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hydrogel formation in two different systems. In the context of designing protein-based hydrogels
as biomaterials, we investigate how protein unfolding affects the formation dynamics of hydrogels
in response to temperature changes, denaturation, and chemical reactions. In a second context we
establish how microsecond to millisecond fluctuations in an amyloid forming protein, beta-2-
microglobulin, correlate to the amyloid forming propensity of the protein, with an emphasis on
understanding how conformational changes in the native folded state provide thermodynamic
driving forces for amyloid nucleation.

The work on protein hydrogel yielded two key results. First, we observed that the lifetime
of dissipative hydrogels decreased and their mechanical stiffness increased with increasing

denaturant concentration and constant fuel concentration. At a higher denaturant concentration,



the concentration of solvent-accessible cysteines increases the stiffness of the hydrogel at the cost
of a faster consumption of H,0,, which is the cause of the shorter gel lifetime. This work utilizing
biological macromolecules in kinetically controlled dissipative structures opens the door to future
applications of such systems in which the biomolecules' structures can control the reaction kinetics.

Another substantial outcome of our work is to uncover mechanisms underlying the
initiation of nucleation in the initial stages of amyloid aggregate formation. The study of
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nucleus formation by a sudden large fluctuation.
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Chapter 1. Introduction

1.1 Protein Folding, Conformational Energy Landscape and Aggregation
1.1.1 Protein Folding and Energy Landscape

Proteins make up more than 50 percent of cells’ dry weight and have prominent
roles in essential processes in living organisms. The protein building blocks are a set
of 20 amino acids, organic molecules with carboxyl and amino groups!. Proteins
provide structural support, substance transport, signaling, and defense. Enzymes
participate in biochemical reactions in cells. In mammalian cells, ribosomes synthesize
more than 10,000 types of proteins®. These diverse and vital microscopic molecules
play essential functions in mammals, including tissue repair, gene regulation and

protections®.

Some proteins provide structure and stiffness to the cells*. Some play the role
of a shuttle for molecules in the cells®, and some catalyze intracellular reactions®. In
order to perform all of those specific and broad functions, proteins must assume three-
dimensional folded structures by transitioning from a linear chain of amino acids into
a globular compact form through a complex folding process’. Protein folding is an
essential, ubiquitous instance of self-assembly in biology, during which the one-
dimensional synthesized peptide chain self-assembles into its biologically active
conformation®®. How a protein chain folds upon itself depends on the sequence of its
amino-acid building blocks (primary structure). Figure 1.1 illustrates a-helices and beta

sheets, the two structures that form initially called the protein’s secondary structure.

1



When an amino acid’s backbone C — H group hydrogen bonds to the C = O group on
another amino acid’s backbone located four units far from the first amino acid, a right-
hand helix conformation forms, which is the a-helix. Beta-sheets are zigzag patterns
that make a typical structural pattern of a protein’s secondary structure. Beta strands,
3-10 amino-acid long, connect through backbone hydrogen bonds to form the beta-

sheets!011,

Figure 1.1. Protein’s sequence primary structure (top), Secondary structure alpha-helix
and beta-sheets (middle), tertiary and quaternary structure (bottom). Figure reproduced

with permission from 12,



The three-dimensional form of a protein is called the tertiary structure. The
tertiary structure may contain one or more secondary structure domains. The
interactions within the amino acids' backbone and side chain bonds support the tertiary
structure. The thermodynamic and kinetic constraints for protein folding are a relatively
stable unique folded conformation with a minimized Gibbs free energy in physiological
conditions and reaching that stable fold within a reasonable time®3. These interactions
include polar hydrogen bonds and ionic interactions from outside and the hydrophobic
interactions between non-polar amino acids from inside. Disulfide bonds, which
covalently link the sulfur-containing cysteine’s side chains, are the only covalent bond
stabilizing a protein’s tertiary structure by firmly attaching parts of the polypeptide
chain. Quaternary structure is the fourth classification for structural levels of proteins
and happens two or more chains or subunits of proteins form a higher order molecular
complex**. Hemoglobin and DNA polymerase are two examples of proteins with
quaternary structure®®. Figure 1.2 shows the first experimentally measured structure of

a globular protein, myoglobulin.




Figure 1.2. The first structure of myoglobin at 6 A resolution published by Kendrew and co-
workers in 1958. Figure reproduced with permission from reference’®.

From the physics point of view, proteins are soft materials that possess an
average structure with each individual protein in an ensemble assuming a specific
confirmation at each point in time, each with some variation from the average
determined by statistics. The folding, structure, and structural variability can be
described by considering the energy landscape of a single protein. This energy
landscape defines thermodynamics, approximate probabilities of conformational states,
Kinetics, and the energy barrier height between those conformational states’. Not all
the proteins share similar structural flexibilities; The measure of average distance
between the backbone atoms of superimposed proteins, which is defined as root-mean-
square-deviation (RMSD), and other parameters show different measures of structural
variabilities in proteins®. The free energy barrier height defines the rate of the
conformational exchange between different substates of proteins. The larger the
RMSD, the higher the free energy barrier’®. Since 1970, with the emergence of
theoretical, experimental®®?!, and molecular dynamics simulations??, multiple
populated protein configurations substates have been noticed in addition to the three-
dimensional structures identified by x-ray crystallography?®?*. The presence of folding
substates can be explained by the fact that proteins are not completely
thermodynamically stable because they require conformational flexibility to function?.

The energy landscape concept was applied to folded proteins more than 45
years ago?®. In the complex and diverse concept of protein folding, initial random

forces,?® and hydrophobic interactions?, play a crucial role in limiting the number of



possible conformations for the burial of nonpolar amino acids. Generally, there are
multiple partially folded intermediates?” in the funnel-like landscape?® of protein
folding (Figure 1.3) prior to the protein assuming the native folded state, which is the
global free energy minimum?®. During the folding process kinetic barriers, shown as
roughness on the free-energy surface (Figure 1.3), can lead to formation of kinetically
trapped partially folded intermediates®®3!, The partially folded species expose the
hydrophobic regions to the surface; hence at higher protein concentrations, the

tendency for aggregation increases®.
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Figure 1.3. A schematic energy landscape for protein folding and aggregation. The surface

shows the multitude of conformations ‘funneling’ towards the native state via intramolecular



contact formation or towards the formation of amyloid fibrils via intermolecular contacts.

Figure and caption reproduced with permission from reference®.

The initial features of the energy landscape, like the height of the energy barrier
and the coexistence of multiple conformational substates, were characterized by
Frauenfelder and colleagues by connecting the concept of energy landscape to the
function of the model protein myoglobin34. Various characteristics of protein energy
landscapes have been elucidated through the advancement of experimental and

computational techniques®’.
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Figure 1.4. (a) One-dimensional cross-section from the high-dimensional energy landscape
of a protein showing the hierarchy of protein dynamics and the energy barriers. Each tier is
classified following the description introduced by Frauenfelder and co-workers. Each
minimum in the energy surface represents a state. The maximum between walls corresponds to
a transition state. The height of energy barrier between states (AG) which is the difference
between their free energies, tells us about the rate of interconversion between states. Tier-0
which has two major states, A and B, includes many interconverting substates with faster

fluctuations. The dark and light blue each represents energy landscape with a shift in the energy
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of major states (the order of magnitude is multiples of kzT. This shift can be a result of changes
in the environment or ligand binding. (b) Timescale of dynamic processes in proteins and the
experimental methods that can detect fluctuations on each timescale. Figure and caption
reproduced with permission from reference *’.

As shown in Figure 1.4, protein conformational dynamics can either have slow
or fast timescales depending on the length scale of the conformational change and the
associated energy barrier. Interconversion between two distinct conformation states of
a protein, such as ACBP?, are typically separated by an energy barrier several times
larger than that of the thermal energy of the system, which is Boltmann’s constant (k)
times the temperature, kzT. The timescale of the interconversion between these states
is on order of microseconds to milliseconds, depending on the height of the energy
barrier. Smaller scale fluctuations, such as interconversion of single individual domains
(e.g., beta sheets) or individual amino acids within a protein, occur on faster time scales,
ranging from nano- to picoseconds, due to the smaller energy barriert’.,

It is experimentally challenging to watch the movements of protein atoms to
understand the protein dynamics!’. The conformational dynamics within the native
state of proteins were first revealed by hydrogen-deuterium exchange mass
spectrometry, which was the first methodology showing fluctuations within the chain
motion of proteins under native conditions.>® For instance, it has been shown that
peptidyl-prolyl bond isomerization for some proteins is the driving force for the
presence of substates in native conditions*®*. In the case of Beta 2-microglobulin, the
cis-trans isomerization of proline 32 has been shown to be responsible for the presence
of multiple native intermediate states*®%.

1.1.2 Protein Aggregation and Amyloid Formation
7



1.1.2.1 Importance of Protein Aggregation

As shown in Figure 1.3, protein aggregation can lead to a further decrease in
the free energy of the system under the correct environmental conditions. Similar
intermolecular forces that drive protein folding can also drive protein aggregation, such
as hydrophobic interactions that lead to attractive protein-protein interactions. Protein
aggregation is involved in the pathogenesis of numerous mammalian diseases*® 2,
Likewise, protein aggregation represents a major degradation pathway of
biopharmaceuticals and limits the shelf life and storage conditions of protein based
therapeutics*®. Aggregation phenomena in protein formulations is generally
undesirable because it alters the original properties of the solution. Both reversible self-
association and irreversible aggregation contribute negatively to protein therapeutics.
First, highly concentrated proteins have a propensity to form aggregates, which
negatively impacts therapeutic effectiveness and quality of therapeutics, negatively
impacting patients’ health**“°, Large numbers of aggregates or formation of interlinked
networks increases the viscosity of therapeutics, which is undesirable for
manufacturing and administration to patients®. While aggregation can reduce or even
annihilate the biological activity of proteins®®, even in presence of bioactivity, the
immune response of a protein-based drug has been shown to be exacerbated due to the
existence of protein aggregates*’~*°. The existing aggregates can be either soluble or
insoluble®l. The reversible aggregates with a low molecular weight (oligomers) are in
the category of soluble aggregates. Usually, a small percentage of unavoidable soluble

aggregates exist in biotherapeutic solutions (5 — 10%) without imposing negative risk



factors®>°3, When the solubility limit of a protein formulation is reached, the previously

soluble aggregates precipitate in the form of insoluble aggregates®?.

1.1.2.2 Protein Aggregation in vivo

Misfolding and aggregation of proteins is involved in the pathogenesis of many
neurodegenerative diseases>>’. Alzheimer's disease, Parkinson's disease, Huntington's
disease, amyotrophic lateral sclerosis (ALS), and transmissible spongiform
encephalopathies are examples of diseases caused by protein aggregation. While some
of these diseases have a genetic origin (Huntington), and some have a non-genetic
origin (ALS), protein aggregation is observed in all of these diseases' pathologies®®.

A complicated network of processes controlling proper protein folding and
degradation is utilized to maintain a healthy cellular environment®®. This complicated
network is called “protein homeostasis,” or proteostasis, and its actions ensure the
presence of proteins in their proper concentrations and conformations®. Proteostasis
empowers cell differentiation for organ development and preventing diseases by
affecting cellular functions®l. Under certain diseases states, misfolded conformers of
disease-causing proteins accumulate within cells despite the presence of folding
chaperons and proteasomes®2. Even though the proteostasis system precisely controls
the conformation of all proteins, in the case of aggregate-prone disease-causing
proteins, aging can increase their tendency for aggregation and eventually overcomes
the ability of the proteostasis network to degrade misfolded proteins, leading to cellular

dysfunction®64,



1.1.2.3 Amyloid Fibrils

Amyloid fibrils are unbranched cross-Beta-sheet structured aggregates of
proteins (Figure 1.5). These aggregates have an affinity to aromatic dyes such as
thioflavin T (ThT) and Congo red®. The amyloid state is a universal and highly stable
configuration of protein chains in which many proteins with different original native
folds can acquire that cross-B structure®. Usually, the building blocks of these
extended assemblies are similar proteins or peptides, and fibrils are made of two twisted
proto filaments lined up in a helical symmetry with two folds. The fibrils’ cross-Beta-
sheet segments are parallel to each other and perpendicular to the fibril’s axis®’.

Hydrogen bonding between backbone amide functional groups of segments of
different proteins drives them into an amyloid state. The backbone amide groups must
first be exposed for hydrogen bonding to occur. Partial denaturation®®, formation of
inclusion bodies by overexpression®®, peptide cleavage, and high concentrations of
intrinsically disordered proteins are some of the causes for backbone amide group

exposure. In all these conditions, the concentrations of proteins should be sufficiently

high for the nucleation of amyloid formation to happen%7%71,
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Figure 1.5. Electron microscopy on AB(1-42) fibrils. (a) Twisted fibrils shown in a high
contrast negative stain TEM image (first image), a close-up of the twisted fibril (second image),
and the cryo-EM image of fibrils (third). (b) density map and the cartoon representation of the
atomic fibril model. (c) Two symmetric proto filaments from a cross-section view. (d, €) Side
view of cartoon and sphere atomic models. Figure and caption reproduced with permission
from reference®’.
1.1.2.4 Early Stages of Amyloid Formation

Amyloid aggregate formation occurs by nucleation of seeds followed by
polymerization (Figure 1.6)%. Like how it is illustrated in Figure 1.6(a) light-bule part,
and 1.6(b) white part, a substantial step in the development of amyloid structures is the
formation of pre-amyloid soluble oligomers’. Amyloidogenesis and protein folding
share similar driving forces, such as hydrogen bonding and hydrophobic effect®.
Because in these pre-amyloid oligomers (Figure 1.6 a,b), the accessible sticky
hydrophobic patches are exposed to the surface, they are thought to be highly toxic for

the cells by disturbing the cellular functions®®. These few unstable pre-amyloid
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oligomers play the role of a nucleus in such nucleation-dependents polymerization.
Upon the formation of cross-Beta amyloids, these sticky patches and peptide backbones
bury in the stable cross-beta structures”. The dynamic process of in vivo protein
aggregation consists of many components®®. Several mechanisms for amyloid
aggregation have been proposed over the past couple of years (Figure 1.6)"4%.
Nucleation is common among all the identified mechanisms for amyloid aggregate
formation®787°, In contrast to the mechanism in Figure 1.6a, in which the nucleation
is the rate-limiting step, in Figure 1.6b, the lower free energy of oligomers speeds up
their formation, and the conformational conversion of its monomeric building blocks

to the unstable nucleus is the rate-limiting step.
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Figure. 1.6. Mechanisms of protein aggregation and amyloid aggregation. (a) A nucleation
step is required for the initiation of aggregation. The nucleus is a rare species that is comprised
of partially folded monomers. Monomers are rapidly added to the nucleus after its formation.
These partially folded oligomers are less stable than fully folded monomers. (b) In this
proposed mechanism, the monomers and oligomers with heterogenous structures are in
equilibrium, with oligomers in a more stable energy state. Oligomers convert to the nucleus in
a time-dependent manner. (c) oligomerization starts with misfolded monomers. The rate-
limiting step here is the formation of misfolded monomers from natively folded protein. Figure

and caption reproduced with permission from reference®®.

1.1.3 Beta 2-microglobulin

Figure 1.7. Cartoon representation of the solution structure of monomeric native wild-type
B-M (PDB code 2XKS showing S-strands A (amino acids 6-11), B (21-28), C (36-41), C (44—
45), D (50-51), E (64-70), F (79-83) and G (91-94). Highlighted are the residues Pro 5, Pro14,

Pro 32, Pro 72 and Pro 90 (in sticks, spheres) and the disulfide bond between residues Cys 25
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and Cys 80 (in sticks). N, N-terminus; C, C-terminus. Figure and caption is reproduced with
permission from reference®.

B,M is the light chain of the major histocompatibility complex class 1 (MHC
182, B, M is a 99-amino acid protein with a beta-sandwich fold in which there are seven
antiparallel B-strands, stabilized by a single disulfide bridge®'83. Upon dissociation
from MHC I, 8, M would be released in the blood to be further degraded by kidneys848°,
In patients with kidney failure, 8, M concentrations in the blood increase®. DRA fibrils
usually deposit in the dialysis patients’ joints, causing conditions like bone cysts, carpal
tunnel syndrome, joint arthropathy, and other problems®”#8, The thermodynamically
unfavorable trans-isomerization of Pro32 residue has been thought to be a driving force
for its tendency for amyloid formation®2. Some studies mention that another possible
trigger for amyloid formation could be the microsecond to millisecond dynamic
conformational fluctuations in the D-strand and the DE-loop in the structure of 5, M?89.
Previous hydrogen/deuterium exchange electrospray ionization mass spectrometry
(HDX-ESI-MS) studies have revealed that 8,M upon release from MHC | complex
acquires a flexible and dynamic structure compared to its bound state due to higher
solvent accessibility and weaker packing forces within 8, M’s structure in its unbound
isolated form®9, Native B, M is resistant to amyloid formation in vitro; it is unclear
which factors stimulate the formation of amyloid-forming folding intermediates®. It is
proposed that a probable culprit for aggregation of g, M is a folding intermediate (IT)
with an overall structure close to the native state. A prolyl-peptide bond with a non-
native trans conformation is the crucial difference between IT and native 8, M9293, The

formation of IT, which is driven by the fluctuation in the structure, is a required step
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before aggregation. Such fluctuations cause the exposure of hydrophobic sequences,
which are usually buried in a native state®-%,

Researchers conducted extensive studies on the B,M amyloid formation
mechanism. Studies include the role of extracellular matrix components (collagen, low
molecular weight collagen, and polipoprotein E), induction of fibril formation by seeds,
effects of pH32%, physiological factors®®, point mutation dependent conformational
stability®®, fibrillar structure studies®, Cu-induced amyloid formation, and the role of
small molecules in inhabitation of fibril formation'®. Techniques such as mass
spectroscopy, NMR, Cryo-EM, and TEM have widely been used for obtaining high-
resolution structural information of the amyloid fibrils even at an atomic resolution®”%°,
Molecular dynamic simulations have been used in studies of conformational dynamics
and solving the intermediate states of 5, M, enhancing the protein-protein interactions
and aggregation®102,

There are still numerous unknowns about the structure and dynamics of
amyloidogenic intermediates'®. Studies on the structure of a few oligomeric protein
assemblies have shown high B-sheet content in some of them and a heterogeneous
structure. So far, more information about these oligomeric species has not been
obtained®’. Little is known about the nucleation mechanism for amyloid formation, i.e.,
how thermodynamically stable proteins in solution become unstable and form nuclei.
Nucleation is often the rate-limiting step for protein aggregation, significantly
impacting the timeline of disease progression in various neurological diseases

involving protein aggregation.
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1.2 Dynamic Light Scattering (DLYS)

Here we review the fundamental principles of DLS, which is utilized to
characterize protein aggregation and protein hydrogel formation. We describe the
instrument setup, fundamental underlying scattering physics, thermodynamics of

scattering methods, and the information provided by the technique.

1.2.1 Basics of Light Scattering

In a quiescent fluid solution, the thermal motion of solvent molecules leads to
their random collision with dissolved solute molecules or colloids, which causes
random displacement. This process, known as Brownian motion, can be embodied by
a balance between thermal and viscous forces on the solute molecules via the Stokes-
Einstein equation for the self-diffusion coefficient (D). Assuming spherical non-
interacting particles the hydrodynamic radius, Ry, is related to the self-diffusion

coefficient by Stokes-Einstein equation®®:

kpT

- 6mnD

Where, kg is Boltzmann’s constant, T is the temperature, and n is the kinematic

viscosity of the solvent.

As evidenced in equation (1.1), a characteristic of Brownian motion is that small

molecules move faster than large ones due to decreased viscous hindrance.

A small fraction of light is scattered from a molecular or colloidal solution when

itis irradiated with visible monochromatic light of high spatial and temporal coherence.
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The intensity of this scattered light fluctuates in a time-dependent manner due to the
continuously changing distances between particles, which leads either to constructive
or destructive interference. DLS takes advantage of the particle size dependence of the
scattered light fluctuations to gain information pertaining to size of particles. As
discussed above, large particles diffuse slowly due to large viscous hinderance and thus
cause less rapid fluctuations in the scattered light intensity, compared to small fast

moving particles'® (Figure 1.8).

Laser

Laser

Figure 1.8. Hypothetical fluctuation of scattering intensity of larger particles and smaller

particles. Figure and capture reproduced with permission from reference'®.

The autocorrelation function of the scattered-light intensity can be used to
obtain the particle diffusion coefficient and size by correlating the intensity fluctuations
of scattered light with respect to time. A digital autocorrelator is used to extract the
correlations in intensity fluctuations related to the diffusion behavior of colloidal
particles. The autocorrelation function, G,(t), is defined using a comparison of the

intensity I(t) of the scattered light at a time t with that at some later time (¢t + 7):196:107,
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G2 (1) = (I(OI(t + 1)), (1.2

where 7 is the lag time between two time points. The normalized autocorrelation

function can be written as:

{IOI(t+1)

(1(0))? (1.3)

g2(1) =

The braces in equations 1.2 and 1.3 denote averaging of properties over time. For the
simplest case of spherical monodisperse particles in a fluid, the autocorrelation function

has a single characteristic decay time ..
g2(1) = 1+e7217, (1.4)

The decay rate, T', is proportional to the diffusion coefficient of the particles and is the

inverse of the decay time, 7., where

I'=Dgq>. (1.5)

mn

6\ . . L .
Here q=(47) (5) is the wave vector, n is refractive index, A is the laser

wavelength, and @ is the scattering angle'®. For spherical particles or solutes, the
corresponding particle size can be determined by converting the diffusion coefficient

to hydrodynamic radius using equation 1.1 and the known solution viscosity.

In our experiments, the heterodyne technique (which employs dual frequencies)
is used, which is suitable for small intensities. Equation (1.5) relating the decay rate I
to diffusion coefficient D is applicable for heterodyne experiments. Homodyne
measurement is another technique that extracts information of the frequency of an
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oscillating signal by comparing that signal with a standard oscillation, and is suitable
for large intensities (e.g., near critical point of a fluid or for colloid systems). For

homodyne spectrum, the relation between I' and D is:
I = 2Dg? (1.6)

The autocorrelation function g, (t) of the scattered light as a function of the

decay time 7. can be represented by%:

9:(® = b[1 + eexp (= 7)) (L7)

C

Where Tl is equal to 2D g3T.

The baseline (accidental) correlation level b is proportional to the total scattered light
intensity (1). Figure 1.9 shows a schematic of the correlation function. The coefficient
€ depends on the amount of stray light and the apertures in the system and is an

instrument dependent parameter.

G(t)

b ==<I>| k

I, T

Figure 1.9. Schematic autocorrelation function of the intensity of scattered light. Figure and

caption reproduced with permission from reference*.
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1.2.2. Light scattering instrument

A DLS instrument is composed of a laser light source, a sample cell, a detector
placed at a fixed or variable angle, a photomultiplier amplifying the signal, and a
correlator (Figure 1.10). A multi-angle dynamic and static light scattering instrument
is used for the experiments in this thesis (Photocore Complex). The laser source is a
thermo-electric cooler (TEC) stabilized diode laser 650 nm with 30 mW of power. The
scattering angle was fixed at & = 30° and the duration of the measurement is 1 hour

for each sample (120 repetitions of 30 second frames).

Sample solution

Laser
[% m Incident beam

Detector

A

Intensity

Time
Figure 1.10. Schematic representation of the optical setup of a DLS system.
1.3 Fluorescence Techniques

1.3.1 Fluorescence Spectroscopy

Fluorescence spectroscopy is utilized to measure the response of a molecule to
excitation by light at a specific wavelength'!!. This highly sensitive technique is vital
for probing biomolecular structure, function, and biochemical reactions. Some example
applications of fluorescence spectroscopy include medical diagnostic, DNA

sequencing, and flow cytometry*!2,
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Fluorescence is a subset of the luminescence mechanism, during which light is
emitted from the excited state of an electron. The electronic excited state can be created
by absorbing light or chemical mechanisms. Fluorescence and phosphorescence are
two categories of the photoluminescence phenomena, which are defined by the
generation of luminescence after the excitation of a molecule by ultraviolet or visible
light''3, The fluorescent molecule absorbs light at a specific wavelength and emits light
with a longer wavelength. The time interval between the excitation of an electron and
going back to its ground state is called the fluorescence lifetime, which is around 10 ns
for most molecules*?. Figure 1.11 presents a simple illustration of a molecule excited
by the external light (A), and how its electron travels from the ground state to the

excited state (B).

Absorption of Light Energy Excited Fluorophore
Absorbod High energy High energy
light o Excited state
a Ground state < e ————————
Low energy = Low energy
Fluorophare Energy levels Fluorophore Energy levels
invitrogen Molecular Probes School of Fluorescence
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Figure 1.11. Excitation state in fluorescence. (A) Light emitted from an external source is
absorbed by the molecule, which reaches an excited state (B). Figure and caption reproduced
with permission from reference 4,

Most aromatic molecules are fluorescent where the excitation of delocalized

electrons in the aromatic rings gives the aromatic molecules fluorescent properties!®®.

Some typical fluorescent molecules are shown in figure 1.12.
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Figure 1.12. Structure of typical fluorescent molecules**.
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Professor Alexander Jablonski, the father of fluorescence spectroscopy,
developed the Jablonski diagram, (Figure 1.13) which describes the electronic
processes occurring in a molecule during the absorption and emission of light®®,
According to the Jablonski diagram, once a fluorophore is in the excited state, many
processes can happen, each of which has a unique rate!'’. One example of these
processes is a non-radiative transition which is particularly important in this work for
being the basic phenomenon happening in the primary technique we used in this work,
fluorescence resonance energy transfer. This non-radiative process transfers energy
between a luminescent donor and a chromophoric acceptor. The donor and acceptor
pair participating in this process can be organic dyes, fluorescent proteins, or

nanoparticles in proximity of 1 — 10 nm from each other**é,

Excited Singlet State
SZ;‘E.—E=
Bf——
—p Absorption (10°S) :
Vibrational Relaxation (10™*-10™' S)
— Internal Conversion (10*-10™* S) )
— Fluroscence (10°-10" S, PD) Triplet State
------- » Phospherescence (107-10° S) T,
— Inter System Crossing (PDT)
Non-radiative Transitions (Laser Surgery) ’
~—» Quenching

------- ¥ Elastic Scattering (PD)

S, 3

Ground state

Figure 1.13. Jablonski energy level diagram showing the various decay paths in an excited
state molecule. Figure and caption reproduced with permission from*°,
Sir George G. Stokes was the first scientist who described fluorescence in 1852

and observed the lower energy (longer wavelength) of fluorescence!?’. Figure 1.14
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shows a typical excitation-emission plot for a common fluorophore, rhodamine 6G.
The maximum excitation wavelength of a fluorophore is the wavelength at which the
highest excitation efficiency can be achieved. A fluorophore can also be excited in
wavelengths near the excitation maximum with a lower excitation efficiency. Similar
to the excitation, the maximum output of fluorescence can be achieved is the
fluorophore’s emission maximum. Fluorescence at higher or lower wavelength can still
be detected, but with less intensity. Since the excitation and emission processes are
associated with energy loss through non-radiative electronic transitions, the emission
maximum occurs at a higher wavelength of light with less energy. The difference
between these two maximum wavelengths is called the Stokes shift (Figure 1.14),

named after its discoverer, Sir George G. Stokes'?!,

I Stokes shift
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Figure 1.14. Absorption and emission spectra of rhodamine 6G. Figure is reproduced from
Wikipedial?.
Fluorophores show sensitivity to their environment due to their interaction with
solvent molecules, the presence of co-solutes, temperature, and pH, which can affect

their fluorescence emission intensity and maximum emission wavelength. The
24



advantage of fluorophore sensitivity to environment is that changes in fluorescence
emission spectra can be used to probe the local environment of the fluorophore within
a larger molecule, such as a protein. For example, the fluorescent properties of the
aromatic amino acid tryptophan are sensitive to the polarity of the local environment.
The relative polarity of tryptophan groups in a protein are therefore revealed based on
the emission spectra, where the peak emission occurs at longer wavelengths upon
unfolding of a protein exposing the non-polar tryptophan to water*'?. Figure 1.15
clearly shows how the height and location of the tryptophan fluorescence emission
changes according to the unfolding state. As more denaturant (guanidine
hydrochloride) was added to the buffer, the emission peak height decreased and red
shifted due to changes in the hydrophobicity of the environment surrounding the

tryptophan.
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Figure 1.15. Steady-state (A) corrected fluorescence and (B) normalized fluorescence spectra

of 5 uM MPT63 with varying concentrations of Gdn at 298 K. Figure and caption reproduced

with permission from reference'?,

1.3.2 Fluorescence (Forster) Resonance Energy Transfer (FRET)

Fluorescence resonance energy transfer (FRET), identified in 1984 by Theodor
Forster, occurs when an excited fluorescence molecule (donor) transfers an excited
state electron through a non-radiative pathway to another fluorophore (acceptor)*?,

The excited electron in the acceptor molecule returns to its ground state by emitting a
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photon with lower energy than the donor molecule, i.e., at a longer wavelength. The
emission spectra of the donor molecule and the excitation spectra of the acceptor

molecule should have an overlap for FRET to occur (Figure 1.16)°,
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Figure 1.16. The overlap in the excitation and emission spectra of donor and acceptor
molecules. The donor and acceptor molecules must be in the proximity of less than 10 nm of
each other. Figure reproduced with permission from?*?%,

The amount of spectral overlap between donor and acceptor, the donor quantum
yield, the orientation of fluorophore transition dipoles, and the spatial distance between
donor and acceptor all affect the rate of energy transfer. Due to the latter impact of
separation distance on donor-acceptor pair, the measurement of spatial distance
between different points in biomolecules, such as proteins and DNA, has become
possible due to the sensitivity of FRET efficiencies on the distances between donor and
acceptor molecules. FRET can be used in research on macromolecules such as proteins

and DNA and in membrane studies to measure distances in the range of 15 to 60
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angstroms. Some examples of FRET applications are in studies of protein association,
DNA hybridization, and binding studies?.

The Forster distance (R,) is defined as the acceptor to donor distance where the
FRET transfer efficiency, E (Equation 1.8), drops by 50%*%. In a single-molecule
FRET experiment, the apparent E can be extracted from the donor and acceptor
fluorophore intensities as:

E=-14 (1.8)

T Ia+ip

where I, and I, are donor and acceptor intensities after background subtraction?”.
Therefore, the inter-dye distance can be estimated from the ratio of the acceptor

fluorescence emission intensity to the sum of the donor and acceptor emission

intensities!!2, Equation 1.9''? and Figure 1.17 show how the FRET efficiency, E,

change as a function of separation distance between the donor and acceptor dye:

E=—-—, (1.9)

FRET efficiency

0.2+

0.0

Distance (nm)

Figure 1.17. Distance dependence of FRET efficiency. Forster distance (R,) is the separation

where efficiency is 50%. Figure reproduced with permission from reference!?.
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Conventional FRET utilizes a macroscopic sample and conventional
fluorescence spectrometer to measure the average FRET efficiency for an entire
ensemble of molecules. In an ensemble FRET measurement, the concentration of the
dual-labeled molecule is ~0.1 uM. The spectrometer’s light source excites the donor
molecules at its excitation peak’s wavelength, then records the spectra of acceptor’s
emission. The height of the donor and acceptor’s emission peaks would be used for the
calculation of FRET efficiency!?.

It is not possible to isolate heterogeneous acceptor-donor distances in a
population using conventional FRET. On the other hand, single-molecule FRET
(SmFRET) utilizes a nanometer sized optical probe to sample the FRET efficiency of
individual single molecules''#'?, smFRET has been utilized to investigate protein and
DNA folding and conformational dynamics**®!3! and recombination!®? among other
subjects. SmMFRET uses a diffraction limited confocal laser probe, with a size on the
order of 200 nm, to measure the donor and acceptor emission from a single molecule
or complex and thus measure the FRET efficiency of a single molecule. The population
distribution of donor-acceptor distances in single molecules can be determined by
gathering a large number of FRET efficiencies for single molecules'*3. As the confocal
probe volume is very low and contains only a single freely diffusing molecule for a
few microseconds, SmFRET is able to capture transient fluctuations in the structure of
proteins and complexes labeled with donor and acceptor dyes.!3* Immobilizing
molecules to a surface enables measuring longer dynamics up to minutes**®. Figure

1.18 illustrates a confocal microscope setup for collecting SmMFRET data.
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Figure 1.18. Schematic of a confocal microscope setup used for the acquisition of diffusion-
based sSmFRET data; F(D) and F(A) indicate the donor and acceptor detection channels,
respectively. Figure and caption reproduced with permission from reference®,

After collecting the intensity data from the donor and acceptor channels, the FRET
efficiency can be calculated as E (Equation 1.8). It should be noted that the calculated
intensity here is the apparent intensity. Corrections for the detector quantum
efficiencies and the quantum yields of the dyes are required to calculate the true FRET

efficiency and absolute inter-dye distances®’.

1.3.3 Fluorescence Correlation Spectroscopy (FCS)

FCS measures temporal fluorescence intensity fluctuations of single
fluorophores diffusing in and out of a femtoliter observation volume, which provides
information about the translational diffusion coefficient of molecules!?. The rate of
fluorophore diffusion affects the rate at which the fluorescence intensity changes in a

similar manner as DLS, where a larger particle remains in the focal volume for longer,
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resulting in smaller (slower) fluctuations!3®. The very few small numbers of observed
fluorophores at any time, typically 1 — 10 molecules in the focal volume at an instant,
makes FCS particularly sensitive to single molecule properties. FCS provides
quantitative information about molecule concentration, diffusion coefficient, and
molecular interactions™°. The small observation volume that confocal microscopy
provides in FCS measurements increases the accuracy of measurements profoundly by
improving signal-to-noise ratios'“.

As illustrated in Figure 1.19, fluorescent-labeled molecules in the confocal
probe volume are excited with a pulsed laser and emit photons that are captured by the
objective lens. The collected fluorescence emission then passes through a long-pass
dichroic mirror and is subsequently collected by sensitive detectors, typically
photomultipliers or avalanche photodiodes. Based on the arrival time of the detected
photons, the autocorrelation function is calculated by software in a manner similar to
DLS. When using a pulsed laser two timings are recorded for each detected photon, the
macroscopic arrival time corresponding to the initial time of the experiment and a delay
time corresponding to the onset of each excitation pulse. The benefit of using a pulsed

excitation is an enhanced fluorescence intensity and removal of after-pulse noise'4+42,
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Figure 1.19. Fluorescence correlation spectroscopy (FCS) setup. (a) A confocal microscope,
laser, dichroic mirror, and detector. (b) Raw data showing the time dependent fluorescence
intensity over the course of measurement. (c) real time autocorrelation function constructed
from the time dependent intensity trace. Figure and caption reproduced with permission from
reference’®,

To extract the information regarding the concentration and diffusion of particles
from the intensity data, the raw data should first be processed into an autocorrelation
function using the equation 1.10 in which G() is the autocorrelation function, §F(t) is
the fluctuation from the mean value of the signal, < F(t) > is the average signal, and

T is the delay time.

<S8F(t)XSF(t+1)>
—FO>7 (1.10)

G(1) =
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The autocorrelation data then would be fitted by equation 1.10 to find the 7,
the diffusion lag-time (where half of the maximum G(z) is located on the time axis)

and k, the eccentricity of the focal volume.

1 i
1 T 2
G(t) = " (1 + Tdiff) .(1 + KZwﬁ) +1=0Gpiyp(0) + 1 (1.112)

By using a diffusing particle with a known diffusion coefficient and
concentration, equations 1.12 — 1.14 can be used for extracting the diffusion coefficient

of unknown molecules**.

3 3

3 N

Veons = (g)z w(%ZO = (E)Z Vers (1.12)
3 3

Verr = m2k(4D1)2 (1.14)

Here 7477 is the gat time for which the correlation has dropped to half of its
maximum. z, = k X wg In which z, is the latera radius, w, is the axial radius, and x
is the eccentricity of confocal volume. V¢, is the confocal volume and V. is the
effective volume. By finding the V, s using a bright freely diffusing fluorophore with
a known diffusion coefficient and concentration, the diffusion coefficient (D) of
unknown molecules can be calculated by the equation 1.14.

1.3.4 FCS-FRET Technique

When using FCS as a tool for studying the conformational dynamics of
biopolymers, a serious limitation associated with this technique is that the fluorescence
fluctuations result from the translational diffusions and the conformational changes

together. How long a molecule stays in the focal volume (z,) and the timescales of the
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dynamics under investigation affect how one interprets autocorrelation and cross-
correlation curves. Since there is an overlap between the residence time of biological
molecules in the focal volume, which is between 0.01 — 1 ms, further analysis is
required for separating the conformational dynamic and the translational
diffusion142.1%°.

In the FCS-FRET correlation spectroscopy approach, the autocorrelation curve
calculated by Gy (1) =< L (O, (t + 1) >/< L,(t) ><I,(t) > for donor
fluorescence fluctuations (Gpp), and the cross-correlation between donor and acceptor
molecules (Gp,) are recorded simultaneously for one molecule, contributing to
translational diffusion equal in the two correlation functions. Therefore, the ratio of the
two correlation curves (Gpp/Gpa), provides us with a correlation function with just the
contributions of FRET fluctuations (conformational diffusion) and removes the
contribution of translational diffusion. In this work, the function resulting from the ratio

of these two correlation curves is named FRET-fluctuations'#6-148,

1.4 Goals and Outline of The Dissertation

In this dissertation, we aimed to find a connection between the interconversion
within the protein structure and its tendency to aggregate. We utilized FCS and FRET
techniques for quantifying the rates of proteins' internal motions and the differences in
the structural fluctuations among the different variants of the same protein, Beta 2-
microglobulin (8, M), which shows enhanced aggregation in some variants, we tried to
rationalize the fact that fluctuations can induce the nucleation of pre-amyloid
oligomerization, which is the rate-limiting steps in most known aggregation

mechanisms. There is a need for a driving force to overcome the more significant free
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energy barrier between the monomers and aggregates, which have lower energy
compared to the monomers. Depending on the Gibbs free energy difference between
these states, this driving force could be the fluctuations between folded and the
equilibrium species of folding intermediates. To initiate, we studied the aggregation
mechanism in the hen egg white lysozyme solutions, which is a well-folded globular
protein mainly by using dynamic light scattering.
Furthermore, we studied the redox-driven gelation in the bovine serum albumin
(BSA) solutions in the unfolded states. Optical microscopy, dynamic light scattering,
fluorescence spectroscopy, and rheology measurements are the main techniques used
for the characterization of the BSA hydrogel. Finally, we performed fluorescence
resonance energy transfer (FRET) and fluorescence correlation spectroscopy (FCS)
measurements on 8, M, which we purified using our optimized recombinant production
protocol. In this dissertation, we will address the following questions:
1- How does heat-induced folding/unfolding equilibrium impact aggregation and
gelation of the globular protein lysozyme?
2- What are the main drivers of aggregation in lysozyme solutions at medium (60
°Cto low (25 ° C) temperatures?
3- How does the degree of unfolding of a protein affect the kinetics of redox
driven hydrogel formation?
4- How can we optimize the recombinant production, purification, and
fluorescence labeling of highly monomeric B,M for single molecule

spectroscopy?
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5- How are conformational fluctuations and intermediate folding state of g,M
and disease relevant mutants related to their amyloid forming ability?

The answer to the first and second questions is discussed in Chapter 2. Here
aggregation of lysozyme, which previous studies showed does not occur under native
conditions at room temperature, was stimulated by systematically heating the protein
for various times to aggregate or form gels. We found that if the lysozyme solutions
are held at a medium temperature (60 ° C) for a longer period, the partially unfolding
of lysozyme leads to the formation of a gel network. However, if the gelation is
prevented by heating for a very short period of time, the partial unfolding of lysozyme
molecules causes the formation of aggregate nuclei, which grow over time. The third
question is addressed in Chapter 3, where we used chaotropic salts to unfold bovine
serum albumin to expose thiol crosslinking sites for gelation, which is driven and
controlled by redox reactions. We found that using higher denaturant concentrations
causes the exposure of more cysteine residues, leading to the formation of a stiffer gel
network with more crosslinking. However, the larger number of exposed cysteines led
to a faster consumption of fuel (H,0,), thus, reducing the lifetime of the gel. Question
4 is discussed in Chapter 4, in which we explained the step-by-step protocols for
producing aggregated-free 8, M solutions. Here we establish a new expression protocol
involving recombinant production and purification of g, M with high yields of purified
protein. The high quality of produced protein resulted from fusing it to SUMO, a
soluble partner, which assisted in refolding and improved cleavage yield. Finally, the
last question is addressed in Chapter 5, where we perform single-molecule

fluorescence experiments on 8, M and its aggregation-prone variants. A combination
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of fluorescence correlation spectroscopy and single molecule FRET showed the
presence of intermediate folding states in 8, M and its aggregation-prone variants and
revealed that these intermediates interconvert on time scales ranging from tens of
microseconds to milliseconds. Together the experiments suggested the existence of 3
intermediate folding states that led to observable changes in FRET efficiency. These
results demonstrated that the time scale of the conformational fluctuations correlated
with the aggregation propensity of aggregation prone 5, M variants. This work supports
our hypothesis that interconversion between intermediate folding states serves as the
driving force for oligomer formation and/or amyloid nucleation in S,M variants. We
conclude the thesis in Chapter 6 by summarizing the work and proposing future

avenues for research in these topic areas.
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Chapter 2: Effect of Protein Unfolding on Aggregation and

Gelation in Lysozyme Solutions?

2.1 Introduction

Aggregation of proteins and peptides is a broad and complex phenomenon with
several subsets, each progressing via a distinct mechanism*°. Neurodegenerative
diseases such as Alzheimer’s disease and Parkinson’s disease, caused by misfolding
and aggregation of proteins followed by precipitation of these aggregates in the central
nerves system, are examples of indigenous protein aggregation'®®. Detailed
understanding of the aggregation mechanism would help to gain insight into the origin
of diseases and their prevention'®. Because some of the amyloidogenic proteins have
a three-dimensional folded structure'®, studying the difference between the driving
forces for aggregation of finely folded and partially unfolded proteins would help to
elucidate the aggregation mechanisms of pathogenic proteins responsible for amyloid
diseases. In biopharmaceuticals protein-based drug formulations may undergo
reversible or irreversible aggregation at high concentrations, which negatively affects
their therapeutic efficiency and consequently introduces challenges in their production
and clinical administration'®3, The increase in the number of protein drugs and the
obstacles, caused by aggregation, in production and shelf-life of these drugs is another

motivation for studying the aggregation mechanisms*>?.,

! Note: This chapter was previously published by Nikfarjam et al. and reproduced here with minor
modifications: Nikfarjam, S.; Jouravleva, E. V.; Anisimov, M. A.; Woehl, T. J. Effects of Protein
Unfolding on Aggregation and Gelation in Lysozyme Solutions. Biomolecules 2020, 10 (9), 1262.
https://doi.org/10.3390/biom10091262.
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There are several known mechanisms of aggregation in proteins*. Depending

on the degree of protein folding in the aggregate, the aggregates can be formed either

reversible or irreversible!®

. While primary and secondary structures of a protein are
internal factors affecting the aggregation propensity of a protein, external factors such
as the temperature, pH, ionic strength, shear stress and concentration can also affect the
aggregation of proteins in solutions'®>>*%’. The reversible protein oligomers arise from

monomers in their native states'®®

. As a next step, these oligomers can form irreversible
aggregates if the interactions in an oligomeric state favor the conformational change of
the monomers towards an aggregate prone state'>>>°, In aggregation through another
mechanism, originated from non-native contacts, alteration in conformation of proteins
due to heat or physical stress may lead to the formation of irreversible
aggregates'>+160161 Depending on the pH and ionic strength of solution and at high

enough protein concentrations'®2163, by prolong heating, the aggregates associate and

eventually can form a gel network64-166,

A clear mechanism of interplay between protein aggregation, phase separation
and gelation, is difficult to establish for several reasons—proteins show unique
behavior depending on their amino acid content and function. Additionally,
aggregation comprises multiple steps depending on the environment. Finally, detection
of smaller aggregates with a short lifetime is experimentally nontrivial. Lysozyme is a
popular model protein, due to its structural and functional simplicity, extensive

documentation and commercial availability. However, there are several unresolved
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issues regarding lysozyme aggregation. In particular, the nature of its folding/unfolding

intermediates, transient oligomerization and the role of gelation.

Several publications of lysozyme solutions mentioned the presence of
mesoscopic aggregates or so called “mesoscopic protein-rich clusters”'®"% |t was
found that these aggregates typically had a diameter between 60-200 nm and a fraction

of ~10—4 of total soluble protein'®®. The aggregates were commonly thought to be

170 171

reversible*’, undergoing dynamic molecular exchange with protein in solution

In our previous study'’? on the nature of mesoscopic aggregates in solutions of
lysozyme, we investigated the effects of concentration, filtration and temperature on
the sizes and relative amount of mesoscopic aggregates in solutions of lysozyme. We
showed that systematic filtration through 20 nm filters completely removed the
aggregates from solution. Moreover, the aggregates did not reemerge. This indicates
that the aggregates of lysozyme are unlikely to be a result of reversible self-assembly
of unfolded lysozyme molecules. Therefore, the aggregates do not form from lysozyme
monomers in their native, biologically active folded state. However, the origin of the
main driving forces of aggregation in lysozyme solutions at moderate and low

temperatures remain elusive.

In this work we investigate a connection between the formation of lysozyme
aggregates and protein unfolding triggered by heating. In particular, we clarify the
effect of heating duration on the formation and growth of lysozyme aggregates and a
gel network. Formation of the gel network at a nearly neutral pH and low ionic strength
occurs in concentrated solutions of lysozyme at about the same temperature as protein
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denaturation, which prevents direct studies of protein aggregation without being
affected by gelation. To block the formation of a gel, we used rapid heating to the
protein melting temperature following by quenching to the room temperature. This
protocol enabled us to monitor in real time the step-by-step formation of small
aggregates, which originate from a certain fraction of unfolded protein molecules,
acting as nucleus of amyloid aggregates, by forming amorphous nanoscale aggregates
first. If gelation is prevented, nanoscale aggregates (about 10-15 nm radius) are
formed. At room temperature, when the samples are monitored for weeks, these clusters
persist and can further form larger aggregates. If gelation is not prevented, these

clusters become the building blocks of the gel network and define its mesh size.

2.2 Materials and Methods

Lyophilized powder of lysozyme (Mw = 14 kDa) was obtained from
ThermoFisher Scientific (20,000 units/mg solid). HEPES buffer (Sodium salt of 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, >99%) was supplied as a solid powder
from VWR. All lysozyme samples for dynamic light scattering (DLS) studies were
prepared in a 20 mM HEPES buffer at pH 7.8 and filtered through 100 nm and 20 nm
pore filters, according to the procedure explained in our previous work172.

By DLS, we studied three concentrations of lysozyme, 18, 30 and 60 mg/mL. The
concentration of protein samples were measured by using the absorbance at 280 nm.
The details the DLS techniques and measurements are described in our previous work
172 The lyophilized lysozyme powder was directly dissolved in the buffer for the
preparation of the concentrated stock solution. The concentrations were measured after

filtration with 200 nm filters. The samples with the desired concentrations were then
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prepared by dilution. DLS measurements were taken using a multi-angle dynamic light
scattering complex from Photocor. Autocorrelation functions were generated for 600 s
at each specific angle and temperature. HEPES buffer has a temperature coefficient
equal to —0.14, increasing the temperature to 80 °C would decrease the pH less than by
10%, which that should not affect the aggregation. Additionally, a sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) gel analysis on both heated
and unheated 30 mg/mL samples was performed to investigate the possibility of
protein’s degradation. The unheated samples and the sample heated to 80 °C for 30 min
were incubated at room temperature for three weeks prior to running the SDS-PAGE
gel. Also, the heated and unheated samples were additionally incubated at 95 °C for 5
min right before running the gel.
2.3 Results
2.3.1 Apparent Monomer Size
Primarily, DLS measures the scattering intensity autocorrelation function,
exponentially decaying with the diffusive relaxation rate of optical inhomogeneities
that exhibit Brownian motion in solutiont’®,

I =Dq? 1)
where D is the diffusion coefficient and q=(4n/A)nsin(0/2) is the scattering wave
number (with A being the wavelength of light, n the refractive index, 0 the scattering

angle).

The hydrodynamic radius of inhomogeneities, such as the protein molecules or

aggregates, is obtained by assuming the validity of the Stokes-Einstein equation that

42



relates the diffusion coefficient (D), viscosity of the solvent (1) and hydrodynamic

radius R173:

kBT
" 6mnR’

)

where kg is Boltzmann’s constant and T is the temperature.

This assumption is fully justified only for dilute solutions of presumably
spherical, noninteracting inhomogeneities. Formal application of the Stokes-
Einstein equation to semi-dilute and concentrated protein (or, generally, polymer)
solutions, results in obtaining a so-called “apparent” hydrodynamic radius that is
smaller than the actual hydrodynamic radius of noninteracting individual molecules
(moreover, decreasing with the increase of polymer concentration)!’#. The apparent
hydrodynamic radius as a function of lysozyme concentration, obtained in our new
DLS measurements for three concentrations of lysozyme, is in good agreement with
our data reported previously'’?. As demonstrated in Figure 2.1, the apparent radius
corresponds to the actual size of individual molecules (“monomers™) only in dilute
solutions of lysozyme (<10 mg/mL). One of the goals in making this chart (Figure
2.1) was to track changes in sample concentrations using the apparent hydrodynamic
radius of lysozyme monomers. During the three weeks of measurements, no change
in hydrodynamic radius of lysozyme monomers where observed. This observation
confirms that crystal growth and sedimentation did not affect the solution

concentrations. This assumption is in agree with the reported phase diagram of
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lysozyme phase separation and crystallization in 20 mM HEPES and pH of 7.8

reported in Reference!®®,

hydrodynamic radius (nm)
o
y #,
o]

10" 10%
concentration (mg/mL)

Figure 2.1. Apparent hydrodynamic radius of lysozyme monomers, obtained by DLS, as a
function of concentration at 25 °C**, In dilute solutions (<10 mg/mL) it represents the actual
size of the lysozyme monomers. Upon the increase of concentration, the apparent radius (blue
crosses) sharply decreases because of the interactions between lysozyme molecules. Red circles
are the results of our new measurements. The error bars represent a one percent error associated
with the detected size,

It is important to note that the Stokes-Einstein equation remains valid for
mesoscopic lysozyme aggregates even in concentrated solutions. This is because the
number of the aggregates are relatively small. Therefore, with respects to the
aggregates, the concentrated solution of lysozyme can be regarded as dilute. The
hydrodynamic radius of the aggregates thus characterizes their actual size, provided
that the actual viscosity of the solution is used in the equation.

2.3.2 Continuous Heating
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We first studied an 18 mg/mL lysozyme solution heated from 25 °C to 62.5 °C.
Using the protocol outlined in Figure 2.2a. After holding the solution for 8 h at 55 °C,
we observed a change in the DLS autocorrelation function (g2), presented in Figure
2.2b, which marks the onset of aggregation. Two characteristic sizes of the aggregates,
of the order of ~30 and ~100 nm, were detected. After further heating and holding the
sample for about 60 h at 62.5 °C, as shown in Figure 2.2b, the autocorrelation function
demonstrated a dramatic shift from a double exponential to a broader spectrum of the
size distribution (Figure 2.2c). The distribution reveals three characteristic length
scales, one corresponding to apparent size of lysozyme monomers ~1.5 nm, another
one to small number of ~100 nm aggregates and a third to inhomogeneities with a
length scale of about 15 nm in size, which are dominant. Cooling the sample back to
the room temperature did not change the DLS characteristics of the sample. Visual
observation showed that the sample was in the gel state. Therefore, we interpret the

length scale of about 15 nm as the gelation mesh size.
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Figure 2.2. Heating protocol (a) and DLS analysis (b) and (c) demonstrating the process of
aggregation and gelation in the 18 mg/mL lysozyme solution, gradually heated to 62.5 °C and
kept at this temperature for 60 h. (b) DLS autocorrelation function (6=45) before and after gel
formation; (c) size distribution of the apparent inhomogeneities before and after gelation.

We performed another experiment on a lysozyme solution of about the same
concentration (20 mg/mL) but with a different protocol. The sample was heated to 60
°C and the DLS correlation function was measured after 18, 42 and 90 h while held at
this temperature. The results are presented in Figure 2.3. We observe the formation of
inhomogeneities of a radius growing from ~17 nm after 18 h (with a significant
dominance of the nano-sized monomers and oligomers) to ~40 nm after 42 h and to
80-90 nm after 90 h. Remarkably, after 90 h at 60 °C, a meso-size (~20-25 nm)
reemerges, while the size distribution of the larger aggregates becomes narrower.
Qualitatively, this experiment shares features with the results presented in Figure 2.2;
the growth of aggregates (a faster process) starts before gelation (a slower process of

formation of network with a mesh size of about 15-25 nm).
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Figure 2.3. DLS analysis in the 20 mg/mL lysozyme solution gradually heated to 60 °C and
kept at this temperature for 18, 42 and 90 h. (a) DLS autocorrelation function (6=90¢) before
and after gel formation; (b) size distribution of the apparent inhomogeneities. Note an increase
in apparent monomer size due to oligomerization.

We have also found that, for this sample, despite gelation occurring after 90 h

of incubation, the decay rates for both inhomogeneities, 20-25 and 80—90 nm, exhibit

a g2 linear dependence that is characteristic for diffusive relaxation (Figure 2.4).
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Figure 2.4. Wave number dependence for three scattering angles (30°, 60° and 90°, qocsin(6/2)
of the two decay rates in the 20 mg/mL sample after 90 h of holding at 60 °C (see Figure 2.3b).

Blue line: fast mode (smaller aggregates), orange line: slow mode (larger aggregates).

2.3.3 Preventing Gelation and Long-Time Monitoring

Our other heating experiments included the rapid heating of two lysozyme
samples (18 mg/mL and 30 mg/mL.) to the projected unfolding temperature, 80 °C. We

explored the finding that the emergence and growth of aggregates is significantly faster
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that the time of gelation. To prevent gelation, the sample was kept at this temperature
for a short period of time (30 min) following fast cooling to room temperature. The
samples were then kept at room temperature and monitored with DLS for over two
weeks. The DLS results are shown in Figure 2.5 and Figure2.6.
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Figure2. 5. Long-term monitoring of the 18 mg/mL lysozyme solution via DLS. Solution was

rapidly heated to the unfolding temperature of 80 °C and held there for 30 min at this

temperature to trigger aggregation.
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Figure 2.6. Long-term monitoring of the 30 mg/mL lysozyme solution via DLS. The solution
rapidly heated to the unfolding temperature of 80 °C and held there for 30 min at this
temperature to trigger aggregation.

In these figures the sequence of the line colors corresponds the sequence of
monitoring days. One can see the formation of polydisperse nanoscale aggregates with
gradual increase of the contribution of aggregates with the size of 10-15 nm. Note that
this value is close to the length scale that we interpret as a mesh size of the gel network.
The average size of aggregates for the 18 mg/mL (Sample 1) and 30 mg/mL (Sample
2) lysozyme solutions heated for 30 min in 80 °C, cooled down and monitored at room
temperature as a function of the monitoring time is presented in Figure 2.7. The results

are well described by the diffusion-limited aggregation law">76:

R=RO+ Atd_lf, (3)
where RO is the initial radius of aggregates/monomers (1.6 and 1.5 nm, respectively), t
is time, A is a constant and df is the fractal dimension of aggregates (Table 1). For both
samples Equation (3) was fitted to the experimental data on the aggregate size as a
function of time, with using the MATLAB Levenberg-Marquardt algorithm. The data
are consistent with the maximum fractal dimension, df=3, indicating that the lysozyme
aggregates can be viewed as relatively compact spherical objects*’”. We find it not
surprising that the ratio A2/A1=1.65 is almost equal to the sample concentration ratio,

namely 1.66.

49



- N - - N
N B [e)] oo o

Aggregate size (nm)
)

oL 18 mg/mL
T 30 mg/mL
0 1 1 1

x O

0 5 10 15 20
days

Figure 2.7. Average hydrodynamic radius of lysozyme aggregates in solutions of 18 mg/mL
and 30 mg/mL samples, as a function of time. The solid curves are approximations with
Equation (3).

Table 2.1. Fitting parameters in the diffusion-limited aggregation law, with df = 3.

Concentration (mg/mL) Amplitude (A) Standard Deviation
18 3.68 +0.37
30 6.07 +0.36

2.3.4 Formation of Polydisperse Aggregates

We used the same protocol of measurements for a more concentrated solution,
60 mg/mL but observed a different pattern of aggregation phenomena. In addition to
monomeric-like and mesoscopic (~10 nm) inhomogeneities, the sample reveals of
formation of a broader spectrum of large aggregates growing from 200 nm to almost a

micron (Figure 2.8). However, these aggregates are so large that their growth is
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accompanied by gradual sedimentation, thus, upon a time, resulting in decreasing their

contribution in the DLS correlation function.
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Figure 2. 8. DLS size distribution analysis of a 60 mg/mL lysozyme sample heated for 30 min
at 80 °C to trigger aggregation and monitored for 24 days.

Proteins may undergo oxidative or enzymatic degradation over a long time of
incubation. This is an important issue that we have considered seriously. Indeed,
according to the work of Avanti et al.'’8, a heat stressed lysozyme loses about 60% of
its activity after 3 weeks of incubation due to degradation. While it is certainly probable
that our samples undergo degradation, while being kept at room temperature during a
long period of time, we tried to minimize this effect by filtering samples by a 20 nm
pore size filter to remove any bacteria from the solution. Buffers were degassed prior
to use, so the amount of oxygen in the solution was minimized. However, some
degradation was still possible. Therefore, to test the effect of lysozyme’s degradation
on the aggregation, a 60 mg/mL sample was kept at 80 °C for 10 min, quickly cooled

down to room temperature and was monitored over three weeks. The amount of
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aggregates formed during that period, was so small that was hardly detectable (Figure
2.9). Additionally, an SDS-PAGE gel analysis (illustrated in Figure 2.10) on both
heated and unheated 30 mg/mL samples confirmed the absence of protein’s degradation
during the experiments, as no lower molecular weight fragments was observed, while
some protein dimers and trimers were detected in heated samples. We conclude that
the aggregation mechanism in our study is insignificantly affected by lysozyme

degradation.
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Figure 2.9. DLS distribution analysis of a 60 mg/mL lysozyme sample heated for 10 min at 80

°C to screen the effect of heating on the aggregation process.
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Figure 2.10. SDS-PAGE gel image for Lysozyme (30 mg/mL) incubated at room temperature
for three weeks prior running the gel. Left to right: 1. Ladder (From the bottom 10, 15, 20, 25,
37, 50 kDa). 2. Sample unheated. 3. Sample heated to 80 °C. 4. Sample unheated, then
incubated at 95 °C for 5 min prior running the gel. 5. Sample heated to 80 °C, then incubated

at 95 °C for 5 min prior running the gel.

2.4 Discussion

Globular proteins may undergo structural changes due to partial unfolding
when being exposed to a higher temperature, even below its true denaturation point.
As a result, normally buried hydrophobic residues may act as a crosslinker for
intermolecular beta-sheet structures and lead to formation of aggregates of different
shapes, globular or amyloid like, depending on the solution conditionst®+17%:18,
Continuous heating leads to association of aggregates and subsequent formation of a

gel network164,166,180—182

Based on our findings, we can qualitatively suggest a mechanism of aggregation

that we observed in lysozyme samples treated under different heating protocols.
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Lysozyme at low ionic strength (20 mM) and nearly neutral pH unfolds at a temperature

around 80 °C17°,

We estimate the fraction of unfolded lysozyme molecules, ¢, as a function of
temperature through the enthalpy of folding/unfolding, AH (kJ/mol), at the “melting”
temperature Ty, defined to be the temperature at which the fraction of folded and

unfolded lysozyme is equal. In the first approximation, we obtain:

2 (:-2) =) z
According to References!’0183184 the enthalpy of lysozyme unfolding varies
between 200 and 600 kJ/mol, depending on experimental techniques and buffer
conditions. In Figure 2.11 we present the fraction of unfolded lysozyme, calculated
from Equation (4), with adopted values of AH, = 540 kJ/mol and T0=80 oC [34]. In

this adoption we neglect a dependence of AHO and TO on lysozyme concentration.
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Figure 2.11. Fraction of unfolded lysozyme as a function of temperature.
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In the hierarchy of times scales, the lysozyme interconversion rate is fastest
(overall folding time is of the order of 1 5)*8>18 while characteristic times of the motion
of molecular segments could be of the order of 1 us'®’. Then a relatively lower rate of
aggregation follows. The rate of gelation is the slowest and strongly depends on
concentration and temperature. Our experiments on a 20 mg/mL sample showed that
at 60 °C it took up to 90 h to observe a distinct gel state. The lower the temperature,
the smaller the fraction of unfolded lysozyme molecules, the smaller the probability of
aggregation and larger the time of gelation. As estimated with Equation (4), the fraction
of the unfolded molecules at 60 °C could be as small as 2x10—3%. Nevertheless, these
molecules serve as seeds of nucleation to form growing aggregates and eventually a gel
network. We must note that even an extremely small number of mesoscopic aggregates
could make a significant contribution to the DLS correlation function because light
scattering intensity strongly depends on the size, especially at small scattering angles.
The reaction coordinate, the fraction of unfolded protein molecules, exhibit thermal
fluctuations around its “chemical reaction” equilibrium value. The average amplitude
and lifetime of these fluctuations depend on the thermodynamic conditions and can be
found by statistical thermodynamics. However, because the distribution of the
fluctuations in space and time is Gaussian, occasionally, during a long observation
time, the deviations in concentration of the unfolded protein from the equilibrium
value, could become significant and hence initiate the gelation process.

The analysis of the correlation function of gel formed by heating lysozyme
solutions ~20 °C below the melting temperature over a long period of time indicates

the presence of diffusion relaxation in the gel. In this work we did not address the
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interesting dynamic properties of gels, which would require a more detailed DLS
experiments and analysis. We just note that the correlation function of
density/concentration fluctuations in gel can exhibit a compressed exponential
decay'®*82, The observed relaxation modes can be attributed to concentration
fluctuations of the aggregates which are not a part of gel network, branching points,
segments and restructuring of the gel'’®18%18 |n case of the extremely fragile lysozyme
gel, the diffusive inhomogeneities with the sizes ~15-20 and ~100 nm (Figure 2.2c, red
curves), could be interpreted as a branch/mesh pattern forming the gel network (smaller

size) and separate aggregates (larger size) diffusing across the network.

2.5 conclusions

In this work, the role of equilibrium unfolding as the main driving force for
protein aggregation at elevated temperatures is clarified. While monomeric lysozyme
molecules do not have a propensity to form detectable aggregates for a long period of
time'’2, increasing the temperature and shifting the equilibrium to marginally unfolded
protein leads to the emergence of aggregate seeds. These seeds can either rapidly grow
if heated continuously or undergo a slow diffusion limited aggregation over a long time

of monitoring.

Our results resonate with the observations of previous investigators on
aggregation phenomena in lysozyme solutions. The importance of driving forces for
aggregation at physiological temperatures was emphasized in the work of Vekilov et
al.}™*, where the presence of transient dimers of lysozyme was found. Also, according
to Strander et al.'®8, at the same ionic strength and pH, the presence of short-range
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attractions and long-range repulsions leads to the formation of dense liquid phases in
lysozyme solutions. The reported clusters have an aggregation number between 2—7
monomers per cluster at the range of concentrations of 50-100 mg/mL. DLS was not
able to detect the presence of such clusters. The lack of DLS ability for the detection
of these clusters can be because of the short lifetime of the clusters and/or their small
population. However, although these clusters have a very small population, they may

be involved in the formation of larger observed aggregates.

According to References!®19 amyloid aggregates can eventually form a
viscoelastic gel solution. Since the time scale of gel formation is much longer than the
folding/unfolding interconversion and aggregation, the aggregation is a required step
for the gel formation. A fundamental, yet unexplored problem that could be addressed
in further experimental and theoretical studies, would be a possible role of fluctuations
of unfolded molecular states near the interconversion equilibrium. Protein molecules
can fluctuate between their alternative states and eventually bind to each other and form
aggregates. Fluctuation-induced aggregation'® and, more recently, fluctuation-induced
phase transitions'®® have been discussed with respect to the phase behavior of classical
colloids. It would be interesting to investigate this effect with respect to aggregation of

proteins.
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Chapter 3: Chemically Fueled Dissipative Assembly of Protein Hydrogels

Mediated by Protein Unfolding

3.1 Introduction

Cells maintain homeostasis far from thermodynamic equilibrium through
constant consumption of chemical energy to regulate protein expression, cellular
transport, osmotic pressure, and cell shape. The cytoskeleton consists of a complex
network of biomacromolecular assemblies that dynamically crosslink and dissolve to
enable cell motility and division, organelle transport, and responses to external
mechanical signals®*1%, For instance, microtubules are maintained in a state far from
equilibrium by a process called dissipative assembly, in which continuous binding of
adenosine triphosphate (ATP) to tubulin proteins causes microtubule growth while
ATP hydrolysis causes microtubule shrinkage and collapse. The concentration of
microtubules is dictated by reaction Kinetics, such as reactant concentration and
reaction rates, instead of thermodynamic equilibrium relationships (e.g., equilibrium
constants). The far from equilibrium nature of the microtubules enables cell to rapidly
respond to their environment and execute precisely timed processes®>197:199.199

Prior work on assembly of soft matter has mainly focused on near equilibrium
self-assembly of structures like vesicles and micelles?®?°! and nanoparticle
superlattices?°22%, Here, molecular interactions between building blocks determines
their equilibrium assembly state, akin to an equilibrium reaction. A key difference
between dissipative assembly processes and near equilibrium self-assembly is that the
assembled structure concentration is controlled by reaction kinetics instead of reduction

in free energy of the system?®42%_ The dynamic structure of microtubules and
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associated reactions has motivated design of synthetic soft materials that display
dissipative assembly?®”. Seminal work by Boekhoven et al.?® showed that small polar
molecules in water rapidly react with chemical fuels to form transient hydrogels due to
conversion of polar functional groups to non-polar groups. Simultaneous slow
hydrolysis of the water reactive non-polar functional groups dissolves the hydrogel
after several hours. A number of works have utilized similar reactions for dissipative
assembly of hydrogels?®2!1, colloids?*2?'3, nanoparticles?**2Y’, polymers®’-2'°, and
emulsions??%-223, These prior works have displayed a range of exotic behaviors, such as
transient assembly, self-sorting, simultaneous growth and dissolution, and transient
catalysis. While these synthetic systems have established a library of synthetic
chemistries and building blocks for dissipative assembly, there are no prior reports
using proteins as the building blocks for dissipative assembly. Prior works on static
protein hydrogels have demonstrated rich effects of protein structure and protein-
protein interactions on the hydrogel properties. For instance, Hughes et al. showed that
protein folding state and hydrophobic interactions mediate microscopic network
architecture and the mechanical properties of protein hydrogels??*??". Dissipative
assembly of proteins and protein hydrogels could enable temporal control over protein
function, such as enzymatic activity, or unlock new ways to control the dynamic
properties of transient soft materials.

Here we demonstrate dissipative assembly of transient bovine serum albumin
(BSA) hydrogels using a redox cycle involving a fast forward oxidation reaction that
forms disulfide crosslinks and a slow simultaneous back reaction that reduces disulfide

bonds to free thiols. The oxidation reaction forms disulfide crosslinks between solvent
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exposed cysteine groups while the slow reduction reaction degrades the hydrogel once
the oxidizing agent is depleted. In contrast to prior dissipative assembly studies that
focused on how fuel concentration impacts hydrogel lifetime, this work utilizes a
chemical denaturant to explore the effects of protein unfolding on hydrogel lifetime
and mechanical properties. We present experiments demonstrating that stepwise
unfolding of the multidomain BSA mediates fuel consumption kinetics, hydrogel
lifetime, and mechanical properties via the concentration of solvent exposed cysteines
on the proteins. This work highlights the effects of protein structure on fuel reaction
kinetics and transient hydrogel lifetime during dissipative assembly that were not
previously observed for small molecules or polymers. Aside from the well-established
effects of fuel concentration, the results presented here establish molecular structure as

an additional lever for controlling dissipative assembly.

3.2 Experimental Section

3.2.1 Reagents and Hydrogel Preparation

To prepare the protein hydrogels, 90 mg/ml of dry BSA (Millipore Sigma, lyophilized
powder, essentially fatty acid free, 50 mM cysteine) and 200 mM of dithiothreitol
(DTT, Thermofisher Scientific) were dissolved in denaturing buffer containing 4 — 6
M guanidine hydrochloride (Gdn-HCI, Thermo Scientific, purity > 99.5), 100 mM
citric acid (Millipore Sigma, ACS reagent > 99.5), and 200 mM sodium phosphate
dibasic. Type II DI water (18.2 MQ) was used for all solutions in this study. The pH
was adjusted to 5.4 with 10 M sodium hydroxide (NaOH). The mixture was stirred at

a speed of 1000 rpm for 15 minutes prior to addition of chemical fuel. Hydrogen
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peroxide (H202) at a final concentration of 150 mM was added to the samples unless

otherwise noted and stirred for tens of seconds to uniformly mix the solution.

3.2.2 Dynamic Light Scattering (DLS)

A photon correlation spectrometer (Photocor Complex) equipped with a 650
nm diode laser and photomultiplier detector (PMT) was used to perform dynamic light
scattering (DLS) to monitor the formation and melting kinetics of the hydrogels over
time. Here the BSA monomers and aggregates in the solution scatter light due to their
Brownian motion, causing fluctuations in the intensity of the total scattered light on the
PMT. The normalized intensity autocorrelation function g(t) is calculated from
measurements of the scattered light intensity as a function of time using the following
equation:

_ {1@®1(t+1))

Here I(t) is the time dependent scattered light intensity on the PMT and t is
the lag time between two time points. The carrot brackets indicate an average taken
over the entire time course of the experiment. For a polydisperse system the
characteristic decay time for each particle size in the solution can be extracted by fitting

a sum of exponential decays to the autocorrelation function:

0:0 —1= 24w (-5 @
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Here A; are the amplitudes and 7 ; are the decay times of each size of particle
in solution. The latter is inversely proportional to the diffusion coefficient (D;) of the

particles as
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where g = (4mr/A)sin (6/2) is the wave vector, n is refractive index, A is the laser
wavelength, and @ is the scattering angle. At a fixed scattering angle of 8 = 90 °,
scattering intensities were collected for 60 second durations repeatedly during the entire
course of dissipative assembly. Data were processed using the DynaLs software, which
uses the CONTIN algorithm to determine the corresponding decay times for

polydisperse samples.??

3.2.3 Intrinsic Fluorescence and ANS Binding

A Jasco FP-8300(ST) spectrofluorometer was used for the BSA denaturation
curve and ANS binding assay. The sample solutions for the denaturation curve
contained 90 mg/ml Dextran 70 as a crowding agent and 1 mg/ml of BSA in a buffer
containing 100 mM citric acid, 200 mM sodium phosphate dibasic, and various Gdn-
HCI concentrations ranging from 0 — 6 M. Samples were incubated in a 25 °C water
bath for 30 minutes prior to fluorescence measurements. The excitation wavelength
was 280 nm (5 nm bandwidth) and the emission wavelength was measured at 340 nm
(5 nm bandwidth). Ten emission scans with durations of 10 seconds (1 scan/sec) were
recorded and averaged. The appropriate background was subtracted from each data
point.

The 8-Anilononaphthalene-1-sulfonic acid (ANS, Sigma-Aldrich) binding
measurements were performed on samples containing 30 uM BSA and 100 uM ANS
in citric acid buffer with different Gdn-HCI concentrations. The excitation wavelength

was 350 nm with a 5 nm bandwidth and the emission spectra were collected in the
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range of 370 — 620 nm. The background was subtracted, and fluorescence intensity
normalized to the protein concentration in each solution as measured by absorbance at
280 nm.
3.2.4 Free Cysteine Concentration and Crosslinking Density

Ellman’s reagent (5,5-dithio-bis-(2-nitrobenzoic acid, DTNB, Thermo Fisher)
was used to quantify the concentration of solvent accessible cysteine groups on the
BSA as a function of denaturant concentration.??® Briefly, lyophilized BSA was
dissolved in citrate buffers containing 0 — 6 M Gdn-HCI. The BSA was incubated with
a 4-fold molar excess of DTT for 60 minutes to reduce the solvent exposed disulfide
bonds, followed by removal of DTT using a PD-10 desalting column. The DTT-free
reduced BSA samples were mixed with the Ellman’s reagent solution and reaction
buffer (0.1 M sodium phosphate, pH 8.0, containing 1 mM EDTA) and the absorbance
was measured at 412 nm using a UV-VIS spectrophotometer (Jasco V-730(ST)). The
reaction between DTNB and a thiol group produces a molecule of 2-nitro-5-
thiobenzoate (TNB) with a known molar extinction coefficient of 14,150 M~1cm™! at
412 nm, enabling direct quantification of the solvent accessible cysteine concentration.
The free cysteine concentration measured was not equal to that in the corresponding 90
mg/ml hydrogel precursor solution due to the need to dilute the protein to within the
measurement range of Ellman’s reagent (< 1 mM cysteine).

We utilized Ellman’s reagent with a modified procedure to calculate the
crosslinking density of the hydrogels. Transient hydrogel samples were prepared as
described above and five minutes after gelation 300 mM N-ethylmaleimide (NEM,

Sigma Aldrich) was added to block unreacted free thiol groups and consume unreacted
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DTT. After a short incubation time sufficient to react all thiol groups and DTT an
excess amount of 350 mM DTT was added to the samples to react the remaining NEM
and reduce all the disulfide bonds. The melted hydrogel solutions were passed through
PD-10 desalting columns equilibrated with the denaturing buffer to remove the excess
DTT and NEM. The resulting liquid samples had free cysteine concentrations equal to
half the concentration of disulfide bridges in the protein hydrogel. The samples were
mixed with Ellman’s reagent as described above, where two moles of TNB were
produced for every mole of disulfide bonds.
3.2.5 Rheology Measurements

An AR2000 stress-controlled rheometer (TA Instruments) was used for the
rheology measurements. Experiments were performed using a cone-and-plate
geometry (40 mm diameter, 2° cone angle). A solvent trap was used during the
measurement to prevent evaporation of water. The temperature was held constant at 25
°C by a Peltier assembly. Dynamic time sweep measurements of the storage (G") and
loss (G™) moduli were performed at a constant strain of 1% and angular frequency of
1 rad/sec.
3.2.6 Microscopy and fluorescence imaging and spectroscopy

Dark field optical microscopy was used to image protein aggregate tracers in
the hydrogel. The inverted optical microscope (Zeiss, Axio Observer) was operated in
reflection mode using a 20x dark field objective lens. Fluorescence macro imaging of
the redox state of reacting hydrogels using the redox sensitive dye resorufin (Sigma
Aldrich, >95.0% (HPLC)) was performed with a homebuilt fluorescence imaging

setup. Resofurin was added to the protein solution at a concentration of 40 uM and a
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columnated green LED source (555 nm) illuminated a 1 cm quartz cuvette filled with
hydrogel in a dark enclosure. The fluorescence signal was captured 90 degrees to the
light illumination pathway with a macro zoom lens and CCD camera covered by a 600
nm long pass filter.

Fluorescence spectroscopy for detection of H,0, consumption rate was
performed on a fluorometer (Jasco FP-8300(ST) spectrofluorometer). Resorufin was
incubated at a final concentration of 40 uM with the DTT and BSA for 15 minutes in
a quartz cuvette. H,0, was added to the sample through a syringe port with stirring and
the sample was excited continuously at a wavelength of 550 nm while measuring

fluorescence emission intensity at a wavelength of 592 nm as a function of time.

3.3 Results and Discussion

3.3.1 Redox Cycle for Dissipative Assembly

BSA contains 35 cysteine residues per molecule that provide ample disulfide
bond crosslinking sites for forming a hydrogel (Figure 3.1a). Prior to hydrogel
formation, BSA was first stirred with an excess of DTT and Gdn-HCI to unfold the
proteins, screen hydrophobic interactions that can cause irreversible aggregation, and
expose free cysteines for crosslinking. We utilized a redox cycle previously discovered
by Ogden et al., which involves rapid oxidation of free thiol groups by H,0, to form
disulfide crosslinks between protein molecules, leading to a sol-to-gel transition. Slow
concurrent reduction of the disulfide by DTT eventually severs all the crosslinks,
inducing a gel-to-sol transition (Figure 3.1b).2** Upon addition of H20;, the solution

initially became viscous and quickly formed a solid hydrogel after 1 — 10 minutes
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depending on the DTT, H2O,, and denaturant concentrations (Figure 3.1c). The
hydrogel self-degraded after 1 — 2 hours depending on the reagent concentrations. Here
the emergence of transient hydrogel behavior occurs due to an oxidation reaction rate
that is initially larger than the reduction reaction rate. We found that initial
concentrations of 150 mM H,0, and 200 mM DTT enabled reproducible dissipative
assembly of the protein hydrogels with lifetimes that could be probed over reasonable

experimental time scales.
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Figure 3.1. Formation of transient protein hydrogels using a redox cycle. (a) Crystal
structure (PDB code: 3v03) of BSA with cysteine residues colored in yellow and
disulfide bonds colored in green. (b) Schematic representation of the reactions involved
in dissipative assembly of transient protein hydrogels. Black coils represent unfolded

BSA, green dots are cysteine groups, and red lines are disulfide bonds. (c) Time-lapsed
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images showing the formation and melting of a transient BSA hydrogel colored with

rhodamine B.

3.3.2 Hydrogel lifetime measurements

DLS was used to probe hydrogel lifetime by tracking the diffusion rate of large
aggregates (~1 um) found to exist in the reduced BSA solution. Dark field optical
microscopy imaging of a 90 mg/ml reduced, denatured BSA solution showed the
presence of ~1 um protein aggregates in solution prior to gel formation (Figure 3.2a).
The nature and source of these protein aggregates is unclear, but could be due
contaminant proteins in solution or proteins that misfolded and irreversible aggregated
during lyophilization.>?% Imaging after gelation showed that the particles did not
change size in the hydrogels. Figure 3.2b shows the DLS temporal autocorrelation
curves for the BSA solution before addition of H202, 15 minutes after, and 30 minutes
after. Species moving by Brownian motion in the liquid BSA solution (black curve)
each present a unique exponential decay at a different time associated with their size
and diffusion rate, where the characteristic decay time of a species increases with its
size and the solution viscosity. The liquid BSA showed two exponential decays in the
autocorrelation function near 10" ms and 10 ms corresponding to BSA monomers
and ~1 um protein aggregates observed with microscopy, respectively. The decay time
of the protein aggregates increased to 10*° ms 15 minutes after addition of H202, which
corresponded to hydrogel formation and associated increase in solution viscosity. The
hydrogel dissolved after 30 minutes and returned to the initial state as indicated by the
autocorrelation function recovering the initial shape. Figure 3.2c plots the diffusion

coefficients of each species before, during, and after hydrogel formation. Here, the
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diffusion coefficient of the protein aggregates was ~10° cm?/s prior to gelation,
corresponding to a ~2 um radius particle assuming spherical particles and the viscosity
of water. After addition of H.O> the diffusion coefficient of the protein aggregates
decreased to ~3*10712 cm?/s, which indicated solution viscosity increased nearly three
orders of magnitude. After the hydrogel dissolved the diffusion coefficient distribution
of the protein aggregates returned near the initial value. Taken together these
measurements indicate DLS, and specifically the decay time of micron sized protein
aggregates, can capture the hydrogel formation dynamics and lifetime. Here protein
aggregates essentially serve as tracers of the sample viscosity over time. The time over
which the protein aggregate decay time increased drastically corresponded well with
visual observations of hydrogel lifetime. Rheology measurements are also presented
below (Figure 3.3), allowing more precise identification of the gel-to-sol and sol-to-gel

transitions and hydrogel mechanical properties.
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Figure 3.2. Measuring protein hydrogel lifetime using DLS and protein aggregate
tracers. A) Dark field optical microscope image of micron sized protein aggregates in
the BSA solution. B) DLS temporal autocorrelation curves of BSA solution in 6 M
Gdn-HCl in liquid state (blue circles), 15 minutes after the addition of 150 mM H,0,
in gel state (red plus signs), and 60 minutes after addition of H,0, in the liquid state
(black stars). Arrows point to characteristic decay times (z) for protein aggregates at
each reaction time. C) Diffusion coefficient distribution of the BSA solution before
gelation (blue dashed line), 15 minutes after gelation (red dashed line), and 60 minutes
after addition of H,0, in liquid state (black solid line). Arrows point to diffusion
coefficients of protein aggregates at each reaction time. D) Decay time of protein
aggregate tracers as a function of time for three different Gdn-HCI concentrations. e)
Decay time of protein aggregate tracers as a function of time for 6 M Gdn-HCI and 8
M urea. Denaturants were included here at concentrations corresponding to full
unfolding of the BSA.

We used DLS to measure the protein hydrogel lifetime as a function of Gdn-
HCI concentration while holding H202 and DTT concentrations constant (Figure 3.2d).
DLS measurements of the protein aggregate decay showed that each BSA solution
rapidly formed a hydrogel within several minutes after which the decay time of the
protein aggregates remained constant for the lifetime of the hydrogel. After a period of
constant decay time corresponding to the hydrogel lifetime the decay time decreased
over ~10 minutes to near the initial value, corresponding to melting of the hydrogel.
Large fluctuations in the decay time were due to the short time over which the

autocorrelation function was generated to enable time-dependent measurements of
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decay time. Hydrogels formed with 6 M Gdn-HCI degraded the most rapidly and
showed a precipitous decrease in decay time starting at ~60 minutes after fuel addition.
As denaturant concentration was decreased, the lifetime of the protein hydrogel
increased to ~80 minutes for 5 M Gdn-HCI and ~120 minutes for 4 M Gdn-HCI. We
compared the hydrogel lifetime for two different denaturants, Gdn-HCI and urea, where
urea is a less potent denaturant. Despite adding enough urea and Gdn-HCI to
completely denature the BSA, Figure 3.2e shows that the hydrogel with urea formed
more slowly compared to Gdn-HCI and had a longer lifetime of ~70 minutes compared

to ~55 minutes for Gdn-HClI.
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Figure 3.3. Time-dependent viscoelastic behavior of BSA hydrogels. a) The loss (G™)
and storage (G') moduli of the BSA solutions as a function of time after addition of
150 mM H20: at a constant shear rate of 1 rad/s and strain of 1%. The top plot is 6 M
Gdn-HCI, the middle is 5 M Gdn-HCI, and the bottom is 4 M Gdn-HCI. Purple triangles
mark the gelation time, black stars denote the maximum storage modulus reached by
each hydrogel, and red diamonds mark the gel melting time. (b) The maximum storage

modulus as a function of Gdn-HCI concentration.
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3.3.3 Viscoelastic Properties of Hydrogels

Figure 3.3a shows the storage (G, blue solid line) and loss (G, dashed orange
line) moduli of the hydrogels for 6 M (top), 5 M (middle), and 4 M (bottom) Gdn-HCI.
Here the storage modulus measures the elastic, or solid, properties of the sample, while
the loss modulus measures the viscous, or liquid properties, of the sample. A liquid
sample has a larger loss modulus than storage modulus (G~ > G") and vice versa for a
solid sample. The crossover between these two regimes corresponds to a sol-to-gel
transition. The storage and loss moduli were observed to initially increase
monotonically over time with the gelation time increasing as a function of Gdn-HCI
concentration. The 6 M Gdn-HCI sample formed a gel more rapidly than the other
concentrations with the sol-to-gel transition occurring after 81 seconds, while it
occurred at 147 seconds and 123 seconds for the 5 M and 4 M Gdn-HCI samples,
respectively. After gelation the storage modulus reached a peak value, G, ", and then
decay until the gel dissolved. The 6 M Gdn-HCI hydrogel reached its maximum storage
modulus most rapidly, followed by the 5 M and 4 M samples. In contrast to the DLS
measurements each gel degraded at about the same time after ~30 minutes. The
maximum achieved storage moduli of the hydrogels was observed to decrease by nearly
100% when decreasing the Gdn-HCI concentration from 6 M to 4 M (Figure 3.3b). The
difference between the hydrogel lifetimes measured by DLS and rheology was due to
the different sample geometries. DLS and visual observations were performed on
samples in cuvettes open to atmosphere, which allowed oxygen exchange with the
surrounding air while rheology was performed in an enclosed solvent trap to prevent

evaporation. Atmospheric oxygen can extend the lifetime of the hydrogel by competing
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with the disulfide reduction reaction, so the hermetically sealed solvent trap shorted
hydrogel lifetimes and caused similar lifetimes for each denaturant concentration. We
note that despite the shorter hydrogel lifetimes the rheology showed qualitative
agreement with DLS and visual observations, as the 6 M Gdn-HCI gelled first and
began to degrade prior to the lower concentrations.
3.3.4 Protein Unfolding and Solvent Exposed Cysteine

We used intrinsic tryptophan fluorescence to measure the unfolding of a 1
mg/ml BSA solution with 90 mg/ml dextran included as a crowding agent (Figure 3.4a,
see location of tryptophan groups in the inset BSA crystal structure). Intrinsic
fluorescence indicated the BSA was unfolded above a Gdn-HCI concentration of 3 M,
but the intrinsic fluorescence emission continued to decrease approximately linearly
over the range of 4 — 6 M (Figure 3.4a, see inset zoomed in plot). Prior work showed
that chemical unfolding of human serum albumin occurred sequentially with increasing
denaturant concentration because each secondary structure motif had different
sensitivity to chemical denaturants.?®* Therefore, the decrease in intrinsic fluorescence
above 4 M Gdn-HCI could be due to further unfolding of secondary structures that are
less susceptible to chemical denaturation. Decreased fluorescence emission from the
hydrophobic dye ANS was observed when increasing denaturant concentration from 4
—6 M (Figure 3.4b). ANS binds hydrophobic residues, which increases its fluorescence
emission, indicating that increasing the Gdn-HCI concentration screened hydrophobic
interactions between ANS and buried hydrophobic residues. Ellman’s assay
measurements showed that increasing the Gdn-HCI concentration also increased the

solvent accessible cysteine concentration and the percent of cysteines crosslinked in
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the protein hydrogels (Figure 3.4c and inset). The increased crosslinking as a function
of increasing denaturant concentration explains the increase in the maximum storage
modulus of the hydrogels (cf. Figure 3.3b). Interestingly, the ~30% increase in free
cysteine concentration when increasing the Gdn-HCI concentration from 4 M to 6 M
was similar to the percent decrease in the intrinsic tryptophan fluorescence and the
percent decrease in the ANS fluorescence emission over the same range. Taken
together, these findings indicate that increasing the denaturant concentration above the
main unfolding transition unfolds residual secondary structure, which exposes buried

disulfide bonds that are converted to free cysteines in the starting protein solution.
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Figure 3.4. BSA unfolding increases the solvent accessible cysteine group
concentration and the disulfide crosslinking density. (a) Intrinsic tryptophan
fluorescence of a 1 mg/ml BSA, 90 mg/ml dextran 70, 200 mM DTT solution as a
function of Gdn-HCI concentration. Top right inset: Zoomed in plot showing the linear
decrease in the intrinsic fluorescence above 4 M Gdn-HCI. Bottom left inset: Crystal
structure of BSA showing the location of the tryptophan residues in blue. (b)
Fluorescence emission spectra of ANS from a 1 mg/ml BSA solution for three
difference Gdn-HCI concentrations. (c) The concentration of solvent exposed cysteines
([CSH]) as a function of Gdn-HCI concentration. The inset shows the percent of free

cysteines crosslinked in a hydrogel as a function of Gdn-HCI concentration.
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3.3.5 H,0, consumption rate

The exposure of additional cysteine groups with increasing Gdn-HCI
concentration suggests a mechanism for the effect of protein denaturation on the
hydrogel lifetime. At relatively high Gdn-HCI concentrations a larger concentration of
cysteine groups are available to react with H202, which more rapidly depletes the fuel
and shortens the hydrogel lifetime. To test this proposed mechanism, we utilized a
redox-sensitive dye, resazurin, which exhibits strong fluorescence in its oxidized state
(resofurin) and weak fluorescence in the reduced state (dihydroresofurin). In the
presence of competing oxidation and reduction reactions, the fluorescence emission is
an indicator of whether there is a net oxidizing or reducing environment in solution.
Figure 3.5a shows time lapsed macroscopic fluorescence images acquired of a
BSA/DTT solution in a cuvette containing resazurin with H.O, added immediately
prior to the first image. It can be clearly seen that the fluorescence emission was highest
initially, indicating an oxidative environment. The fluorescence intensity decayed over
time due to resofurin reduction by DTT, indicating a net reducing environment and
depletion of H2O>. It is noteworthy that the fluorescence emission was not uniform
throughout the sample and remained higher near the surface due the oxidation of
dihydroresofurin to resofurin by atmospheric oxygen. Figure 3.5b shows the ensemble
fluorescence emission from resofurin as a function of time after addition of H2O> to
BSA solutions with different Gdn-HCI concentrations. The fluorescence emission was
observed to rapidly increase over ~10 seconds after addition of H.O> followed by a
maximum and then steady decay over hundreds of seconds. The peak in fluorescence

intensity occurred at the shortest time after fuel addition for 6 M Gdn-HCI and
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increased as the denaturant concentration was decreased. Likewise, the fluorescence of
the 6 M Gdn-HCI sample decayed most rapidly, indicating that H.O2 was consumed

most rapidly in this sample in support of the proposed mechanism.
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Figure 3.5. Fluorescence imaging and spectroscopy measurements of the redox
environment in the transient hydrogels. a) Macroscale fluorescence images of a
hydrogel in 6 M Gdn-HCI buffer upon addition of H,0, att =0, 30 min after addition
of H,0, (gel state), and 50 minutes after the addition of H,0, (liquid state). B) Time-
lapsed fluorescence intensity measurements at 592 nm of BSA/DTT solutions of

different Gdn-HCI concentration after addition of H>O,. The fluorescence intensities
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for each sample was normalized to the maximum intensity in that data set. Noise in the
fluorescence emission curves near the peak intensity of each time series was attributed
to spatially fluctuating fluorescence in the hydrogel as shown in Figure 3.5a.
3.3.6 Varying the Redox Reaction Rates

Additional experiments varying the DTT and H202 concentrations during
dissipative assembly further supported the idea that the H,O, consumption was
mediated by the unfolding state, cysteine group concentration, and the DTT
concentration. Figure 3.6a shows time dependent DLS decay time measurements for
two hydrogels formed with different DTT concentration. Increasing the DTT
concentration at constant denaturant concentration from 200 mM to 260 mM, a 30%
increase, increased the hydrogel lifetime by about 40%. In this case, the higher
concentration of DTT, or larger DTT:H.0: ratio, established a net reducing condition
more quickly due to the increased reaction rate between DTT and disulfide bonds.
Figure 3.6b shows that the hydrogel lifetime depended on the H,O2:cysteine
concentration ratio. A hydrogel formed with 5 M Gdn-HCI and 150 mM H2O> had a
lifetime of ~70 minutes while a hydrogel with 6 M Gdn-HCI and the same fuel
concentration had a lifetime of ~30 minutes, about 2.3 times shorter. The cysteine
concentration decreased by a similar factor when decreasing the Gdn-HCI
concentration from 6 M to 5 M (c.f., Figure 3.4c). The lifetime of the 5 M Gdn-HCI
hydrogel could be effectively decreased below the 6 M Gdn-HCI hydrogel by
decreasing the H>O2 concentration. These results highlight that the DTT:H20, and
H>0.:cysteine ratios dictated the lifetime of the hydrogel with Gdn-HCI concentration

controlling the cysteine concentration.
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Figure 3.6. Impact of DTT and H20- concentrations on hydrogel lifetime. A) Decay
time of protein aggregate tracers as a function of time for two different DTT
concentrations. b) Decay time of protein aggregate tracers as a function of time for

different H2O2 and Gdn-HCI concentrations.
3.3.7 Mechanism for The Effect of Protein Unfolding on Dissipative Assembly

To summarize our results, increasing the Gdn-HCI concentration in the
BSA/DTT solutions decreased hydrogel lifetime and increased storage modulus.
Fluorescence spectroscopy measurements showed increased solvent exposure of
tryptophan groups in the BSA when increasing the Gdn-HCI concentration from 4 M

to 6 M despite the main unfolding transition occurring between 2 M and 3 M Gdn-HCI.
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ANS binding indicated that buried hydrophobic groups were screened when increasing
Gdn-HCI from 4 M to 6 M, further indicating that additional unfolding and exposure
of hydrophobic residue occurred over this concentration range. Unfolding of residual
secondary structure was accompanied by an increase in solvent accessible cysteine
concentration and an increased percentage of crosslinked cysteines in the hydrogels.
The 3D structure of BSA with the cysteine groups denoted as blue spheres and
hydrophobic surface patches overlaid in red illustrates that cysteine groups exist in
regions with diverse hydrophobicity and thus variable susceptibility to chemical
denaturation (Figure 3.7a)%%2. The relative solvent accessible surface area (RASA) of
the BSA sequence quantifies the local sequence hydrophobicity, where hydrophobic
amino acids have low RASA, and further illustrates that cysteines exist in a range of
polar and non-polar regions within the amino acid sequence (Figure 3.7b)>2, Cysteines
in hydrophilic sequence regions were exposed to solvent at relatively low Gdn-HCI
concentrations while those in buried hydrophobic regions were exposed to solvent at
higher Gdn-HCI concentration. Increasing exposure of cysteine groups with increasing
denaturation concentration created additional crosslinking reaction sites, leading to
more rapid depletion of H.O> during dissipative assembly and decreased the hydrogel
lifetime. Increased concentrations of free cysteines at higher denaturant concentrations
is also consistent with increased hydrogel stiffness and crosslinking density (Figure
3.7¢). Overall, this work indicates that a general feature required for the emergence of
unfolding dependent protein hydrogel lifetime is that disulfide bonds are located on

regions of the folded protein with variable solvent accessibility. This feature provides
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continuous supply of additional cysteine crosslinking sites as the denaturant

concentration is increased.
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Figure 3.7. Location of cysteine groups in hydrophobic and hydrophilic regions and
the impact on dissipative assembly. (a) Protein surface hydrophobicity map derived
from the 3D crystal structure of BSA with the red color corresponding to hydrophobic

surface regions, green color corresponding to hydrophilic surface regions, and blue
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spheres corresponding to cysteine residues. (b) Relative solvent accessible surface area
(SASA) of the BSA sequence. Orange arrows highlight a few cysteine groups in the
3D structure and amino acid sequence that exist in hydrophobic regions. (c) Schematic
illustration of the overall mechanism explaining the effect of Gdn-HCI concentration

and protein unfolding on dissipative assembly of protein hydrogels

3.4 Conclusions

Here we used BSA and a redox reaction cycle to form transient hydrogels that
displayed lifetime and stiffness that were dependent on unfolding of the protein. This
work demonstrates that biological macromolecules can be building blocks for synthetic
dissipative assembly of transient hydrogels and that their hierarchical structure exerts
control over the reaction kinetics. Experiments showed that denaturant concentration
mediated exposure of cysteine crosslinking sites that in turn mediated crosslinking
density, mechanical properties, and hydrogel lifetime. Increasing the denaturant
concentration decreased hydrogel lifetime, increased stiffness, and increased
crosslinking density. The underlying mechanism was identified to be denaturant
concentration dependent solvent exposure of cysteine sites on the BSA. This study
demonstrates overall the impact that protein structure, even in predominantly unfolded
proteins, can exert on dissipative assembly kinetics and represents a first step in
realizing synthetic dissipative assembly systems that take advantage of the incredible
function and hierarchical structure of proteins. This work suggests that other biological
molecules that display hierarchical structuring, such as DNA, protein fibrils, and

enzymes, can be used as a building block for dissipative assembly.
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Chapter 4: Enhanced Recombinant Production and Purification
of Beta 2-microglobulin using SUMO as a Soluble Partner

Abstract

This chapter describes the results of expressing Beta 2-microglobulin in E. coli
using conventional methods and using a soluble partner to enhance refolding. In the
absence of a soluble folding particle, Beta 2-microglobulin aggregated into inclusion
bodies during expression and refolding and purification led to the aggregation of a
considerable proportion of the purified protein. The labeling efficiency of the protein
for single molecule fluorescence resonance energy transfer (FRET) and fluorescence
correlation spectroscopy (FCS) was relatively low. Although the two-step refolding
process suggested by Geisbrecht et al.?3* prevented formation of visible aggregates,
size exclusion chromatography (SEC) and analytical ultracentrifugation (AUC)
indicated the presence of oligomeric aggregates of the MW about 70,000 Da and the
size between 10 — 20 nm radius. To address this challenge, we generated fusion proteins
of Beta-2 microglobulin and a refolding partner, small ubiquitin-related modifier
(SUMO). Similar to the native protein, the resulting fusion protein was expressed
primarily in exclusion bodies. However, the fusion protein showed little to no
aggregates upon refolding and the fluorescence labeling. We expect that this expression
and purification method will enable expressing higher concentrations of monomeric
small proteins, which is critical for amyloid formation and single molecule
fluorescence studies.

4.1 Introduction
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Initial aggregate-free solutions of proteins are critical for studies of amyloid
formation, protein conformation, oligomerization, and pharmaceutical applications of
proteins. Special attention should be paid to enhancing the refolding of recombinant
proteins to investigate their properties without oligomerization or aggregation. In
particular, removing nucleation seeds consisting of small oligomers or aggregates is
crucial for kinetic investigations of amyloid nucleation and growth.?*>2% Likewise,
high concentrations of monomeric solutions of proteins are required for single
molecular fluorescence measurements®’. This dissertation research aims to investigate
the conformational fluctuations in the structure of the amyloid-forming protein Beta 2-
microglobulin (8, M) using single-molecule Forster resonance energy transfer
(SmFRET) and fluorescence correlation spectroscopy (FCS). For these experiments,
we require highly monomeric and relatively high concentrations of protein for efficient
site-specific labeling of proteins and for reliably separating equilibrium
oligomerization from the conformational motion of the protein structure.

4.2 Methods

4.2.1 Plasmid Construction

4.2.1.1 Construct 1 (6xHis-TEV-B, M)

In the first attempt for recombinant production of our target protein, the DNA
encoding with two cysteine mutants for fluorescent dye labeling on both ends was
synthesized commercially at the Genewiz and cloned into the expression plasmid pET-
42(a). The plasmid contains a 6x-Histidine tag (6xHis) on its C-terminus. The construct

(Figure 4.1) had a 6x-Histidine tag and a Tobacco Etch Virus (TEV) proteolytic
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cleavage site (Glu-Asn-Leu-Tyr-Phe-GIn-Gly) in addition to the gene encoding the
B,M. All constructs contain a kanamycin resistance selection marker. The gene
encoding B.M with cysteine mutations is:
AATGGCAAATCCAATTTTCTGAATTGCTATGTGTCCGGCTTTCATCCGTCC
GATATTGAAGTGGATCTGCTGAAAAATGGCGAACGTATTGAAAAAGTGG

AACATTCCGATCTGTCCTTTTCCAAAGATTGGTCCTTTTATCTGCTGTATTA
TACCGAATTTACCCCGACCGAAAAAGATGAATATGCGTGCCGTGTGAATC

ATGTGACCCTGTCCCAGCCGAAAATTGTGAAATGGGATCGTGATTGCTGA.

(5191) KpnI

& EV-B2m 2
S 2,
N\, 6“\:,\@ <
= &"&

6XHis-TEV-

B2M_pET42a
5483 bp

(4837) Ndel

>

)euoulo"d Iog

Figure 4.1. Plasmid map of 6xHis-TEV-B, M. Plasmid was created with pET-42(a) as the

backbone. Ndel and Kpnl are cut sites.

4.2.1.2 Construct 2 (6xHis-SUMO-B, M)

To enhance the efficiency and quality of the purified g,M, SUMO was added
to the construct and the TEV sequence was removed. The Gibson Assembly (GA)
technique was used for the construction of this plasmid. The pEt23(a) vector containing
the DNA encoding SUMO (From Saccharomyces Cereviase) was a gift from Professor

83



Jinwoo Lee’s laboratory. The DNA fragment encoding SUMO with an overlapping end
for GA was PCR amplified from the pET23(a) plasmid using primers 1&2 (P;, P, in
Table 4.1). The DNA encoding the pET42(a) vector with overlapping ends was
amplified using primers 3&4 (Ps, P, in Table 4.1). After the PCR amplifications, the
PCR products were cleaned and loaded on a DNA gel to confirm their amplification
and correct length (Figure 4.2). The two amplified fragments were assembled in one
single step using the New England Biolabs (NEB) GA kit. The resulting new vector
containing the protein-encoding genes, the GA steps, and the DNA gel showing the
success of the GA is presented in Figure 4.3. At the lower end of Figure 4.3 (a), the
vector containing the S,M encoding gene and the fragment containing the SUMO
encoding genes, which were PCR-amplified are shown. The vector and fragment
further assembled by the enzymes provided in the kit and the resulting plasmid is shown
in the upper part of Figure 4.3 (a). Part b and c of the Figure 4.3 represent the DNA gel
ran for the final GA product and the successful transformation of the plasmid into the

expression E. coli strain (Nico 21(DE3)) respectively.

Figure 4.2. PCR product for GA loaded on DNA gel. The PCR products for the 8, M vector
and the SUMO fragment shows the correct molecular weight when compared to the DNA

ladders.
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GA product
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SUMO-B2M
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1..5476 1...:308
. 1 305
0 |
6XHis-TEV-B2m 6XHis-TEV-B2m
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Amplify 4883 .. 4864 using: Amplify 17 .. 318 using:
PCR | vector.FOR PCR | Fragment.FOR
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Vector.REV

Fragment.REV

6XHis-TEV-B2m in pET42a
5483 bp

Ndel-HisTag-SUMO-BamH1-SFIEDLLFNKVTLADAGFIKQYGDCLGDIAARDLICAQKF-Stop-Xhol
438 bp

Figure 4.3. (2) Schematic description of the Gibson Assembly steps. (b) Final plasmid map of
the modified vector containing SUMO as soluble partner. (c) DNA gel of Gibson assembly
product. (d) plate containing the colonies of E. coli containing the SUMO-modified plasmid

constructed by GA, the sequences were confirmed by the Sanger sequencing.
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Table 4.1 List of synthesized oligonucleotides (primers) for the construction of 6xHis-

SUMO_B2M used in this study

Name sequence

Sumo fragment ACCATCACAGCGATAGCGAGGT
Forward P1

Sumo fragment CTGAATGCAGGATCCACCGATTTGCTCACG
Reversed P2

B2M vector GTGGATCCTGCATTCAGCGTACCCCG
Forward P3

B>M vector GCTATCGCTGTGATGGTGATGGTGATGCATATGTATATCT
Reversed P4

4.2.2 Site Directed Mutagenesis

The Thermofisher site directed mutagenesis kit was used for modification of
BoM encoding gene to produce D76N mutant using a forward primer
(GACCGAAAAAAACGAATATGCGTGC) and reverse primers
(GGGGTAAATTCGGTATAATACAGCAGATAAAAG). The AN6 mutant and the
original B,M gene (without cysteine modification) was ordered to be synthesized by
Genewiz. The nucleic acid sequences of wild-type and mutant 8, M is presented below.

1- Wild type S, M:

CATATGCATCACCATCACCATCACAGCGATAGCGAGGTGAACCAGGAAG
CGAAGCCGGAAGTGAAACCGGAAGTTAAGCCGGAGACCCACATCCTGA
AAGTTAGCGACGGTAGCAGCGAAATCTTCTTTAAGATTAAGAAAACCACC
CCGCTGCGTCGTCTGATGGAAGCGTTCGCGAAACGTCAGGGCAAGGA
GATGGACAGCCTGCGTTTTCTGTACGATGGCATCCGTATTCAGGCGGACC
AAACCCCGGAAGACCTGGATATGGAGGACGATATCATTGAAGCGCAC
CGTGAGCAAATCGGTGGATCCATTCAGCGTACCCCGAAAATTCAGGTGTA

TTCCCGTCATCCGGCGGAAAATGGCAAATCCAATTTTCTGAATTGCT
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ATGTGTCCGGCTTTCATCCGTCCGATATTGAAGTGGATCTGCTGAAAAATG
GCGAACGTATTGAAAAAGTGGAACATTCCGATCTGTCCTTTTCCAA
AGATTGGTCCTTTTATCTGCTGTATTATACCGAATTTACCCCGACCGAAAA
AGATGAATATGCGTGCCGTGTGAATCATGTGACCCTGTCCCAGCCG
AAAATTGTGAAATGGGATCGTGATTGAGGTACC.

2- AN6 B, M:
CATATGCATCACCATCACCATCACAGCGATAGCGAGGTGAACCAGGAAG
CGAAGCCGGAAGTGAAACCGGAAGTTAAGCCGGAGACCCACATCCTGA
AAGTTAGCGACGGTAGCAGCGAAATCTTCTTTAAGATTAAGAAAACCACC
CCGCTGCGTCGTCTGATGGAAGCGTTCGCGAAACGTCAGGGCAAGGA
GATGGACAGCCTGCGTTTTCTGTACGATGGCATCCGTATTCAGGCGGACC
AAACCCCGGAAGACCTGGATATGGAGGACGATATCATTGAAGCGCAC
CGTGAGCAAATCGGTGGATCCTGCATTCAGGTGTATTCCCGTCATCCGGC
GGAAAATGGCAAATCCAATTTTCTGAATTGCTATGTGTCCGGCTTTC
ATCCGTCCGATATTGAAGTGGATCTGCTGAAAAATGGCGAACGTATTGAA
AAAGTGGAACATTCCGATCTGTCCTTTTCCAAAGATTGGTCCTTTTA
TCTGCTGTATTATACCGAATTTACCCCGACCGAAAAAGATGAATATGCGT
GCCGTGTGAATCATGTGACCCTGTCCCAGCCGAAAATTGTGAAATGG
GATCGTGATTGCTGAGGTACC.

3- D76N B,M:
CATATGCATCACCATCACCATCACAGCGATAGCGAGGTGAACCAGGAAG

CGAAGCCGGAAGTGAAACCGGAAGTTAAGCCGGAGACCCACATCCTGA
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AAGTTAGCGACGGTAGCAGCGAAATCTTCTTTAAGATTAAGAAAACCACC
CCGCTGCGTCGTCTGATGGAAGCGTTCGCGAAACGTCAGGGCAAGGA
GATGGACAGCCTGCGTTTTCTGTACGATGGCATCCGTATTCAGGCGGACC
AAACCCCGGAAGACCTGGATATGGAGGACGATATCATTGAAGCGCAC
CGTGAGCAAATCGGTGGATCCATTCAGCGTACCCCGAAAATTCAGGTGTA
TTCCCGTCATCCGGCGGAAAATGGCAAATCCAATTTTCTGAATTGCT
ATGTGTCCGGCTTTCATCCGTCCGATATTGAAGTGGATCTGCTGAAAAATG
GCGAACGTATTGAAAAAGTGGAACATTCCGATCTGTCCTTTTCCAA
AGATTGGTCCTTTTATCTGCTGTATTATACCGAATTTACCCCAATCGAAAA
AGATGAATATGCGTGCCGTGTGAATCATGTGACCCTGTCCCAGCCG

AAAATTGTGAAATGGGATCGTGATTGAGGTACC.

4.2.3 Protein Expression in Bacterial Strains

We transformed the plasmids into Thermo Scientific DH10B chemically
competent cells suitable for high-efficiency cloning. Three colonies were selected from
the agar plate and were grown overnight in the presence of kanamycin. The DNA
plasmids were extracted from the overnight grown cultures using GeneJET Plasmid
Miniprep Kit (Thermofisher) and were sent to Genewiz for Sanger sequencing. After
confirming the DNA sequences, the plasmids were transformed into NiCo21(DE3)
Competent E. coli from NEB, which are engineered for an improved purity of target
proteins isolated by immobilized metal affinity chromatography (IMAC).

For all the variants and constructs, 10 mL of overnight culture was subcultured
into 1 liter of Luria-Bertani broth containing 30 ug/mL kanamycin. After incubation

with shaking in 37 °C for 2.5 hours or when the optical density (OD) 600 reached 0.4-
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0.8, Isopropyl p-D-1-thiogalactopyranoside (IPTG) was added to the cultures to a final
concentration of 100 uM. After induction of protein expression, the cultures stayed

overnight at 37 C in the shaker incubator.

4.2.4 Protein Extraction, Purification, and Refolding from Inclusion Bodies

Since the cytoplasm of E. coli is not a favorable environment for folding g, M
after its expression, 5, M aggregates into inclusion bodies upon expression. The cells
were harvested by centrifugation at 4200 xg at 4 C. The harvested cells were then frozen
and thawed to increase lysis efficiency. The thawed bacteria containing our target
protein were resolubilized in the lysis buffer, which contained 50 mM tris-HCI pH 8,
25 mM NaCl, 2 mM EDTA, 0.1% TritonX-100, protease inhibitor cocktail (VWR),
and 1 mg/mL lysozyme. The lysis solution was incubated in a 37 C water bath for 30
minutes. A French press homogenizer cell disruption system (Avestin) was used to
further lyse the bacterial cell walls. 10 uL of benzonase nuclease (Sigma) was added to
reduce the viscosity of the solution. Cells were further lysed with two passes through
the French press operated at 18,000 to 20,000 psi. The cells were chilled by an ice water
bath between each pass. The lysed cells were clarified by centrifuging 1 hr at 12500 x
g (Beckman X30R centrifuge). The supernatant was decanted and the pelleted inclusion
bodies and cell debris were collected. Pellets were suspended in 30 mL of pellet wash
buffer containing 50 mM Tris-HCI pH 8, 5 mM EDTA, 2 M urea, 5 mM DTT, and 1%
(w/v) Triton X-100 and homogenized using a probe sonicator. The homogenized pellets
then were centrifuged at 12000 xg and the supernatant was decanted. The washing step
was repeated three times, and for the one last wash, urea and Triton X-100 were

excluded from the wash buffer.
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For the purification using IMAC, the washed inclusion bodies were first re-
suspended and incubated in denaturing buffer containing 6 M Guanidine-HCI, 100 mM
Tris (pH 8.0), and 10 mM Imidazole overnight in 4 C with rotation. The re-suspended
pellet was centrifuged at 12,500 x g to separate the remaining cell debris from the wash
step. The re-suspended pellet was run over a nickel(lIl) nitriloacetate (Ni-NTA) liquid
chromatography column under denaturing conditions. The denaturing equilibration and
washing buffer contained 20 mM sodium phosphate (pH 6.5), 0.5 M NaCl, 10 mM
Imidazole and 8 M Urea. Proteins were washed with 10 column volumes of washing
buffer to separate the unwanted contaminating proteins. Purified 8,M was eluted with
2.5 column volumes of 20 mM sodium phosphate (pH 6.5), 0.5 M NaCl, 0.2 M
Imidazole, 8 M Urea.

Three-step dialysis was used for refolding and cleavage of g,M from either
6xHis-TEV or 6xHis-SUMO?*, For the first step, the eluted fraction from the Ni-NTA
column was dialyzed overnight in 2 L of 100 mM Tris (pH 8.6), 1 mM EDTA, 20 mM
glycine, 2.5 M urea, and 1 mM L-cysteine. The second step was a 5-hour dialysis in 2
L of phosphate-buffered saline (PBS, pH 7.4). The third step was to dialyze the protein
in 2 L of Ni-NTA binding buffer and add the TEV or SUMO protease plus DTT to
provide a reducing condition for efficient cleavage. For separating cleaved g,M from
SUMO and 6xHis tag, the digested purified f,M was added to a preequilibrated Ni-
NTA column. The flow through of the column was collected and went through a final

purification step over a HiLoad 16/600 Superdec 75 pg column (Cytiva life sciences).
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4.3 Results and Discussion

4.3.1 Comparison of B, M from the two constructs and challenges

There were numerous challenges in purifying $,M. The first challenge was the
refolding process of ,M from inclusion bodies. Most of the purified §,M aggregated
and precipitated upon dialysis in the native refolding buffer (40 mM Tris-HCI, pH 8)
taken from a prior literature protocol?3. We have tried several refolding methods, such
as stepwise refolding and dilution. However, neither of the protocols resulted in a clear
and aggregate-free solution of protein after refolding. Finally, on the advice of Dr.
Jordan Woehl?**, we used his suggested three-step refolding protocol explained in
section 4.2.4, which was a success. However, despite the clarity of the solution,
mesoscale aggregates detected by AUC and SEC was presented along with monomers
in the solution (Figures 4.5 and 4.6). The second construct containing a soluble partner
fusion protein, SUMO, resolved the aggregation issue, which will be explained in detail

in the following sections.

4.3.1.1 Comparison of expression level in soluble and insoluble fractions

Figure 4.4 presents the Western blot (before the purification) and the SDS-
PAGE gel of the purified protein. As shown in Figure 4.4, the soluble fraction of the
lysate contained no 8, M. The most probable reason for the lack of 8, M presence in the
soluble fraction E. coli lysate is the reducing environment in the cytoplasmic space of
E. coli?®. Since B,M is disulfide bond-stabilized, the reducing environment in the
cytoplasm prevents the formation of these bonds and makes it difficult for 5, M to fold

correctly. Therefore, even in the presence of the folding enhancer SUMO, the lack of a
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favorable folding environment for $,M in the E. coli cytoplasm this protein does not
refold upon expression, hence, together with its partner, SUMO, aggregates into

inclusion bodies.
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Figure 4.4. Western Blot comparing the soluble and insoluble expression of $,M when
expressed in isolation (rows 2 and 4) and when expressed with SUMO as a soluble expression
partner (rows 3 and 5). As shown, none of the constructs were able to produce a protein in the

soluble state (rows 2 and 3).

4.3.1.2 Comparison of Aggregation and Cleavage Efficiency

Even though the two-step refolding enhanced the refolding of 5, M when there
was not any soluble partner fused to it, size exclusion chromatography (SEC) and
analytical ultra-centrifugation (AUC) indicated the presence of soluble oligomers in
purified and refolded 8, M solutions. In Figure 4.5, the AUC data collected from 6xHis-
TEV-B,M samples is shown. For this set of experiments, three different concentrations
of B, M, low (7 uM), medium (14 uM), and high (20 uM), were loaded in sample cells
and placed in the rotor. Each sample was scanned at three centrifugal speeds of 12000,
16000, and 22000 RPM. The measurements were analyzed using the HeteroAnalysis

software. The samples with the low (7 uM) and middle (14 uM) concentrations were
92



analyzed either globally (fitting all speeds together) or individually (fitting each speed
separately). In the sample at the highest concentration, all of the proteins were
essentially sedimented to the bottom of the cell at even the slowest speed, so it did not

provide us with any concentration gradient making us able to analyze that.

The analysis of sedimentation equilibrium measurements on 8, M samples confirmed
the presence of oligomers in solutions in both concentrations. The samples used for
these experiments, prepared from the purification of the protein expressed from the first
construct (6xHis-TEV-B, M) which did not have SUMO, the solubilization partner. The
observed oligomers were in the range of 70— 140 kDa. For an ideal solution of single

non-interacting species Equation 4.1 gives ©), the equilibrium radial concentration

aS240

)= coespP(£5)| = y o (52 @

Mbwz

where 1, is an arbitrary distance and c, is the concentration at . is the term

referring to the reduced molecular weight, . The fit to the individual data sets collected
from the 7 uM B, M solution for the lowest speed indicated the presence of oligomers
with a molecular weight of 90 kDa (~ 9-mers). The individual fit to the highest speed
indicated 75 kDa (~7-mers) oligomers at the same concentration. The global fit of
concentration gradients collected from all speeds at 7 uM, indicated the presence of
oligomers of 77 kDa molecular weight. The results of individual fits to different speeds
for 14 uM solution were not available. However, the global fit to the concentration
gradients from all three speed indicated the presence of 142 kDa oligomers at this

higher concentration.
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Figure 4.5. Sedimentation equilibrium data showing concentration gradients at three speeds

for two concentrations of 8, M.
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Size exclusion chromatography (SEC) measurements on the purified and
refolded ,M which was expressed in isolation without any soluble partner (Figure

4.6), indicated the presence of high molecular weight aggregates (oligomers).
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Figure 4.6. Size exclusion chromatography and SDS-PAGE gel on ,M expressed and

purified without soluble partner. (a) SEC chromatogram indicates the presence of a huge
fraction of oligomeric species with a diverse range of MWSs. The inlet image shows the SDS-

PAGE gel of purified and cleaved 5, M which shows to be highly pure. The gel image ensures
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that the observed high-molecular weight peak is made of $, M and not other impurity proteins.
(b) size exclusion standard calibration curve.

To increase the production of soluble g,M and prevent it from forming
inclusion bodies upon expression in E. coli. However, as shown in the Western blot in
Figure 4.4 (lanes 3&5), the expression level in the soluble fraction of bacterial cell
lysate was nothing compared to the insoluble fraction. However, we noticed two
noticeable changes in the purified and refolded protein after purification and refolding.
First, the cleavage efficiency of 6xHis from the SUMO site increases several folds
compared to 6xHis-TEV. For 5 mL solutions with similar concentration of 2 mg/mL
refolded B, M from each of the constructs (with and without SUMO fusion), and with
the addition of equivalent units of TEV protease (Sigma Aldrich) and SUMO protease
(MCLab), the resulting cleaved protein solutions had distinctly different concentration
yields. After separation of protease, uncleaved protein, and 6xHis-TEV (or SUMO)
from the cleaved S, M, the resulting solutions of cleavage reaction had concentrations
of approximately 0.07 mg/mL and 0.4 mg/mL g,M for TEV and SUMO protease
reactions respectively. Second, the oligomeric species previously observed by AUC
and SEC disappeared (Figure 4.7). We conclude that the presence of the solubilization
partner, SUMO, causes a substantial enhancement in refolding of 8,M and prevents
aggregation and oligomerization during the purification and refolding process. This
finding is significant for future amyloid and aggregation studies of 5, M and similar
proteins because having an initial monomeric aggregate-free environment is crucial to

protein aggregation studies for amyloid disease prevention and cure.
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Figure 4.7. SEC and CD measurements on purified, refolded, and cleaved 8, M expressed as a

fusion to SUMO protein.

4.4 GFP Expression and Purification

In order to visualize the amyloid fibrils, we used the technique discovered by
Xu et al.?*! In this method, super folder green fluorescence protein (sf-GFP) was used
for lighting up and visualization of amyloid fibrils due to its affinity to amyloid fibrils.
Here, to similarly use sf-GFP for amyloid imaging, we used the GA technique to clone
its gene into the pET42(a) plasmid. The sf-GFP encoding gene was a gift from Lei
Young. The original plasmid and the schematic of the GA process are shown in Figure
4.8.

Table 4.2. List of synthesized oligonucleotides (primers) for the construction of 6xHis-sf-GFP

used in this study

Name sequence

GFP fragment Forward CCATCACAGCAAGGGCGAGGAGC

GFP fragment Reversed GGTACCTCACTTGTACAGCTCGTCCAT
GC

pET42a vector Forward CTGTACAAGTGAGGTACCGGTGGTGG
CT

pET42a vector Reversed CCCTTGCTGTGATGGTGATGGTGATGC
ATATGTATATCTCC
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6xhis-sfGfpInPetd42
5870 bp

GIBSON
AsSEMBLY | Insert between DNA ends Overlap and insert
1..5176 1..727
T — —_—
1 727
l ! . JE—
6XHis-TEV-B2m 6XHis-TEV-B2m
Linearized Vector Fr;z';';:"‘
5176 bp
Amplify 5184 .. 4865 using: Amplify 144 .. 857 using:
PCR | vector.FOR PCR Fragment.FOR
Vector.REV Fragment.REV
Vector.FOR Fragment.FOR

Vector.REV

Fragment.REV

6XHis-TEV-B2m in pET42a PGFP-blunt
Sy 2758 bp

(5578) KpnI Fragment.REV (5551 .. 5579)
(5562 .. 5589) Vector.FOR N

(4827 .. 4867) Vector.REV
(4853 .. 4875) Fragment.FOR

(4837) Ndel

(3844 .. 3854) Fragment.FOR

Figure 4.8. Sf-GFP plasmid map construction by GA.
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4.5 Conclusion

During the efforts to purify 8,M and have monomeric aggregate-free samples
for further biophysical studies, we noticed the vital role of a soluble partner in refolding
of S, M. This finding can ease the future studies of amyloid-formation behavior and

kinetics in §,M and other amyloid-forming proteins.
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Chapter 5: Probing Conformational Fluctuations in Beta 2-

microglobulin Using Single-Molecule FRET and FCS

5.1 Introduction

Misfolding and aggregation of proteins, followed by the formation oligomer
intermediates, growth of amyloid fibrils, and aggregation of fibrils into plaques, is
involved in the pathogenesis of amyloid diseases®”?*2, About 50 known disease-
causing proteins and peptides tend to self-assemble into amyloid fibrils®*?. These
insoluble fibrillar structures are rigid, tens of microns in length, and formed by the
aggregation of originally soluble proteins. The two constituent protofilaments twist and
form fibrils with a diameter of approximately 10 nm. These fibrils have a cross-p3
diffraction pattern and can bind to dyes such as the Congo red and Thioflavin T (ThT)
2437246_

Amyloid diseases are divided into two groups. The group of amyloid diseases
associated with the deposition of fibrils in the nervous system are neurodegenerative
diseases?*’. Alzhe’mer's, Parkinson’s, and Huntington’s diseases are some examples of
well-known diseases which, nearly a dozen others, belong to the family of
neurodegenerative diseases. Amyloid-g and a-synuclein are two well-characterized
neurodegenerative diseases-causing proteins?#®249, Approximately 15 known diseases
fall into the second category of amyloid diseases, called non-neuropathic amyloid
diseases, which are divided into two subgroups, systemic and localized. Some

examples of diseases in this category include Hemodialysis-related amyloidosis
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(systemic), type-11 diabetes (localized), cataract (localized), and lysozyme amyloidosis
(systemic)?49-2%2,

The exact mechanism of amyloid formation is still not well-established.
Although fibrils and plaques were the first hallmarks of amyloid diseases, the presence
of similar fibrils in the body of healthy individuals, specifically in the case of amyloid
disease, suggests the existence of other toxic forms of these disease-causing
proteins?>32°*, For some amyloid diseases, proteins in the form of soluble oligomers
are proven to be the toxic species in the process of amyloid deposition®*®. The toxicity
of these intracellular soluble oligomers has been related to their interference with
cellular physiology, such as preventing chaperons from functioning properly or
disrupting RNA and transport proteins®®®. Figure 5.1 illustrates different pathways in

protein aggregation.
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Figure 5.1. Schematic illustration of aggregation pathways. The aggregation can start from a
folded, partially unfolded, or a fully unfolded protein. On the path to amyloid formation, the

initial oligomer forming precursors could grow to a higher order oligomer which can act as the
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nucleus of fibrils. Formed fibrils can undergo fragmentation and act as nucleus of new fibrils.
Figure and caption reproduced with permission from reference?’.

The conversion of initially soluble globular or disordered proteins into insoluble
amyloid structures have long been studied by researchers from a wide range of
scientific areas®®®. The mechanism behind the formation mechanism of some
amyloidogenic species of proteins is only partially known. The causes for
amyloidogenicity of some protein species include but not limited to a genetic mutation,
inability to properly fold due to errors in transcription or translation steps, failure in the
proteostasis system (chaperons), and environmental changes?>®-2%3, During the last 20
years, a novel view of the aggregation nucleation mechanism was formed. In this
current view, unfolded native-like states that rise from thermal fluctuations under
physiological conditions or intermediate misfolded states are postulated to trigger
aggregation®4. As shown in Figure 5.1, it is known that some degree of reversible
unfolding or misfolding and a reversible oligomerization is required (steps 1 and 2) to
initiate irreversible conformational rearrangements that lead to formation of oligomers
and fibril nuclei with the cross beta structure %12, Both primary and secondary
nucleation contribute to the kinetics of amyloid aggregation®®®. Figure 5.1 illustrates
the primary nucleation step arising from native or intermediate state oligomers, which
further convert into the protofilament nucleus. The protofilaments in some conditions
can undergo fragmentation, most probably by cellular proteases?®”2%8, and become the
secondary nucleation point for the growth of new protofilaments. The molecular
mechanisms that change the structures of proteins before or during the initial stages of

amyloid formation, and interactions associated with the misfolding of proteins and
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peptides, remain unclear 26525, Despite the fact that the prevention of amyloid diseases
are dependent on the understanding of the underlying mechanisms of fibril formation,
the nucleation reaction and how it induces the pathogenic behavior is still deficiently
understood?’%2", In the case of familial diseases induced by a specific mutation, it is
not still fully understood how a single mutation accelerates the nucleation step?’2.

The protein we focus on in this work in chapter 4 and 5 is beta 2-microglobulin
(B,M), which forms amyloid fibrils and deposits in the joints of patients suffering from
dialysis-related amyloidosis (DRA)?32™ B, M is the light chain of class | major

histocompatibility complex. In the native state, 8, M adopts a structure including two

-sheets connected and stabilized through a single disulfide bond ™ (Figure 5.2).

Figure 5.2. Beta 2-microglobulin (5, M) crystal structure (PDB ID: 2d4f) with the disulfide
bond marked in magenta.

B.M and its amyloid-forming variants have been shown to have a flexible
structure in its folded biologically active form?"®277. Despite wild type f,M (WT —

B,M) comprising 70% of the protein content of in vivo amyloid plaques, in
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physiological pH and temperature WT — $,M does not show a tendency for
aggregation by itself?”>. It has been observed that additives like Cu?*, detergents, and
collagen induce partial unfolding of §, M, which facilitates the Cis-Trans isomerization
of Pro32, which is thought to be the beginning step for 5, M self-assembly®":102:278.279,
ANG is a truncated variant of §,M that is 30% of the total 5, M that forms amyloid
plaques in DRA patients. The AN6 variant more readily forms fibril compared to WT —
S, M, even near neutral pH (6-7)1°%%%°, D76N is a second highly amyloidogenic variant
of B,M, which has an Asp substituted for a Asn in position 76 of the amino acid
sequence. D76N is a naturally occurring variant causing systemic amyloidosis by
depositing amyloid plaques in the internal organs of individuals who are heterozygous
for the D76N mutated gene. The fibrils collected from the individuals affected by this
hereditary disorder only contained the D76N variant of 8, M 281, D76N can readily form
fibrils in vitro at neutral pH withoutadditives®®282,

As mentioned in the first chapter of this dissertation, highly ordered amyloid
fibrils are not the only dangerous factor in protein self-assembly diseases. Amorphous
aggregates and misfolded oligomers are thought to be a major source of toxicity to cells
and play a role in the initiation of amyloid assembly?*"273_ 1t is challenging to obtain
information experimentally or computationally on the poorly understood initial stages
of amyloid assembly. For instance, it remains challenging to probe the aggregate
intermediates and misfolded monomer states due to their transient nature and
thermodynamic reversibility 282, The folding intermediates and misfolded states create
a collection of interconverting structures, each of which can be a possible aggregation

precursor. These substates have dynamics ranging from nanoseconds to hours.

104



Numerous studies on transient oligomers and intermediate states of amyloidogenic
proteins have focused on generating an ensemble of structures and distinguishing the
aggregation-prone substates from benign ones?°6284285 However, few prior studies
have focused on the interconversion dynamics between these substates as a driver for
nucleation. It remains unclear why some amyloid forming proteins nucleate amyloid
precursors and oligomers under ‘stable’ conditions where the protein is folded in its
native state.

In this research work, we hypothesized that the driving force for the nucleation
step in amyloid aggregation involves conformational fluctuations of interconverting
folding intermediates in native §,M and its mutants. According to this hypothesis, in
an equilibrium state, if the Gibbs free energy of the aggregated state is lower than the
free energy of the native folded state, conformational fluctuations driven by thermal
forces are a driving force for aggregation via dynamic changes to the protein monomers
that make them more susceptible to aggregation. In most proteins the high activation
barrier between monomers and aggregates, and possibly small-scale structural
fluctuations, lead to very long nucleation times and the protein monomers are
effectively kinetically stabilized. In the case of proteins with a more dynamic structure,
the interconversion between states can potentially expedite nucleation in two ways. The
first route is by transiently exposing more of the hydrophobic content of the protein
sequence to the surface, which increases the chance of oligomerization at higher protein
concentrations. Secondly, the fluctuations themselves can promote nucleation, as
described below?®-28°, The activation energy barrier to amyloid fibril formation is high,

especially for the nucleation step. While fib’ils' low Gibbs free energy levels make their
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formation thermodynamically favorable, the high nucleation energy barrier makes it
kinetically unfavorable®”2%,

To clearly convey the concept of our hypothesis, we present a couple of simple
diagrams. Figure 5.3 compares the reaction coordinate diagram of interconverting
species with different rate of interconversion. Here, AG, is the activation energy barrier
for the interconversion between two states of a molecule, and ¢, the reaction coordinate
(extent of reaction). Figure 5.3a shows a superfast interconversion (too fast to be
detectable by available means), in which the activation barrier between the two states
is almost negligible, which practically makes the two states indistinguishable. By
contrast, in the case of an interconverting molecule for which the rate of
interconversion is slow enough the system can thermodynamically be considered a

binary fluid with the possibility of separation of states.

a

Gibbs energy, kT
Gibbs energy, kT

0 0.2 0.4 0.6 0.8 1

Figure 5.3. Reaction coordinate diagrams showing fast versus slow interconversion. (a) In a
superfast interconversion, the activation barrier is negligible, making the two equilibrium states
indistinguishable. (b) A real interconversion between states A and B in equilibrium with an

activation barrier in order of kT.
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Figure 5.4 encompasses a section of both the free energy surface of folding and
the free energy of protein aggregates, which shows the protein interconversion reaction
coordinate and aggregation reaction coordinate in a 3-dimensional diagram. An
activation energy barrier exists between the pre-amyloid oligomers (nucleus) and each
of the monomeric states in the pool of folded, partially unfolded, and folding
intermediates. G4 and G are the free energies of proteins in each of the conformational
states, A and B, and AG; is the energy barrier height for the interconversion, which is
different in part a and b of the figure. {,, is the extent of reaction, which is the fraction
of either of conformers A or B (x4, = 1 — x), AG,4p is the energy difference between
conformer A and B, AG,gy is the energy barrier between monomer and pre-amyloid
oligomers, AGy;p,riy; is the energy barrier between oligomers and amyloid fibrils. In our
hypothesis, the interconverting protein monomers could pass the nucleation energy
barrier through a random fluctuation while fluctuating between their substates. Figure
5.4a describes our first hypothesis that the lower Gibbs free energy of oligomers
(Gotigomer) is the thermodynamic driving force for oligomerization. For the case of a
protein with multiple folded/misfolded substates and depending on height and
curvature of the energy barrier between two states, a random fluctuation helps
circumventing the rate-limiting step, nucleation, and drives the monomers into the well
of pre-amyloid oligomers with the free energy of G,;;gomer- Depending on the AG,
value, and free energy difference between conformers the pre-amyloid oligomers might
have a higher free energy. In this case the driving force for aggregation depends on

Kinetics (AG, AGggg), Which is shown in figure 5.4b demonstrating a smaller energy

barrier between substates (AG,, > AG,,) facilitating the fluctuations.
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As it has been mentioned before, it is quite difficult experimentally to quantify
the fraction of each conformational state of protein as they are transient and short-lived.
However, as it will be described in upcoming sections, single molecule fluorescence

techniques, make it possible to experimentally to measure the rate of interconversion
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between the two or more states. According to the Kramers’ theory, the rate of transition

between two states of a molecule is given by?%%2%,

1

1 *
k_f =T~ MEXp(ﬁAGf) (51)

where k; is the rate coefficient, (w*) and w, are the curvatures of the free-energy
surface at the barrier top and the unfolded well, AGy is the free energy barrier height,

B =ﬁ, kg is the Boltzmann constant, and T is the absolute temperature. By
B

estimating the free energy barrier height, we can estimate AG,; values and thus the
equilibrium fractions of intermediate folding states. According to Landau theory of
phase transitions, the Gibbs energy of a system can be written as,

G = Gy(P,T) + f[m(T,P)] — hm, (5.2)
in which G, (P, T) is the background part, f[m(T, P)] is a function of order parameter

(m), his the ordering field, which can be a function of T and P or can be an independent

m

variable. The equilibrium value of the order parameter can be found from (3—6) =
P,T

(a—f) — h = 0. Having the interconverting states A 2 B (Figure 5.5),
p,T

am

G =Gy + (Gg — G4){ + G (5.3)
Gp—Ga __

=2 B

A
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Figure 5.5. Representation of two interconverting state.

where the fraction of state B is the extent of reaction or the reaction coordinate
(¢) and K is the equilibrium constant, which is conjugated to the reaction coordinate,
{.

Here we consider order parameter, m, to be the fraction of the interconverting

states ({), which at equilibrium g—g = 0. If the activation barrier is high enough to

provide a relatively slow interconversion rate, then thermodynamically, the system can
be considered a binary fluid with the possibility of the separation of states. If the states
form a non-ideal mixture, the possibility of phase separation evolves. In a phase
separated system, both liquid phases contain A and B states, but in different
proportions.

Here, we investigated the interconversion fluctuations rates in S,M using
single-molecule FRET (smFRET) and FRET fluorescence correlation spectroscopy
(FRET-FCS). smFRET probes the distribution of conformational states of g,M by
taking snapshots of individual protein molecules sampling the range of conformation
states defined by the free energy surface. FRET-FCS measures the interconversion
rates between these conformational states. §,M labeled with donor and acceptor
fluorescent molecules was prepared by overexpression in E. coli and purification from
inclusion bodies using IMAC. Previous computational studies using Replica-averaged
metadynamics (RAM) on S, M conformational dynamics have detected the existence
of an equilibrium between high and low energy conformations for WT-8,M and
D76N?%2, These conformers showed dynamics with an approximate timescale in the

range of us to ms?®2. However, quantitative data on the rate of interconversion and

110



equilibrium concentrations of these conformers has not been collected yet. By
combining FRET and FCS in this study, we quantified the rates of fluctuations of
interconverting states for WT-$,M, D76N, and AN 6, which were then rationalized with
the amyloidogenicity of each protein. FRET-FCS measurements showed that g, M
presents conformational fluctuations on order of us — ms times scales with varying
interconversion rates for different variants. SmMFRET measurements showed a broader
distribution in the FRET efficiencies for AN6 and D76N variants, indicating the
presence of more populated intermediate states, compared to WT — g,M. The FCS-
FRET measurements showed a longer transition time on the order of 5 — 10 s for the
main interconversion for the more aggregate-prone variants AN6 and D76N, compared
to less than a 1 s for the WT, which along with the wider distribution in FRET efficiency
histograms of these variants, is indicative of the presence of longer-lived
conformational substates. Also, the FCS-FRET fluctuations indicated a faster dynamic
interconversion with rates on the order of tens of ms, which can be indicative of
presence of smaller scale conformational fluctuations, such as in a single amino acid or
small domain, in the more amyloidogenic variants. We show that the fluctuation rates
can be used in equation 5.1 for estimating the interconversion free energies (AG;) and

further thermodynamic modeling on 8, M variants using equation 5.2.

5.2 Experimental Section

5.2.1 Protein Purification and Labeling

The purification procedure for ,M has been explained in detail in Chapter 4.

Briefly, the gene encoding the wild-type and mutants of 8, M with SUMO fused to the
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N terminal as a soluble partner were cloned into the pET42(a) plasmid. For sSmFRET
studies, two cysteine mutants were added to the N and C terminal of 5, M as labeling
cites for maleimide reactive donor and acceptor pair of dyes Alexa 488 (A488) and
Alexa 594 (A594). The protein was overexpressed in E. coli overnight after the addition
of IPTG. B,M in form of inclusion bodies were purified by a Ni-NTA column in
denaturing conditions. 8,M went through refolding by a two-step process and was
dialyzed in the appropriate buffer for cleavage by SUMO protease overnight. SUMO,
uncleaved 5, M and the protease were separated again using the Ni-NTA column. The
resulting cleaved variants of 8, M were more than 95% pure as shown in Figure 5.6 as

an example.

Figure 5.6. D76N-B,M SDS-PAGE gel. Multiple washing fractions of flow through of
cleavage reaction show >95% purity for monomeric protein. Last two lanes show the elute
fractions after cleavage.

For the labeling reaction, cleaved variants of ,M with cysteine mutations on
both N and C termini were concentrated to 1.2 mg/mL (100 uM). In all labeling

reactions TCEP (tris(2-carboxyethyl) phosphine, Thermofisher) was added in a 5:1
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molar ratio to protein for 30 minutes to reduce disulfide bonds prior to the addition of
dyes. The pH after the addition of the reducing agent was tested and if necessary, it was
adjusted to be at 7.4. A488 and A594 dyes were added to the protein and TCEP mixture
with a protein to A488 to A594 ratio of 1:1.3:3. The reaction was left to proceed at
room temperature for 3 hours with gentle shaking on the orbital shaker. The unreacted
dyes were separated from the reaction mixture using PD-10 desalting columns (Cytiva).
The labeled protein underwent further dialysis against 2 liters of phosphate-buffered
saline (PBS) overnight at 4°C. The product of the labeling reactions after separating
unreacted dyes was a mixture of double fluorescence labeled proteins containing donor-
acceptor, acceptor-donor, donor-donor, and acceptor-acceptor pairs. After labeling, the

ratio of donor to acceptor dyes was 1:2, similar to the initial dye ratio.

5.2.2 Single-molecule FRET and FCS

5.2.2.1 Single-molecule FRET (SmMFRET)

SmMFRET measurements were performed at room temperature in PBS (pH 7.4)
with 0.005% Tween 20 to prevent surface adhesion. The concentration of labeled
protein was approximately 50 pM, which gave an approximate average number of 0.5
molecules in the focal volume at any given time and a detector count rate of above 1000
counts/min. A FLUOVIEW FV3000 laser scanning confocal system equipped with
time correlated single photon counting (TCSPC) electronics (PicoQuant) capable of
performing time-resolved fluorescence techniques (FRET, FCS, FLIM). The donor dye
was excited by focusing a 485 nm picosecond pulsed (40 MHz, 90% total diode laser
power, Sepia PDL 828, PicoQuant) into the sample solution about a 1 um distance

above the glass surface of a No. 1.0 glass coverslip coated with polyethylene glycol.
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The objective used in the SmFRET and FCS experiments was a high numerical aperture
(NA = 1.4) super corrected 60X Olympus oil immersion lens. The donor and acceptor
fluorescence emission was separated from the excitation light using a dichroic mirror.
Before being split by the other 560 long-pass dichroic mirror into the donor and
acceptor channels, the collected fluorescence emission was spatially filtered using a 50
uM pinhole. The signal collected from the donor and acceptor was filtered using 525/35
and 600/50 filters before entering the hybrid photomultiplier detectors (PicoQuant
PMA hybrid series). An illustrative representation of a typical FRET and FCS

experimental setup is shown in Figure 5.7.
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Figure 5.7. Schematics of the experimental setup. Figure and caption reproduced with
permission from reference®.

We utilized the SymphoTime 64 software to extract the FRET efficiency
(Epggr) histograms with 1 ms binning time according to equation 5.5 for the donor

and acceptor signals collected from each channel as a function of time.

I
Epgper = ﬁ (5.5a)
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__Nnada
y=1aoa (5.5b)

In the equation 5.5a, I, and I, are donor an acceptor fluorescence intensity and
y is the correction factor which depends on the donor and acceptor quantum vyields
(d,4, Pp) in the proximity of adjacent amino acids. n, and n, are the acceptor and
donor channel detection efficiencies, which in this study they are all assumed to be
unity.

The spectral cross talk (leakage of donor emission to the acceptor channel) and
direct excitation of the acceptor were estimated from separate experiments with singly
labeled proteins to be about 4.7% and 7%, respectively. To filter the background noise
from the FRET events coming from the fluorophores, a threshold of 25 counts was
applied to the sum of the counts from each channel. The histograms of accepted FRET
events calculated from equation 5.5 were plotted. FRET values close to zero stem from
the photobleached fluorophores or proteins labeled with two donor molecules.

Since we were not attempting to measure exact intramolecular distances in this
study, the distribution of FRET efficiencies was sufficient to provide information about
the conformational states. We used unity for the value of the correction factor (y) in
equation 5.5%%, An example of time traces of fluorescence intensities from each of the

channels is shown in Figure 5.8.
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Figure 5.8. An example time trace of the fluorescence intensities collected from the donor and

acceptor channels of our system.

5.2.2.2 FCS-FRET

The correlation spectroscopy experiments were carried out in the same setup
described for the SmFRET under identical buffer conditions, except with a higher
protein concentration of 20 nM. To prevent artifacts from dye photophysics (triplet
state), the laser intensity was reduced to 66% of maximum laser power for the FCS
measurements, compared to the 90% value used in SMFRET measurements. Using a
pulsed excitation laser provided the benefit of utilizing fluorescence lifetime signal
analysis, which eliminated the need to perform a pseudo-cross-correlation of donor
signal analysis. The fluorescence lifetime signal correction eliminates the contribution
of the detector after-pulsing in correlation measurements. By enabling fluorescence
lifetime correlation spectroscopy (FLCS) background correction on the SymPhotime
64 software, we could successfully remove the contribution of after pulsing in the
correlation function calculation?®. The autocorrelation functions for the donor
diffusion (Gpp) were calculated using formula 5.6 (x = y). The cross-correlation

between the donor and acceptor signal (Gp4) was calculated using formula 5.6 (x #y),

by collecting the emitted fluorescence, which was spectrally separated using the same

dichroic mirror used for the SmFRET measurements.

<Ix@)1,(t+1)>
<y (t)><Iy(t)>

Gyy (1) = (5.6a)

< L®OL(t+7) > = lim % [} L(OL(t + 1)dt (5.6b)
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The calculated correlation functions, Gpp, and Gp,, are from the same molecules;
therefore, the molecular translational diffusion contributes to both correlation functions
identically. With that said, taking the ratio of the two correlation curves (Gpp/Gpa)
provides us a correlation function with the contributions of intramolecular dynamics

stemming from the FRET-fluctuations delineated from translational diffusion4°.

5.3 Results and Discussion

5.3.1 Visualization of Amyloid Fibrils by GFP Using Confocal Fluorescence

Microscopy

Thioflavin T (ThT) is a fluorescence molecule whose fluorescence increases
drastically upon binding to the amyloid fibrils of many different proteins and peptides.
For this reason, this small molecule has been widely used to detect amyloid fibrils and
studies of amyloid growth Kinetics. Recently, Xu et al. have discovered that GFP and
other fluorescent proteins (FPs) have a high affinity to bind to the amyloid fibrils and
the small aggregates formed during the lag phase of fibril formation in a variety of

proteins (Figure 5.9) %4,
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Figure 5.9 GFP bind various amyloid fibrils. (A) Biological amyloid fibrils: AFM images
(column 1) show the presence of amyloid fibrils in all samples. CFM (column 2) images of 90
ug/mL amyloid fibrils in the presence of 5 uM GFP (column 2). Figure and caption reproduced
with permission from?*,

Here we adopted the GFP imaging technique by Xu et al. to visualize the
amyloid fibrils formed by the WT and mutants of 5, M we recombinantly produced and
purified. As explained in the methods section, WT and mutant proteins were incubated
in 50 mM phosphate buffer at pH 2.5 for 5 days with 600 rpm, and the resulting
aggregates or fibrils were mixed with GFP right prior to confocal imaging. Figure 5.10
shows the success of GFP binding to the f,M amyloids and lighting up the fibrils to
visualize them. Comparing the images generated from a WT and D76N mutant, the

higher propensity of amyloid formation for D76N can be observed.

WT, pH 2.5 D76N, pH 2.5

Figure 5.10. GFP binds 8,M amyloid fibrils. (Left 1) Confocal fluorescence imaging of 90
ug/mL of aggregated protein at pH 2.5 in presence of 5 uM GFP. (Right) Confocal fluorescence

imaging of 90 ug/mL of D76N S, M amyloid fibrils formed at pH 2.5
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5.3.2 Single-molecule FRET

Single-molecule FRET allows us to detect the conformational state distribution
of natively folded 5, M variants. Since FRET can measure distances up ~10 nm, this
technique is suitable for observing different folding structures?®. Free diffusion of
single 5, M protein molecules labeled with the donor and acceptor dyes into the laser
focal volume produces fluorescence emission bursts that are detected by sensitive
photon counting detectors connected to the confocal microscope?®’. The recorded
donor and acceptor bursts were used for calculating the FRET efficiencies of each dual-
labeled protein molecule using equation 5.5. Because the FRET efficiency is directly
proportional to the distance between the donor and acceptor, which changes with the
folding state of the protein, the SmMFRET data resolves the equilibrium distribution of
different spatial conformation of 8,M molecules?®®?%°, Collecting SmFRET data for a
sufficiently long time enables forming a statistical distribution of protein
conformations, where the most prevalent values of FRET efficiency correspond to the
most thermodynamically stable conformations. The calculated FRET efficiency
histograms contain information about the relative intramolecular distances and the
distribution of folding subpopulationst®>3%2%! Figure 5.11 shows a schematic of the
approximate distance between the C and N terminal cysteines of a folded g,M
molecule. The FRET efficiency peak of WT — B,M in its folded state as determined
from the crystal structure, which is just one conformation, as shown in the Figure 5.12a
is approximately at 50%. Although, the calculated FRET efficiencies are not corrected

for the effects of dye quantum yields and the detection efficiencies of detectors, the
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50% efficiency is close to what was expected to observe for a 99 amino acid protein

using Alexa 488 and Alexa 594 FRET pairs.

Figure 5.11. Cartoon representation of WT — 8, M structure with cysteine mutants added at
the N and C termini shown in red and green with a separation distance of 46.6 A. (PDB ID:
2d4f).

The collected smFRET histograms of WT — g,M, as shown in Figure 5.12,
showed a relatively broad Ef,., peak centered around a 45% efficiency. For the pair of
donor and acceptor Alexa488 and Alexa594, the R, (the distance at which the
efficiency is 50%) value is 60 A. Considering a distance of about 47 A between the N
and C terminus as shown in Figure 5.11 and the size of the fluorescence dyes (0.5-1 nm),
the center of the experimental Ef,... histogram at 45%, or an approximate inter-dye
distance of ~64 A, is reasonable. We repeated SmFRET measurements at similar
experimental conditions for the mutants AN6 and D76N. For the AN6 mutant, SmFRET
measurements provided a Ef,.., histogram centered around a 25% FRET efficiency,
indicating the most prevalent inter-dye distance between the donor and acceptor dyes

increased to around 72 A. Even though the value of the efficiency peak were not
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corrected for the real value of y, the broad efficiency distribution histogram showed
there was a change in the distribution of intermediate folding states of the mutant
compared to the wild type. A Ef,... histogram centered around a peak near 35%
efficiency (66 A) was measured for the D76N variant. Based on the SmFRET work, the
broader distributions of FRET efficiencies compared to the wild type could be
indicative of interconversions with fast relaxation rates. We note that both mutants
showed an overall shift to smaller FRET efficiencies, and thus larger inter-dye
distances, which suggests the overall size of the mutants was slightly larger than the
wild type. Likewise, the mutants both showed a tail in the FRET efficiency distribution
with values up to 80 — 100%. The tail could be associated with contraction of the protein

structure, which is typically associated with enhanced hydrophobic interactions.

wild-type | 100 ANG

0
0 20 40 60 8 100 0 20 40 60 80 100 0 20 40 60 80 100
FRET efficiency (%) FRET efficiency (%) FRET efficiency (%)

Figure 5. 12. sm-FRET histograms extracted from B, M variants in native conditions, labeled
with Alexa488/Alexa594 at both terminals. (a) FRET efficiency histogram of wild-type S, M .
(b) FRET efficiency histogram of D76N S, M variant labeled with Alexa488/Alexa594 at both
terminals. (c) FRET efficiency histogram of AN6 5, M variant.

Information about the dynamics of a molecule can also be extracted from the
shape of a FRET efficiency histogram. For molecules in these size scales, the typical
residence time in the focal volume is ~1 ms; therefore, if the conformational transition

of the molecule as it passes through the focal volume occurs at a rate faster than 1 ms,
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then the observed FRET efficiency with be an average of the FRET efficiencies of each
state weighted by the population of each state3%?. In essence, the frequent transitions at
transition rates faster than the observation time make the subpopulations
indistinguishable. Figure 5.13%°2 shows the results published by Gopich and Szabo,
which tests the Gaussian approximation model they developed against experimental
FRET efficiency histograms of a two-state interconverting molecule. The bin time for
calculations of these FRET efficiencies was 1 ms and the transition rates are noted in
the plots. Comparison of the E,.., histogram for WT-, M with these model histograms
suggests that this molecule undergoes very rapid interconversion, similar to a 2-state
or 3-state model with conversion rates approaching 10 s.

The FRET efficiency histograms generated from AN6 and D76N variants of
B-M have an almost similar shape and broader than the wild type with notable tails at
low and high FRET efficiency. The asymmetrical shape of their histograms is
comparable to the experimental histograms of a two-state or three-state state model
with longer lived subpopulations and slower interconversion dynamics. However,
SMFRET is limited in the amount of kinetic information it can provide, so further
studies were performed with FCS-FRET, which provides information about the number

of intermediate states and their interconversion rates.
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Figure 5.13. The Gaussian approximation (full curves) tested against exact FRET efficiency
histograms (bars) for two conformational states with FRET efficiencies = 0.4 and = 0.8 and
different values of the transition rate given in the upper left corner of each histogram. Left
column: the equilibrium probabilities of the two states are the same. Right column: the
probabilities differ by a factor of 2. The total count rate n = 50 ms—1, the bin time is T = 1ms,
threshold value is Ny = 30, histogram step h = 1/41. (b) The Gaussian approximation (full
curves) tested against simulated FRET efficiency histograms (bars) for a three-state model with
FRET efficiencies = 0.3, = 0.5, = 0.8 and different values of the transition rate given in the
upper left corner of each histogram. Left column: equal transition rates. Right column: the
transitions between states 1 and 2 are faster than those between 2 and 3. The simulated
histograms were obtained from 5000 bins of duration T = 1 ms, the total count rate is n = 100

ms—1, Figure and caption reproduced without any changes with permission from reference®,
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5.3.3 FRET-fluctuation spectroscopy indicates millisecond conformational

fluctuations in B, M and its mutants

FRET-FCS measures the relaxation times for the interconversion of f,M
between the different intermediate folding states identified by smFRET. Figure 5.14
show the FCS autocorrelation curves (Figure 5.14a-c) and the FRET-FCS
autocorrelation curves for the wild-type (Figure 5.14d) ANG6 (Figure 5.14¢), and D76N
(Figure 5.14f) mutants. FRET-FCS data represent conformational movements in orders
of us — s. The decay rates associated with the conformational changes in the g,M
structure were calculated by fitting a third-degree exponential function to the FRET

autocorrelation functions:
y = Aexp (—ir) + Ayexp (— %2 )+ A3exp(—ir), (5.7)

In the equation 5.7, A; are the amplitudes and t; are the decay times for each
interconversion detected by FRET-FCS.

For the wild-type protein, the fit to the autocorrelation curve showed three
characteristic decay times, 0.07 ms (t;), 1.94 ms (t,), and 10.9 (t3) ms. The long decay
time of ~10 s is not related to conformational fluctuations and instead could be due to
large irreversible aggregates that could have formed during the labeling step. SEC
confirmed the lack of presence of these aggregates before the labeling step (Figure 4.7
a). In Table 5.1, the transition rates (inverse of decay time) for each variant are shown.
The 14.4 ms~! and 0.68 ms™~! interconversion rates suggest FRET-FCS is detecting

conversion of 5, M between three major intermediate states303,
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Likewise, the SmFRET data for the wild type shows resemblance to the three-
state model with fast interconversion near a 4 ms™ rate (Figure 5.13). Thus the 0.68
ms~1 interconversion rate is a sensible value to be attributed to the conformational

fluctuations.
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Figure 5.14. Correlation analysis demonstrating distinct FRET-fluctuation patterns for
different 5, M variants. The upper row represents autocorrelation function of the donor channel
Gpp, and the cross-correlation function between the signals from donor and acceptor channels
(Gpa), The lower row represents each variant’s corresponding FRET-fluctuation decay curves.

Table 5.1. Decay rates associate with each $, M variant.

Fitting Ay ty ky A, ty k, A ts ks
parameter (ms) (ms™H) (ms) (ms™) (ms) (ms™1)
Variant
wT 05434  0.07 14.4 1.943 1476 06772 1057 10989  9.le5
AN6 0.105  0.018 54.02 1336 5537  0.1739 111 6250 1.6e-4
D76N 0.3261 0.084 11.78 1.827 9.708 0.103 1.334 2635 3.7e-4
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Figure 5.14e shows the FRET-Fluctuations data extracted from FCS-FRET
measurements on AN6. The exponential fit to the FRET-fluctuation data showed three
decay times of 0.018 ms, 5.54 ms, and 6300 ms (Table 5.1). Here the smallest decay
time was the same order of magnitude but 7 times smaller than the wild type protein,
indicating a short-lived fluctuating substate. Previous studies on AN6 predict a
timescale of millisecond-microsecond for the cis-trans isomerization in this variant’s
conformation®2. The slower 5.54 ms fluctuations (t,) could correspond to the cis-trans
isomerization of Pro34, which leads to existence of longer-lived isomerized
subpopulations with a profound structural change in the AN6273. As shown in Figure
5.13(b), the smFRET data for AN6 demonstrates a histogram that can be interpreted as
three interconverting species with a conversion rate near 4 ms™ (Figure 5.13b). If one
simultaneously look at the rates of conformational change extracted from FCS-FRET
experiments and the shape of FRET efficiency histogram extracted from smFRET
experiments, the value of k, = 0.17 ms~! for AN6 and its histogram can be most
likely interpreted for a three-state interconversion with unequal rates for conversion
between states (Figure 5.13b, right column k = 4 ms™1).

The FRET-FCS data collected from the D76N S,M variant showed distinct
features and characteristic decay times compared to AN6 and the wild type protein. The
FRET-fluctuations correlation curve showed a noticeable exponential decay (t;) at
0.084 ms, of the same order of magnitude of as WT and AN6 but closer to t; for WT.
The second decay time (t,) of 9.7 ms was longer than the second decay observed for
the AN6 variant. This interconversion rate for this fluctuation was the slowest among
the three variants. The value of k, = 10 ms~! for D76N, along with the shape of its
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SmMFRET efficiency histogram can lead to the similar conclusion made for AN6, which
was a three-state interconverting model with a longer lived misfolded substate than that
of AN6 and WT.

The similarity between the SmFRET efficiency histogram of D76N (Figure 5.
10 (b)) and AN6 (Figure 5. 10 (c)), and the slower interconversion rate for t,, which
has the highest weight in equation 5.7, along with the fact that these two variants are
the only more aggregate-prone natural variants of 5, M®2"3 shows clearly that there is
a correlation between fluctuations and aggregation propensity of 8, M variants.

Taken together, the FRET-FCS and smFRET data showed features consistent
with their amyloid forming ability. We note that we do not have the molecular details
about the intermediate states and instead rely on comparing the single molecule
measurements to the known aggregation propensity of each protein, which follows the
trend of WT < AN6 < D76N. Each protein variant showed two conformational
fluctuations consistent with three intermediate states. The faster decay time fluctuation
showed a decay time on the order of 102 ms. Comparing the next largest decay time,
the WT showed a decay time of ~2 ms compared to 5.3 and 9.7 ms for AN6 and D76N.
Here the decay time was observed to increase (decay rate decreased) as a function of
the aggregation propensity of the mutant. This increase in decay time, indicating an
increased residence time of the protein in a certain folding state, could be associated
with a slower, and therefore larger spatial scale, conformational change with a slower
interconversion rate. Here the decreasing decay rate with increasing aggregation
propensity could reveal aggregation prone moieties for a longer time, leading to

enhanced aggregation.
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5.3.3.1 Control Experiments for Validation of FRET-FCS

To confirm that the fluctuations timescales extracted from the correlation
analysis of the FRET-FCS data were a result of conformational dynamics, we
performed control measurements at three different experimental conditions. The first
measurement was taken in the presence of 4.5 M guanidine-HCI, which causes more
than half of the protein molecules in the solution to unfold. As shown in Figure 5.15 a,
the FRET fluctuation analysis does yield an exponential decay, indicating no
conformational dynamics with a specific characteristic timescale existed. This was due
to the complete lack of secondary and tertiary structure in most of the proteins.
Secondly, to rule out the presence of aggregates or soluble oligomers as the source of
the observed fluctuations donor and acceptor dyes were attached to separate f2M
molecules instead of being placed on the ends of one protein. Here FRET would only
occur if aggregation was present in solution. Again, the FRET autocorrelation curve
showed no exponential decays, confirming that aggregation was not the source of the
observed fluctuations (Figure 5.15b). The last control measurement was a 32M sample
labeled only with the donor dye. As expected, no characteristic decay rate was observed

in the FRET fluctuations analysis curve (Figure 5.15. c, brown curve).

FRET Fluctuations
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Figure 5.15. (a) denaturing conditions (pink curve). (b) A mixture of donor and acceptor
covalently attached on separate .M molecules (green curve). (c) Donor-only labeled .M

(brown curve).

5.4 Conclusions

The interconversion rates extracted from the FRET-FCS and the distributions
of FRET efficiencies observed from smFRET showed qualitative trends that were
consistent with the known aggregation propensity of 8, M and the mutants we studied.
As such, these results were consistent with our hypothesis that conformational
fluctuations underly, at least in part, the ability of 5, M and its variants to form amyloid
fibrils. Previous extensive studies on aggregation of B,M have attributed its
amyloidogenicity to the presence of folding intermediates in equilibrium with the fully
folded lowest energy state of 8,M. Putting together the findings of our FRET-FCS
study that quantified the rate of ms - us interconversions between subpopulations of
interconverting B,M conformers, and the results of the SmFRET data showing the
presence of dynamic subpopulations for 5, M and its variants, we can conclude that the
conformational changes and conformation fluctuation time scales of f,M and its

intermediate folding states show correlation with their aggregation propensity. In
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particular fluctuations in the time scale of milliseconds was found to have a decreasing

interconversion rate with increasing aggregation propensity of the mutant.
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Chapter 6: Conclusions and Future Work

6.1 Conclusions

The scientific findings presented in this dissertation contributes new
biophysical insights about the role of protein conformations on protein self-assembly;
Specifically, the self-assembly due to external perturbation, chemically induced self-
assembly, and disease-causing amyloid assembly.

Through the heat-induced lysozyme aggregation work, we showed that even at
neutral pH and under sterile conditions, hen egg lysozyme does not aggregate even
after being kept at room temperature for weeks. However, we showed that by
perturbing lysozyme’s structure using a 30-minute exposure to a high temperature of
80 °C, nanoscale aggregates start forming, which grow over several weeks. These
results helped better understand the mechanism of aggregate initiation in the aggregate-
prone proteins. In many cases of aggregate initiation, only with the emergence of a
small fraction of unfolded or partially misfolded protein molecules will the aggregates
start to appear and grow.

In the redox-driven hydrogel project made of bovine serum albumin, we could
successfully implement a new parameter, degree of protein unfolding, to control the
kinetics of dissipative self-assembly controlled gelation and degradation. The degree
of unfolding not only indirectly affects the concentration of the crosslinking points
(cysteines), but also it affects the mechanical properties and lifespan of the gel through
thermodynamics. The hydrophobic interactions are less screened at lower denaturant

concentrations which provides additional attractive forces effecting the lifetime of the
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gel. This study demonstrates overall the impact that protein structure, even in
predominantly unfolded proteins, can exert on dissipative assembly Kinetics and
represents a first step in realizing synthetic dissipative assembly systems that take
advantage of the incredible function and hierarchical structure of proteins. This work
suggests that other biological molecules that display hierarchical structuring, such as
DNA, protein fibrils, and enzymes, can be used as a building block for dissipative
assembly.

In our work on conformational fluctuations of 8, M, we have directly observed
a quantified rate of the conformational motion for the variants of this protein using the
FCS-FRET technique, which separates the translational diffusion of molecules from
the intramolecular motions with the same timescales of diffusion. We also
demonstrated a correlation between these observed rates and the shape of FRET
efficiency histogram distributions for the amyloidogenic variants of 8,M. The more
extended time of conformational dynamics for more aggregate prone AN6 and D76N
variants, along with the shape of the FRET efficiency histograms for these variants,
leads us to the conclusion that longer-lived misfolded populations in equilibrium with
the folded conformers are increasing the amyloidogenicity of these variants by
exposing more of the hydrophobic residues to the surface.

On the ground our work, we have recommendations for the future studies

related to each of the projects in the following sections.
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6.2 Future Work

6.2.1 Improving the biocompatibility of the BSA hydrogels

Developing BSA hydrogels with a tunable lifetime and mechanical properties
is a new addition to previously developed protein and polymer hydrogels. It improvises
the previously discovered dissipative self-assembly reactions, primarily based on small
molecules. However, the high concentration of salts used for the preparation of these
hydrogels, as well as the use of relatively non-biocompatible fuel (DTT), prevents them
from being used for medical applications. The concentration of chaotropic salts used
for protein denaturation should be decreased to improve the biocompatibility of the
hydrogels. For that purpose, either a different approach for perturbation of protein
tertiary and secondary structure should be used, or the protein building blocks should
be engineered and recombinantly produced. The recombinantly produced protein
building block should be engineered to not adopt a fully folded structure and contain
several cysteine sites. Several examples of such proteins have been previously
engineered to be used as hydrogel building blocks with various chemical or physical
crosslinking methods. However, recombinant production and purification of proteins
are time-consuming and costly. So, it is more desirable to design new approaches to
perturb the folding of commercially low-cost proteins as a building block for these

hydrogels.

The first and most convenient method is to tune the reactions in a way that with
the least amount of denaturant, preferably urea, the ratios of fuels make the dissipative

self-assembly possible. For this purpose, quantitative kinetic studies should be done to
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determine fuel ratios. Previously, quantitative studies on chemically-fueled dissipative
assembly of small molecule cysteine derivatives that used HPLC have been published
(Figure 6.1)?*, which can be used as a starting point for more detailed kinetic studies
of these redox reactions.

The second approach is to use other forms of denaturants to perturb the proteins'
structure. It is known that the addition of ionic surfactants to the protein solutions
unfolds the proteins®*+3%4, Depending on the charge of the surfactant and protein, the
unfolding could or could not lead to the precipitation of the protein/surfactant
complex3®. Figure 6.2 illustrates an example of sodium dodecy! sulfate (SDS) induced
unfolding of Beta-lactoglobulin, which does not lead to precipitation due to the overall
negative charge of the complex. However, the use of surfactants for denaturation

proteins is limited due to the lack of biocompatibility of most ionic surfactants.
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Figure 6.1. Kinetic scheme used for modeling the reactions. Figure and caption reproduced
with permission from the supplementary material of the reference?'!.

In recent years scientist have developed examples of biocompatible ionic
liquid-based surfactants®°%3%” and magnetite nanoparticles coated with ionic liquid-
based surfactants®® which can be utilized as a potential protein denaturants in such

hydrogels.

SDS

=)

Native protein

S

Denatured protein
Figure 6.2. 1. Schematic description of denaturation of proteins by surfactant. Figure and

caption reproduced with permission from reference3®

6.2.2 FCS-FRET on a different globular amyloid-forming protein

The results of the FCS-FRET experiments were consistent with our hypothesis
about the role of conformational fluctuations between substates of g, M and its link to
the higher amyloidogenicity of its variants. However, similar experiments need to be
done to provide supporting results supplemental to what we generated on 8,M. Table
6.1, from the work of ladanza et al>*?., provides information regarding the number of
amino acids and the structure of several disease-causing proteins. Repeating FCS-
FRET measurements on at least one protein in each category of diseases with different

molecular weights could provide additional support to our current results.
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Table 6.1. Protein precursors associated with amyloid disease. Table reproduced with

permission from reference

Disease

Neurodegenerative diseases
Alzheimer disease

Familial encephalopathy with
neuroserpin inclusion bodies

Various neurodegenerative disorders
Neuroferritinopathy
Spongiform encephalopathies

Parkinson disease
Dementia with Lewy bodies

Frontotemporal dementiawith
PFarkinsonism

Amyotrophic lateral sclerosis

Huntington disease
Spinacerebellar ataxias
Spinocerebellar ataxia 17

Spinal and bulbar muscular atrophy

Hereditary dentatorubral-
pallidoluysian atrophy

Familial British dementia

Familial Danish dementia

242

Aggregating protein or peptide

Amyloid-P peptide

Neuroserpin

Actin
Ferritin

Prion protein or fragments thereof

a-Synuclein
a-Synuclein

Tau

Superoxide dismutase

Huntingtinwith polyQ expansion
Agaxins with polyQ expansion
TATA box-binding protein with polyQ exparsion

Androgen receptor with polyQ expansion

Atrophin 1 with polyQ expansion

ABri
ADan

Non-neuropathic systemic amyloidoses

AL amyloidosis

AH amyloidosis

AA amyloidosis

Familial Mediterranean fever

Senile systemic amyloidosis

Familial amyloidotic polyneuropathy
Haemaodialysis-related amyloidosis
ApoAl amyloidosis

Apoall amyloidosis

ApoAlV amyloidosis

ApoCll amyloidosis
ApoClllamyloidosis

Finnish hereditary amyloidasis
Lysozyme amyloidosis

Fibrinogen amyloidosis

Icelandic hereditary cerebral amyloid
angiopathy

Non-neuropathic localized diseases
Type lldiabetes

Aortic media amyloidosis

LECTZ2 amyloidosis

Localized cutaneous amyloidosis

Immunoglobulin ight chains or fragments
Immunoglobulin heavy chains or fragments
Fragments of serum amyloid A protein
Fragments of serum amyloid A protein
Wild-type transthyretin

Mutants oftransthyretin

B,-Microglobulin

N-terminal fragments of ApoAl
N-terminal fragment of ApoAll

N-terminal fragment of ApoAlV

ApoCll

ApoClll

Fragments of gelsolin mutants

Mutants of lysozyme

Variants of fibrinogen a-chain

Mutant of cystatin C

lslet amyloid polypeptide (also known as amylin)
LactadherinC 2-like domain
Leukocyte cell-derived chemotaxin 2

Celactin 7
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MNumber of
amino acids

40 or 42
410

-400
175 0r 183
253

140
140
352-441

153
3144

&16

339

919

1,185

23
23

~220
Te-104
T-104
127
127

99

98
=70
79
79
71
130
27-81
120

37
50
151

136

Native structure of protein or peptide

Natively unfolded

a+p

Mostly a,some b
Alla

Natively unfolded (residues 1-120) and
a-helical fresidues 121-230)

Natively unfolded
Natively unfolded
Natively unfolded

AllB, immuneglobulin-like

The polyQ-containing region is largely
unstructured

AllB, AXH domain (residues 56 2-694);
therest are unknown

a+ P, TBP-like (residues 159-339);
unknown (residues 1-158)

All @, nuclear rece pror ligand-binding
domain(residues 660-919); the rest are
unknown

Unknown

Natively unfolded
Natively unfolded

AlLB, immunoglobulin-like
AlLB, immunoglobulin-like
All e, unknown fold

All e, unknown fold

Al B, prealbumin-like

All B, prealbumin-like
AllB, immunaglobulin-like
Natively unfolded
Unknown

Unknown

a+unstructured
a+unstructured

Natively unfolded

a+p, lysozyme fold
Unknown

a+p, cystatin-like

Natively unfolded
Unfolded

Unknown

AlLB



6.2.3. Thermodynamic/kinetic modeling

The first recommended theoretical work is to use the Gaussian approximation
equations developed by Gopich and Szabo 3% to analyze FRET efficiencies collected
from multistate molecules. Due to the complexity of the models, the equations are not
provided here. Please refer to the reference.

Second, the suggested thermodynamic model in section 5.1 can be used for
developing thermodynamic predictions about fluctuation-induced nucleation and
microphase separation. The recent and novel works published on phase transitions
affected by molecular interconversion®®® and interconversion-controlled liquid-liquid
phase separation for chiral molecules®' provide compelling examples of phase
separations affected by molecular interconversion. However, the presence of solvent

makes the modeling more complicated for biological systems.
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Nikfarjam, S., Ghorbani, M., Adhikari, S., Karlsson, A., Jouravleva, E., Woehl T.,
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Colloid J 81, 546-554 (2019).

Nikfarjam, S., Jouravleva, E.V., Anisimov, M.A., Woehl, T. J. Effects of Protein
Unfolding on Aggregation and Gelation in Lysozyme Solutions. Biomolecules 10,
1262 (2020).

Licausi, M.; Vervier, A.; Nikfarjam, S.; Woehl, T. J. Interferometric Scattering
Microscopy of Albumin-Bound Paclitaxel Nanoparticles. Microscopy and
Microanalysis 2022, 28 (S1), 1424-1426.
https://doi.org/10.1017/S1431927622005797.

Nikfarjam, s., Gibbons, R., Burni, F., Raghavan, S., Anisimov, M., Woehl, T.
“Chemically Fueled Dissipative Assembly of Protein Hydrogels Mediated by Protein
Unfolding” Under review.

G. Chandel, J. Sun, S. Etha, B. Zhao, V.S. Sivasankar, S. Nikfarjam, M. Wang, D.
Hines, A. Dasgupta, T.J. Woehl, S. Das, "Direct Visualization of Nanoparticle
Morphology in Sintered Nanoparticle Ink Traces and the Relationship Between
Nanoparticle Morphology, Incomplete Polymer Removal, and Trace Conductivity,"”
Under review.

B. Zhao, V. S. Sivasankar, S. K. Subudhi, S. Sinha, S. Nikfarjam, T. J. Woehl, S.
Das, "Three-Dimensional Deposits from Drying Particle-Laden Drops,” Under

review.
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Presentations

Oral Presentation at XXII International Conference on Chemical Thermodynamics in
Russia

Title: Nature of Mesoscopic aggregates in Solutions of Lysozyme (June 2019)
Poster Presentation at Chemistry and Physics of Liquids, Gordon Research
Conference

Title: Nature of Mesoscopic aggregates in Solutions of Lysozyme (August 2019)
Oral Presentation at 95th ACS Colloid and Surface Science Symposium (Virtual)
Title: Chemically Fueled Assembly of Protein Hydrogels Driven by a Redox Cycle
(June 2021)

Oral Presentation at 2022 Biophysical Society Annual Meeting (Will present)
Title: Chemically Fueled Assembly of Protein Hydrogels Driven by a Redox Cycle
(February 2022)

Oral presentation at 96th ACS Colloid and Surface Science Symposium

Title: Chemically Fueled Dissipative Assembly of Protein Hydrogels Mediated by

Folding State (July 2022)
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