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Abstract

a-Synuclein is a protein that has been found as fibrillar aggregates in Lewy bodies
in the brain of Parkinson’s disease patients. Though the cause of the Parkinson’s
disease is unknown, previous research suggest that there is a close association
between the disease and the toxicity of the intermediary a-synuclein oligomers in
human neurons. Therefore, it is important to investigate the aggregation behaviour
of intermediary oligomers. To do this we investigate aggregation of protein
constructs that are monomers (Sncal), or engineered dimers (Snca2), tetramers
(Snca4), and octamers (Snca8) of a-synuclein with a C terminal cysteine. Single-
molecule fluorescence methods were used to study the molecular interactions
between pairs of these oligomers under “physiological” aggregation conditions
(10 mM PBS at pH = 7.4 at 37 °C). To be specific, we applied dual-color
fluorescence cross correlation spectroscopy (dual-color FCCS) to study the self-
aggregation (aggregation of one kind of a-synuclein) and the cross-aggregation
(aggregation between the monomeric and oligomeric a-synuclein) of a-synuclein.
The engineered a-synuclein monomers, dimers, tetramers and octamers were
labelled with either Oregon Green 488 maleimide (green dye) or CyS-tetrazine
(red dye). A green dye labelled protein was incubated with a red dye labelled
protein at micromolar concentrations with continuous shaking at 250 rpm and
diluted aliquots of the aggregation mixture was measured by dual-color FCCS at
nanomolar concentrations after different incubation times. The experimental
results indicate that the engineered a-synuclein octamers aggregate faster and to a

greater extent than monomers and dimers, with the tetramers being intermediate.
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The engineered oligomers preferred to incorporate themselves rather than the
monomer into aggregates. Therefore, these oligomer constructs do not appear to

seed the aggregation of monomers.
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Chapter 1: Introduction and Literature Review

1.1 Overview of neurodegenerative diseases

A variety of diseases that primarily damage neurons in the brain and spinal cord
are termed neurodegenerative diseases. The dramatic impact of these diseases
arises because the neurons in an adult’s brain and spinal cord are terminally
differentiated and they cannot be repaired or replaced once they are injured. As
the general population ages, neurodegenerative diseases such as dementias, with
most cases occurring at ages 65 and over, have become one of the leading burdens
that threaten the health of modern society. According to Statistics Canada’s
Canadian Community Health Survey, there are more than 3 million Canadians
suffering from the neurodegenerative diseases in 2010-2011. Of these, there were
112,245 cases of Alzheimer’s disease, 93,535 cases of Multiple sclerosis, 54,897
cases of Parkinson’s disease, 4,067 cases of Amyotrophic lateral sclerosis and
2,911 cases of Huntington’s disease. Since the pathogenesis of these diseases

remains unclear, very few of them are curable.

Simple cellular behaviours, such as cell proliferation, cell differentiation and cell
apoptosis, are regulated in different levels in vivo, such as: (i) extracellular
signals; (i/) membrane protein interactions; (iii) intracellular mechanisms; (iv)
nuclear import and; (v) gene expression. In case one or more of the above aspects
malfunctions, a cell’s viability can be impaired, which consequently leads to

diseases. For many neurodegenerative diseases, they are initiated by irregular



gene expression and impaired intracellular protein-degradation pathways. One of
the common examples is polyglutamine disorders, which include Huntington’s
disease and spinocerebellar ataxia 1. The polyglutamine disorders are caused by
mutated genes, which possess extra repeated CAG nucleotide triplets.' These
mutated genes then encode toxic proteins. The accumulated toxic proteins then
impair the intracellular protein-degradation pathways so that there is a very low
proteasome activity to clear the toxic proteins, leading to injured organelles in
eukaryotic cells.>” For example, evidence has shown that the proteasome activity
and levels of 20/26S proteasome are much lower in the cells which are affected by
Huntington’s disease than healthy cells.*> According to Rubinsztein, drugs that
enhance intracellular protein-degradation pathway could provide a solution for
curing associated neurodegenerative diseases including Parkinson’s diseases and
Alzheimer’s diseases.”

Native Misfolded Oligomer High concentrated Amyloid fibrillar
monomer menomer Oligomer aggregates

Neurodegeneration

Figure 1: Recap of the toxic protein aggregation process (Adapted from
reference).’



Table 1: Common neurodegenerative diseases associated toxic protein
structure in aqueous condition and the protein deposits in vivo (Adapted

from reference).”

Disease Toxic 3D structure in solution  Protein deposits in vivo’
Protein’
Alzheimer's  beta Amyloid Has significant secondary Extracellular plaques
disease (AB) and tertiary structure' "
tau Protein Intrinsically disordered”  Intracellular tangles, Lewy
bodies
Parkinson's o-Synuclein  Intrinsically disordered® Lewy bodies
disease
Prion disease Prps¢ Has significant secondary Prion plaque
structure with high
proportion of B-sheet'*
Amyotrophic Superoxide Intrinsically disordered* Bunina bodies
lateral dismutase
sclerosis (SOD1)
Polyglutamine Mutant - Inclusion bodies
disease proteins
contains
polyglutamine

In general, a conspicuous characteristic of neurodegenerative diseases is the
protein aggregates found in the contaminated eukaryotic cells. There are
similarities and differences between these aggregation-prone proteins. First, most
of these proteins are intrinsically disordered in solution. Although they lack a
stable 3D structure in solution, they can form a regular tertiary structure after

binding to oneself or to a target.” !

However, the other proteins have a partially
folded structure in aqueous conditions;'*'* Second, all misfolded forms of the
proteins are disposed to aggregation and to be accumulated as protein inclusions
inside and outside of neurons as shown in Figure 1, but the protein inclusions of

different diseases are found deposited in diverse compartments of a cell (See

Table 1); Third, it is believed that many neurodegenerative diseases are eventually




triggered by the aggregation products as shown in Figure 1, but it is not clear, at
the micron-level, which toxic agent(s) actually cause the neurodegenerative
diseases. Gadad et al. suggested that the toxic agents causing Parkinson’s diseases
are oligomers.'>'® On the other hand, some researchers believe that oligomer itself

is not sufficient to cause human disease."!”

1.2 Studies of aggregation-prone proteins

Protein misfolding and aggregation are the upstream events of the
neurodegenerative cascade; therefore, it is vital to understand the molecular
mechanisms of both processes in order to develop rational and effective
treatments of the neurodegenerative diseases. To address these challenges,
previous efforts studied the aggregation-prone proteins from the following
aspects: (i) protein sequence alignment and comparison; (i) protein
hydrodynamic size measurement; (iii) protein three-dimensional (3D) structure

estimation; and (iv) monitoring protein aggregation in vitro and in vivo.

1.2.1 Protein sequence alignment and comparison

Matching the amino-acid sequences of the toxic proteins with those of normal
proteins provides invaluable information to predict the subcellular locations, the
interacting regions and even the three-dimensional structure of the toxic protein.'®
Take a-synuclein protein and B-synuclein protein for example. They almost have
the same amino acid sequence except that a-synuclein has 11 more amino acids
than the latter. However, a-synclein is identified as the chief “culprit” for
Parkinson’s diseases, while B-synuclein shows no direct relation to the diseases."’

By sequence alignments, it is found that the extra 11 amino acids locate in a



region of a-synuclein from residues 61 to 95, named NAC 35. Most interestingly,
NAC 35 demonstrated extreme hydrophobicity and rapid self-aggregation both in

vitro and in vivo.?°

1.2.2 Protein hydrodynamic size measurement

Empirical relations between the number of amino acids in a protein (N) and the
measured hydrodynamic radius (Rjy) of the protein have been found for both
native folded protein and highly denatured protein (R, = 4.75N%2°4 for native
folded protein and R, = 2.21N%57A for unfolded protein).?! Therefore, the
hydrodynamic radius measurement of proteins with known residue numbers can
be used as a method to predict whether proteins are folded or unfolded under
variable conditions. The widely used techniques to determine the hydrodynamic
radius of a protein are dynamic light scattering (DLS),” size-exclusion
filtration,” sedimentation and gel filtration,*® Electron Microscopy (EM),**
Fluorescence Correlation Spectroscopy (FCS)> and Pulse Field Gradient Nuclear
Magnetic Resonance (NMR).?! For instance, the hydrodynamic radius of Ap (40
amino acids) is 9+ 1 A based on FCS, DLS and size-exclusion filtration
measurements.” By comparing the experimental results with those calculated
from the empirical equations, it also suggests that AP is more likely to be a

natively folded protein.

1.2.3 Protein three-dimensional (3D) structure estimation

Transmission electron microscopy (TEM) is used to study the morphology of

aggregates,” while circular dichroism spectroscopy and Fourier transfer infrared

spectroscopy are commonly used to estimate protein secondary structure.”> 2’ X-



ray crystallography®® and NMR? are accepted techniques to determine protein
tertiary and quaternary structures in crystal and in solution, respectively. The 3D
structure of a protein, which includes secondary, tertiary and quaternary
structures, defines its function. For example, the a-helix and the B-sheet are the
most common secondary structures of a protein. While the o-helix plays a
significant role in DNA binding,”® membrane crossing®' and resistance towards
axial tensile deformation,” the B-sheet is usually adopted by many

33,34

immunoregulatory proteins, including Interleukin-8 (IL-8) and Glycosylation-

inhibiting factor (GIF).”

Recent research further indicates that oligomers rich in B-sheets are accumulated

. . . . . 36
in protein aggregates corresponding to many neurodegenerative diseases.

Another well-known example is the sickle hemoglobin which aggregates once the
protein side chains have changed their hydrophobicity and thus, the 3D structures
of the protein®’ on the whole. A further example is the Ap residues regions of 15-

23 and 31-35, which based on recent studies are transmembrane helices in

38,39

membrane-mimicking environments. These helix sequences are very similar

to those of the prion protein helices, which involve a conformational change from

3941

an a-helix to a B-sheet when the prion protein becomes pathogenic. Last but

not least, it is found that micelle- or membrane-bound a-synucleins have a-helical
domains,** but a-synuclein is known to be intrinsically disordered in solution at

neutral pH.**



1.2.4 Monitoring protein aggregation in vitro and in vivo

Research monitoring protein aggregation in vitro and in vivo can reveal optimized
environments for protein aggregation/disaggregation and the molecular
mechanisms of protein misfolding and aggregation processes. A variety of
techniques have been utilized in this area: FCS,* image correlation spectroscopy
(ICS),” and molecular probes such as thioflavin-T (ThT) and 8-anilino-1-
naphthalene-sulfonate, which can non-specifically bind to fibrillar aggregates.*
For instance, by using ThT assays, scientists reveal that the aggregation of AP,
PrPS¢ and a-synuclein in vitro and in vivo evolve according to the nucleation-

49-51 \which indicates that both the initial

dependent polymerization models,
monomer concentration and the nucleus size determine the lag time (t;) and half
time ( ty/,) of the aggregation process.’ Subsequently, FCS experiments
demonstrate that AP multimerization is a concentration-dependent™ reaction and
0.2% sodium dodecyl sulfate (SDS) can be used to prevent prion protein from

aggregating.”*

In 1998, Pitschke et al. proposed using FCS to detect AP
aggregates in the cerebrospinal fluid of Alzheimer’s patients, which became a
pillar for future medical applications.”® Other than the techniques mentioned
above, numerous approaches are also utilized in aggregation-prone protein

studies, such as mass spectrometry (MS), FRET and single-molecule force

spectroscopy (smFS).



1.3 a-Synuclein
1.3.1 Research about a-synucleins (1997-2008)

a-Synuclein was first discovered in 1988, quickly followed by the identification
of specific mutations of a-synclein as the chief “culprits” for Parkinson’s diseases
in 1997.°° Thenceforth, our understanding of o-synuclein greatly improved over
the ten years that followed. Most information can be summarized below into four
aspects: (i) the native function of a-synuclein in cells; (i7) the primary structure of
a-synuclein; (iii) the factors that can induce or inhibit a-synuclein aggregation;

and (iv) the identification of the toxic species in the aggregation process.

The native a-synucleins are abundantly found in the terminal of neurons in the
brain and the spinal cord, and their original functions are thought to be one of
support of the plasticity of synaptic membranes,’’ to mediate the synaptic function

839 to participate in the

of neurons, such as vesicular releasing and recycling,
regulation of neuronal apoptosis, including protecting neurons from neuronal
apoptotic stimuli,’” and to act as a molecular chaperone.’’ However, the a-
synucleins arising from gene mutation are found to cause neuron death, thus
leading to Parkinson’s disease. For example, scientists have found that 85% of
patients whose neurons expressed a-synuclein A53T mutants (the alanine located
at residue 53 of native a-synuclein are substituted by threonine) gained symptoms

of Parkinson’s disease.®? The other two human a-synuclein gene mutations related
yn g

to familial Parkinson’s diseases are A30P and E46K %

The primary structure of a wild-type a-synuclein is well known; its monomer has

140 residues, which consists of a positive charged N-terminus, a negative charged



C-terminus and a hydrophobic central range with residues 61-95, known as
NAC35 (See Figure 2). The N-terminus of a-synuclein, which can form a-helices
for lipid-binding, has four and half KTKEGV motifs and three common mutation
sites associated with familial Parkinson’s diseases as mentioned above.’®
Similarly for the E46K mutantion, replacing any gluatmic acid (E) residue within
the KTKEGV motif with lysine (K) will promote the conformational transition of
a-synuclein from unfolded to partially folded protein, and eventually induces o-
synuclein aggregation.”* The C-terminus of the protein adopts a disordered
conformation, even for lipid-bound a-synuclein. It is thought to act as an
intramolecular chaperone to prevent the protein from aggregating,”® because the
cells that expressed C-terminal truncated a-synuclein are more easily damaged by

2665 and that NAC35 peptide alone can readily forms fibrils in

oxidative stress
vitro.®® Therefore, the central hydrophobic NAC35 range is believed to play the
most important role in the a-synuclein multimerization.”® Another two and half
non-conserved KTKEGV motifs are located in the central NAC35 region (Figure
2). Experiments illustrate that mutations of the last two non-conserved motifs to

the precise hexameric sequence KTKEGV can significantly inhibit a-synuclein

aggregation.””’

1 30K AGK 531 60
MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVATVAEKTK

61 95
EGVTNVGGAVVTGVTAVAQKTVEGAGSIAAA

9% 140
TGFYKKDQLGKNEEGAPQEGILEDMPYDPDNEAYEMPSEEGYQDYEPEA

Figure 2: Primary structure of a-synuclein labelled with seven KTKEGV
motifs and three mutation sites associated with familial Parkinson’s diseases
(Adapted from reference).68



Abundant artificial circumstances induce a-synuclein aggregation in vitro. These
circumstances include but are not limited to: (i) low pH (pH = 2.0 ~ 5.5);%7° (ii)
the presence of organic solvents;’" (iii) high temperature (T = 37 °C ~ 57 °C);%
(iv) high protein concentration (above 8 mg/mL);*® (v) the presence of small o-
synuclein fibrils;>® (vi) the addition of metal ions, such as, AI3*, Fe3*, Cu?*and

56,72,73

Co3* into the protein solution; (vii) the presence of lipids or of a

427 (iii) the introduction of mutations at specific sites;”> and (ix)

membrane;
spontaneous dimerization by prolonged incubation time (more than 2 weeks).>®
On the other hand, some molecules are found to inhibit a-synuclein aggregation in
vivo, such as chaperones and dopamine.’® In addition, scientists discovered that
Baicalein (a flavone), dopamine and catecholamines (a monoamine) are helpful in
treatments for Parkinson’ disease by inhibiting aggregation and dissolving the
preformed fibrils in vitro.”®”” High pH (pH = 8.3 or higher) can also be used to

dissolve the preformed fibrils in vitro.”"”®

While different factors that cause the a-synuclein aggregation have been
discovered, a large number of a-synuclein aggregated forms have been observed,
such as torroid-shaped oligomers, twisted-ribbon oligomers, straight oligomers,
amorphous aggregates and fibrils.”® Even electron micrographs of a-synuclein
fibrils under a variable range of pH (2.0~ 7.0) and salt concentration (0.2 M NaCl
or 10 mM MgCl,) have shown different morphologies.”””” The different
morphologies of fibrils are believed to be due to the diversity of the partially
folded conformations and differences in the molecular packing in a-synuclein

monomers and oligomers (See Figure 3).”°

10
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Figure 3: Formation of oligomers or fibrils with different morphology
(Adapted from reference).80

The question of what kind of small a-synuclein oligomers are neurotoxic has been
raised. Although a-synuclein has been found fibrilarly aggregated into Lewy
bodies in the brains of Parkinson patients, there is much evidence to indicate that
Lewy bodies are neuroprotective® and the soluble species are neurotoxic, namely
the oligomers. For instance, the doughnut-shaped oligomers of a-synuclein from
the brain of the Parkinson patients damage the neurons by forming pores that leak

82-84

nutrients from the cell plasma. In addition, neuron deaths develop ahead of

11



the formation of detectable fibrils in vitro, which further demonstrate that soluble

: . 8
media may be more neurotoxic.”

1.3.2 Recent research into a-synuclein (2009-2014)

Based on the above findings, the emphasis of a-synuclein-related research from
2009 to 2014 has shifted to the molecular basis of a-synuclein oligomerzation. To
be more specific, studies on the process of the a-synuclein misfolding and
oligomerization from the molecular perspective can be categorized as the
followings: (i) to identify the important conformational transitions and to
determine the transition rate under “physiological” conditions (10 mM PBS at
neutral pH) and; (7i) to perceive the effects of aggregation-induced factors on the
intermediate molecular structures and the transition rates throughout the
misfolding and oligomerization process; and (iii) to elucidate the misfolding and
oligomerzation pathways at the molecular level. Single-molecule assays including
FCS, ICS, FRET and smFS have become invaluable techniques to study the

aggregation-prone single protein molecules.

Firstly, several a-synuclein conformational transitions, of which the majority
occurred in the N-terminal and NAC35 region, have been seen under
“physiological” conditions. In 2012, Cremades et al. discovered there was a
conformational change between newly formed oligomers and oligomers that were
proteinase-K-resistant under “physiological” conditions by using smFRET, and its
transition rate was ~5 X 107%s™1 (5 X 107® moles of oligomers A convert to
oligomers B per second).” In the same year, Raussens et al. used attenuated total

reflectance — Fourier-transform infrared (ATR — FTIR) spectroscopy to detect the

12



secondary structures in both a-synuclein oligomers and fibrils formed by
spontaneous aggregation over prolonged incubation times. Structures rich in
antiparallel B-sheet were found in the a-synuclein oligomers, while parallel -
sheets ranging from residues 38-95 were detected in its final fibrilisation.®® In
2014, by using smFS, Neupane et al. discovered ~ 5 metastable transition states
for the a-synuclein monomer, ~ 15 for the dimer and ~20-25 for the tetramer.
Those metastable structures lasted for ~1071%05s before the protein unfolded

again, which further demonstrated that o-synuclein is intrinsically disordered.*

Secondly, numerous experiments have explored the effects of aggregation-
inducing factors on the intermediate molecular structures. For example, two
antiparallel a-helices of a-synuclein can be assembled to “grab” the micelle of a
fatty acid found in neurons of the brain.***” In 2010, Trexler et al. discovered that
the a-synuclein monomer was globular, because, while the distances between its
residue 130 and residues 9, 33, 54, 72, 92 were almost the same at the neutral pH,
all the distances were shortened when the pH is lowered to 3.0, with the exception
of the distance between residues 9 and 130. By using smFRET, the C-terminal of
a-synuclein was shown to fold toward its NAC35 region at pH = 3.0. Trexler et al.
explained that low pH greatly changed the charge distributions of the C-terminus
and destroyed its original interactions, which may be helpful to shield the NAC35
region from aggregation. Therefore, the closer proximity of each hydrophobic
NAC35 region driven by C-terminus folding leads to faster a-synuclein
oligomerization at pH = 3.*® Many other researchers agreed with the idea that

aggregation-induced factors can destroy a-synucleins’ original features including

13



long-range interactions, electrostatic interactions, low hydrophobicity and high
net charge, all of which help to shield the protein from aggregation.43’8l’89 Uversky
gives a further explanation: the normal a-synuclein is a natively unfolded protein,
so it can possess unstable secondary and tertiary structures as needs dictate for its
dynamic functions. However, the aggregation-inducing factors trap the natively
unfolded a-synuclein into a specific secondary structure, this causes the native
function of unfolded a-synuclein to be lost.”® Furthermore, partially folded a-
synuclein proteins with specific secondary structures have the potential to act as a
tightly packed nucleus that largely reduces the lag time of the aggregation
phenomenon.”® Consistent with this hypothesis, more partially folded o-
synucleins were found to populate under the environments mentioned above
which are able to induce neurotoxic fibrillation, such as low pH®, high

temperature,” the presence of metal ions,” the presence of SDS* and so forth.

Lastly, nucleation-dependent polymerization is thought to be a good model to
describe a-synuclein misfolding and the oligomerzation process at the molecular
level. The nucleation-polymerization model indicates that the initial step of the a-
synuclein aggregation process, being the addition of monomers, is
thermodynamically unfavourable and the final step of forming fibrils is based on a
critical nucleus which is thermodynamically favourable.”' Therefore, the critical
nucleus is transient but its formation becomes the rate-limiting step of the whole
polymerization process. These critical nuclei are believed to be highly associated
with the cytotoxic oligomers. More and more research has then shifted towards

the study of the structure, cytoxicity of a-synuclein oligomers and their ability to
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act as a critical nucleus. Recent studies identified several oligomeric structures
and recognized their cellular toxicity. For example, donut-shaped oligomers were
discovered when o-synuclein monomer concentration were above a specific
concentration (8 mg/mL), where they then are potential cytotoxic by
permeabilization of the membrane.”” Annular and spherical oligomers of Ca2*-
binding a-synuclein were discovered to increase the aggregation rate of the
protein.”> Smaller spherical oligomers of Fe3* -binding a-synuclein in the
presence of ethanol are SDS-resistant but they can form ion-permeable pores in a
lipid bilayer.”* Although the majority of a-synuclein oligomers are cytotoxic and
able to accelerate fibril formation, nontoxic oligomers have also been discovered,
some of which are even able to inhibit fibril formations! For instance, the globular
a-synucleins oligomers stabilized by the flavonoid baicalein are able to greatly
slow down the fibrillation and found to show mild effect on the membrane
surface.”” Moreover, o-synucleins oligomers oxidized by methionine completely

inhibit the fibrillation of non-oxidized a-synuclein at neutral pH.”

1.4 My research objectives

Knowledge of the structure and the cell cytotoxicity of small a-synuclein
oligomers, together with the molecular mechanisms of their formation and the
molecular mechanism of how they shorten the aggregation lag time are still
sparse. As the critical nucleus is transient and difficult to separate from cell in
vitro, an engineered a-synuclein dimer, tetramer and octamer were made in the
lab by tandem linking a repeated monomer with three-amino-acid peptide linker

(GSG).* To understand whether these engineered a-synuclein oligomers can act

15



as or convert to a critical nucleus in vitro, I aimed to monitor the aggregation
processes of all engineered a-synuclein oligomers constructs in solution. To
achieve this goal, the following research objectives were completed: (i) to
characterize the sizes of a-synuclein monomers and the engineered oligomers by
measuring their hydrodynamic diameters under phosphate-buffered saline (PBS)
at pH = 7.4; (ii) to study the effects of the engineered a-synuclein oligomers on
the monomer fibrillations (acceleration or inhibition); and (iii) to compare and
contrast the kinetics between the self-aggregation (aggregations of the same
construct of o-synuclein) and the cross-aggregation (aggregation of the
monomeric and oligomeric a-synucleins). In general, there are two ways to
experimentally observe proteins aggregation. One is to monitor the increase of the
hydrodynamic sizes of the targeted proteins over time. The other is to detect the
fractions of the proteins that are used to form aggregates as a function of

incubation time. The latter one will be applied in my research.
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Chapter 2: Methodology and Theory

2.1 Techniques used in protein aggregation studies

The techniques that have been used to monitor protein aggregation in solution
include but are not limited to: (i) SDS-PAGE and Western blot analysis with
chemiluminescence detection; (ii) Size-exclusion chromatography; (7ii) Dynamic
light scattering; (iv) ThT assay; (v) In-line Raman spectroscopy; and (vi)
Fluorescence spectroscopy. In this Chapter, the fundamental of some common
techniques will be reviewed, and their pros and cons in protein aggregates studies

will be discussed.

2.1.1 SDS-PAGE

SDS-PAGE refers to sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
SDS is commonly used to denature the 3D structure of a protein so that the
protein becomes one linear amino acid chain with the same negative charges per
unit mass. SDS-PAGE is a technique that is widely used to separate proteins
based on differences in molecular mass. An electric field is used in SDS-PAGE to
pull the charged amino acid chains through the gel and the protein with larger
molecular mass moves slower. Once the diverse proteins are separated from each
other, all protein bands are transferred from the gel to a nitrocellulose membrane
and a specific dye is used to stain the band of interest in the membrane. This
method enables us to quickly distinguish the a-synuclein monomer and oligomers

in a small amount of clinical sample. For example, Baba et al. utilized this method
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to prove the existence of full-length a-synuclein, truncated a-synuclein and
insoluble aggregates in the Lewy bodies purified from the brain of patients with
Parkinson’s disease. The anti-synuclein antibodies MAb, LB509 and antiserum
259 were used to specifically bind to the purified human a-synuclein.’® There are
several disadvantages of this method. First of all, the results are non-quantified
and have limited reproducibility. Second, the dynamic process of a-synuclein

aggregation cannot be captured early using this method.

2.1.2 Size-exclusion chromatography

Size-exclusion chromatography (SEC) is a technique used to separate molecules
in solution based on their different hydrodynamic volumes. Figure 4 demonstrates
the basic theory behind the separation: the aqueous protein sample is pumped
through a column that consists of small porous and tightly packed particles;
smaller proteins of the sample will elute latter than the larger proteins. Because
smaller proteins will diffuse in and out of the solvent inside of the pores of the
packed particles, which takes more time for them to be eluted from the column. In
the combination of a detector, such as UV-Vis, light scattering or MS, SEC is able
to determine the concentration, the approximate hydrodynamic size and molar
mass of samples in each eluted band. Here is an example of applying SEC to
study a-synuclein aggregations. By using quantitative SEC with a Superdex 75
10/300 column (GE Healthcare), Cremades et al. observed that an increasing
amount of a-synulcein oligomers and large fragments formed from 1 mg/mL a-
synuclein monomer under “physiological” conditions (Tris 25 mM, pH 7.4, 0.1M

NaCl and 0.01% NaN3) at 37 °C under constant shaking at 200 rpm within

18



15~150 hours.”® However, one major drawback of SEC prevents us from studying
a-synuclein aggregation: the size exclusion column has a comparatively narrow
working range and all a-synuclein oligomers elute as one band. Therefore, it is
impossible to figure out if different kinds of a-synuclein oligomers are formed
during the incubation. Moreover, dramatic protein loss is observed during each
experiment. In my research work, size-exclusion chromatography is only used to
remove excess free dye from the labelled a-synuclein by using Sephadex G-25

desalting column.

Absorption

>

Volume

Figure 4: Principle of SEC (Adapted from reference).”’
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2.1.3 Dynamic light scattering (DLS)

DLS is widely used to determine the hydrodynamic radius of a particle ranging
from 0.3 nm to 10.0 um in a monodisperse solution. As shown in Figure 5,
monochromatic and coherent light hits the moving particles with the same size
and the scattered lights at certain angle are detected to generate a spectrum of the

fluctuations of scattering light intensity over time.
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Figure S: Principle of DLS.

With the assumption that all particles in a sample move by Brownian motion, the
smaller particles move faster and thus their scattering light fluctuate faster

compared with those of larger particles. The correlation function of DLS can be

defined as’®

G(D) = [, IOI(t + )dt (1)
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where I(t) is the scattered light intensity, and a plot of G(t) as a function of time
can be drawn. This plot is also called a correlogram. Equation (2) demonstrates
that the decay rate of the correlogram is related to the diffusion coefficient (D) of

the measured particle.
f0°° I(®)I(t+ T)dt =B + Ae—Zqur 2)

In Equation (2), B and A are the baseline and the amplitude of the correlogram,
respectively. The parameter, g, is the scattering vector which is affected by the
solvent refractive index, laser wavelength and the scattering angle, and D is the
diffusion coefficient of the particle of interest. Once D is known, the
hydrodynamic radius of the particle can be calculated based on the Stokes-
Einstein equation (More details in Section 2.2.3).*> Previous research has used
DLS to monitor the formation of a-synuclein oligomers. For instance, Fink et al.
obtained the hydrodynamic radius of the mutated a-synuclein monomer Y39W
(3.1 £ 0.2 nm) by DLS and observed the formation of its oligomeric species with
the hydrodynamic radius equal to 22 + 2 nm after 3 hours of incubation (20 mM
phosphate buffer containing 150 mM NaCl at 37 °C and pH 7.4)”°. They also
showed that the concentration of the oligomeric species increased to 15% of the

total protein concentration after 18 hours of incubation and then decreased.”

Compared with the techniques mentioned above, DLS is easy to use and its results
are highly reproducible. However, the drawback of using DLS in protein
aggregation study is that the heavily aggregated protein solution being incubated

for a very long time becomes too polydisperse to be accurately interpreted. In my
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research work, DLS is used to measure the hydrodynamic diameters of the native
a-synuclein monomer, as well as the engineered a-synuclein dimer, tetramer and

octamer. Then, the DLS data are used to validate those obtained from FCS.

2.2 Fluorescence Spectroscopy

Fluorescence Spectroscopy is a technique which has noticeable advantages in the
protein aggregation studies compared with the other techniques summarized
above. First of all, it allows us to monitor the protein misfolding and aggregation
process both in vitro and vivo at very low sample concentration (~ nM) with small
volume (~ several 100 pL). Second, a variety of information including the
concentration of a fluorescent sample, the averaged hydrodynamic radius of the
fluorescent particles in the sample and even the averaged molar fraction of a
specific component in the fluorescent particles can be obtained. Because of its
high sensitivity, high precision and multifunction, fluorescence spectroscopy can
not only be used to detect the changes of the hydrodynamic sizes of a-synuclein
within a long incubation time, it can also be used to monitor the dynamic changes
in the fractions of a-synuclein monomers contributed in the aggregation over long
incubation time. Therefore, fluorescence spectroscopy is the main technique used
to study the self-aggregation and cross-aggregation between o-synuclein

monomer and the engineered oligomers in solution in our work.

2.2.1 Structure of a fluorescence microscope

13 2

A fluorescence microscope can ‘“see” fluorescent molecules in solution.
Experiments can be performed with one excitation only or with both excitations

simultaneously. A simplified fluorescence microscope with specific excitation
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wavelengths and dichroic mirrors used in my research is shown in Figure 6. The
filtered excitation light of 488 nm and 633 nm is first expanded by a beam
expander, and then is reflected along the optical axis to the edges of the objective
lens by hitting a dichroic mirror (HFT 488/633) at 45 degrees. Next, the objective
lens focuses the excitation light onto a sample solution to form a specific
detection volume. The fluorescent species of interest diffuse in the detection
volume are excited and emit the fluorescence light as well as the scattered and
reflected light along the optical axis to hit back onto the dichroic mirror (HFT
488/633). However, only the emitted fluorescence light can pass through the
dichroic mirror and the scattered and reflected light from the sample will be
reflected by 90°. Then another dichroic mirror (NFT 635) allows wavelengths
above 635 nm to pass through and the rest of wavelengths are reflected 90
degrees. The pass-through light passes through a high pass filter (LP 650 nm) and
hits a detector, which is the “red detector”. Another band pass filter (BP 505 nm ~
550 nm) is also set before the other detector, which refers to the “green detector”,

so that only wavelength at 505 nm ~ 550 nm hits the detector.
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Figure 6: A simplified diagram of confocal microscope with two detectors.

2.2.2 Fluorescence Correlation Spectroscopy (FCS)

FCS was first defined in the 1970s by Magde, Elson and Webb in four classic
papers.'%'% But it was not widely used for single molecule detection late until
1994.'* Nowadays, it has become a powerful technique that can be used for the
measurement of hydrodynamic size and reaction kinetics. It is even used as a

diagnostic tool for Alzheimer’s disease.'®

In this section, the principle of FCS
and dual-color fluorescence cross-correlation spectroscopy (dual-color FCCS) is
introduced. A better way of presenting dual-color FCCS data to decrease sample

to sample variability caused by diluted sample preparation is proposed in the end

of the section.
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The principle of FCS

Fluorescence autocorrelation spectroscopy is a correlation analysis method for the
study of fluorescence intensity fluctuation within a detection volume (similar in
principle to DLS). The best sample for fluorescence autocorrelation spectroscopy
contains only one fluorescent species or two independent fluorescent species with
at least 10 fold differences in their molecular weights. This method can be
ultimately used to determine the concentration of the fluorescent sample, as well

as the hydrodynamic radius of a fluorescent particle in the sample.

106 First, the fluorescent

The theory of FCS is based on two assumptions.
molecules of the FCS sample are in Brownian motion and can freely diffuse

through the detection volume. Second, quantities of fluorescent molecules that

diffuse through the detection volume follow a Poisson distribution,

pukxeH

P p) = = )

where P(k; u) refers to the probability of the cases for exactly k fluorescent
molecules occurring in the detection volume, when pu of fluorescent molecules
detected in average in the same region. The most important characteristic of a

Poisson experiment is that the variance of the successes (62) is equal to its mean:

ol =p 4)
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Figure 7: Principle of FCS (Adapted from reference).'”’

As shown in Figure 7, the excitation and detection volume of FCS performance is
a very small ellipsoid (~107!> liters) along the focused laser beam. It is also
called the confocal volume. With the consideration of the above two assumptions,
the fluorescent molecules freely diffuse through the confocal volume, and the
total fluorescence intensity within the confocal volume fluctuates with time. The
fluorescence intensity shown in the figure is denoted as F(t), the mean
fluorescence intensity of the overall measurements is denoted as (F) and 6F(t)
refers to the fluctuations around the mean fluorescence intensity. The

autocorrelation function of the fluorescence fluctuations is defined as'®>'%

__ {(6F(t)x 8F(t+1))

G(1) =—F— )

(F)?
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where t is the actual measured time when §F (t) is obtained, and 7 is the time
difference between one measurement and the other measurement, usually range
from 0.01 ms to 0.1 s. (6 F(t) X 6F(t + 1)) refer to the average value of the

6 F(t) X 6F(t + 7) throughout the overall data accumulation time.

Once the autocorrelation function of the fluorescence fluctuation is obtained, a
specific equation is used to fit the autocorrelation function as shown in the last
plot of Figure 7. For the case that only one fluorescent species translationally

diffuses in a 3D detection volume, the following fitting equation is used'*>'*

1

G(x) = G(0) X (i) x <m>z 6)

Wz p

where 7 and G (7) are variables obtained from the experiments, G(0) and 7, are
the important parameters generated by fitting, their physical meanings are
described below in detail. The parameter, wy,,, can also be found in Figure 7;
it refers to the equatorial radius of the confocal volume. The parameter, w,, is the
polar radius of the confocal volume which is along the direction of propagation of
the focused laser beam. Both w,,, and w, are independent of the sample, and they
only change when different excitation wavelengths are used. Therefore, the ratio

of w,,, and w; is a constant during the measurements.

Physical meaning of the important parameters in FCS

Two important parameters can be generated from the fitting of the autocorrelation

function: G(0) and 7. G(0) can be used to deduce the actual concentration of a
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fluorescent species in the sample and 7, can be used to calculate the

hydrodynamic radius of the species.

G(0) is the amplitude of a correlation function when 1 is equal to zero. In
practice, G(0) is equal to the reciprocal of average observed number of

fluorophores within a confocal volume as shown in Equation (7)'%

G(0) = o )

Once (N) is known, the mean concentration of a FCS sample can be calculated by

(N)
Verr'Na

(c) = ®)

where N, is the Avogadro constant. V,¢¢ is the effective confocal volume which

is calculated based on the the equatorial radius (wy,) and the polar radius (w,) of

the confocal volume by'

3
Vesy = mewi,w, ©)

There are two important requirements for a reliable FCS measurement. First, a
FCS sample has to be measured at the nanomolar scale to ensure only a few of
fluorophores are detected in the confocal volume throughout the overall data
accumulation time. Second, the effective confocal volume has to be minimized to
the femtoliter range (~ 1 fL). Only by following these requirements, the
fluorescence fluctuation caused by a single fluorophore translationally diffusing

in/out of the confocal volume is significant relative to the noise.
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Another important fitting parameter is the diffusion time (zp), which is equal to
the time needed when G (1) = %G(O), as shown in Figure 7. The translational

diffusion coefficient (D) of a fluorescent molecule can be calculated based on its

measured diffusion time as below

2
= 2 (10)

4XTp

Moreover, the relationship between the hydrodynamic radius (R) of a fluorescent
molecule and its translational diffusion coefficient (D) is known as Stokes-

Einstein equation, Equation (11)

kT
R = P (11)

kg . .
where k = 1.38 X 10‘23% is the Boltzmann constant. T is the temperature

during a FCS measurement, and 7 is the viscosity of the buffer used in the
meansurement. To sum up, FCS is a technique to obtain the concentration of one
kind of fluorescent species as well as its average hydrodynamic diameter in a

sample solution.
Two-component FCS fitting equation

For the case that two independent fluorescent species laterally diffusing in the
sample, the equation described autocorrelation function of total fluorescence
fluctuations is the same, but a new fitting equation is used.'” The mathematic

equation is shown in Equation (12)
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6@ _ M N2
G0 N Dy(7) + N D, (7) (12)

Wz ‘L'Dl.

where D; (1) and D,(t) as defined in Equation (13), are a part of the correlation
function that contains information about the diffusion time of the two fluorescent
species. The parameters, N; and N, correspond to the number of the fluorescent

species 1 and 2 observed in the confocal volume. N is the sum of N; and N,.
Consequently, % refers to the mole fraction of species 1. In my research, two-

component correlation fitting equation is often used, because the free dye (the dye
without binding to any protein) cannot be completely removed from the labelled
protein solution. Therefore, the fluorescent species 1 refers to the free dye and the
fluorescent species 2 refers to the labelled protein. Combined with Equations (8),
(9), (10) and (11), the concentration and the hydrodynamic radius of a labelled

protein are still able to be obtained by a FCS experiment.
Other fitting factors needed to be considered

In a real FCS experiment, many other factors are taken into consideration to
properly fit a FCS curve. These include the rotational diffusion of a fluorophore
and its dynamic fluorescence property. Their influences on the correlation
function of the fluorescence fluctuations are discussed here and are shown in

Figure 8 (b).

30



(a) (b)

G{0) | Component 1 (species 1) | | By Rotational Fluctuations
/ X By Triplet
G(0) .
E Component 2 ™ By Transla_tlonal
5 {species 2) g Fluctuations
/ ¢ 7
0
=0 =Tp =T 10-%10-3 1
T(ms) 1 (ms)

Figure 8: (a) Autocorrelation function of two component translational
fluctuations; (b) Autocorrelation function for one component translational

fluctuation with triplet and rotational diffusion.

First, an unobvious decay is usually found in an autocorrelation function around
7 =1078~1077s. This decay is formed when the measured fluorophores rotate
while they cross the confocal volume. This is because laser is polarized and it is
only be detected if detector is polarized. Therefore, the rotation of fluorophores
can usually be neglected. Moreover, the rotational correlation time is much
shorter than the diffusional correlation time. Second, a triplet shoulder is
commonly observed in an autocorrelation function around 7 = 1077~1075s. This
phenomenon is caused by the forbidden transition of the fluorophores to the triplet
state. In other words, a few of fluorophores, which are excited to the triplet state,
are dark while they laterally pass through the confocal volume.'” In order to
avoid these problems which may cause an improper fitting, FCS curves in my

research are usually fitted starting at T = 107° s.
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2.2.3 Dual-color FCCS

Dual-color fluorescence cross-correlation spectroscopy (Dual-color FCCS) is an
advanced correlation analysis method for the translational diffusions of multiple
components in a system. The main advantage of dual-color FCCS is that it allows
us to distinguish any of two species even if there is only a small molecular weight

difference between the two species.'”

The principle of dual-color FCCS

As shown in Figure 9, the sample for dual-color FCCS usually contains two
independent fluorescent species which are able to form conjugates over time.'*
For an FCCS experiment, two laser beams at different excitation wavelengths
(488 and 633 nm are the most common excited wavelengths used in dual-color
FCCS experiments) are overlapped to form a confocal volume. Then, the
fluorescence fluctuations of green and red emissions are captured by a green
detector and a red detector, respectively. Then, the two fluorescence fluctuations
of emission are overlapped to find out the spots that two types of fluorescence are

captured at the same time point. Based on the result, a cross-correlation function

1s generated.
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Figure 9: Principle of dual-color FCCS.

The same as the autocorrelation functions, the cross-correlation function reveals
important information of the sample solution, such as the concentration and the
hydrodynamic size of the conjugates, percentage of each species used in the
formation of a conjugate and the kinetics of the overall conjugation process. The

. . . . 106
cross-correlation function of fluorescence fluctuation is defined below

(8F ()% 8F ;(£+7))

Grg(®) = = tFy (14
Its fitting function is similar as that of the autocorrelation function,'®
1
2
1 1
Grg(T) = Grg(0) X | 7| X N (15)
l'Drg +( wy ) X‘tl)rg
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The amplitude of the cross-correlation function equals:

(8F-(t)x SFg(t)) _ (Nrg)

Grg(0) = —F )~ Wi (16)
To rearrange Equation (16):
_ G0
Nig = G (0)xG4(0) (a7

where (N,.;) is the average number of conjugates that can emit both red and green
fluorescence within the overlapped confocal volume, and (N,) is the average
number of species that emit red fluorescence, which includes the red fluorescent
species and all conjugates. Similarly, (Ny) includes the green fluorescent species
and all conjugates. Once (Nrg) is known, the mean concentration of the
conjugates can be calculated based on Equation (8). One difference is that the
Verf cross now refers to the overlapped effective confocal volume of two laser

. . 1
beams, which is defined as 06

3

1
T\2 2 2 2
Veff_Cross = (E) (ny_red + Wazcy_green)(wz_red + W%_green)2 (18)

where Wyy, r¢q, as shown in Figure 9, is the equatorial radius and w; .4, is the
polar radius of the confocal volume which along the focused red laser beam.
Wyy green @d W, green tefer to the corresponding radius of the focused green
laser beam. Another difference is that the translational diffusion coefficient of the

combined species (D,.4) is calculated as' %

2 2
w dtWxy_green
Drg — Yxyre (1 9)
88Xt D.rg
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where Tp ,.grefers to the translational diffusion time of the aggregate. The stokes-
Einstein equation, the Equation (11), can also be used here to calculate the

hydrodynamic radius (R,g) of the aggregate from its translational diffusion

coefficient (Dyg).

Other general factors that need to be considered

In theory, three correlation functions, the last diagram in Figure 9, are exactly the
same if there are only red-green aggregates presenting in the sample. However,
even then, the three correlation functions are rarely the same in reality. There are
two reasons. First, the two lasers beams or their detection volumes do not exactly

overlapped. Second, the effect of green dye to red channel is not negligible.

To solve the former issue, a calibration for FCCS experiments is required.109 To
ensure the overlap of detection volumes, a FCCS test can be done by exciting
Rhodamine 6G with a 488 nm laser beam and receiving its emission by both
Green and Red detection. By comparing the two amplitudes of the autocorrelation
functions with the amplitude of the cross correlation function, it is known whether
the two detections “see” the same spot. To ensure the overlap of lasers, a FCCS
test can be done by exciting a red dye with a 633 nm laser beam and then exciting
the same dye with a 488 nm laser beam. If the two autocorrelation functions have
the same amplitude and diffusion time, it means that two lasers overlap.'”
Usually, the width of a laser beam is proportional to its wavelength,''® which will
eventually cause a larger red laser beam and detection volume. In this case,

instead of using (N,.), (N4) and (N,,) for the further calculation of the aggregation
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process, (n,),{ny)and (n,,) will be applied. (n,4) is the concentration of the

conjugated fluorescent species observed in the effective cross detection volume,

which is defined as

(Nrg) (Nrg)
o = 2 . (20)

3
rg m\2 2 2 2 2 2
(E) (ny_red +twxy _green) (Wz_red + wz_green)

(n,g) =

The same for (n,.) and (ny),

(Ns) (Ny)
() == — @
T (@) whreawarea

Ny (N g)
(ng> B Veffg B ™ % 2
(E) ‘Wxy_green'Wz_green

(22)

The issue that the cross talk of green dye to red channel may not be negligible is
solved when a proper dye system is chosen. the cross talk of green dye to red

channel is negligible when the following condition is fulfilled'”

Feee 1 (23)
ERRrr
Eese ~ 20 (24)
Egge
Erer . g (25)
ERprg
ERGG+ERRGHERRR __
Erce = 20 (26)

where E;;. refers to the green emission of green dye excited by green laser, Exgr

refers to the red emission of red dye excited by red laser, Eggg refers to the red
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emission of green dye excited by green laser and Egp; refers to the red emission

of red dye excited by green laser.
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Chapter 3: Materials and Methods

3.1 Labelling

a-Synuclein preparation. During the experiments, the engineered a-synuclein
dimer, tetramer and octamer are made by tandem linking repeated monomer with
three-amino-acid peptide linker (GSG). In order to specifically label each a-
synuclein with a fluoresence dye, one cysteine was inserted to the C terminal of
each construct. Overall, the a-synuclein monomer and these engineered dimer,
tetramer and octamer with one C-terminal cysteine are my study objects. My
coworker, Meijing Wang, synthesized them by the following procedures. First,
the native monomeric, dimeric tetrameric and octameric a-synuclein expression
constructs were obtained from B-Bridge International. Second, the Site-Directed
Mutagenesis Kit from Agilent Technologies was used to add one cysteine on the
C-terminal of each a-synuclein construct. Once the DNA sequence and the amino
acid sequence of the mutated a-synulcein were confirmed, the plasmid containing
the a-synuclein of interest were inserted into the Rosetta™ 2 (DE3) Competent
Cells from EMD Millipore for over expression. Then, osmotic shock was used to
break the cell and release all proteins from the cell. Finally, Ion exchange
chromatography with Q Sepharose medium was used to purify the a-synuclein of
interest from all other proteins and 90% ammonia sulfate were used to precipitate
the purified a-synuclein for labelling or storage at -80 °C. In the following

research, the a-synuclein monomer and its engineered dimer, tetramer and
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octamer with one C-terminal cysteine are represented as Sncal, Snca2, Snca4 and

Snca8, respectively.

A variety of dyes. The fluorescent dyes tested and used in my research can be
categorized into two groups; one has maximum absorbance around 492 nm (the
green dye) and the other has maximum absorbance above 540 nm (the red dye).

The producers and names for all dyes are summarized in Table 2.

Table 2: The producer and name for each dye used in the research.

Company Names of dyes Company Names of dyes
Names max. abs at 492 nm Names max. abs above
540 nm
Alexa Fluor® 488 Alex Fluor 546
Life C5-maleimide Life C5-maleimide
Technologies | (Catalog Number: A-10254) | Technologies | (Catalog Number:
A-10258)
Oregon Green" 488 Alex Fluor 633
Carboxylic Acid, C5-maleimide
Succinimidyl Ester, 6-isomer (Catalog Number:
(Catalog Number: O-6149) A-20342)
Oregon Green" CyS5 Tetrazine
488 maleimide Bioconjugate | (Catalog Number:
(Catalog Number: O-6034) Technology 1019)
Company
Biotium CF™488A Dye

Other materials. Other materials used in the labelling experiments include: 10
mM phosphate-buffered saline (PBS, includes 137 mM NaCl, 2.7 mM KCl, 10
mM Na,HPO4 and 1.8 mM KH,PO4 ) at pH = 7.0 or 7.4, 1 M of sodium
bicarbonate buffer at pH = 9.0, dimethylsulfoxide (DMSO) from Life

Technologies, tris-(2-carboxyethyl) phosphine hydrochloride (TCEP-HCIl) from
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Pierce Protein Biology Products, trans-cyclooctene-PEG;-Maleimide (TCO-
PEG;-Maleimide, TPM) from Bioconjugate Technology Company, HiTrap
Desalting Columns from GE Healthcare and Amicon® Ultra Centrifugal Filters
with regenerated cellulose at 3K, 10K and 50K nominal molecular weight limit

(NMWL) from Merck Millipore Ltd.

Methods. Three labelling reactions were applied in my research: (i) the reaction of
a primary amine with a succinimidyl ester; (ii) the reaction of a sulthydryl with a
maleimide; and (7ii) the Diels-Alder cycloaddition reaction of trans-cyclooctenes
(TCO) with tetrazines. Their reaction schemes are summarized in Figure 10.
Among these reactions, the last one is a click chemistry reaction, which has
extremely fast kinetics (k > 800M~1s™1) to produce protein-dye conjugates at
lower protein concentration (e.g. 5uM ) with shorter reaction time (e.g. 30

. 111,112
min).
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(a) N-terminus and Lysines of a protein react with dyes possessing a succinimidyl ester
group. 0

0)
Dye
. sy
Protein-NH, + ﬁON P Dye-C-NH-Protein +HON
0]
Protein 0 0
with a NH; group  Dye-Succinimidyl Ester Labelled Protein

(b) Cysteines of a protein react with dyes possessing a maleimide group.

Dye Dye 0
. — pH=7.0 \
Protein-SH + ﬁ NH(CHy)sN \ ———  C—NH(CH,)sN
0] || S-Protein
0 Y 4
Protein
with a SH group Dye-C5 Maleimide Labelled Protein

(c¢) Trans-cyclooctenes from a protein react with dyes possessing a terazine group.

0 o= o

Protein Protem
with a TCO group Dye-Tetrazine Labelled Protein

Figure 10: Three common protein-dye labelling reactions.

Succinimidyl Ester Amine Reaction. The detailed procedure for labelling a-
synucleins with a succinimidyl-ester dye is similar to that described in the
labelling probes of Life Technologies'”® with the following modifications. First,
the frozen tagless a-synuclein was dissolved with 10 mM PBS at pH 7.0 to ensure

protein concentration is 1.75 ~ 2 mg/mL. Second, an Amicon® Ultra Centrifugal
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Filter with appropriate cutoff was used to remove any leftover ammonium ion and
to concentrate the protein solution to 7~8 mg/mL. Third, 0.1 mL of 1 M of sodium
bicarbonate buffer at pH 9.0 was added for each mL of protein solution. Fourth,
20 moles of the succinimidyl-ester dye were added for each mole of protein
solution. Finally, the protein-dye solution was incubated at 4 °C with continuous
stirring overnight. Because there are fifteen Lysines in the sequence of
monomeric a-synuclein, multiple dyes are theoretically able to form covalent

bonds with each monomeric a-synuclein in this method.

Sulfhydryl Maleimide Reaction. There are two ways to label the C-terminal
Cysteine of a-synucleins with dyes containing a maleimide group. The first
approach is similar to that described in the labelling probes of Life
Technologies''* with the following modifications. First, the frozen a-synuclein
with C-terminal Cysteine was dissolved with 10 mM PBS at pH 7.0 to ensure
protein concentration is 1.75 ~ 2 mg/mL. To reduce the disulfide bonds of a-
synuclein, 0.067 M of TCEP-HCI solution at pH 7.0 (TCEP-HCI solution is
titrated with NaOH solution to pH 7.0) were added into the protein solution to
ensure approximately 10-20 moles of TCEP-HCI for each mole of protein. After
45 minutes of incubation at room temperature, 20-30 moles of the maleimide dye
were added for each mole of protein. Last, the protein-dye solution was incubated
at 4 °C with continuous stirring overnight. However, according to Kim'"®, large
amounts of TCEP-HCI will interfere with the sulthydryl maleimide reaction. In
this case, the first labelling method requires large amounts of dye to compromise

the effects of interference, which complicate the purification steps.
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To solve this problem, a second labelling approach was proposed and applied.
First of all, one modification was added in the last step of a-synuclein synthesis:
while 90% ammonia sulfate were used to precipitate the purified a-synuclein for
labelling or storage at -80 °C, 10 mM TCEP-HCI was added into the 90%
ammonia sulfate to produce the reduced solid a-synucleins. By doing this, the
unreacted excess amounts of TCEP-HCl would stay in the solution while the
protein precipitated. Moreover, the reduced solid proteins were not easily
oxidized to form disulfide bonds since movement of the solid proteins was
restricted. Next, the reduced solid a-synuclein was washed with 90% ammonia
sulfate twice to remove leftover TCEP-HCI on the surface of the solid protein.
Then, only 5~10 moles of dye solution were added for each mole of protein.
Finally, 10 mM PBS at pH 7.0 was used to dissolve the mixture of the protein and
the dye, so that the final protein concentration was around 2 mg/mL. Then, the

protein-dye solution was incubated at 4 °C with continuous stirring overnight.

To distinguish these two different sulfhydryl maleimide labelling methods, the
former one was called sulfhydryl maleimide labelling Method One and the latter

was sulfhydryl maleimide labelling Method Two.

Trans-cyclooctenes (TCQO) Tetrazine Reaction. The mutated C-terminal
Cysteine a-synucleins have no TCO group. Therefore, TPM were used to
conjugate with the mutated a-synuclein based on the sulthydryl maleimide
labelling protocol. Then, an Amicon® Ultra Centrifugal Filter with appropriate

cutoff was used to remove excess TPM. Last, only 1~1.1 moles of the tetrazine
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dye were added for each mole of the TPM-modified a-synuclein and the protein-

dye solution was incubated at 4 °C with continuous stirring for 4 hours.

3.2 Purification and labelling efficiency

In my research, two different approaches were applied to remove the excess dye
after labelling. They are fast protein liquid chromatography (FPLC) and
centrifugation with specific centrifugal filters. The detailed instrumentation,
materials and methods are discussed below. Then, high performance liquid
chromatography - mass spectrometry (HPLC-MS) was applied to ensure the
labelling efficiency calculation and to validate the labelling protocols based on the

sulfhydryl maleimide reaction.

3.2.1 Fast protein liquid chromatography (FPLC)

Instrumentation. All FPLC elution profiles and purified protein-dye conjugates
were obtained using an AKTA FPLC system, which consists of a AKTAmicro and
a Fraction Collector Frac-950. The AKTAmicro is a chromatography system
including a Pump P-905, a Monitor pH/C-900, and a Monitor UV-900. In
combination with two GE Healthcare HiTrap desalting columns (SmL for each),
the whole system allows me to purify at most 1.5 mL of labelled a-synuclein
solution at each sample run and to automatically collect all fraction volumes in
microliterscale. Moreover, the whole experiment process is operated by
UNICORN 5 control software. For each sample run, a FPLC chromatogram, a
plot of absorption of eluted solution vs. the elution volume, is generated.
Therefore, the fraction volume that contains purified labelled a-synucleins can be

easily determined based on their absorption and expected elution time.
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Materials and methods. Materials of this experiment include: Two HiTrap
desalting columns (5 X 5 mL, Product Code: 71-1408-01) from GH Healthcare
Life Sciences, 20% Ethanol solution from Sigma-Aldrich, 10 mM PBS at pH =
7.4, fluorescent dye labelled a-synuclein solution (100 uL, protein concentration
is less than 3 mg/mL), original fluorescent dye dissolved in PBS ( ~ 3 uM).
Theoretically, the protein and dye concentration does not affect the FPLC
separation as long as the viscosity of total protein and dye solution is similar to
the viscosity of the PBS buffer. However, a-synuclein sample concentration used
by FPLC purification was no more than 3 mg/mL. There are two reasons: a-
synuclein aggregates quickly at high protein concentration (~ 8 mg/mL); and
excess dye and the protein are not able to be completely separated when sample
protein concentration is too high. The FPLC purification procedure is the same as
that described in the AKTA FPLC system online standard operating procedure.116
The injection volume of sample is 1 mL, flow rate of separating the protein and
dye is set at 3 mL/min and the column pressure during the separation is usually
below 0.67 MPa. Before each separation experiment, 40 mL ddH,O, and then 40
mL 1Xx PBS will be used to wash the column and the line. After each separation,
50 mL ddH,O are used to wash the column. Finally the column is stored at 25%

ethanol.

3.2.1 Centrions, centrifuge, and UV/Vis spectroscopy

Instrumentation and materials. The instruments used in this section were an
Allegra™ 25R Centrifuge from Beckman Coulter and an Agilent Cary 60 UV/Vis

spectrophotometer. The necessary materials are several Amicon® Ultra
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Centrifugal Filters with regenerated cellulose at 3K, 10K and 50K molecular
weight cutoff (MWCO) from Merck Millipore Ltd., 10 mM PBS at pH = 7.4 used
as dispersant and exchange buffer, fluorescent dye dissolved in PBS ( ~ 3 uM)
and fluorescent dye labelled a-synuclein solution ( 4~15mL , protein
concentration is less than 3 mg/mL). Table 3 summarizes the molecular weights
of the engineered a-synuclein monomer and oligomers in Dalton as well as the
types of Amicon® Ultra Centrifugal Filters with suitable MWCO for each a-

synuclein construct.

Table 3: Selection of the Amicon® Ultra filters for Sncal, 2, 4 and 8.

Sncal Snca2 Snca4 Snca8
Molecular Weight (Da) 14,460 29,103 | 58,390 | 116,963
Molecular Weight Cut off 3K 10K 10 K S0K

Method. Purification using a centrifuge with swinging bucket rotor was
performed at 4 degrees and 5100 g for 10 ~ 30 minutes. Normally, the purification
was repeated one or two more times after filling the Centrifugal Filters with 10
mM PBS at pH = 7.4. Then, both filtrate volumes and diluted aliquots of the final
purified solution were measured using the Agilent Cary 60 UV/Vis
spectrophotometer to ensure complete removal of free dyes and high protein

recovery.
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Data analysis. A good purification result with high protein recovery is
characterized by a high labelling efficiency. For instance, Alexa Fluor™ 488 C5
Maleimide has its maximum absorption at 493 nm. The labelling efficiency for a
purified protein sample labelled with Alexa Fluor”™ 488 C5 Maleimide is defined

in Equation (27).

Concentration of dye A(492 nm)/e(alexa 488)
Concentration of protein [A(280 nm)—A(492 nm)Xx CF]/e(Protein)

27

where A(493 nm) refers to the absorption at wavelength 493 nm, ¢(Alexa 488)

is the molar absorptivity of Alexa Fluor® 488 C5 Maleimide ( 7.0000 x

A(280 nm)
A(493 nm)

10* M~'em™1) and CF is the correction factor'®, which is equal to
sample only contained Alexa Fluor® 488 C5 Maleimide. Normally, CF of a
specific dye was given by the manufacturer, for example, CF of that Alexa Fluor™

488 C5 Maleimide is 0.11, CF of Oregon Green 488 maleimide is 0.12 and CF of

Cys5 tetrazine is 0.08.

3.2.3 HPLC-ESI-0aTOF

High performance liquid chromatography with an orthogonal acceleration time-
of-flight mass spectrometer (HPLC-ESI-0aTOF) was used: (i) as an innovative
method to confirm the calculation of the labelling efficiency; and (ii) to ensure a

successful labelling between TPM and a-synuclein.

Instrumentation. The instruments used in this section were Agilent 1200 SL
HPLC system and an 0aTOF mass spectrometer. Electrospray ionization (ESI)

was used to generate the ion source for the 0aTOF mass spectrometer. A 75x0.5
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mm, 5 pm particle size, C8 poroshell column from Agilent Technologies with
Opti-pak trap cartridge kit, SuL. BED, C8, thermostated at 65°C was used in the
HPLC system. The buffer gradient consists of 0.1% formic acid in double-
distilled water (ddH,O) (v/v) as solvent A and 0.1% formic acid (v/v) in
acetonitrile as solvent B. The most suitable buffer gradient for a-synuclein was
summarized in Table 4. The flow rate was 0.15 mL/min and the first five minutes

flow-through went to the waste.

Table 4: The buffer gradient for a-synucleins.

Time |0 10 25 55 65 70 75 80 85
(mins)
%B |5 30 35 45 65 75 85 98 98

Method and sample preparation. The experimental procedure of using HPLC-
ESI-0aTOF was followed the University of Alberta Mass Spectrometry Facility
protocol''’”. The sample used for confirming the labelling efficiency calculation
was a fraction of monomeric a-synulcein labelled with Alexa Fluor 488 which is
then purified by FPLC. The samples used for the confirmation of the coupling of
TPM with a-synucleins were the a-synuclein monomer and the engineered dimer
with their C-terminal Cysteine labelled with TPM. These samples were purified
by the specific Amicon® Ultra-15 Centrifugal Filters and ddH,O was used as the
exchange buffer during the purification to ensure no salt existed in the final
solution for HPLC-0aTOF measurement. Then each sample was dissolved in

ddH,0. The Agilent Cary 60 UV/Vis spectrophotometer was used to ensure the
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protein concentration was approximately 30 uM. Then 2 pL of the sample was
diluted with 12 pL of 0.1% formic acid in (ddH,O) (v/v), and 2 pL of the diluted

sample was injected.

3.3 Quantum yields of labelled a-synucleins

This experiment aimed to find out whether the quantum yield of Oregon Green
488 Maleimide or Cy5 tetrazine changed or not when they were mixed with or
were conjugated to the monomeric, dimeric, tetrameric and octameric o-

synucleins.

Instrumentation. The instrument used in this section was a PTI Fluorescence
QuantaMaster " Fluorescence Spectrofluorometer. The accompanying software
was FelixGX 4.1.2. A wavelength of 492 nm was used to excite Oregon Green
488 Maleimide and its labelled protein. The fluorescence of the dye from 493 nm
to 600 nm was detected at 90°. Similarly, a wavelength of 650 nm was used to
excite CyS5 tetrazine and its labelled protein, the fluorescence of the dye from 651
nm to 750 nm was detected at 90°. For all measurements, the entrance and exits
sides of both the excitation and emission monochromators were set to 1 nm. A

clean, 1 cm, quartz cuvette was used.

Method and sample preparation. The a-synuclein monomer, dimer, tetramer and
octamer with their C-terminal Cysteine labelled with either Oregon Green 488
maleimide or Cy5 tetrazine, together with the pure dyes and 10 mM PBS buffer
were measured using the PTI Fluorescence Spectrofluorometer. Each sample was

dissolved in the 10 mM PBS at pH 7.4 and the protein concentration was
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measured by an Agilent Cary 60 UV/Vis spectrophotometer at 280 nm. The molar
absorptivity of a-synuclein monomer and oligomers at 280 nm are summarized in
Table 5. The protein concentration of a-synuclein solution is controlled around
0.5 mg/mL by the UV/Vis spectrophotometer, and then it was diluted for 10 times
for fluorescence measurements. The reason is that a concentrated fluorescent
protein sample will experience inner filter effects. Each sample was measured
using the fluorescence spectrofluorometer three times. For each measurement, all
emission counts within the detection range were summed after the background
counts were deducted. The background counts were the emission counts at the
corresponding wavelength of 10 mM PBS upon excitation the same wavelength as

that of the protein solution.

Table 5: Molar absorptivities of Sncal, 2, 4 and 8.

Sncal Snca2 | Snca4 | Snca8
€(1=280nm) in M"-cm™! 5960 11920 | 23840 | 47680
€(1 =280nm) in (mg/mL)"-cm™ 0.4122 | 0.4096 |0.4083 | 0.4076

3.4 Dynamic Light Scattering (DLS)

The aims of DLS experiments were to measure the hydrodynamic diameter
distributions of a-synuclein monomers as well as that of its engineered dimers,

tetramers and octamers.
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Instrumentation and method. The instrument used in this experiment was a
Zetasizer Nano ZS. It used an excitation wavelength of 633 nm and detected the
scattering light at 173°. The accompanied software for the Zetasizer Nano ZS is
Malvern Software (version 7.02). For all measurements, the suggested Standard
Operating Procedures (SOP) was used. The SOP includes that the refractive index
and the absorption of the measured protein were set at 1.450 and 0.001,
respectively, 10 mM PBS was used as dispersant, and its viscosity and refractive
index at the measurement temperature (22.0 °C) were set at 1.05 cP and 1.334,
respectively. Disposable DTS0012 cuvettes were used. To improve the signal-to-
noise ratio, each sample was measured three times and each measurement

contained 13 runs.

Sample Preparation. The a-synuclein monomer, dimer, tetramer and octamer
with their C-terminal Cysteine labelled with TPM were measured by DLS. Each
sample was dissolved in 10 mM PBS at pH 7.4 and with a protein concentration
of approximately 1.4 mg/mL. An Agilent Cary 60 UV/Vis spectrophotometer was
used to measure the protein concentration at 280 nm. To remove dust and large
protein aggregates, Whatman Anotop 10 Syringe Filters with 100 nm pore size
were used to filter 1.5 mL of each protein sample directly into new disposable

DTS0012 cuvettes for measurements.

3.5 FCS and dual-color FCCS

3.5.1 Calibration measurements

Laser-scanning microscope LSM 510/ConfoCor 2 (CarlZeiss, Jena, Germany)

was used for all FCS measurements and a C-Apochromat 40X/NA 1.2 water
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objective was used. Before all FCS experiments, several things were done to
ensure that the instrument was well calibrated: (i) to show that red and green laser
beams were well overlapped; (ii) to show that red and green detection volumes
were well overlapped; (iii) to choose the proper laser power; (iv) to show a proper
dye system is chosen so that the cross talk of green dye to red channel is
negligible; (v) to measure the diffusion times of the dyes used in my research; and
(vi) to determine the equatorial radius and the confocal volumes of both green

laser beam and red laser beam, together with the estimated cross confocal volume.

Calibration Measurement One.
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Figure 11: Autocorrelation function and corresponding fitting curves
(dashed lines) of CyS excited by 488 nm (green) and 633 nm (red),

respectively.
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To check whether the red and green laser beams used in my research overlapped,
100 nM Cys5 in water (provided by Dr. Xuejun Sun from Cross Cancer Institution)
was first excited by the red beam (633 nm) and its emission above 650 nm
wavelength was detected by the red detector. Then the same sample was excited
by the green beam (488 nm) and detected by the same red detector again. As
shown in Figure 11, both fitting curves of autocorrelation functions reveal similar
amplitude (G(0)) and diffusion time (7p), which indicated that two lasers
illuminate almost the same region. Since 488 nm is on the edge of the excitation
spectral profile of Cy5, the emission light of Cy5 excited by 488 nm has low
intensity and hence low signal to noise ratio. Therefore, the autocorrelation

function of Cy5 excited by 488 nm is very noisy.

Calibration Measurement Two. To ensure that red and green detection volumes
were well overlapped, Rhodamine 6G was excited at 488 nm and its emission
from 505 to 550 nm was recorded by the green detector and that above 650 nm
was detected by the red detector. Rhodamine 6G has a very broad emission
spectrum ranging from 500 to 700 nm. Therefore, the concentration of Rhodamine
6G, together with the amplitude of the correlation function, measured by both
detection wavelength should be the same. Figure 12 shows the autocorrelation
curves and the cross correlation curves of Rhodamine 6G, as well as their fitting
curves. In Table 6, the amplitudes of two autocorrelation functions and the cross
correlation function are summarized, together with the observed number of the
fluorescence species within each confocal volume and the diffusion time of

Rhodamine 6G measured by fluorescence autocorrelation spectroscopy and
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fluorescence cross-correlation spectroscopy (FCCS). In summary, the calibration
measurements show an overlap of the two detection volume with the chosen
objective with slightly different amplitudes (G(0)). There are two phenomena
contributing to their difference. First, Rhodamine 6G has different photon
efficiencies between 505 ~ 550 nm and 650 nm ~700 nm. Therefore the count rate
of the green detector is much stronger than that of the red detector. This causes
the slight differences in the amplitudes of the correlation function and their fitting
curves. Second, the detection volume of the red laser beam is theoretically larger
than that of green laser beam. Since the equatorial radius (wy, ) of the confocal
volume is theoretically proportional to the wavelength of the laser beam, the red
confocal volume is supposed to be larger than the green confocal volume.
Therefore, it is reasonable that the observed numbers of the fluorescent species
with the red confocal volume is larger than that from the green confocal volume,
which agrees with my experimental data as shown in Table 6. Moreover, the cross
confocal volume is not exactly the same as the red and the green confocal volume

based on Equation (18).

Table 6: G(0), N and tpof Rodamine 6G measured by FCCS.

Channel Count G(0) + standard N Tp T standard
rate (kHz) error + standard error
error (ns)
Red 6.828 0.0208+0.0006 48+1 34.843e-6
Green 61.781 0.0264740.00006 37.84£0.1 42.3+4e-7
Cross 0.018740.0002 53.5+0.6 46.6+2e-6
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Figure 12: Autocorrelation functions and cross-correlation function of
Rhodamine 6G. Red line is the fitting curve of data obtained by the red
detector, Green line is from the green detector, Black line is data calculated
based on the cross correlation function.

Calibration Measurement Three. To select the proper laser power, the total
fluorescence count rates of Alexa Fluor® 488 C5-maleimide at different
concentrations are plotted as a function of laser power in Figure 13. 0.1% ~ 3% of
25 mW Argon laser was used to excite the sample. The Alexa Fluor® 488 C5-
maleimide concentration was determined using an Agilent Cary 60 UV/Vis
spectrophotometer at A = 493nm with molar absorptivity = 7.0000 X
10* cm™*M~1 As shown in Figure 13, the black line is for 1.312 nM of the dye,
the red is for 656 nM, the green is for 328 nM, and the purple and the blue are

64 nM and 82 nM, respectively. A linear function (y = ax + b) was used to fit
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the measured spot, and only the lower concentration samples (lower
than 328 nM) showed linear fittings between the total count rate and the laser
power. Moreover, when laser power was larger than 1%, the higher concentration
samples were saturated and their count rates were lower than what was expected.
Therefore, 1% of 25 mW Argon laser was chosen for the following experiments
as the green laser beam to excite the sample at 488 nm. To ensure the brightness
of red laser beam was close to that of the green, 5% of the 5 mWW Helium-Neon

laser was used as the red laser beam to excite sample at 633 nm.
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Figure 13: Count rate is a function of laser powers at different
concentrations of Alexa Fluor® 488 C5-maleimide. Black is at 1312 nM, Red
is at 656 nM, Green is at 328 nM, Purple is at 164 nM and Blue is at 82 nM.
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Calibration Measurement Four. Oregon Green® 488 maleimide and Cy5
Tetrazine were chosen as the paired dye system in my FCCS experiments. To
show that the cross talk of Oregon Green® 488 maleimide to the red channel is

negligible, Eggg » Errr » Erge » and Egpp; of one FCCS experiment were

summarized in Table 7. E;q refers to the green channel count rate of Oregon
Green® 488 maleimide excited by green laser, Eggp refers to the red channel
count rate of Cy5 Tetrazine excited by red laser, Er; refers to the red channel
count rate of Oregon Green® 488 maleimide excited by green laser

and Egp refers to the red channel count rate of Cy5 Tetrazine excited by green

laser. By doing simple calculations, I got the following fractions: Ecﬂ =0.7,
RRR

666 _ 185, CRRR _ 416 and —RGGITRRGIERRR _ 99 which fulfilled the
Erce ERRrG Erca

requirements (refer to Page 51) to ensure that the cross talk of Oregon Green® 488
maleimide to the red channel is negligible. This indicates that Cy5 Tetrazine was

the only species detected by the red channel.

Table 7: Count Rates of Oregon Green® 488 maleimide and CyS Tetrazine in
FCCS.

EGGG ERRR ERGG ERRG

Count Rate 4.35 6.25 0.235 0.150
(KHz)

Calibration Measurement Five. The diffusion times (tp) of Oregon Green®™ 488
maleimide and CyS5 Tetrazine were measured by FCS as shown in Tables 8 and 9.
In Table 8, three different concentrations of Oregon Green 488 Maleimide

samples dissolved in 10mM PBS at pH = 7.40 were measured at T =
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298.15 K. Each row of the results including count rate, G(0), N and 7 obtained
from 30 repeat measurements of the same Oregon Green 488 Maleimide sample.
The resulting autocorrelation curves were fitted using the single component

autocorrelation function, Equation (6) using Igor software. Some suggested fitting

parameters were used, such as fit range started at 1 ps and V:V—Z was equal to 10.
xy

The average diffusion time (7)) of Oregon Green® 488 maleimide in PBS at

298.15 K was determined to be 45.6 + 0.2 us.

Table 8: Fitting results of Oregon Green 488 maleimide in PBS at pH=7.40 in
FCS.

Concentration | Count G(0) N Tp *tstandard
of Oregon rate +standard +standard error error (us)
Green 488 (kHz) error
Maleimide

(nM)
- 335 0.0070£0.0002 146+4 52.0£0.1
- 83 0.032040.0002 31.340.2 40.140.1
- 5 0.725+40.005 1.3840.01 44.940.1
Average + Standard Error 45.710.2

Table 9 summarizes the fitting parameters of two Cy5 tetrazine samples dissolved
in 10% of ethanol (by weight) at 298.15 K. Each row of the result including count
rate, G(0), N and tj obtained from 9 repeat measurements of the same sample.
The resulting autocorrelation curves were fitted using the single component
autocorrelation function in the defaulted Carl Zeiss software. The fit range started

at 1 ps, free triplet state fraction was from 0% to 30%, free triplet time was from 1

us to 10 ps andw‘:v—z was equal to 10. The average diffusion time (tp) of Cy5
xy

tetrazine in 10% of ethanol (by weight) at 298.15 K was determined to be

107 £ 1 us.
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Table 9: Fitting results of CyS tetrazine in 10% of Ethanol using FCS.

Concentration | Count G(0) N Tp
of Cy5 rate +standard tstandard error | +standard
tetrazine (kHz) error error (us)
(nM)
- 42.341 0.31540.001 3.174£0.01 106+1
- 50.555 | 0.3250+0.0002 3.07740.002 108.74£0.2
Average + Standard Error 107+1

Calibration Measurement Six — the green confocal volume. Alexa Fluor® 488
C5-maleimide was used to estimate the confocal volume of the green laser beam.
5.4 uM Alexa Fluor® 488 C5-maleimide was dissolved with the 10 mM PBS at
pH 7.4. The dye concentration was determined using an Agilent Cary 60 UV/Vis
spectrophotometer at A = 493 nm with absorption = 0.38 and molar absorptivity
=7.0000 x 10* cm~*M~1. Then, 5.4 uM of Alexa Fluor® 488 C5-maleimide
solution was diluted 10 times to 0.54 uM, which is the first FCS sample. Next,
two-fold serial dilutions were conducted to obtain0.27 uM, 0.13 pM ... and
1.05 nM dye solutions. In Table 10, ten Alexa Fluor® 488 C5-maleimide solutions
with different concentrations were measured using Laser-scanning microscope
LSM 510/ConfoCor 2. Each row of the result including count rate, G(0), N and
Tp were obtained from 12 repeat measurements of the same sample. The resulting
autocorrelation curves were fitted using the single component autocorrelation
function in the defaulted Carl Zeiss software. The fit range started at 1 us, free

triplet state fraction was from 0% to 30%, free triplet time was from 1 ps to 10 us

and —= was equal to 10.
ny
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Table 10: Fitting results of Alexa Fluor® 488 C5-maleimide at different
concentrations in PBS at pH=7.40 at 298.15 K in FCS.

Concentration

Count

Sample G(0) N Tp

# of Alexa rate + standard + standard | + standard

Fluor® 488 (kHz) error error error (us)
(nM)

1 540 274 0.004040.0002 260+10 4144

2 270 136 0.008040.0003 12445 40+4

3 135 66 0.01704£0.0006 60+2 43144

4 67.5 32 0.039040.0008 25+1 35+4

5 33.8 16 0.07610.003 13.1+1 38+4

6 16.9 8 0.17140.006 5.940.2 3344

7 8.44 4 0.3340.01 3.0+0.1 36+3

8 4.22 2 0.5140.03 2.0+0.1 47144

9 2.11 1.1 1.040.1 1.040.1 40+10

10 1.05 0.6 1.56+0.03 0.614+0.01 3941
Average £ standard error ‘ 40 +10

The estimated confocal volume of the green laser beam was obtained from the

plot of N is a function of the concentration of Alexa Fluor” 488 C5-maleimide as

shown in Figure 14, since g is equal to the slope of the plot. The calculation of the

green confocal volume using the slope is shown in Equation (32).

N _ (54+0.1)x108

Verr = Nsc ~ 6.022x1023
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Figure 14: Observed number of fluorescent particles in a confocal volume, ¥,
as a function of the concentrations of Alexa Fluor 488.

The value of the estimated green confocal volume fulfilled the requirement that
confocal volume is small enough (~1 fL) for observing obvious fluorescence
fluctuations during the experiment. Moreover, this value agreed well with the
green confocal volume calculated from the measured diffusion time (7p) of Alexa
Fluor® 488 C5-maleimide with its known diffusion coefficient (D) as shown in
Equations (33) ~ (35). According to Schwille''®, the diffusion coefficient of Alexa
Fluor® 488 is 435um?2s~! in water and 430 um?s~! in 10 mM PBS at

298.15 K.

Wiy Green = V430 pm2s=1 x 4 x (40 + 10) us = (260 + 70)nm (33)

W, green = Wxy X 10 = (2600 + 700)nm (34)
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3
Vesf Green = T2 X (260 + 70 nm)? x (2600 + 700 nm) = (1.0 + 0.4)fL (35)

As above, the calculation of the equatorial radius (wy, ) of green confocal volume

and the confocal volume using the measured diffusion time (7j) of Oregon Green

488-maleimide is shown in Equations (36)-(38).

Wy Green = 409 pm2s~1x 4 X (45.6 + 0.2) us = (273 + 1)nm (36)
W Green = Wxy X 10 = (2730 £ 10)nm (37)

3
Vesf Green = T2 X (273 + 1 um)? x (2730 + 10 nm) = (1.135 + 0.009)fL (38)

To determine whether the above three values are statistically the same, t-test was

applied as shown in Equations (39) and (40).

_ Ix1=-x3 [ nn
Leaic = s (39)
pooled | N11tN2

S _ JS%(n1—1)+S%(nz—1)

pooled — nq+ny—2

(40)

where x; and X, are the two means of interest, and n; and n, corresponds to the
number of experiments to obtain X; and X,, respectively. S; and S, are the

corresponding standard deviations.

Table 11 summarized the values of Sypp1ed » teaic, degrees of freedom (df) and

trapie for comparing the values from Equations (32), (35) and (38) by using t-
tests. To sum 