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An anomalous class of mesoscopic aggregates have previously been observed
in solutions of lysozyme. These aggregates are thought to play an important role in
nucleation of protein crystals and ordered protein aggregates, like amyloid fibers.
Mesoscopic aggregates are currently thought to be in thermodynamic equilibrium with
the protein solution, where transient oligomers of partially unfolded lysozyme
monomers are thought to be the formation source of these aggregates. However, there
is little experimental evidence to back up this proposed formation mechanism and
thermodynamic behavior. Specifically, the effects of temperature on these aggregates
and their thermodynamic reversibility have not been systematically tested. In this
thesis, we investigate the equilibrium nature and the formation source of mesoscopic
aggregates in solutions of model protein, lysozyme. We tested the effects of
temperature on aggregate size and concentration and the aggregate reversibility after
removal by systematic filtration. We used light and x-ray scattering and
chromatography to experimentally characterize the aggregates during this study. Our
findings indicate that mesoscopic aggregates are minimally sensitive to temperature
changes and do not reform after removal by filtration. Together, these results indicate
that mesoscopic aggregates are not in thermodynamic equilibrium with protein
monomers or oligomers in solution. Overall, our experimental results contrast the
current accepted formation mechanism of these mesoscopic aggregates and suggest
they instead form due to contaminants present in solution or a sub-population of

partially unfolded proteins.
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Chapter 1: Introduction

1.1. Background

1.1.1. Importance of Protein Aggregation

Aggregation phenomena in protein formulations is generally undesirable because
it alters the original properties of the solution. The issue of protein aggregation is
important for the biomanufacturing of protein therapeutics, both in development and
commercialization stages (Wang & Roberts, 2018). Both reversible self-association
and irreversible aggregation matter in development of therapeutics in two ways. First,
highly concentrated proteins have a propensity to form aggregates, which negatively
impacts therapeutic effectiveness and quality of therapeutics, negatively impacting
patients’ health (Dekel et al., 2017; Wang & Roberts, 2018). Large numbers of
aggregates or formation of interlinked networks increases the viscosity of therapeutics,
which is undesirable for manufacturing and administration to patients (Wang &
Roberts, 2018; Pathak et al., 2013). The immune response of a protein-based drug has
been shown to be exacerbated due to the existence of protein aggregates (Joubert et al.,
2016; Filipe et al., 2012; Freitag et al., 2015; Uchino et al.,2017). Biomanufacturing is
not the only circumstance where aggregate formation causes undesired consequences.
Amyloid diseases, such as Alzheimer’s Disease and amyloidosis, and sickle cell anemia

are also linked to protein aggregation in vivo (Alam et al., 2017).



1.1.2. Colloidal Aggregation

Colloids experience a combination of attractive and repulsive forces; the balance
of these forces determines the stability of the colloidal system (Kovalchuk & Starov,
2012). Aggregation of colloidal particles occurs when attractive colloidal forces
overcome repulsive forces. Derjaguin-Landau-Verwey-Overbeek (DLVO) theory
provides the physical basis for understanding colloidal interactions, which includes
Van der Waals attraction and electrostatic repulsion. Additional forces may influence
aggregation behavior of proteins, such as hydrophobic forces and more specific
biomolecular interactions.

In proteins, aggregation falls into two different categories: native state
aggregation and non-native state (Kotch, 2015). Self-association under certain
experimental conditions, such as pH, ionic strength, temperature, and protein
concentration, occurs between native state proteins (‘folded clusters’, Figure 1) (Kotch,
2015; Kramer et al., 2012). Surface charge, hydrophobicity and potential to form a-
helixes and [3-sheets are among the physical aspects of proteins that affect native state
self-association (Lauer et al., 2012; Roberts, 2014). Due to their amphiphilic nature,
some proteins such as ConA can form reversible tetramers near neutral pH which
disassociate by a change in pH from ~7.5 to ~5 (Silvers & Myers, 2013).

Unlike native aggregation, non-native aggregation is accompanied by partial
unfolding of the protein monomers. The Lumry-Eyring model describes protein
aggregation as a two-step process: (partial) unfolding of the monomers is a reversible

equilibrium reaction that occurs first, while aggregation of unfolded monomers
2



proceeds far from equilibrium via Kkinetic processes (Li & Roberts, 2010). Partial
unfolding reveals the hydrophobic core of the protein monomers, which induces
attractive hydrophobic forces leading to aggregation (Barnett et al., 2016). Hydrogen

bonds can further stabilize protein aggregates (Kotch, 2015).
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‘clusters’ G
o

g m

ﬁf @Z?@%z&? —Ph

Folded
(active)
monomer ? % /
o
“« ‘F\ & Soluble
g ) i Macro particles and agglomerated
! phase separation aggregates
Folded

‘clusters’

TRENDS in Biotechnaiogy

Figure.1.1. Possible pathways for non-native aggregation for multidomain proteins.
‘Hot spot’ sequences which tend to form strong irreversible inter-protein contacts
stabilizing the aggregates, are denoted by red arrows. Double arrows denote
effectively reversible steps. Single arrows denote irreversible steps. Figure and
caption reproduced with permission from (Roberts, 2014).
1.1.3. Kinetics of Protein Aggregation
Proteins are complex compared to polymers and traditional colloids, but basic

physical and chemical principles can be applied to understand their aggregation
behavior. Thermodynamically, folding of a polypeptide chain is an organizing event
requiring removal of the water molecules from residues forming the core of the folded

state. During folding, a decrease in enthalpy (AH) compensates the energy cost of the

water removal, which creates an entropic penalty (AS) (Equation 1.1). In folded state,
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the free energy (AG) is 5-20 kcal/mol more negative compared to the unfolded state
(Chi et al., 2003; Wang & Roberts, 2010; Dill et al., 2008).
AG = AH —TAS (1.1)

Based on the observed aggregation kinetics, a wide variety of mechanisms have
been suggested for justifying the formation of aggregates, each of which starts with
partial unfolding of the native state. To name these models: Monomer conversion,
oligomeric intermediates, nucleation in protein folding and domain swapping (Wang
and Roberts, 2010).

Figure 1.1 illustrates the relationship between self-association, aggregation,
folding, and unfolding. Depending of the conditions that promote aggregation, the
pathway can begin with either folded or unfolded proteins. Experimental and
theoretical research has indicated that in many cases of the aggregate formation in
proteins, reversible oligomers consisting of ten or less subunits of native or partially
unfolded monomers can act as a precursor (i.e. a nucleus) to aggregation (Wang &
Roberts, 2010). The population of these oligomers is typically too small to be quantified
(Young & Roberts, 2007). Monomers located inside the oligomers interact through
anisotropic colloidal forces. The dissociation equilibrium constant for these oligomers
is typically higher than those for larger multimers (Wei & Roberts,.2010). This process
leads to terminal formation of soluble self-associated protein oligomers, but does not
lead to formation of larger irreversible protein aggregates. The concentration of each

species in folded oligomers is thermodynamically controlled. The population of these



species is only dependent of concentration of the total protein at constant temperature,

pressure and solvent conditions (Young & Roberts, 2009).

1.1.4. Lysozyme as A Model System

Lysozyme is a small single domain enzyme that is among one of the most well-
characterized proteins due to its wide availability and ability to act as a model protein
for many systems. Lysozyme shows interactions similar to those of monoclonal
antibodies, which makes it a good model protein with simpler structure and shape
(Dharmaraj et al., 2016). Lysozyme has a net positive surface charge; however, due to
non-uniformities of the surface charge and hydrophobicity, lysozyme can have a
combination of attractive short-range interactions and long-range repulsion (Dharmaraj
etal., 2016).

The primary structure of lysozyme consists of a single polypeptide chain
containing 129 amino acids and molecular weight of 14.4 kDa (Abeyrathne at al.,2014).
Lysozyme has an elliptical shape with dimensions of 3.0 x 3.3 x 4.5 nm (Whitford,
2016). The isoelectric point of the lysozyme is at pH = 11.35, which is considered a
high value relative to other proteins (Vorontsova et al., 2015). This high pKa gives

lysozyme a positive surface charge at neutral pH.

1.2.  Summary of The Thesis
The outline of the thesis is as follows. Chapter 2 describes the theory behind light

and x-ray scattering techniques utilized to characterize protein aggregates in this thesis.
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We present a theoretical treatment of dynamic light scattering (DLS), beginning with a
description of self-diffusion in colloidal systems. We then present a theoretical
treatment of small angle x-ray scattering (SAXS), including its use for measuring
particle size and interparticle interactions. In Chapter 3 we investigate the cause of
formation, effects of temperature, and reversibility of mesoscopic aggregates in
concentrated lysozyme solutions. We systematically varied solution temperature and
the size of filter used on the protein solution and utilize DLS and SAXS to characterize
the size and relative concentration of mesoscopic aggregates. After removal of
aggregates by filtration, we stimulate reformation of the aggregates by increasing the
temperature, addition of denaturants, and sonication. Lastly, we utilize size exclusion
chromatography (SEC) to test a current theory that dimers are the source of the protein
aggregate formation. Finally, in Chapter 4, we summarize the thesis and present several
avenues for future research on this topic. These include investigating the source of
mesoscopic aggregates and their composition.
In this thesis, we will answer the following research questions:
. Are mesoscopic protein aggregates in thermodynamic equilibrium with
monomers or oligomers in solution?
o What is the effect of temperature on the size and concentration of mesoscopic
lysozyme aggregates?
o Will mesoscopic aggregates reform if removed from solution?

o Do oligomers form in concentrated solutions of lysozyme?



Chapter 2: Fundamentals of Light and X-ray Scattering

The two predominant experimental techniques used to investigate protein
aggregation in this thesis are dynamic light scattering (DLS) and small angle x-ray
scattering (SAXS). Here we review the fundamental principles of DLS and SAXS. We
describe instrument setup, fundamental underlying scattering physics, thermodynamics

of these related scattering methods, and the information provided by each technique.

2.1.  Dynamic Light Scattering (DLS)
2.1.1. 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 (Russel et I., 1991):

_ kgT
- 6mnD

R (2.1)

Where, kg is Boltzmann’s constant, T is the temperature, and n is the kinematic
viscosity of the solvent.
As evidenced in equation (2.1), 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
it is irradiated with visible monochromatic light of high spatial and temporal coherence.
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 (Stetefeld et al., 2016) (Figure 2.1).

Laser

N\

Time @

Laser

S
Figure 2.1. Hypothetical fluctuation of scattering intensity of larger particles and

smaller particles. Figure and capture reproduced with permission from (Li and
Baron)

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):
(Berne &Pecora, 1976; Kensal et al., 2006),

G,(t) = (I(DI(t + 1)), (2.2)
where 7 is the lag time between two time points. The normalized autocorrelation

function can be written as:

_ a@it+1))
92(0) == (2.3)

The braces in equations 2.2 and 2.3 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 ..
g(1) =1+ e (2.4)
The decay rate, T, is proportional to the diffusion coefficient of the particles and
is the inverse of the decay time, 7., where
I'=Dqg?. (2.5)

4mn

Here q = (T) (g) is the wave vector, n is refractive index, A is the laser

wavelength, and 6 is the scattering angle (Harding, 1999). For spherical particles or
solutes, the corresponding particle size can be determined by converting the diffusion
coefficient to hydrodynamic radius using equation 2.1 and the known solution

Viscosity.



In our experiments, the heterodyne technique (which employs dual frequencies)

is used, which is suitable for small intensities. Equation (2.5) 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

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 = 2Dq? (2.6)

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

decay time . can be represented by (Burchard 1983):

g2(t) = b[1 + cexp (— TL)] (2.7)

C

Where Ti is equal to 2Dg>T.

The baseline (accidental) correlation level b is proportional to the total scattered
light intensity (I). Figure 2.2 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.
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Figure 2.2. Schematic autocorrelation function of the intensity of scattered light.
Figure and caption reproduced with permission from (Yudin et al, 1997).
2.1.2. 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 2.3). A multi-angle dynamic and static light scattering instrument is
used for the experiments in this thesis (Photocore Complex). The laser source isa TEC
stabilized diode laser 650 nm with 30 mW of power. The scattering angle was fixed at
6 = 30° and the duration of the measurement is 1 hour for each sample (120 repetitions

of 30 second frames).

Sample solution

Laser
Incident beam _

Detector

b

Time

Intensity

Figure 2.3. Schematic representation of the optical setup of a DLS system.
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2.2.  Small Angle X-ray Scattering (SAXS)

2.2.1. Background

SAXS is an analytical method for characterizing the nanostructure of complex
liquids and solids containing nanosized particles or domains. In SAXS, a
monochromatic, collimated x-ray beam is transmitted through a thin sample (1 — 100
pm). The x-ray beam diffracts and scatters off particles or domains to produce a
diffraction pattern. The x-ray beam in 1 mm in diameter, thus SAXS yields an ensemble
averaged structure of the sample being measured. SAXS is highly accurate, non-
destructive, and requires a relatively thin sample (Schnablegger, 2013). The most
significant application of SAXS is linked with the studies of the angular dependence of
scattering. Scattering t the very small-angle range is strongly influenced by the size of
domains in the samples, while scattering to larger angles is dependent on the shape of
particles (Kensal et al., 2006). The Thomson formula for scattering from a single

electron is the fundamental relation for SAXS and can be expressed as:

¢ 14+cos 20
r2 2

Ie = IO' (28)
where lg is the intensity of upcoming x-rays, 26 is the angle of observation, le is the

intensity of scattered x-rays, r denotes to the distance between the electron and the
2
detector, and ro is the electron radius % = 2.817 = 107> m (Weiss, 2016).

According to Debye (Debye 1915), scattering from an ensemble of atoms with

known atomic positions yields the scattering intensity as a function of wave vector:

SiquRi]’

fifj
@) = Tz,
12
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The above summation goes over all atoms constituting the scattering object.

Where R;; is the distance between the atomic pairs i and j, g is wave vector. f; is called

scattering length of the atom and | describes the amount of scattered intensity by that

atom (Chaudhuri et al., 2017).
In SAXS, distances are measured based on the wavelength of the x-ray source.

The SAXS scattering pattern is usually shown as a function of g, the scattering vector:
q = “sin(¢) (2.10)
Information about the size, shape, and structure of the sample by calculation of
radius of gyration can be extracted from Guinier, Fourier, and Porod region in the
SAXS profile. By fitting a line to the natural log of the intensity as a function of
q*(scattering vector) in the Guinier region, the radius of gyration (R,) can be
calculated. R, is affected by the existence of aggregated particles and polydispersity,
and errors in subtraction of background or buffer (Boldon et al., 2015).

Size Shape Surface

log[ A(q) ]

Guinier
|}

v v v o0

Radius of Gyration / Cross-section Structure / Surface per Volume

IR 1

Figure 2.4. Regions of SAXS profile. Figure and caption reproduced from. Figure
and caption reproduced with permission from Boldon et al., 2015).
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Figure 2.4 depicts the three regions of the SAXS profile. The Guinier region
contains information giving the radius of gyration, while information regarding the
surface per volume of particles can be extracted from the Porod region. Using a Fourier-
transformation in the Fourier region of the SAXS profile, shape of the particles can be
approximated.
2.2.1.1. The Form Factor

The square of the sum of all wave amplitudes from each particle/domain un the
sample at the detector leads to an interference or scattering pattern. When the pattern
oscillations are indicative of the shape and size of the particles, it is known as “form
factor, P(q)”. The SAXS pattern corresponds to the form factor of a single particle
when the particles are monodisperse, and sample is dilute enough that particles do not
interact, i.e. I(q) = P(q).
2.2.1.2. The Structure Factor

In densely packed particle systems, the scattering due to interparticle and
intraparticle structure have similar orders of magnitude and the SAXS pattern contains
information from both types of scattering. This SAXS pattern therefore has
contributions from the form factor and the structure factor, which encompasses
scattering due to interparticle structures, viz. I(q) = p(q)S(q), where S(q) is the
structure factor. The structure factor encompasses x-ray scattering due to both short
and long-ranged order in materials. The characteristic equation describing a SAXS

pattern is as follows:

Al(q) = K-P(q)-5(q) (2.11)
14



Where K is a constant dependent on contrast (difference between electron densities of
the discontinuous and continuous phases), illuminated sample volume and

concentration among others (Schnablegger., 2013).

100

—

Figure 2.5. The red line is the SAXS profile of a concentrated arbitrary particle
dispersion, which is the product of the form factor (green) and structure factor (blue)
lines. Figure and caption reproduced from (Schnablegger., 2013).
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2.2.2. Data Interpretation
2.2.2.1.Resolution
The detectable size range in SAXS experiments is limited by the sample to

detector distance, wavelength of x-ray used, and detector noise. These values (gmin and

max) determine particle characteristics between D, and Dygy. Dmin= ——

dmax

and

Dpnax= q;ﬁ (Schnablegger., 2013).

2.2.2.2.Radius of Gyration
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Sample properties like molecular mass, radius of gyration, hydrated particle
volume and polydispersity can be measured with SAXS. All parameters are extracted
from model fits of the processed SAXS data. The initial and the most basic model fit is
a Guinier analysis, which is used to extract scattering intensityatq = 0,i.e.1(0), and

the radius of gyration, R, (Guinier, 1939).

1(q) = 1(0) exp (—gquz) (2.12)
This is done by plotting the SAXS data as a Guinier plot, which linearizes the SAXS
data at low q by plotting in{I(q)} versus g2 1(0) and R, can be simply extracted from

the y-axis intercept and slope, respectively (Figure 2.6).

4.2}
< Vertical intercept = In(/(0))
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Figure 2.6. A line (red) is fitted to the low-q region of a Guinier plot (black), such
that the maximum ¢ to be included in the fitis q < 1.3/ R,. The linearity of the fitted

region is determined by the flatness of the residuals (green). R, is derived from the

slope, and 1(0) is derived from the vertical intercept. Figure and caption reproduced
with permission from (Skou et al., 2014).

16



The lower limit of Guinier region is restricted by instrument noise, while the upper

limit is determined by qp,qx < 1.3/R4 (Haydyn et al., 2010).

2.2.2.3.Pair Distance Distribution Function

To gain more information about structure of particles in the system the pair
distance distribution function (PDDF) p(r) can be determined. The PDDF is the
distribution of intraparticle distances. dmax IS the maximum diameter in the particle.
This function includes information about the shape of molecules. The I(q) and P(r)

are related by (Debye, 1915; Liu at al., 2012; Koch et al., 2003, Weiss, 2016):

I(q) — fodmax P(r) Zl:l(qr) dr (213)

Inverse transformation leads to:

p(r) = 4 [~ qri(q) sin(qr) dq (2.14)
Globular: N .-"/-_-.\\‘-. D
D1 0.0 / i
T
Cylindrical: L I."I L\H L
= 0.0 i .. l
Lamellar: }‘;.( ,I/ \ Dy
0.0 "lf \l

Figure 2.7. pair distance distribution of particles, globular particles can be identified
from the bell-shaped PDDF, figure 2.7. reproduced with permission from
(Schnablegger et al., 2013).
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2.2.2.4.Interparticle Interactions

The structure factor S(q) includes information about colloidal scale interparticle
forces. The Coulomb interaction and the Van-der-Waals interactions are some
examples of forces existing between particles in a solution. In a dilute dispersion of
particles, we can neglect the effect of multiparticle scattering is negligible and the
structure factor mainly arises from two-particle scattering interference, according to
Zimm’s analysis of dilute macromolecule dispersions (Zimm, 1948). The mathematical
form of structure factor reflecting the dependence on both solute concentration and
interaction strength, is: S(q,c) =1—¢&P(q) where, & depends on the particle
concentration c, the osmotic second virial coefficient Az, and molecular weight of
scatterers. A positive value of A, is indicative of repulsive interaction, while negative
values indicate interparticle attraction. We can rewrite S(q, c) by substituting ¢ =
2A,cM,,. The osmotic second virial coefficient A,, and second virial coefficient B,
(obtained from statistical mechanics) are directly dependent. By taking an integral
measure of the pair interaction potential u(r), between particles in solution, B, can be

calculated.

u(r)

B, = A,v, (%—f) =2 (e_ﬁ — 1) r2dr (2.17)

Where N, is Avogadro’s number, r is the center-to-center particle separation, and v, is
the ratio of the solvent and protein molar volumes (Zamora & Zukoski, 1996; Davis,

1996).
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At low q or the Guinier region, the attractive and repulsive colloidal interactions
can result in deviations from the particle form factor, P(q). A modified Zimm analysis

written to extract A, from SAXS:

1 K
My.c 15(0,q)

— 24, (2.18)

Where K is an optical constant (Zimm, 1948; Zamora & Zukoski, 1996; Davis, 1996;
Saunders & Korgel, 2004).
2.2.3. Instrument

SAXS instrument is comprised of an x-ray source, a collimation system, sample
holder, beam stop and a detection system. The radiations from the sample particles goes
to the detector at different angles. The collimation system is responsible for making the
beam narrow and defining the zero-angle position. The beam stop protects the detector
from intensive incident beam (Schnablegger., 2013).

Here to run our SAXS experiments, we used a Xenocs Xeuss small angle x-ray
scattering system. The system is equipped with a 5 Meter slide system with CuKa
(wavelength = 1.5406 A) sealed 30W tube high brightness micro-focus source, Parallel
beam optics and scatterless slits with automatic alignment, 300K Dectris Pliatus
detector for small angle scattering with a minimum g = 0.0045A%, 100K Dectris Pilatus
detector for wide angle scattering (up to about 45°20), and Linham stage controlling

temperature from about -100°C to 250°C.
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Chapter 3: Characterization of Mesoscopic Aggregates in
Lysozyme Solutions

Study of protein stability in solutions is important for better understanding the
pathogenesis of diseases caused by abnormal protein folding and aggregation.
Lysozyme is known to form mesoscopic aggregates (30-100 nm radius) in concentrated
solutions (>30 mg/mL), however the origin and thermodynamic status of these
aggregates remain unclear. In this work we have investigated the effects of
concentration, filtration, and temperature on the sizes and relative amount of mesoscale
aggregates in solutions of lysozyme. We have used dynamic light scattering (DLS),
small-angle X-ray scattering (SAXS), and size exclusion chromatography (SEC).

Mesoscopic protein aggregates were commonly thought to be in equilibrium with
protein monomers in solution, resulting from a reversible self-assembly of the
monomers. We instead show that systematic filtration through 20 nm pore size filters
completely removes the aggregates from solution. The aggregates do not reemerge.
Without filtering, the relative number of monomers decreases with increasing solution
temperature, indicating formation of more aggregates. SEC has been used to search for
the presence of lysozyme dimers, which have been previously hypothesized to be
related to the formation of mesoscopic aggregates, however SEC has not detected
dimers in solutions of filtered or unfiltered lysozyme. Taken together, our results
strongly suggest that the mesoscopic aggregates in lysozyme are not caused by
reversible self-assembly of lysozyme monomers and are not an intrinsic property of
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lysozyme monomers in their native state. We hypothesize that the lysozyme
aggregation is likely due to some impurities in lysozyme introduced during purification

or lyophilization and/or to traces of misfolded lysozyme.

3.1.  Overview and Introduction

Aggregation of peptides and proteins has gained much attention due its
implication in the pathogenesis in a variety of neurodegenerative disorders (Siddiqi et
al., 2017). Proteins undergo various intermediates during folding before reaching the
biologically active or native conformation. In some cases, these intermediates lead to
misfolded conformations, possibly resulting from genetic mutations (Ellis et al., 2006).
Since the energy barrier separating native and non-native states of proteins is small,
proteins can misfold under stress conditions (Dobson, 2003, Jahn et al., 2005). Stresses
such as heat, pH, shear, surfactants, and denaturants are capable of driving proteins to
form partially unfolded intermediates leading to aggregation (Siddiqi et al., 2017).
However, proteins in their native conformation will form condensates in which crystals,
fibrils, or dense liquids are found (Vekilov et al., 2017). Some proteins, in particular
lysozyme, form mesoscopic (~100 nm) aggregates in a macroscopically homogenous
phase where most of the protein molecules should be folded (Pan et al., 2010, Li et al.,
2012, Gliko et al., 2007, VVorontsova et al., 2015, Safari et al., 2017, Byington et al.,
2018). The aggregates are hypothesized to be amorphous protein-rich clusters,

however, there is no direct observation of their structure. Based on a hypothesized
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structure of aggregates of partially unfolded lysozyme in the presence of urea, Pan et
al. estimated the concentration of lysozyme inside the clusters to be at least ~50 wt %
(Pan et al., 2010). In case of lysozyme as a model protein, the diameter of these
mesoscopic clusters ranges from 100 to 200 nm, where each contains 10* — 10°
protein molecules. Compared to total soluble protein, the mesoscopic clusters
constitute about 107> — 10~3 number fraction, a very small fraction of total soluble
protein in the solution (Safari et al., 2017). It was also believed that mesoscopic clusters
of lysozyme are reversible and in constant exchange with protein monomers in the host
solution (Safari et al., 2017; Vorontsova et al., 2015).

Yamazaki et al. have claimed that these aggregates are amorphous and potentially
serve as nucleation sites for protein crystallization in solution when the solution
condition is far away from liquid-liquid coexistence region and well above the
crystallization line (Pan et al., 2010, Yamazaki et al., 2016). Moreover, others have
claimed that the volume fraction of clusters is related to thermodynamics of solutions,
while the size of clusters is explained by protein complexes (Pan et al., 2010). The
complexes are thought to be weakly-bond dimers, trimers, or tetramers of lysozyme (Li
at al., 2015, Byington et al., 2016 and 2018, VVorontsova et al., 2015).

However, there is little evidence that lysozyme mesoscopic clusters are formed
by reversible self-assembly of lysozyme monomers. In this work we have tested the
hypothesis of the reversible nature of mesoscopic aggregation in solutions of lysozyme.
We have shown that systematic filtration through 20 nm filter pores completely

removes the aggregates from solution. The aggregates do not reemerge. Our results
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suggest that the mesoscopic aggregates in lysozyme are not caused by reversible self-
assembly of lysozyme monomers in their native (folded) state, and instead they are

formed due to irreversible aggregation of contaminated or partially unfolded proteins.

3.2. Materials and Methods

3.2.1. Materials

Lyophilized powder of lysozyme (M,, = 14 kDa) was obtained from three
sources: ThermoFisher Scientific (20,000 units/mg solid), Sigma Aldrich
(~100000 units/mg solid), and MP Biomedical (crystallized powder, >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. Syringe filters with PES
(polyethersolfune) membrane and pore sizes 0.1 and 0.22 um were purchased from
VWR while Whatman Anotop 25 filters with 0.02 um pore size were purchased from
Sigma Aldrich. Lysozyme powder was dissolved by gently swirling in 20 mM HEPES

buffer with pH adjusted to 7.8 by addition of 12 M HCI.

3.2.2. Sample Preparation

Protein concentration in the samples ranged from 5 to 60 mg/mL. After the
sample preparation the solutions appeared cloudy due to the presence of insoluble
macroscopic aggregates. Then these samples were filtered through 0.22 um PES filter
following a previously established procedure [2, 4, 5]. For further investigation of the

nature of lysozyme aggregates, we subsequently filtered the solutions through 0.1 um
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and 0.02 um filters. To minimize the applied shear stress during the fine filtration
through 0.02 pum pore size filters, an RHV low flow pump was used. Protein
concentration was measured with a ThermoFisher Nanodrop 2000 UV spectrometer,
using absorption at 280 nm and the extinction coefficient of lysozyme (36000 M-tcm
1. A Neslab RTE-100 Refrigerated Bath Circulator was used to adjust the temperature
for DLS measurements. Each sample was held at a target temperature for 1 hour for
thermal equilibration. For SAXS and SEC measurement, the buffer was degassed by
high speed stirring under vacuum prior to addition of protein. SAXS measurements
were taken of each solution using a flow cell. The SEC elution buffer (PBS) was filtered
and degassed. Samples were dialyzed in degassed filtered HEPES buffer for 48 hours

prior to SAXS measurement.

3.3.  Results

Detection of lysozyme monomers and aggregates. The objective of this study
was to understand the origin and nature of mesoscopic aggregates present in highly
concentrated (> 30 mg/mL) solutions of hen egg white lysozyme. DLS was used to
determine the relaxation modes associated with the lysozyme monomers and
mesoscopic aggregates. We measured the decay rates of these modes in solutions with
lysozyme concentrations ranging from 4 to 60 mg/mL under 5 different scattering

angles from 30 to 135°. In concentrated solution (¢ > 30 mg/mL) we commonly

24



observed three relaxation modes with the corresponding rates, I, I'z1, and .5, hence

the DLS correlation function can be approximated as

0.(7) ~1= (A, exp(-T,) + A, exp(-T ;) + A, exp(-T;,))*  (3.2)
First, we tested whether the observed relaxation modes are diffusive. If the
relaxation mode is associated with Brownian diffusion, the decay rate should be
proportional to square of the light scattering wave number as shown in equation (2.6).

Indeed, as shown in Fig. 1, all observed decay rates vary linearly with g2.
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Figure. 3.1. Decay rates observed in a 60 mg/mL solution of lysozyme at 25 -C
as a function of the square of the wave vector. (a) The diffusion rate of lysozyme
monomers. (b) The diffusion rate of lysozyme aggregates: black diamonds are for
smaller aggregates and purple crosses are for the larger aggregates.

The size of lysozyme monomers in dilute solution. The measurements of the

monomer diffusion coefficient in dilute solutions show that the hydrodynamic radius

of lysozyme (R_(h,m)=1.85+£0.05 nm) calculated from the Stokes-Einstein relation
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(2.1), within experimental errors, does not depend on concentration in the range
between 4 to 8 mg/mL. This indicates that in this concentration range that we measure
the actual size of undisturbed lysozyme molecules that do not mutually interact with
neighboring molecules. However, at higher concentrations the apparent hydrodynamic
radius gradually decreases with the increase of concentration (Figure 3.2), a well-
known phenomenon in physical chemistry of polymer solutions (Zheng et al., 2018). If
the solution is not dilute, the protein monomers interact, and the size calculated from
the Stokes-Einstein relation (2.1) cannot be interpreted as hydrodynamic radius of
individual protein molecules. The concentration that separates the dilute and semi-

dilute regimes, is indicated in Figure 2.1 by a dashed vertical line.
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Figure 3.2. Effective hydrodynamic radius of native lysozyme monomers as a
function of concentration at 25 °C. The concentration ~9 mg/mL corresponds to the
transition from dilute to semi-dilute regimes. Red dotted lines indicate the corridor
for experimentally obtained values for lysozyme hydrodynamic radius in different
solution conditions (Parmar et al., 2009).
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We have also measured the radius of gyration, R,, of lysozyme monomers with

SAXS and compared it with the hydrodynamic radius of monomers obtained with DLS.
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Figure 3.3. SAXS scattering intensity as a function
of the wave number in the solution of 6 mg/mL lysozyme

at 25 °C. The green dashed line is a Guinier fit according
toeq 2.12.

The radius of gyration determined from SAXS was R, = 1.49 nm (+0.01). For
a globular protein molecule, aratio R, /R, ~ 0.775 is expected [14]. This ratio obtained
from our measurements is 0.8 + 0.03, which is in agreement with the expected value.
Second virial coefficient in solutions of lysozyme. We have investigated two-body
interparticle interactions using a modified Zimm analysis and SAXS as described in
section 2.2.2.4 to calculate osmotic second virial coefficient of lysozyme monomers

under our experimental conditions (T = 25 °C, 20 mM HEPES buffer and pH 7.8). We
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prepared a series of dilute lysozyme solutions with concentrations between 1 — 6
mg/mL, each filtered with 0.22 um syringe filters. SAXS measurements were taken of
each solution using a flow cell. After background subtraction to remove the

contribution from the buffer, we performed a Guinier analysis to determine the
scattering at ¢ = 0, I,. Based on equation 2.17, plotting ﬁ against ﬁ gives the

second osmotic virial coefficient as the y-intercept of this plot (Figure 3.4). We

cm3mol
g2

measured a positive value of A, = 110 * 107> [ ] for the second osmotic virial

coefficient, which indicates presence of repulsive interactions between lysozyme

monomers.
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Figure. 3.4. Zimm plot obtained from a Guinier analysis of the SAXS data for dilute
solutions of lysozyme at 25 °C. The osmotic second virial coefficient, A,, was
extracted from the y-intercept of the red line via the Zimm equation.
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Size of mesoscopic aggregates. Mesoscopic aggregates were observed in solutions
with lysozyme concentration ranging from 30 to 60 mg/mL. Figure 3.5 (a and b) shows
the autocorrelation functions at 25 °C and 35 °C for a 60 mg/mL lysozyme solution
filtered through a 0.22 um syringe filter. The correlation function is not a single-
exponential. A distribution analysis reveals three diffusion modes: a fast mode
corresponding to diffusion of protein monomers and two slower modes belonging to
mesoscopic aggregates with radii of ~30 nm and ~100 nm. Even though the mesoscopic
aggregates strongly contribute to the intensity of scarred light, their number in the
scattering volume is much smaller than the number of monomers. Therefore, the
Stokes-Einstein relation can still be used to obtain the hydrodynamic radius of
aggregates because concentrated solutions of monomers can be considered as dilute
with respect to mesoscopic aggregates. Increasing temperature led to a slight decrease
in number of monomers relative to amount of aggregates. Figures 3.5¢ and 3.5d shows
the correlation function in the same solution after subsequent filtration through a 0.1
um pore size filter. The correlation function shows a significant change in the shape at
longer delay times (Figure 3.5¢) due to removal of mesoscopic aggregates with the
sizes larger than 0.1 um (Figure. 3.5d). Correspondingly, the amplitude associated with
the relative amount of the larger mesoscopic aggregates decreased. Incidentally, in both
cases, increasing the temperature causes formation of more aggregates at expense of

lysozyme monomers.
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Figure 3.5. DLS correlation function (left) and particle size distribution (right) obtained
for a 60 mg/mL lysozyme solution filtered through a 0.22 um pore size filter (a,b) and

0.1 um pore size filter (c,d).

We have tested lysozyme solutions purchased from three different vendors and

found that the amount of the mesoscopic aggregates is strongly source dependent. The

distribution of monomers and aggregates present in these solutions is shown in Figure

3.6. Although the sizes of the aggregates for all three samples are similar (30 -100 nm),

the relative population of monomers and aggregates is different. The lysozyme
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purchased from Thermofisher showed the smallest amount of aggregates relative to

monomers, compared to the other vendors.
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Figure. 3.6. Intensity distribution of lysozyme monomers and aggregates in 60
mg/mL solutions, with lysozyme acquired from different sources.

Lysozyme solutions prepared from different batches supplied by the same

vendor exhibited different distributions of aggregates, as demonstrated in Figure 3.7.
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Figure. 3.7. DLS correlation function (g,) obtained for a 60 mg/mL lysozyme
solution for two different batches of the same brand (Thermofisher).
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Figure 3.8 shows the DLS correlation functions for a 60 mg/mL solution filtered
through 0.02, 0.1, and 0.22 um syringe filters. Analysis of the correlation function for
a fine-filtered sample (0.02 um) yielded a particle size distribution with a single peak
corresponding to monomers. Elevating the temperature had no effect on the correlation
function or fitted particle size distribution.

A significant feature of these mesoscopic aggregates is that they are completely
removed from the solution by subsequent fine filtration through 0.02 um pore size
filters with use of an RHV low flow pump. Even more importantly, the aggregates did
not reemerge even after several days of incubation in the refrigerator. This fact strongly

indicates the irreversible nature of the mesoscopic aggregates in solutions of lysozyme.
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Figure 3.8. Effect of filtration on mesoscopic aggregates in a solution of 60
mg/mL lysozyme filtered through a 0.02, 0.1, and 0.22 um pore size filter
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Figure. 3.9. (a) Intensity correlation function (g,) of scattered light from a solution
of 60 mg/mL lysozyme filtered through a 0.02 um pore size filter, in a 20 mM
HEPES Sodium buffer pH 7.8 in two temperatures of 25 °C and 35°C. Only one
shoulder (single exponential) appeared in intensity correlation function indicative of

only one diffusive mode. (b) Particle size distribution shows only monomers of
lysozyme.

We fit the DLS data from the 20 nm filtered sample using a single exponential
decay to further demonstrate that only monomers exist in solution. Figure 3.10 shows
that monomodal fitting (equation 2.7) model detects only a single species of

lysozyme monomers in solutions filtered through 0.02 um pore size filters.
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Figure 3.10. (a) binomial and (c) monomodal exponential fit for the sample

completely filtered through 0.02 um pore size filter. As it shown in (a) and (b) both

binomial and monomodal fits shows the lack of presence of aggregates.
Effect of Stress on filtered lysozyme solutions. We applied various external
perturbations, including heating, sonication, and denaturing agents, to test whether the
mesoscopic aggregates would reemerge in solutions after being removed by fine
filtration through 0.02 um filter. Sonication did not induce aggregation. Figure 3.11
shows the effect of heating on a filtered sample initially containing only monomers.
We observed that heating the solution below the denaturation temperature of lysozyme
(~69°C) did not cause formation of the mesoscopic aggregates. However, heating the
sample to 80 °C and keeping the sample at this temperature for 2 hours, followed by

overnight incubation at room temperature led to formation of small aggregates (~10

nm).
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Figure. 3.11. Effects of heating on DLS correlation functions (a) and on the
particle size distribution (b) in 60 mg/mL solution of lysozyme.
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Figures 3.12 shows the effect of addition of isopropanol as a protein denaturant.
The addition of 5 wt% isopropanol caused formation of large protein aggregates with
sizes of >200 nm, which were distinctly different from mesoscopic aggregates observed

in unfiltered lysozyme solutions.
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Figure 3.12. Formation of aggregates due to addition of a denaturant to a fine-filtered
60 mg/mL lysozyme solution; (a) is the DLS correlation function and (b) is the

particle size distribution.
Size Exclusion Chromatography. To test for the presence of lysozyme oligomers
(dimers, trimers, etc.) in the filtered lysozyme solutions, we performed SEC on a gel
filtration column with a molecular weight cut-off of 650 kDa (Bio-Rad NGC
Chromatography System and Enrich SEC 650 size exclusion high resolution column).
Figure 3.13 shows calibration data for this SEC column. We used the Bio-Rad size

exclusion standards which was a mixture of thyroglobulin (670 kDa), bovine y-
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globulin (158 kDa), chicken ovalbumin (44 kDa), equine myoglobin (17 kDa), and
vitamin B12 (1.35 kDa). The calibration curve was constructed using the elusion
volumes of the calibrant material.

Figure 3.14 shows SEC data for lysozyme samples filtered through 0.1 and 0.02
pum pore size filters. Each plot shows a single peak corresponding to the lysozyme
monomer; no oligomers or larger aggregates were observed. The mesoscopic
aggregates are not observed in the SEC data because they are too large to be observed
by the SEC column with a 650 kDa cutoff. The lysozyme eluted later than expected
based on the calibration curve, which is possibly due to interaction of the protein with

the resin in the column.
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Figure 3.13. (a) Gel filtration SEC standards and (b) MW calibration curve.

36



600

——— 60 mg/mL diluted to 5§ mg/mL-0.1um Filter|

500 A

'S
o
=)

UV(280 nm) (mAU)
w
=]
=]

n
=3
=3

2

\
100 H N

5 10 15 20 25
Volume (mL)

Figure 3.14. SEC chromatogram (a) Sample filtered by a 0.1 pm filter (b) Sample
filtered by a 0.02 um filter. Both results are indicative of monomers as the only
species present in filtered samples, in the limit of detection of the column.

3.4. Discussion

Taken together, our results on mesoscopic aggregates in solutions of lysozyme
suggest that the aggregation phenomenon in such solutions away from the conditions
of denaturation is not an intrinsic property of biologically active (folded) lysozyme
monomers. We believe that the main reason for the formation of mesoscopic aggregates
in solutions that were not subjected to fine-filtration is due to the presence of some
contaminants, most likely including some unfolded or partially misfolded monomers
introduced during purification or lyophilization of protein. Other types of proteins or

contaminants could also be present during extraction of lysozyme from raw hen egg

whites (Roberts et al., 2018).
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The mesoscopic aggregates are kinetically stable over long times. Increasing
temperature resulted in decrease in the relative concentration of protein monomers in
solution (Figure 3.5b), possibly because of condensation of monomers onto the
mesoscopic aggregates due to increased hydrophobic forces, partial monomer
unfolding, or formation of molten globule states. Mesoscopic aggregates could serve
as ‘nucleation sites’ that reduce the free energy barrier for partial unfolding of lysozyme
monomers. However, as it is indicated in Figure 3.8 after filtration of solutions with
the smallest pore size (0.02 um) syringe filters, the aggregates separate out from the
solutions. Aggregates of the same size and relative amount did not reform after
filtration after subjecting lysozyme to different perturbations, including heating and

addition of denaturant.

Our studies also demonstrated that lysozyme solutions made of proteins coming
from different sources (distinct companies or batches form same companies) showed a
variety of aggregates with different sizes and relative concentrations. This further
supports our hypothesis that mesoscopic aggregates exist due to some form of
“impurity” in solution, which apparently varied in concentration in different batches
and original sources of protein

Our results elucidate previous interpretations regarding the formation and
thermodynamics of mesoscopic lysozyme aggregates. Some prior investigators have
suggested that the mesoscopic aggregates are reversible, with monomers and oligomers

being in constant exchange with the host solution. Partial unfolding of monomers and
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formation of transient dimers have been proposed as mechanisms for the formation of
the aggregates (Pan et al., 2010, Li at al., 2015, Byington et al., 2016 and 2018,
Vorontsova et al., 2015). However, our studies demonstrate that the aggregates are
formed irreversibly, as they did not reform after being removed by filtration, while the
overall concentration of protein was not changed in the detection limits of absorption
measurement at 280 nm. The presence of various protein species with variable
molecular weights of 6, 18, and 29 kDa in commercial lysozyme has been confirmed
by previous studies (Thomas et al., 1996, Parmar et al., 2007).

Our results indicate that mesoscopic clusters in solutions of lysozyme are not
formed by reversible self-assembly of lysozyme monomers in their native state. It
means that the suspension of mesoscopic aggregates in solution of lysozyme monomers
is not a thermodynamically stable “mesophase” (Pan et al., 2010), but rather a long-
lived kinetically stabilized colloid (Shchukin., et al., 2001). A positive, relatively large
value of the second osmotic virial coefficient (Fig. 4) and the fact that lysozyme
monomers carry a positive surface charge at pH < 11 (Parmar et al., 2009) support the
assertion that lysozyme molecules in their native, undisturbed state do not tend to
aggregate.

Lysozyme dimers have been claimed to exist in commercial lysozyme, however,
Parmar et al. argued (Parmar et al., 2007) that the dimers could not be associated with
formation of mesoscopic aggregates because the dimers remained in solution even after
dissociation of these aggregates by addition of sodium dodecyl sulfate. Moreover, after

being separated from the solution the aggregates dissociated by sodium dodecy! sulfate
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only to monomers (Parmar et al., 2007). To test the hypothesis that lysozyme dimers
are responsible for the mesoscopic aggregates (Vekilov e al., 2018), we performed SEC
on a gel filtration column with a molecular weight cut-off of 650 kDa (Bio-Rad NGC
Chromatography System and Enrich SEC 650 size exclusion high resolution column).
Figure 3.15 shows SEC data for lysozyme samples filtered through a 0.02 um pore size
filter at two concentrations. Each plot shows a single peak corresponding to the
lysozyme monomer; no oligomers or larger aggregates were observed. The observation
of lysozyme dimers reported in previous works might be explained by the difference in

production and purification used for commercial lysozyme.
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Figure. 3.15. SEC chromatogram of two different lysozyme solutions filtered
through a 0.02 um filter. Both results indicate that within the limit of SEC detection
(670 — 1.35 kDa) the monomers are the only species present in the samples.

There is another intriguing direction of the mesoscopic aggregation in lysozyme

solutions, which could be considered for the future study. In protein solutions there is
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always a certain probability of the existence of short-lived folding intermediates caused
by thermal fluctuations. If such fluctuation-induced intermediates could contribute to
the formation of mesoscopic aggregates, the aggregates, after being removed by fine
filtration, would eventually reemerge after sufficient structural fluctuations have
developed.

The formation of mesoscopic aggregates in solutions of lysozyme resembles
kinetically stable mesoscale inhomogeneities observed in aqueous solutions of non-
ionic hydrotropes, such as tertiary butanol (Subramanian et al., 2014, Rak & Sedlak
2019), which are attributed to mesoscale solubilization of a hydrophobic impurity. On
the other hand, our findings encourage revisiting the problem of mesoscopic
aggregation in aqueous solutions of high molecular weight poly(ethylene)oxide (PEO)
(Zheng et al., 2018), which is commonly interpreted as self-assembly of amphiphilic

PEO macromolecules.

3.5. Conclusion

In summary, we reached to a new understanding of the nature and origin of
mesoscopic aggregates found in high concentration solutions of lysozyme.
Measurements of particle size distribution in the lysozyme solutions using DLS after
systematic filtrations show no mesoscopic aggregates. Despite attempts to force the
formation of mesoscopic aggregates in filtered lysozyme solutions with various

stresses, aggregates with similar characteristics (size and relative population) did not
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appear in the solutions. After confirming the absence of lysozyme oligomers in the
lysozyme solutions using SEC and existence of repulsive interparticle interactions
using SAXS, we conclude that mesoscopic aggregates are not in thermodynamic

equilibrium with protein monomers or oligomers in solution.

42



Chapter 4: Summary and Future Directions

4.1.

Key Findings

The study investigated the nature, source of formation, and reversibility of

mesoscopic aggregates present in concentrated solutions of lysozyme. The concluding

statements are as follows:

We described the fundamental physical principles behind DLS and SAXS, which
are the main techniques used for detection and characterization of aggregates in
solutions.

We demonstrated that mesoscopic aggregates could be removed irreversibly from
the lysozyme solutions with systematic filtration down to 20 nm filter pore size.
We demonstrated temperature elevation below the melting point of lysozyme
increased the relative population of mesoscopic aggregates prior to the filtration,
while after the filtration increased temperatures did not stimulate the formation of
the mesoscopic aggregates.

We determined the interactions between the lysozyme monomers are repulsive
based on the positive value of the osmotic second virial coefficient measure by
SAXS.

We detected monomers as the only low molecular weight species in the lysozyme

solutions, regardless of filtration.
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e We provide a revised mechanism for the nature and formation source of
mesoscopic aggregates, which are shown to be irreversible aggregates that are

formed by contaminants in lyophilized proteins.

4.2.  Suggestions for Future Work

4.2.1. Other Methods for Determining the Nature of Mesoscopic Aggregates

Based on our results, the mesoscopic aggregates were removed irreversibly from
lysozyme solutions. We tested stresses such as heat and denaturants to force
reformation of mesoscopic aggregates in filtered solutions, but were not successful in
forming similar aggregates. We propose several future experiments to determine the
formation source:

e Lyophilization of lysozyme may be a cause of mesoscopic aggregates. Lyophilizing
filtered solutions could be used to test whether this process produces a small sub-
population of partially unfolded proteins that are precursors for mesoscopic
aggregates.

e Agitation of protein solutions can lead to aggregation. Stirring lysozyme solutions
at several hundred rotations per minute would form aggregates.

e To investigate the composition of the aggregates, electron microscopy can be used
for taking images of them and doing elemental analysis. This would enable
determining whether aggregates are organic or inorganic in nature.

e Using SEC or other separation techniques, aggregates can be separated from

solutions and be analyzed on their own.
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4.2.2. Mesoscopic Aggregates in Other Proteins

A large body of work have been conducted on aggregation phenomena in proteins
such as lysozyme, hemoglobin, and lumazine; however, the study of mesoscopic
aggregation is mostly concentrated on the lysozyme. To gain a better understanding of
the mesoscopic aggregation, similar studies should be conducted other proteins. Many
proteins are thought to form similar mesoscopic aggregates. Another possible
comparison would be to express or purify the hen egg white lysozyme directly in the
lab and compare the lab-made solutions with commercially produced sources of

lysozyme.

4.2.3. Alternative Methods for Detection of Oligomers

As mentioned in previous chapters, mesoscopic aggregates have been proposed
to be in equilibrium with oligomers present in solution. The lifetime of the oligomers
is claimed to be very short, making it difficult to detect them with common
experimental techniques. SAXS is a powerful tool for detection of polydispersity in
colloidal dispersions. With precise data interpretation, SAXS is likely to help with
detection of the transient oligomers of lysozyme. Fluorescence anisotropy and
fluorescence correlation spectroscopy are other possible technique for detection of

oligomers of fluorescent molecule conjugated lysozyme.
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