC (Solon, OH).
Competent Escherichia coli BL 21 (DE3) cells were purchased from Aligent
Technologies Stratagene (Santa Clara. CA).Yeast extract was purchased from Research
Organic (Cleveland, OH). Buffers were prepared and filtered through a 450 nm or 220
nm filter purchased from Pall Life Sciences (Ann Arbor, MI). Molecular porous
membrane for dialysis was obtained from Spectrum Laboratories (Rancho Dominguez,

CA). Copper grids of formvar carbon support 400 mesh. uranyl acetate and round grid



mats were purchased from Electron Microscopy Sciences (Hatfield. CA). Ultrapure
water was used to prepare all the solutions. Gycerol was purchased from Fisher
Scientific (Fair Lawn. NJ). Rosetta 2(DE3) cells were purchased from EMD Chemicals
(San Diego. CA).

METHODS FOR THE PROTEIN CHEMISTRY AND BIOPHYSICAL
ANALYSIS OF THE SYNUCLEINS

Transformation

Transformation is a process of introducing foreign plasmid DNA into a
competent bacterial cell. A frozen aliquot (50 ul) of competent E. coli cells was thawed
on ice for 30 minutes. Then 1-3 pl of recombinant DNA were added to the cells and the
reaction mixture was incubated for 30 minutes on ice. The cells were heat shocked in a
water bath at 42°C for 30 seconds and then placed on ice for 2 minutes. The cells were
heat shocked again for 15 seconds and placed on ice.

An aliquot of 950 pl of SOC nutrient media was added to the bacterial cells and
the cells were incubated at 37°C in an incubator shaking at 150 rpm for 1 hour. Bacterial
cells were then centrifuged at 300 rpm for 5 minutes. 900 ul of the media were removed
and discarded. Transformants were selected by plating the bacterial cells on agar plates
containing carbenicillin (100 pg/ml) and incubating the plates at 37°C overnight.
Bacterial cells that grew on the agar had the recombinant DNA since the plasmid
conferred resistance against the carbenicillin antibiotic. Refer also to IBC

rDNA/biosafety protocol #12-006.



Protein Expression

Expression and purification of a- and B-synuclein were performed according to
the protocol of Conway and coworkers with a few modifications (Conway et al.. 1998).
Human wild type recombinant a-synuclein was expressed in Escherichia coli
BL21(DE3) cells using a pT7-7 human wild-type a-synuclein plasmid. Similarly human
wild-type recombinant -synuclein was also expressed in Escherichia coli BL21(DE3)
cells using a pRK 172 human B-synuclein plasmid.

Following induction with 1 mM isopropyl-B-D-thiogalactoside (triggers
transcription and expression of the protein) for 4 hours, bacterial cells were harvested by
centrifuging at 7000 rpm for 30 minutes at 4°C. Cells were lysed (20 mM Tris Base, pH
8.5, 1 mM EDTA and | mM PMSF) by sonication in a lysis buffer. The lysate was
boiled in a water bath at 100°C for 30 minutes and then centrifuged at 9000 rpm at 4°C
for 1 hour. Streptomycin sulfate at a 10 mg/ml concentration was used to precipitate the
nucleic acids. After centrifugation, ammonium sulfate was added to the supernatant at
361 mg/ml to precipitate a- or B-synuclein.

Protein purification procedure

The a-synuclein pellet was dissolved in 20 mM Tris Base buffer (pH 8.5) and
loaded onto a Q-Sepharose Fast Flow anion exchange column equilibrated with the same
buffer and eluted in a gradient of 0-0.6 M NaCl. Protein solution from the column was
collected in 5 ml fractions. Fractions containing a-synuclein were verified by
Coomassie-stained SDS-PAGE, then the protein was dialyzed against ultrapure water
and lyophilized. A Q-Sepharose Fast Flow anion exchange column for B-synuclein was

equilibrated with 25 mM Tris base buffer containing 1 mM EDTA, 0.1 mM DTT and
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0.1 mM PMSF at pH 7.4. The protein was eluted with a gradient of 0-0.5 M NaCl.
Fractions containing -synuclein were verified by Coomassie-stained SDS-PAGE.
dialyzed against ultrapure water and lyophilized. Protein concentration was determined
by dividing the absorbance of the protein solution at 280 nm by the molar extinction
coefficient of the monomeric a- and -synuclein (0.3541 and 0.3583). respectively.

The second step in the purification process involved gel filtration. Lyophilized a-
synuclein protein (14.0 kDa) was dissolved in 20 mM Tris base buffer, pH 8.5 and
loaded onto a Sephadex G-75 gel filtration size exclusion column and eluted with 0.3M
NaCl in 20 mM Tris Base at pH 8.5. a-Synuclein fractions were pooled together,
dialyzed against ultrapure water, lyophilized and stored at -80° C. B-Synuclein was also
loaded onto a Sephadex G-75 gel filtration size exclusion column and eluted with 50
mM NaCl in 50 mM Tris base containing 0.1 mM DTT and 0.1 mM PMSF at pH 8.3.
Purified protein was dialyzed against ultrapure water. lyophilized and stored at -85°C.
Calibration of G-75 size exclusion column

The G-75 size exclusion column was standardized with protein standards from
Sigma-Aldrich: blue dextran, chymotrypsinogen A, ovalbumin, albumin and
ribonuclease. They were donated to us by Professor Ellis Bell (Richmond University,
Virginia). The blue dextran standard was run on its own by injecting the column 3mls of
the protein at 1 mg/ml concentration. The second run was a combination of albumin and
chymotrypsinogen. 10 mg of each protein was dissolved in 3 ml of ultra-pure water and
the protein solution was injected the column. Similarly a combination of ribonuclease
and ovalbumin were dissolved in 3 ml of ultrapure water and injected into the column.

The resulting G-75 chromatogram is shown in the appendix (Figure A).
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Isolation of multimeric B-synuclein

The same protocol for the expression of monomeric B-synuclein was used.
However. the Rosetta 2(DE3) cells instead of the BL21(DE3) cells were used to express
the protein. Hepes buffer (100 mM Hepes. 1 mM EDTA. 1 mM PMSF. pH 7.4) was
used in place of Tris Base. Hepes buffer offers a more conducive environment to the
tetramer than the Tris Base buffer. After sonication. the lysate was not boiled (to
preserve multimeric forms) but centrifuged at 4000 rpm at 4°C to separate soluble and
insoluble fractions. The supernatant was loaded onto a Q-Sepharose Fast Flow anion
exchange column equilibrated with Hepes buffer (100 mM Hepes, 10% glycerol, 0.1%
n-octyl-B-D-glucopyranoside, 0.1 mM EDTA. 0.1 mM PMSF). The B-synuclein was
eluted at 2 ml/min in a gradient of 0-0.5 M NaCl in Hepes buffer (100 mM Hepes. 10%
glycerol, 0.1% n-octyl-B-D-glucopyranoside, 0.1 mM EDTA, 0.1 mM PMSF). The
multimeric complex was concentrated by centrifuging at 4000 rpm at 4°C at intervals of
one hour until the desired volume of the protein solution was achieved.

The second step in isolating the multimeric complex involved gel-filtration. The
concentrated multimeric B-synuclein solution was injected into a Sephadex G75 size
exclusion column equilibrated with Hepes buffer (100 mM Hepes, 10% glycerol, 0.1%
n-octyl-B-D-glucopyranoside. pH 7.4). The multimeric B-synuclein protein was eluted
with 0.15 M NaCl in Hepes buffer at 1ml/min and stored in 1 ml aliquot solutions at -
80°C.

Synuclein fibril formation
A modified method of Hoyer and coworkers was developed for a-and B-

synuclein fibrillation (Hoyer et al.. 2002). Using sealed sterile eppendorf tubes. proteins
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were dissolved in 20 mM Tris base buffer containing 0.2 M NaCl. pH 7.5 and incubated
at 37° C with agitation at 190 rpm in a New Brunswick Scientific Incubator Shaker
Model 25 for up to 14 days.
Monitoring fibril formation

Fibril formation was monitored by thioflavin T (ThT) fluorescence using a black
and flat bottom 96 well microtiter plate and microplate reader Synergy HT (BioTek Inc.,
VT). 15 ul of fibril solution were added to 3 m] of 50 uM thioflavin T solution (Nilsson.
2004). The excitation and emission wavelengths were 440 nm and 485 nm, respectively.
All samples were run in triplicates.
Secondary structures of f-synuclein fibrils determined by circular dichroism

In order to determine the secondary structures of B-synuclein fibrils, fibril
solutions were diluted to a final concentration of 0.2 mg/ml for far-UV CD. The
concentration was determined by absorption at 280 nm on a Varian Cary UV
spectrophotometer (Varian Inc., NC). Using a MOS 450 (Bio-logic, France). the
monomeric and fibril samples were analyzed in the 200-250 nm far-UV range ina | mm
path length quartz CD cuvette. Slit widths were set to 1 mm. Spectra were repeated 30
times. The machine signal was converted to molar ellipticity which takes into account
the concentration of the protein being measured. The average was graphed and analyzed
using Sigma Plot (version 10).
Secondary structure of the multimeric B-synuclein

CD was used to determine the secondary structures of the multimeric f-synuclein
protein. The protein was measured at 0.2 mg/ml in the far-UV CD range (200-250 nm)

on a MOS 450 (Bio-logic. France) using a 1 mm path length quartz CD cuvette. Slit



67

widths were set to 1 mm. The machine signal was converted to molar ellipticity which
takes into account the concentration of the protein being measured. The average was
graphed and analyzed using SigmaPlot (version 10).
Atomic force microscopy imaging of fibrils

In our experimental studies, AFM was used to examine a- and B-synuclein
fibrils. The fibril samples were diluted to 2 mg/ml for imaging on a Veeco DI
Nanoscope 3D Atomic Force Microscope using the tapping force mode (Veeco Inst..
NY). From each sample, 2 pl of the dilute fibrils were placed onto a mica grid and
spread evenly. The sample was allowed to air dry and then washed 4-5 times with 20 pl
of ultrapure water and allowed to stand for 1-2 minutes before removing the excess
solution. The dried sample was then examined for fibrils. These studies were conducted
with the assistance of Mr. Jason Collins (Old Dominion University, Greene Group).
Transmission electron microscopy imaging of fibrils

To prepare samples for TEM, a 5ul aliquot of a-synuclein fibril solution was
adsorbed onto a film of 400 mesh formvar carbon coated copper grid. After 60 seconds
of adsorption, excess fibril solution was blotted and the grid was washed several times
with ultrapure water. The grid was air dried. Then the fibrils were stained with 10 uls of
2% uranyl acetate for 25 seconds before final blotting. The grid was washed by dipping
it several times in ultrapure water and then drying it in air. The grids were examined for
fibrils under a JEOL TEM at the Applied Research Center (Newport News, VA).
Destruction of a-synuclein fibrils by low temperature plasma jet

Plasma is a neutral medium composed of positively and negatively charged gas

molecules. The ‘plasma pencil” generated the room temperature (or cold) plasma which
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was employed to break a-synuclein fibrils into smaller fragments. A sample of the a-
synuclein fibril solution (6 mg/ml) was placed in a small tube (0.2 ml) and exposed to
the plasma for varying lengths of time up to 10 minutes under the following conditions:
high voltage pulse 7.5 kV: frequency 5 kHz: pulse width 1 us: operating gas helium flow
rate 5 L/min. The distance between the nozzle of the pen and the samples was 2 ¢m.
These plasma studies were conducted with Dr. Erdinc Karakas (Old Dominion
University, Laroussi Group). After exposure, the fibrils were fixed onto 400 mesh
formvar coated copper grids for analysis by TEM.
Chemical and biosafety

Wet lab experiments were conducted under Biosafety level 2 conditions. The
Greene lab is a designated BSL-2 laboratory. The Basic Biosafety and NIH
Recombinant DNA CITI training was successfully completed and is on file with the
Office of Research. Biohazard waste was disposed of in accordance with the Old
Dominion University ‘Regulated Medical Waste Management Guidelines®, through the
Biological Sciences Support Facility and the Office of Environmental Health and Safety.
Hazardous chemical waste was disposed of through the Office of Environmental Health
and Safety. Standard Biosafety Operating Procedures and Material Safety Data Sheets
are maintained for reference in the Greene laboratory. Safety education included training
in proper experimental procedures, good laboratory practice, hygiene, the proper wear of
personal protective equipment (ie. lab coats. goggles, disposable gloves), hazards,
decontamination. disposal and emergency procedures. Refer also to IBC recombinant

DNA/biosafety protocol #12-006.
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METHODS FOR THE COMPUTATIONAL ANALYSIS OF THE SYNUCLEINS
In order to trace the origins of the synuclein proteins as well as assist in better
understanding their structure and function we used bioinformatics approaches. This
included searching for related proteins. aligning sequences. searching for related protein
structures and functional sites. A flow chart indicates how the synuclein ancestral
relatives were retrieved from databases (Figure 20). The program FASTA (Lipman and
Pearson, 1985) retrieved protein sequences in an appropriate format from the NCBI
(National Center for Biotechnology Information) protein database. The position-specific
iterative basic local alignment search tool (PSI-BLAST) (Altschul et al.. 1997) at the
NCBI used a-, B- or y-synuclein sequences as probes to search the database for proteins
with similar sequences. The identified related proteins were each aligned with several a-,
B- and y-synucleins from various species. The program, Multiple Sequence Comparison
by Log-Expectation (MUSCLE) (Edgar, 2004), was used to create the multiple sequence
alignment of proteins in order to determine positions of identity. Identity or similarity
between sequences was considered significant when the statistical e-value was less than
5 x 107, The structures of the synucleins, endoglucanase, CRE-DUR-1. Tasmanian
Devil protein and cytochrome ¢ were constructed using the program, SWISS-MODEL
(Biasini et al., 2014). The structure modelling was conducted with the assistance of Ms.

Nardos Sori (Old Dominion University, Greene Group).
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FASTA from the NCBI protein database

Human o-,- and y-synuclein amino acid sequences
(Probe)

4
BLAST
(Search the sequence databases at NCBI)

Identify potential related proteins

y

Analysis reveals family and superfamily members

Family members Superfamily members (a-synuclein as query):
Species from variants of a-, B- and y-
synucleins Endoglucanase (30% identity), e-value = 3 x 10™

CRE-DUR-1 (39% identity), e-value = § x 107

Tasmanian Devil s)rotein (60% identity),
e-value = 2 x 1072

Cytochrome ¢ (35% identity), e-value = 3 x 10

Figure 20. The flow chart showing the construction of the synuclein superfamily
FASTA retrieved protein sequences from NCBI protein database. PSI-BLAST was run

against the protein database to identify sequences similar to synuclein proteins.
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To further confirm the evolutionary relationship between the synucleins and the
retrieved proteins other algorithms. the scan prosite and the scan motif. were employed.
ProSite is a database for domains. functional sites and amino acid patterns (Falquet et
al.. 2002). The scan prosite algorithm searches for functional sites or amino acid patterns
that match those of the query sequence. The human synucleins and their related proteins
were used as query sequences in order to identify functional sites at conserved locations
(Appendix B).

The phylogenetic tree of the synucleins and the disparate proteins

The Phylogeny.fr computer program was used to construct a phylogenetic tree
from the human synucleins and disparate protein sequences. The Phylogenetic.fr
(program reconstructs and analyzes the evolutionary relationship between protein
sequences (Dereeper et al., 2008).

Websites for the bioinformatics computer programs

PSI-BLST http://www.ebi.ac.uk/Tools/sss/psiblast/
MUSCLE http://www .ebi.ac.uk/Tools/msa/muscle/
Scan prosite http://prosite.expasy.org/scanprosite/
Motif scan http://myhits.isb-sib.ch/cgi-bin/motif scan
Phylogeny.fr http://www.phylogeny.fr/

Swiss-Model http://swissmodel.expasy.org

K2D3 http://k2d3.0gic.ca/
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CHAPTER I11

DESTRUCTION OF ¢-SYNUCLEIN BASED AMYLOID FIBRILS BY LOW

TEMPERATURE PLASMA JET

INTRODUCTION

Plasma is considered the fourth state of matter (Heinlin et al., 2010). consisting
of neutral molecules, excited atoms, electrons, and positive and negative ions (Niemira,
2012). In low temperature (or cold) plasma. the temperature of the electrons is higher
than that of the ions and neutral molecules. Such plasmas are classified as non-
equilibrium because of the difference between the energies of the electrons and of the
heavier particles (Heinlin et al., 2010). Heat, electricity or laser radiation are the sources
of energy that ionizes gas molecules into plasma (Niemira, 2012).

The biomedical application of low temperature or cold plasma is emerging as a
field of great interest to physicists, engineers, chemists, and medical researchers.
Various groups have shown that non-equilibrium plasmas can inactivate bacteria, help
the proliferation of human fibroblasts and coagulate blood (Laroussi, 2009; Brun et al..
2012). Low temperature plasma technology is also finding application in the food
industry. Microbial organisms on fruits, vegetables and meats can be inactivated by
reactive species in the plasma (O;". Oy, Os. 0.0",0°. N, N>, ionized ozone and free
electrons) making the food products safe for consumption (Niemira, 2012). The
investigators did not observe any adverse effects of the plasma on the quality of the food

products. Cold plasma has been successful in sterilizing packaging materials (Misra et



al.. 2014: Pankaj et al.. 2014). Also. E. coli suspensions in liquid media in a sealed
package have been completely inactivated by cold plasma (Ziuzina et al.. 2013). In the
future. food products can be disinfected after they are packaged.

The treatment of chronic wounds by cold atmospheric argon plasma decreases
the bacterial load of the wounds and promotes healing (Isbary et al.. 2010). It appears
bacterial cells resistant to antibiotics succumb to cold plasma. Both in vifro and in vivo.
cold plasma activates the human dermal fibroblast genes. The products of these genes
are essential for wound healing and repair (Arndt et al.. 2013). In addition, cold plasma
was shown to eradicate cancer cells both in virro and in vivo (Keidar et al.. 2013).
Laroussi and coworkers. also demonstrated that i»n vitro. low temperature plasma can kill
leukemia cells in a dose-dependent manner (Barekzi and Laroussi, 2012). These
important findings indicate that plasma has a potential role in sterilization,
decontamination, wound healing and cancer therapy.

The plasma jet/plume used in our study was generated by a device (the plasma
pencil) capable of emitting a long cold plasma plume in ambient air (Laroussi and Lu,
2005) (Figure 21). The plasma pencil is driven by short (nanoseconds to microseconds
in width) high voltage pulses and uses helium as a carrier gas. Other gas mixtures can
also be used (such as helium/oxygen mixtures, argon/oxygen mixtures, air). The plasma
plume which appears as a continuous plasma jet is in fact a train of small packets of
plasma (generally known as “plasma bullets™) traveling at supersonic velocities (Shi et
al., 2008; Mericam-Bourdet et al., 2009) (Figure 22). These plasma bullets are vehicles
whereby chemically reactive species can be delivered to biological matter such as

proteins or cells.
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Figure 21. Photograph of the plasma pencil
The pen is indicated in red and the purple color is the plasma issuing from the pen.

Figure reproduced from Karakas (Karakas et al.. 2010).

Figure 22. Image of plasma packets or bullets

High-speed camera images show that the plasma plume, in fact, consists of a series of
packet structures called plasma bullets. These bullets propagate in the surrounding air
with supersonic velocities in order of 10%-10% m/s without any external electric field. The
exposure time of the camera is 20 nanoseconds. Figure reproduced from Karakas

(Karakas et al., 2010).



75

The aim of this study was to explore potential methods in which the use of cold
plasma could destroy a-synuclein fibrils in virro. Potentially. this method could also be
applied to the destruction of fibrils in the joint spaces that are formed by f2-
microglobulin in patients undergoing prolonged renal dialysis and amylin fibrils that can
form in the pancreas of patients with diabetes for example. Additionally. prion proteins
could be destroyed. which would have value in decontamination processes in the meat
industry.

The human protein a-synuclein was selected as the initial model system. In this
experiment, the plasma pencil generated the plasma bullets that were applied directly to
the prepared a-synuclein fibril samples. The operating conditions of the plasma were the
following: voltage pulse magnitude = 7.5 kV; pulse width = 500 ns; frequency = 5 kHz,
helium flow rate = 5 L/min. In Figure 23, the intensity of the chemical species is on the
Y-axis and the distance between the plasma pen and sample is on the X-axis. This
information enables the researcher to determine the distance between the plasma pencil
and the biological samples downstream of the plasma jet.

The synuclein fibrils in solution were placed into small tubes (0.2 ml). after an
initial trial on glass slides was not effective, and exposed to the plasma pencil for
varying lengths of time (up to 10 minutes). The distance between the nozzle of the
device and the samples was 2 cm. After exposure the fibrils were immediately fixed
onto 400 mesh formvar coated copper grids for analysis by electron transmission

microscopy.



76

«* * He® at 707 nm
- v O*at777 nm
* *
- * *
-
®
z ' -
‘D *
- * b
v"""'" *
* "'v *
v "vevEtreever el
o N7 at337 nm
.0"..0.. " N;*at 391 nm|
o 4 OH at 315 nm
—— b . .
=' 9
. ®
8 * .
%- L AAAAAL,,
.(: . A‘ La * -
2 ¢ A -.- ‘A e
[ A L] r'y
- 9 ® A L L) A‘ .
A’ - . AL, o
™ » . -
. . ] °
e .
{oun=t® ‘"saangg,
0 20 40 80 80

Distance to the plasma pencil (mm)
Figure 23. Intensities of He*, Nz*, N,", OH and O’ as a function of distance from
nozzle
The intensities of the excited He™, N>", N,*, OH and O’ species emitted by the
plasma pencil vary with distance from the plasma pencil. Experimental conditions were
as follows: voltage pulse magnitude, 7.5 kV; pulse repetition frequency. 5 kHz; helium
gas flow rate, 5 L/min; pulse width, 500 ns; fibril solution placement, 20 mm from

pencil. Figure reproduced from Karakas (Karakas et al.. 2010).
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RESULTS

Aliquots were taken from the original tubes used to form the fibrils as described
in the methods chapter. The fibril solutions were exposed to plasma for varying lengths
of time (2. 4. 6 and 10 minutes). Each tube was exposed to one time frame. 10 pl
samples from each tube, was placed onto 400 mesh formvar carbon coated grids and
stained with 2% urany! acetate to fix the fibrils. The grids were then analyzed by TEM
at the Applied Research Center (Newport News. VA).

The experimental results show that the plasma bullets emitted by the plasma
pencil and delivered to a solution of a-synuclein fibrils can break these fibrils into
smaller units. Protein fibrils are otherwise very stable and difficult to destroy. The
results (Figure 24 A and B) clearly show that a six minute exposure to the plasma caused
major damage to the fibrils, resulting in extensive breakage. Evidence of breakage
started showing up after only two minutes exposure to the plasma.

DISCUSSION

Although preliminary, these are extremely important results as this methodology
provides a facile mechanism whereby protein fibrils can be easily destroyed. This work
is also very timely as quite recently, three other methods have also been shown to break
fibrils. These are laser beam irradiation, ultrasonication (Chatani et al., 2009; Ozawa et
al.. 2009; Yagi et al.. 2010) and mechanical breakage by stirring at 1000 rpm (Xue et al.,
2009). However, unlike these methods which rely on physical mechanisms, the cold
plasma method is based on the chemical species of the plasma. Non-equilibrium plasmas
such as the one generated by the plasma pencil are sources of ROS and reactive nitrogen

species. which are known to chemically denature cellular lipids and proteins. We
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Figure 24. Cold plasma breaks a-synuclein fibrils

(A) TEM image of mature intact a-synuclein fibrils.

(B) TEM image of the fibrils after six minutes exposure to the plasma plume, showing
clear evidence of extensive breakage. Experimental conditions were as follows: voltage
pulse amplitude, 7.5 kV; pulse repetition frequency. S kHz: helium gas flow rate, 5

L/min; pulse width, 500 ns. Figure reproduced from (Karakas et al., 2010).

expect that under plasma exposure the fibrils undergo chemical reactions that
compromise their structural as well as chemical integrity.

Microglial cells, which are the macrophages of the central nervous system, are
known to engulf and destroy AP fibrils (Gaikwad et al., 2009). Thus, these cells may
take up and destroy the broken a-synuclein fibrils generated by the plasma. While this
hypothesis was a driving force behind the cold plasma experiments, the microglial
experiment has yet to be undertaken.

The fact that protein fibrils are associated with debilitating medical conditions
such as Parkinson’s and possibly Alzheimer’s disease makes these results of even

greater relevance. However, what remains to be tested is the cytotoxicity of plasma with
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regard to neurons/neuronal cells. Although studies on other types of eukarvotic cells
have shown that low power doses of cold plasma do not cause the cells irreversible
damage. (Kong et al.. 2009; Laroussi. 2009) to date there are no known tests on neuronal

type cells.
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CHAPTER IV

INHIBITION OF B-SYNUCLEIN FIBRIL FORMATION IN VITRO BY a-

SYNUCLEIN

INTRODUCTION

a- and B-synuclein colocalize in the presynaptic axon terminals of the central
nervous system including the dopamine producing neurons of the substantia nigra. A
number of previous studies, both in vitro and in vivo, have indicated that soluble,
monomeric -synuclein can inhibit the fibrillation or aggregation of a-synuclein
(Shaltiel-Karyo et al., 2010; Vigneswara et al., 2013). This discovery led to the
suggestion that B-synuclein plays a protective chaperone role in vivo. Inhibition studies
by Uversky and coworkers, for example, demonstrated that a 1:1 (a:) molar ratio
significantly reduced the rate of a-synuclein fibrillation and increased the lag period
before fibrils were observed in vitro (Uversky et al., 2002). The 1:2 molar ratio further
increased inhibition and the 1:4 molar ratio resulted in almost complete inhibition even
after an incubation period of several weeks (Uversky et al., 2002). Interestingly, one
study indicated that in patients with Parkinson’s disease, the expression of B-synuclein
was down regulated and a-synuclein up-regulated (Beyer et al., 2011). Based on these
findings, B-synuclein’s physiological role may be the prevention of a-synuclein
fibrillation and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>