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Abstract

Protein misfolding followed by aggregation is the major cause of neurodegenerative
diseases such as Alzheimer’s, Parkinson’s, familial amyloid poly neuropathy (FAP), Huntington’s,
type-Il diabetes, etc. Common aspect of all protein aggregation diseases is the altered protein
conformation known as partially unfolded amyloidogenic intermediate that is capable of assembly
into amyloid structures. Recently discovered mesoscopic protein-rich clusters may act as crucial
precursors for the nucleation of ordered protein solids, such as crystals, sickle hemoglobin
polymers, and amyloid fibrils. These clusters challenge settled paradigms of protein condensation
as the constituent protein molecules present features characteristic of both partially misfolded
and native proteins. Some of their unusual features include the kinetically determined size,
thermodynamically controlled number, and their distinct nature from aggregation triggered by
reduction of the intramolecular S-S bonds and amyloid aggregates. We investigated the
role of protein structural flexibility on its ability to induce formation of mesoscopic clusters for
multiple proteins including the p53, known as guardian of genome, which contains multi dis-
ordered and B-sheet rich domains; hemoglobin A, which is the major component of red blood
cells and contains a compact structure rich in a-helices; antimicrobial enzyme lysozyme which is
a robust model in study of protein aggregation. Whereas lysozyme and hemoglobin A
demonstrate mesoscopic clusters at high protein concentrations, p53, whose aggregation is tied
to cancer development, exhibits clustering at physiological temperatures for low concentrations
of the protein. These findings suggest that the clusters are a product of limited protein structural
flexibility. Furthermore, we discovered that the crowding environment of the inside cell
significantly promotes clustering of intrinsic disordered proteins (IDPs) such as p53. About half of
human cancers are associated with mutations of the tumor suppressor p53. Mutated p53

emerges as a powerful oncogene, which blocks the activity of wild-type p53 and several distinct
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anticancer pathways. The gained functions of the mutant have been related to the aggregation
behaviors of wild-type and mutant p53. Our data reveals that in presence of crowders, the p53
clusters can capture some of the crowder molecules, which causes steric hindrance effects and
raises the nucleation barrier of the aggregation. Thus these clusters can potentially act as storage
of proteins and protect them from formation of toxic amyloid aggregates by providing sufficient
time for the proteomic and chaperonin machinery to clear out or refold the misfolded aggregated
species in the cell. The nucleation of p53 fibrils deviates from the accepted mechanism of
sequential association of single solute molecule. We find the mesoscopic clusters serve as a pre-
assembled precursor of high p53 concentration that facilitate fibril assembly. Fibril nucleation
hosted by precursors represents a novel biological pathway, which awards unexplored avenues

to suppression of protein fibrillation in aggregation diseases.
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heated to 90 <, in (b), and for solutions treated with 0.2 mM TCEP, in (c). Co = 60 mg ml™* in both
(b) and (c). The averages determined from ten correlation functions are plotted; the error bars
represent the standard deviation. ... e 30
Figure 10.2. The evolution of aggregates in TCEP-treated solutions. (a) — (d) Representative
OIM images from native lysozyme solutions and from solutions treated with 0.4 mM TCEP, shortly
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approximately 120 x 80 x5 um3. Lysozyme concentration is 60 mg ml? in all panels. (e) Number
density distributions of the cluster sizes determined by OIM in the four solutions represented in
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concentration of p53 from the final. (K) Intensity correlation functions g, of the light scattered by
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a p53 solution at 6 uM incubated at 15 € for 4 h. G; is steady over 4 h incubation at 15 €. (L-M)
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mesoscopic clusters on final solute concentration in the solution.......... cccooocciieeeiiriccciiieeeee, 50

XV



Figure 14.3.  Maturation of p53-rich clusters. (A-G) Representative OIM image collected after
each incubation time. The observed volume is 5 x 80 x 120 um?3. Clusters appear as red spots.
Temperatures is set at 159 and Ficoll and p53 concentrations are 56 ml’mg and 1.2 uM
respectively. (B-C) The average size and number of the clusters as a function of time determined
by OIM. The average of five determinations in distinct solution volumes is shown. Error bars
indicate standard deviations. The p53 concentration is 1.2 uM. The inset indicates normalized
fluorescence emission at 4 = 500 nm of p53 solution in presence of 8-Anilinonaphthalene-1-
sulfonic acid (ANS) measured using excitation at A = 350 nm with 56 mg ml Ficoll (red triangles)
and without Ficoll (black rectangles) for incubation at T = 15 < for 4 hours with 40 minutes interval.
The p53 and ANS concentrations are 7.7 and 850 uM respectively. The emission intensity is
normalized to the maximum value observed in presence of fibrillar aggregates. .........ccccccvveee.. 53
Figure 15.3. Reversibility and nucleation and growth of p53 fibrils. (A-B) Representative
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incubation of protein sample at 37 C over 12 hours (A) with no Ficoll and (B) with 56 mg ml™* Ficoll.
The ThT and p53 concentrations are 200 uM and 7.7 uM respectively. (C-D) Representative
fluorescence micrograph of incorporation of Ficoll into p53 aggregates formed by incubation at
37 € over 12 hours in presence of fluorescein labeled Ficoll at 56 mg ml™? (C) with no protein and
(D) with 7.7 uM p53. (E) Concentration determination of p53 using UV-Vis spectrophotometry
after incubation at T = 37 € in presence of 56 mg ml™ Ficoll. Black triangles show concentration
of p53 solution after filtration to remove any formed aggregates after incubation. Green
rectangles demonstrate the concentration of p53 incorporated into the fibrillar p53 aggregates,
calculated by subtraction of initial concentration of p53 from the final value. (F) Intensity
correlation functions of p53 solutions for three concentration of protein obtained by serial

dilution of the stock at 1.5 uM to 1.3 and 0.9 pM. (G) The dependence of volume fraction of
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fibrillar aggregates on the protein concentration obtained by serial dilution of a stock p53 at 1.5
UM incubated for 4 hours at T = 37 € to allow growth of the fibrillar aggregates.(H) Normalized
fluorescence emission at A = 500 nm of p53 solution in presence of 8-Anilinonaphthalene-1-
sulfonic acid (ANS) measured using excitation at A = 350 nm in presence of no crowder (black
triangles) and with 28, 56, and 100 mg ml Ficoll (full, half open, and open rectangles respectively)
measured over 6 hours at T = 37 €. The p53 and ANS concentrations are 6.5 + 0.5 and 850 uM
respectively. The emission intensity is normalized to the maximum value observed in presence of
LT Lo T g1 T Y eq =g =Y oo Y LSRR 56
Figure 16.4  (a) Representative brightfield micrograph of a hemoglobin A solution with
concentration 50 mg ml™. (b)—(d) Representative subtractions of two images at lag times 7, as
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Figure 20.4. (a) and (b) Autocorrelation function g, — 1 of scattered light as a function of lag
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with concentration 103 mg ml™2. All dynamic light scattering measurements were performed at a
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Figure 27.5 (a) DDM signal amplitude A(q) as a function of wavevector squared g2 for
bidisperse mixtures of particles of radius 50 nm and 1 gm at varying volume fraction ratios r. (b)
and (c) describe the contributions to signal intensity from small and large particles, AS(q) and
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Figure 28.5. (a) Relative contribution to the DDM signal from the large particles fL(q) as a

function of the square of the wavevector q2. Arrows indicate predicted minima from diameter of
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diffraction rings. Examples of diffraction rings seen in (b) microscope images and (c) image

differences at a lag time T = 1.6 s for each sample. Dashed circle indicates diameter of diffraction
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Chapter 1 Introduction

Neurodegenerative diseases
Protein misfolding is the main cause of neurodegenerative diseases such as Alzheimer’s,

Parkinson’s, familial amyloid poly neuropathy (FAP), Huntington'’s, type-Il diabetes and etc.[1-4].
Although the general pathway of amyloid diseases resembles prion disorders, there exists
fundamental differences between prion and protein aggregation disorders. Prion diseases are
infections and are not known to be associated with protein misfolding. They are caused due to
folding of the 142 amino acid PrP polypeptide to a different secondary structure known as PrP*
which contains longer B-sheets and shorter a-helix compared to the original native structure
defined as PrP¢. The folded PrP> undergoes incomplete proteolytic cleavage to generate short

fragment PrP (27-30) that aggregates into amyloids [5-9].

Amyloid aggregates

Common aspect of all protein aggregation diseases is the altered protein conformation
known as partially unfolded amyloidogenic intermediate that is capable of assembly into amyloid
structures[10, 11]. Amyloid structures are cross P-sheets with their B-strands oriented
perpendicular to the fibril axis. X-ray diffraction and synchrotron experiments revealed two
repeating spaces of 4.8 and 10 A°, respectively indicating the spacing of the B-strands along the
fibril axis and the average spacing of the B-sheets perpendicular to the fibril axis. The inner -
sheet spacing may vary from 8—20 A° depending on protein amino acid sequence and side chain
conformations. One generic proposed structure for amyloids core is the helical cross sheets in
which 24 strands with repeated spacing of 4.8 A° with total length of 115.5 A° are oriented along
the fiber axis with further twist of 0—30° to facilitate extension of hydrogen bonding between the
strands over the total fibril length [12-14]. Although formation of amyloid fibrils is a generic

property of any polypeptide sequence, it is not yet deeply understood how these structures form



under cell regulatory machinery. One explanation to this question is the likelihood of formation
of partially unfolded intermediates by loss of protein folding cooperativity due to single amino
acid mutations that destabilizes protein native conformation[10, 11]. Another route for protein
aggregation is the exhaustion of the proteomic and chaperonin system. Accumulation of
misfolded or oxidized states of proteins in cells due to aging can result in inability of the proteomic
system that can ultimately result in cell death[15-19] . Nevertheless, primary oligomers that form
in early stages of protein aggregation expose hydrophobic residues on surface that can promote
aberrant protein interactions to induce further downstream lethal responses to cell survival[20,
21].
Alzheimer’s

An example is the Alzheimer’s disease (AD). The causative genes of AD are located on
chromosome 21, 14, and 1, respectively encoding a transmembrane protein knowns as APP
(amyloid precursor protein), presenilin 1, and presenilin 2 (PS1, PS2) [22]. AP peptide is produced
from the larger amyloid-precursor protein (APP) through two sequential enzymatic activities, p-
and y-secretase[23]. B-Secretase activity (mostly attributed to the BACE1 protein in the brain) is
usually thought of as the rate limiting enzyme in AB production. B-Secretase activity leaves a
membrane bound C-terminal fragment which is then cleaved by y-secretase. This final cleavage
generates the secreted AP in the cytosol, which may suggest information about the function of
APP.  The majority of AB is 40 amino acids long (AB40), however, a small fraction (<10%) is the
more hydrophobic AB42. Higher levels of AB42, the more hydrophobic sequence facilitates the
assembly of AP into more order structures including dimers and all the insoluble plaques that can
further deposit in the brain [22, 23]. The mechanism of synapses damage and neurodegeneration
through AB monomer/oligomers is not yet clear, however, formation of pore-like structures with

channel activity [24], alterations in glutamate receptors and excitotoxicity [25], circuitry hyper-



excitability, mitochondrial dysfunction, lysosomal failure, and alterations in signaling pathways

related to synaptic plasticity are investigated as possible pathways [22, 23, 26-29].
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Figure 1.1. A proteostasis network comprising pathways represented by the red arrows. Imbalances in

proteostasis often lead to disease and, therefore, proteostasis regulators (magenta circles) that
manipulate the proteostasis pathways/network can restore protein homeostasis and ameliorate
both loss- and gain-of-function diseases [17].

The mechanism of aggregation of AP peptide is suggested as nucleation dependent
polymerization. Several studies reported that AB can exist as two conformations, B-sheet and a-
helix. In a nucleation dependent aggregation, the lag phase is delayed by nucleation events that
require molecules to overcome the energy barrier which alters significantly with folding state of

protein. Controversially, both of the reported conformations are hypothesized to be the active



ensemble [30], however what is common in existing literature is that the oligomerization of AB
may be the primary cause of neuron damage and synapses failure [26-28, 31, 32].
Huntington’s

Another example is Huntington diseases which is caused by CAG triplet repeat in the exon
of HTT gene that encodes an expanded poly-glutamine(Q) stretch in the huntingtin (HTT) protein
[33, 34]. HTT is a very large protein (~375 kDa) predicted to consist mainly of repeated units of
about 50 amino acids, termed HEAT repeat. These repeats are composed of two antiparallel a-
helices with a helical hairpin configuration which assemble into a super helical structure with a
continuous hydrophobic core[35]. HTT has many interaction partners, particularly at its N-
terminus, suggesting that it serves as a scaffold to coordinate complexes of other proteins. The
cellular functions of HTT are still not completely understood, however, the protein is mostly
cytoplasmic, with membrane attachment via palmitoylation at cysteine 214 [36]. The
appearance of the large poly-glutamine repeat in the HTT protein can result in conformational
changes which is hypothesized to be the main trigger to pathogenic cascade. The structure of the
Q17-HTT (HTT with 17 poly-glutamine repeat) bound to antibody 3B5H10 which recognizes the
toxic form of the poly-glutamine, revealed that polyQ chain is constructed of a compact hairpin
with two B-strands and a turn. These findings have suggested that the toxic conformation is
composed of short B strands interspersed with B turns so that the strands are held together in an

antiparallel conformation by intramolecular (and intermolecular) hydrogen bonds[37-39].

As in case of the Alzheimer’s, oligomerization of polyQ plays a vital role in Huntington’s
disease progression by impairing the regular cell metabolism[34]. In a recent study, it was
demonstrated that that glia (connective tissue of neuron cells) regulate steady-state numbers of
HTT aggregates expressed in neurons through a clearance mechanism that requires the glial

scavenger receptor Draper and downstream phagocytic engulfment machinery. Remarkably,



some of these captured HTT aggregates effect prion-like conversion of soluble, wild-type HTT in
the neuron cells cytoplasm [40, 41]. Crucial aspect of the protein aggregation diseases is the
formation of the misfolded proteins prone to toxic assemblies. In addition, generation of these
assemblies results in the failure of the proteostasis machinery leading into diseases categorized
as loss of function (LoF) and gain of function (GoF) disorders [17]. Loss-of-function diseases are
typically caused by mutations leading to protein misfolding and degradation. Gain-of-toxic-
function diseases, on the other hand, appear to arise when aggregation-associated proteotoxicity

dominates over clearance inside or outside the cell[1, 15, 18, 22, 23, 25, 29, 33, 40].

Cancer and p53 aggregation
Protein aggregation is not only the cause of neurodegenerative diseases but it can also

result in cancer [42-51]. One protein known as guardian of genome or p53 has demonstrated
aggregation in cancer tumor cell lines[52]. The p53 is a regulatory protein that controls gene
expressions using the DBD domain. It has a flexible N-terminal, a DNA binding domain as well as
oligomerization domain in the C-terminal. It consists of several well-defined domains including a
multipartite N-terminal transactivation (TA) domain (residues 1-73), a proline-rich region (63-97),
the centrally located and highly conserved DNA-binding core domain (DBD) (residues 94-312),
and within the C-terminus are located its tetramerization domain (residues 324-355) followed by
an unstructured basic domain (CTD) (residues 360—393). The p53 is known to form tetrameric
state using the oligomerization domain [53]. Under normal environment, p53 is eliminated
following ubiquitin E3 ligase degradation with Mdm2[54]. Upon stress however, this gene is over
expressed to repair DNA damage or signaling pathway. In cancer cells this protein has
demonstrated single mutations known as somatic mutations. Two common types of p53

mutations are structural and contact mutations [46, 53].
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Figure 2.1. Signaling pathways that control longevity and youthfulness strongly influence proteostasis. The

insulin growth factor-1 receptor signaling pathway negatively regulates the activity of the
transcription factors DAF-16 and HSF-1.

The contact mutants impair the DNA binding ability of p53 while the structural mutants
mostly destabilize the native folding conformation that result in protein aggregation. One major
outcome of aggregation is loss of function in nucleus which leads the stress response un-repaired

[55, 56].

248 273

Relative frequency of missense
mutation in human cancer

o A R T L e

TAD12 [IEGEE DNA-binding domain [ oD | cTD |
1 61 94 292 325 356 393
Intrinsically disordered Disordered Disordered
Figure 3.1. Hot spot mutants of p53[57]

In general, emergence of p53 mutation within a cell might have three non-exclusive
outcome; First, it can affect the TP53 allele, reducing the overall capacity of the cell to mount

proper p53 response; exert dominant negative effects by co-expressing the wtp53 or forming
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mixed tetramers with p53 family (p63,p73) and rendering their functions and third, by possessing
activities and regulating transcription factors that can contribute to tumor progression know as
gain of function (GOF).[45] For example, accumulation of mutp53 has caused suppression of p73
resulting in accumulation of cells with polypoid and different aberrant chromosomes facilitating
cancerous behavior. One recent research has reported that interaction of mutp53 with p63 can
disrupt the TGF-B/Smad signaling resulting in cell metastasis and invasion[58]. Beside all the
negative effects of mutant and hetero tetramerization mechanisms, posttranslational
modification of wtp53 can also render the transcriptional activities of the protein. Questions such
as why post translational modifications affect aggregation or oligomerization of p53 are still under
poorly understood [51, 59, 60]. As discussed earlier, formation of the toxic misfolded
conformation of proteins can result in impairment of cell regulatory functions, cell death and
ultimately progression and metastasis of the protein aggregation diseases. Most of these
aggregation pathways follow the common sigmoidal kinetics where nucleation events are the rate
determining step for the process. In the case of protein aggregation the structure of protein in
the lag phase of this process is poorly understood. Multiple theories is been proposed for the
possible slow kinetics. In one theory, the presence of a higher B-sheet conformer is essential for
further aggregation. The state with higher B-sheet content is named active ensemble in some

cases and facilitates formation of further fibrillation [61-64].

Mesoscopic protein-rich clusters; new insights into protein condensation
About a decade ago Vekilov et al., reported formation of dense liquid protein-rich clusters

in presence of high protein concentrations [65-67]. First observation was detected upon odd
nucleation measurements, when the nucleation rate dropped after a critical temperature[68, 69].
Experimental data demonstrated that these protein rich clusters occupy about 10“%- 107 volume

fraction of the solution with the size varying from 50 — 100 nm [63, 65, 70, 71]. Simulation data



suggested that the number of these clusters are thermodynamically controlled while the size
depends on the formation of a transient dimer that stabilize the life time of these clusters by small
fluctuations on the excess free energy of the protein mixture[72-75].  The mesoscopic clusters
have been a focus of recent investigations mostly because they present essential sites for the
nucleation of ordered solids of both folded proteins, such as crystals[76-78] and sickle cell
hemoglobin polymers[67], and partially misfolded chains that form amyloid fibrils[79, 80].
Nucleation of ordered protein solids is the crucial first step in the formation of each condensate,
and its rate largely determines the rate of condensation. The number of nuclei is limited by a free
energy barrier, whereas the growth of the nucleated domains obeys the general chemical kinetics
laws[62]. A protein solution supersaturated with respect to a condensate overcomes the
nucleation barrier by means of localized fluctuations that bring the solute concentration close to
that of the incipient phase. According to classical nucleation theory, the rarity of successful
transitions over the barrier strongly delays nucleation and con-strains the overall growth rate of
the condensate[81, 82]. Surprisingly, recent experimental measurements of nucleation rates
revealed that they are even lower, by many orders of magnitude, than those predicted by theory
[67, 68, 71, 83]. The issue of low nucleation rates and several other unexplained features of
protein nucleation kinetics was resolved by the discovery that the mesoscopic protein-rich
clusters are a crucial precursor for the nuclei of ordered protein solids. This finding underscores
the urgent need for in-depth understanding of the structure and formation mechanisms of the
mesoscopic clusters. The mesoscopic clusters challenge basic paradigms of protein condensation.
Although the clusters are likely liquid, they exist under conditions that are distinct from those of
the macroscopic protein dense liquid [65, 70, 75, 78]. The clusters are much larger than the
prediction of colloid clustering models that are often applied to protein condensation. The cluster

size is steady and independent of the parameters that define the solution thermodynamics, such



as pH, ionic strength, and protein concentration. By contrast, the fraction of the protein captured
in the clusters is determined by the protein chemical potential. A recent theory, supported by
experimental evidence, explained several puzzling cluster behaviors. This model posits that the
mesoscopic clusters consist of a concentrated mixture of intact protein monomers and an
additional protein species, emerging at the elevated protein concentration within the clusters[72,
75].

Role of dense liquid clusters in protein condensation (open Q&A)

This cluster scenario raises several fundamental questions on the cluster composition and
mechanisms. Are the mesoscopic clusters similar to amyloid fibrils, which also consist of partially
unfolded protein? How different are they from fully disordered proteins, which make up
amorphous aggregates? Is the chemical integrity of the protein molecules in the clusters
preserved, including the disulfide bonds? Does protein nucleation occur inside these clusters?

How does crowding affect protein condensation?

Figure 4.1 The mechanism of formation of the mesoscopic protein-rich clusters in lysozyme solution. Protein
native monomers, partially unfolded monomers, and domain-swapped dimers are shown in the
callouts. The a.and B domains, identified as in McCammon, et al. are highlighted in purple and blue,
respectively. A cluster, highlighted in grey in the right panel, is a region of high protein
concentration, into which monomers diffuse and convert to dimers. The dimers migrate back into
the solution, where they decay into monomers.



In my Ph.D. work, we addressed these questions by experiments with the protein
lysozyme, an antimicrobial enzyme, whose easy availability from hen egg white has allowed the
accumulation of a significant database of its biochemical and biophysical properties. We further
investigated the effect of protein structure by testing the ability of multi domain protein p53 that
contains dis-ordered and folded domains for assembly into mesoscopic clusters and fibrillar
aggregates in regular and crowded environment. Unlike lysozyme that requires high
concentrations to exhibit mesoscopic clusters, we observed that crowding by 10% (v/v) can
promote formation of p53-rich clusters that obtain more than 70% of the available protein. We
also investigated the effect of Ficoll on kinetics of fibril formation and our findings revealed that
crowding perturbed the nucleation and growth of the fibrillar aggregates in opposite directions;
whereas nucleation was slower in presence of crowder, the growth was faster. This effect is
counterintuitive; the faster growth can be explained in terms of excluded volume effects that
Ficoll induces as a crowder which facilitate protein condensation, however the reason for slower
nucleation rate is not crystal clear. Our fluorescence microscopy revealed that Ficoll was
incorporating in p53 clusters that facilitate nucleation of fibrils, thus decreases the local p53
concentration inside clusters resulting in slower nucleation rates that are exponent function of
protein concentration. To investigate the role of protein folding on cluster formation we
examined the effect of shear flow to temporarily stabilize the formation of partially folded
conformation and tested the clustering ability of the protein conformer[5, 84]. Our findings
demonstrated that perturbation of the protein conformation by shearing solutions of the protein
lysozyme greater than 20 s™ applied for longer than 1 hour reduced the volume of the cluster
population. In previously published literature, it was also reported that crystal morphology

changes in protein crystallization experiments performed under microgravity in ribonuclease
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S[85], insulin[86], and lysozyme. Together with all these findings, we decided to investigate the

role of microgravity and significantly low shear flow on mesoscopic protein-rich clusters.

To study the behavior of clusters under zero shear flow, experiments are required to be
accomplished on International Space Station (ISS) and the only available setup available on ISS is
a camera and Light Microscopy Module (LMM). To apply ISS setup to our study we established a
recent method known as differential dynamic microscopy (DDM) [87-90] that allows
characterization of dynamics of submicron particles below the microscope resolution. Whereas
the method is simply applying a light microscopy to generate scattering field correlation function,
it requires PYTHON/MATLAB image processing algorithm to generate the diffusion speckle. We
established DDM to study weakly scattering protein-rich clusters and we found out that this
method can also be applied to measure protein clusters dispersity and allows the user to resolve
the dynamics of bidisperse suspension of particles as low volume fraction ratio of large/small
particles as 0.003 and size ratios above 20 where traditional light scattering techniques such as
DLS fails to detect any signal of larger particles. With our current findings on DDM, we will be able

to examine the effect of microgravity on clustering mechanism by ISS station equipment.
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Chapter 2 Polymorphism of lysozyme condensates

Introduction
Nucleation although well studied, it is still poorly understood. Nucleation rate

measurements of protein lysozyme crystals revealed discrepancies of ten or more orders of
magnitude slower than the predictions of the classical nucleation theory[68]. In separate
experiments, it was demonstrated that nucleation rate of lysozyme crystals in presence of 3-4%
NaCl was independent of the protein concentration above a certain critical concertation and the
phenomenon was not as consequence of liquid-liquid separation of the protein at high
concentrations[91]. Based on these observations, our group put forward the idea of mesoscopic
protein-rich clusters that act as nucleation precursors for two step nucleation events. Recent
simulation data coupled with experiments revealed some unique features of these clusters
including thermodynamically controlled number, kinetically determined size, and partially folded
conformation of the protein inside the cluster core[67, 69, 72,74, 77,78,92].  This cluster
scenario raises several fundamental questions on the cluster composition and mechanisms. Are
the mesoscopic clusters similar to amyloid fibrils, which also consist of partially unfolded protein?
How different are they from fully disordered proteins, which make up amorphous aggregates? Is
the chemical integrity of the protein molecules in the clusters preserved, including the disulfide
bonds? In view of the irreversibility of some protein aggregates, is cluster formation reversible?
Here, we address these questions by experiments with the protein lysozyme, an antimicrobial
enzyme, whose easy availability from hen egg white has allowed the accumulation of a significant

database of its biochemical and biophysical properties.

Material and methods
All products are used without any further purification. Lyophilized lysozyme and

Conjugated HRP-A11 are purchased from Fischer Scientific and Abcam. TCEP (tris(2-
carboxyethyl)phosphine, 8-Anilinonaphthalene-1-sulfonic acid (ANS), Thioflavin T (ThT) and DTNB
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(5,5'-dithio-bis-(2-nitrobenzoic acid)) are purchase from Sigma Aldrich. Lysozyme was dissolved at
~160 mg ml? in 20 Mm HEPES buffer. Protein concentration was determined by absorbance
measurements using a Beckman Coulter Du 800 spectrophotometer and extinction coefficient
= 2.64 ml mglcm™ at 280 nm[93]. To remove the salts from lyophilized powder, the solution is
buffer exchanged using GE healthcare PD-10 desalting columns to remove the salts. After buffer
exchange protein solution is set at 60 mg/ml and filtered through 0.22 um Polyethersulfone (PES)
syringe filters prior to all measurements. TCEP (tris(2-carboxyethyl)phosphine was dissolved in
HEPES buffer to concentration of 0.2 M. 8-Anilinonaphthalene-1-sulfonic acid (ANS) was dissolved
in HEPES buffer to concentration of 20 mM. ANS and ThT stock solutions are prepared in HEPES
buffer at 21 and 5 mM. Concentrations are measured spectrophotometry using wavelengths of
270 and 375 nm for ANS and 416 nm for ThT in ethanol with extinction coefficients of 18, 8 and
26.6 mM™cm™ subsequently[94-98]. DTNB (5,5'-dithio-bis-(2-nitrobenzoic acid)) was prepared by
dissolving in HEPES buffer at concentration 8 mg/ml. All solutions are with filtered 0.22 um PTFE

(Polytetrafluoroethylene) filters prior to all measurements.

Quantification of Broken S-S Bonds The disulfide bridges in lysozyme were reduced by
(tris(2-carboxyethyl)phosphine (TCEP)[99-102]. To eliminate unreacted TCEP, TCEP was
eliminated first by buffer exchange. To quantify the number of sulfhydryl SH groups formed as a
result of the reduction with TCEP or other solution treatments, we added Elman’s reagent, 5,5'-
dithio-bis-(2-nitrobenzoic acid) (DTNB),[103-105] which forms a 5-thio-2-nitrobenzoic acid (TNB)
at a concertation equivalent to that of the sulfhydryl. To prepare a calibration curve for sulfhydryl
measurements, we used L-cysteine and glutathione. We prepared solutions of L-cysteine and
glutathione with concentrations 0, 0.25, 0.5, 0.75, 1.0, 1.25 and 1.5 mM in 0.1 M potassium
phosphate buffer with 0.1mM EDTA, pH = 8.0. We used black NUNC 96 well plates for all the

measurement using a plate reader. 20 ul of each sample is mixed with 4 ul of DTNB stock and 176
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ul of 0.1 M potassium phosphate buffer was added to each well. Absorbance at 412 nm was
measured 20 minutes after mixing. Measurements were also checked by calculating the
theoretical absorbance using an extinction coefficient of 14150 cm*M™ for TNB. For each
sulfhydryl concentration, the three values from L-cysteine, glutathione and theoretical was
averaged and the standard deviation is reported as error bars. To find out the optical path length
of 96 well plate, each measurement is also repeated using the Beckman Coulter Du 800

spectrophotometer and the slope of the line was 1.85 + 0.05.

ThT, ANS, and DTNB assay for lysozyme structural integrity The conformational integrity of
lysozyme was tested using the 1-anilino-8-naphthalenesulfonate (ANS) and Thioflavin T (ThT)
assays. ANS was dissolved at 13 mM in 20 mM HEPES at pH = 7.8. The solution was filtered through
a 0.2 um Teflon filter. The ANS concentration was determined spectrophotometrically using
extinction coefficient 18 mM™ cm™ at 270 nm.[106] 20 pL of this solution were added to 20 pL of
the tested lysozyme solution and diluted with 160 pL of 20 mM HEPES to a total volume of 200
uL.[106] For experimental statistics, five identical samples of this solution mixture were loaded in
a multi-well plate and the florescence response to excitation at 350 nm was recorded between
400 and 650 nm (with an increment of 5 nm) by an Infinite 200 PRO microplate reader (Tecan).
ThT was dissolved at 6 mM in 20 mM HEPES at pH = 7.8. As with ANS, the solution was filtered
through a 0.2 um Teflon filter. The ThT concentration was determined spectrophotometrically
using extinction coefficient 26.6 mM~2cm™ at 416 nm.[106] 1 uL of this solution was added to 20
pL of the tested lysozyme solution and diluted with HEPES to 200 pL.[106] Five identical samples
of this solution mixture were loaded in a multi-well plate and the florescence response to
excitation at 442 nm was recorded between 472 and 650 nm (with an increment of 2 nm) by an

Infinite 200 PRO microplate reader (Tecan).
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Characterization of lysozyme activity The enzymatic activity of lysozyme was measured by
monitoring the rate of absorbance decrease of a suspension of Micrococcus lysodeikticus (M3770
Sigma)[107]. A cell suspension is prepared by dissolving 5 mg of cells in 10 ml of 20 mM HEPES
buffer. 0.2 pl of 60 mg/ml lysozyme was mixed with 250 pl of HEPES buffer. 125 ul of this solution
is diluted in half with 125 pl of HEPES again and ultimately 190 ul of this final solution is added to
10 pl of the cell suspension. The lysozyme concentration was 0.05 mg/ml. The rate of absorbance

decrease indicates the number of functional active sites in the solution.

Cluster characterization by oblique illumination microscopy (OIM) The method is also
referred to as Browning microscopy [69, 108, 109] or particle tracking [110]. We use Nanosight
LM10-HS microscope (Nanosight Ltd) to examine the Brownian motion of individual clusters in
the tested solutions. We loaded a solution sample in a thermostatically controlled cuvette of
volume ~ 0.3 ml and depth 0.5 mm. A green laser beam with wavelength 532 nm passes through

the solution. All species in the solution scatter the incident light. The intensity scattered by a

cluster is (%)6 ~ 30°% =~ 7.3 x 10°-fold greater than that scattered by a monomer (R; is the
1

monomer radius), so the clusters are well seen on the background of monomers. A 20x lens
transfers the entire picture to a sensitive CMOS camera that records a movie of clusters
undergoing Brownian motion. The rate of movie acquisition depends on the camera settings; in
our experiments it was about 25 fps. Each frame of the movie is an image of clusters as bright
white spots on a dark background. The accompanying software package determines the center of
these spots in each frame of the movie and builds contiguous cluster trajectories. The cluster
diffusivity is obtained from the slope of the dependence of the mean squared displacement on
lag time. The cluster radius Rz is evaluated from the Stokes-Einstein equation using viscosity values
determined as discussed above. The number of cluster spots in a frame (using the focal depth of

5 um) yields the cluster concentration.
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We carefully match the movies recorded by the Nanosight device with the data file that
it outputs. We found that objects recorded for times shorter than 1 s are interference spots from
two or more clusters tracked for significantly longer times. This observation is supported by the
estimate that a cluster with diffusivity D, = 102 m2?s? would be detectable in a focal plane with
depth 5 um for about 25 s. We did not consider them as parts of the cluster population in the

determination of the cluster parameters.

Dynamic light scattering (DLS) Light scattering data were collected on an instrument by ALV-
GmbH, Langen, Germany, equipped with He-Ne laser operating at 632.8 nm, and an ALV-5000 EPP
Multiple tau Digital Correlator. At least 5 correlation functions of 45 seconds were collected. The
intensity-intensity correlation functions g»(t), where 7 is the lag time, recorded for up to twelve
hours, all possess two distinct shoulders, indicating the presence of two populations of scatters
(Fig. 5.3b). We determine the characteristic diffusion times t,, and . of the monomers and

clusters, respectively, by fitting the normalized correlation function with a squared sum of

2
exponentials, g,(t) — 1 = (4, exp(— T/Tm) + Acexp(— T/TC)) + £(7),(1.2), where A, and
A: are the respective amplitudes, which are proportional to the intensity scattered by the
monomers and clusters, and £(7) accounts for mechanical, optical and electronic noise in the

signal[109, 111] (e(t) was one or two orders of magnitude lower than amplitudes An, and A..

We used 7, and 1. to determine the monomer and cluster diffusivities, Dn, and D., from
Dm = (¢%7m)* and D. = (¢°.)™?, where g = 4%sin(@/Z) is the scattering wave vector at 90°, A =

632.8 nm is the wavelength of the incident red laser and n is the solution refractive index
measured as discussed in [112]. The parameters t,,,, T., Am, 4. and € were evaluated by non-

linear curve fitting using SciPy (scipy.optimizize.minimize) routine. [113]
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From t,,, 7., A, and A, we compute the cluster size R, and the hydrodynamic radius
of the monomer R, used for verification of the experimental procedures. We also evaluate the

monomer diffusivity Dm, used to characterize intermolecular interaction and oligomerization. For

. . . . kpTq?
Ri (i = m, c) we use the Stokes-Einstein relation, R; = : 1

T; . The temperature was set at T =

L

297.65 Kand k,, is the Boltzmann constant. 1, = 1.025 mPa's is the viscosity of the buffer
solution through which the monomers diffuse. The viscosity n. was determined from the dynamics
of Fluoro-Max Dyed Red Fluorescent polystyrene spheres, with diameter 2R, = 2 um, diffusing in

the tested protein solution and characterized by DLS.

Identification of amyloid oligomers using antibodies To tests the amyloid nature of the
protein aggregates, we used blotting with amyloid-recognizing antibodies. Conjugated anti-
amyloid oligomers antibody[114] ab183461 was purchased from Abcam. A polyvinylidene fluoride
(PVDF) membrane was wetted with methanol for 5 min and washed with TBS buffer (20mM Tris,
150 Mm NaCl, pH = 7.5) for 20 minutes. 4 ul of tested protein solution was injected on the
membrane and allowed to penetrate for 30 mins. Blocking was performed in 5 % BSA in TBS buffer
with 0.01% Tween (TBST) 20 for 1hr. The antibody concentration was set at 2pg/ml in 3%
BSA/TBST and allowed to stain for 5 hr. After incubation, membrane was washed for 45 mins with

TBST buffer and developed with TMB enzyme substrate from Thermo Fisher.

Induction and characterization of aggregation The mesoscopic protein-rich clusters are an
intrinsic property of the solution. To assess the role of amyloid structures in cluster formation, we
induced lysozyme fibrillation by heat-shocking the protein at 65, 80, or 90°C for six minutes.[64,
115, 116] The formation of amyloid structures was verified by selective binding of Thioflavin T
(ThT) and 8-Anilinonaphthalene-1-sulfonic acid (ANS), detected by fluorescence excited by 442

nm for ThT and 350 nm for ANS. To compare the cluster behaviors with those of aggregates
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forming after chemical modification of the protein, we reduced the intramolecular disulfide
bridges using (tris(2-carboxyethyl)phosphine (TCEP).;[99-101] [99-101] Owing to the low-
concentration buffer used, the addition of this acidic reagent lowered the pH by up to 0.2, to 7.6.
We removed unreacted TCEP and the products of its oxidation by buffer exchange. To quantify
the number of sulfhydryl, SH, groups in the native protein and those formed as a result of S-S
bond reduction we used the reaction of SH with Elman’s reagent, 5,5'-dithio-bis-(2-nitrobenzoic
acid) (DTNB), [103, 104] which vyields 5-thio-2-nitrobenzoic acid (TNB) at a concentration
equivalent to that of the sulfhydryl. To ensure completeness of the reaction, we waited 20 min
after the addition of DTNB. [104] We quantified the TNB concentration from its absorbance at
412 nm. In addition, we tested the presence of amyloid oligomers in the solution by
immunoblotting with ab183461, an antibody that recognizes amyloid structures. The enzymatic
activity of lysozyme was evaluated by monitoring the rate of absorbance decrease of a suspension

of Micrococcus lysodeikticus in the presence of the protein.

Characterization of mesoscopic clusters
Lysozyme solutions at low ionic strength are stable against the formation of protein

condensates for extended times. One expects that such solutions are homogeneous at all length
scales, including the molecular. Surprisingly, observation by OIM of a 60 mg ml? (ca. 4 mM)
lysozyme solution in 20 mM HEPES (at pH 7.8, at which the ionic strength is 33 mM) reveals
particles suspended in the solution that randomly migrate driven by Brownian collisions, Figure
5.3a. Careful examination of all steps in the solution preparation excluded the possibility that
these heterogeneities are dust particles or gas bubbles. Recording the diffusion trajectories of
individual particles, we determine the radii R. of individual particles as discussed in material and

method of lysozyme section. The R. distribution in Figure 5.2b is relatively narrow, between ca.
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10 and ca. 75 nm, with an average size of ca. 40 nm. The particle number density n., Figure 5.2a,b,

is very low and corresponds to particle volume fraction ¢, = 4m(}, R3n.)/3 of ca. 10°.

Characterization of the same solution by DLS reveals the presence of two shoulders in the
intensity-intensity correlation function in Figure 5.2c, with characteristic diffusion times of 7, =
20 ps and . # 1 ms. We determine the diffusivities, D, and D., and radii, Rm and R, of the two
respective scatterers. After accounting for the intermolecular repulsion,[112] we obtain R, = 1.6
nm, the hydrodynamic radius of the lysozyme monomer, whereas the average R. = 37 nm is similar
to that found in the OIM experiment (the somewhat higher radius detected by OIM is due to the
lower wavelength used in that method, 532 nm, compared to 632.8 nm in DLS, which makes the
OIM method more sensitive to larger particles)[117].  The amplitude A. of the large scatterers
is only two-fold higher than that of the monomers A, Figure 5.2d. The ratio A,/An is proportional
to both the concentration ratio of the two solution species and (R./R,, )®.[118,119] As R./R,,, ~
T./Tm = 50, the low A/An ratio is consistent with the low particle concentration detected by
OIM. Continuous DLS monitoring of the solution for 12 hours revealed that the particle size and
the fraction of protein composing the particles, characterized by R. and A./Anm, respectively, are
steady, Figure 5.2c,d.  Several characteristics of the large particles revealed by Figure 5.2a,b,c,d
are unusual for both disordered protein aggregates or emerging domains of a stable phase, such
as crystals or dense liquid. The narrow size distribution is inconsistent with both types of
aggregation.  The concentration and mesoscopic size of the particles are steady over extended
times, in sharp contrast to expectations for newly formed phases in which both the domain sizes
and the number of new domains grow in time.[120] On the other hand, these characteristics are
typical of the mesoscopic protein-rich clusters, found in solutions of lysozyme and several other

proteins at varying conditions.[75, 121-125] We conclude that the particles detected in Figure
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5.2a,b,c,d are mesoscopic lysozyme-rich clusters. The size and concentration of the clusters in

Figure 5.2b,d are consistent with recent in situ transmission electron microscopy images[126].

A crucial issue in understanding the cluster mechanism is whether the clusters adjust to
the parameters of the solution, or represent irreversibly aggregated protein. To test the cluster
reversibility, we monitored the dependence of R. and A./A on the protein concentration, varied
in two ways. First, we prepared a solution of 60 mg ml* and diluted it with buffer to 50, 40, and
30 mg ml. Second, we independently prepared solutions with these four concentrations. These
experiments test whether the clusters formed at the initial concentration adjust to the diluted
solution, and whether newly formed clusters are similar to those resulting from transformation
of preexisting condensates. The two methods of solution preparation yielded clusters with
identical R. and A./Am. Figure 5.2e reveals that R. increases by ca. 35% as the concentration is
diluted from 60 to 30 mg ml’, whereas the ratio A./An decreases three-fold, indicating a similar
decrease of the fraction of protein held in the clusters. Diluting a solution of irreversibly
aggregated protein would lower the concentration of protein held in the clusters concurrently
with the protein concentration, leading to a constant R. and A./Am. The R. and A/An trends in
Figure 5.2e demonstrate that the clusters are reversible aggregates that adjust to the conditions
of the hosting solution. The decoupled behaviors of R. and A./An, observed in Figure 5.2e, are
unusual for typical phase transformations, such as freezing or vaporization, in which the size of
the incipient domains increases concurrently with the volume of the new phase. On the other
hand, such decoupling has been observed previously with the mesoscopic protein-rich
clusters.[112] It has been attributed to the unique nature of the cluster population, whose volume
is determined by the thermodynamic balance between the clusters and the solution, whereas the
size of its domains results from the kinetics of formation and decay of protein dimers.[112, 113,

122, 127]
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Figure 5.2. Characterization of the mesoscopic protein-rich clusters by oblique illumination microscopy (OIM)

and dynamic light scattering (DLS). (a) A representative OIM image. The observed volume is ca. 120
x 80 x 5 um3. Clusters appear as green spots. (b) Number density distribution of the cluster sizes
determined by OIM. The average of five determinations in distinct solution volumes is shown. The
error bars represent the standard deviation. (c) Intensity correlation functions g of the light
scattered by a cluster-containing solution. The two shoulders of g, correspond to lysozyme
monomers and clusters, respectively. g, is unchanged over 12 hours, indicating that the cluster
population is steady. (d) The evolutions of the ratio of the correlation function amplitudes A./Am,
which characterizes the fraction of the protein held in the clusters, and the cluster radius R,
evaluated from g, in (c). (e) The dependences of A./Am and R. on the protein concentration. The
values of A./Arn and R¢ in (d) and (e) represent averages of ten correlation functions; the error bars
represent the standard deviation. In (a) — (d), lysozyme concentration was 60 mg ml1.

Perturbations of the protein structural integrity
Modeling of the interaction potential between native Ilysozyme molecules

(complimenting an earlier theoretical estimate by McCammon and collaborators)[128-130]

suggested that dimers or other oligomers of native lysozyme cannot support the formation of the

observed mesoscopic clusters.[131] Experiments with moderate concentrations of urea and
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ethanol[69, 112] and with solution shearing,[113] which destabilize the native conformation, and
NMR analyses of cluster-containing and cluster-free solutions[69] indicate that partial protein
unfolding is an integral part of the cluster mechanism. To differentiate the degree of unfolding
required for cluster formation from that leading to amyloid fibrillation, we compared the cluster
population to amyloid aggregates. To generate amyloid structures, we heated lysozyme solutions
to 65, 80, and 90°C.[64, 106, 115, 116, 132-135] To constrain the amount of aggregated protein,
we exposed the protein to an elevated temperature for only six minutes[64, 106, 115, 116].

Another aspect of the correlation between conformational flexibility and cluster
formation is whether intramolecular S-S bridges are disrupted during the unfolding that leads to
clusters [99-101, 115]. To elucidate this issue, we compare the behaviors of the mesoscopic
clusters to aggregates induced by reducing the intramolecular S-S bonds using (tris(2-
carboxyethyl)phosphine (TCEP). To evaluate the effects of varying levels of S-S bond disruption,
we employ three concentrations of TCEP: 0.1, 0.2, and 0.4 mM. Unreacted TCEP was removed by
buffer exchange prior to any additional characterization. We quantify the fraction of S-S bonds
converted to sulfhydryl SH by comparing the reaction of the reduced protein with 5,5'-dithio-bis-
(2-nitrobenzoic acid) (DTNB) to that of glutathione and L-cysteine, which contain one SH group
per molecule. The highest fraction of disrupted S-S bonds, after treatment with 0.4 mM TCEP, is
9.8%, Figure 6.2a, suggesting that the reduction of more than one S-S bond per lysozyme molecule
is unlikely. The two S-S bonds that appear exposed to the solution, the intra-a-domain C6-C127
and the inter-a-B-domain C76 — C94 [101], are indicated in Figure 6.2c. The steady fraction of
broken S-S bonds, Figure 6.2b, reveals that the resulting SH groups do not rebind into
intramolecular S-S bridges or form intermolecular S-S bonds. This observation suggests that the

aggregates induced by S-S bond reduction assemble by non-covalent bonds. The enzymatic
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activity of lysozyme is a sensitive indicator of the structural integrity of the active center of the

molecule, located between the o and B domains, illustrated in Figure 6.2c.

12—1.0, J

8 o5} . -
4 |00 N 65 80 90 I
o @ I | ﬂ

N 65 80 90 01 02 04

% Broken SS Bond

Heated [°C]

TCEP [mM]

16

% Broken SS Bond
HiH
il
o
f—m
i
-
-
F:m
-
o
-

Figure 6.2. Perturbations of lysozyme structural integrity. (a) Quantification of the sulfhydryl, SH, groups using
Elman’s reagent, 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB) in native solutions, N; solutions heated
to temperatures shown on the abscissa; and in solutions treated with (tris(2-
carboxyethyl)phosphine (TCEP) at concentrations shown in the abscissa. The average of three
independent determinations is plotted; error bars represent the standard deviation. (b) Evolution
of the sulfhydryl concentration in lysozyme solutions treated with 0.2 (triangles) and 0.4 (squares)
mM TCEP measured after removing the unreacted TCEP by buffer exchange. (c) The structure of
lysozyme drawn using by YASARA[136] and the PDB file 5L9J.[137] The o and 3 domains, identified
as in McCammon, et al. are highlighted in purple and blue, respectively.
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Lysozyme hydrolyzes a tetrasaccharide found in Gram-positive bacteria and breaks the
glycosidic bond between n-acetylmuramic acid and n-acetylglucosamine [138]. We monitored the
light absorbance of a bacterial suspension in the presence of native and treated lysozyme, Figure
7.2a,b. The active enzyme destroys the bacteria, clarifies the suspension, and lowers the
absorbance. The activity of TCEP-treated lysozyme is similar, within the error of the determination,
to that of the native protein, Figure 7.2a. This result is consistent with the low fraction of broken
S-S bonds, Figure 6.2a, and may imply that TCEP reduces the intra-a-domain C6-C127 S-S bond,
indicated with the downward arrow in Figure 6.2c, which has no direct role in the stability of the
active center, located between the a and  domains.[139] Heating to 65°C for 6 min does not
affect the activity of lysozyme, Figure 7.2b. The activity is significantly lowered after heating to
80°C. The steady optical density in the presence of lysozyme heated to 90°C suggests that
exposure to this temperature completely destabilizes the active center in the majority of the
molecules in the solution. The activity loss due to heating at increased temperature is consistent
with previous observations of partial unfolding and fibrillation of lysozyme.[140] We tested the
conformational integrity of heated and TCEP-treated lysozyme using the 1-anilino-8-
naphthalenesulfonate (ANS) and Thioflavin T (ThT) assays. ANS is a fluorescent probe for the
detection of partially unfolded states. ANS binds to hydrophobic sites of proteins, resulting in a
blue shift of the fluorescence emission maximum and increase of the fluorescence intensity.[95,
141] ThT binds to B-sheet stacks common in amyloid structures and this binding enhances its
fluorescence emission;[94] importantly, ThT is insensitive to lysozyme amyloid oligomers and only
interacts with protofibrils and their more complex structures [132, 133, 142].  The fluorescent
intensities in Figure 7.2d demonstrates that ANS binding to lysozyme heated to 65°C is
indistinguishable from that of native lysozyme; heating to 80°C induces binding comparable to

that of native lysozyme, indicating that few new hydrophobic sites were exposed to the solution
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owing to these treatments. ANS strongly binds to lysozyme heated to 90°C, suggesting numerous

exposed hydrophobic sites.
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Characterization of the lysozyme structure perturbations. (a) and (b) Determination of lysozyme
enzymatic activity in native and treated solutions. The absorbance A at 450 nm of a suspension of
the bacterium Micrococcus lysodeikticus, relative to that in a suspension in the absence of lysozyme
Ao, decreases as lysozyme degrades the bacteria. The slopes of the dependences characterize the
enzyme activity. (a) In solutions treated with TCEP at concentrations shown in the legend. (b) In
solutions heated to temperatures shown in the legend. (c) — (e) Tests of lysozyme conformational
integrity after the treatments listed in (a) and (b) using 1-anilino-8-naphthalenesulfonate (ANS), in
(c) and (d), and Thioflavin T (ThT) in (e) and (f). Fluorescence spectra of lysozyme solutions were
recorded in the presence of the respective probe molecule upon excitation with 350 nm, in (c) and
(d), and 442 nm, in (e) and (f). Both types of spectra exhibit maxima at about 490 nm. The evolution
of the intensity at the maxima is plotted. The time evolutions in (a) — (e) were monitored in four
solution samples and the average is plotted. The error bars represent the standard deviation. (g)
Dot blot characterization of the binding of an amyloid-recognizing antibody to native (N), treated
with 0.4 mM TCEP, and heated to 90°C (H) lysozyme.

The results on ANS binding in Figure 7.2c suggest that the degree of exposed hydrophobic

patches after treatment with 0.4 mM TCEP is low; it is even lower for protein treated with 0.2 mM
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TCEP. ANS binding to protein treated with 0.1 mM TCEP is comparable to that of native lysozyme.
The results of the ThT assays in Figure 7.3e,f suggest that the amount of stacked [3-sheets in the
lysozyme treated with TCEP and heated to 65 and 80°C is similar to that in the native protein,
whereas the lysozyme heated to 90°C presents abundant amyloid structures. Concomitantly,
immunoblotting of native, TCEP-treated, and lysozyme heated to 90°C with an antibody that
recognizes amyloid structures, Figure 7.2g, indicates no amyloid structures in the native protein,
weak amyloid response in the TCEP-treated, and pronounced amyloid formation in the heated
lysozyme. Collectively, the results in Figure 7.2 indicate that disruption of the S-S bonds by
TCEP partially unfolds the protein. Limited exposure to 65°C does not affect the native protein
structure, whereas heating to 80°C leads to partial unfolding that does not progress to amyloid
fibrillation. Heating to 90°C causes the formation of amyloid structures. These responses are in

agreement with expectations.[99-101, 106, 115, 140]

Distinct aggregation pathways of structurally modified lysozyme
The DLS correlation functions of heated and TCEP-treated solutions possess two

shoulders, corresponding to the diffusion of monomers and aggregates, respectively, and similar
to those of the native protein in Figure 5.2c. In solutions treated with 0.1 and 0.2 mM TCEP the
monomer diffusivity Dm, determined from the characteristic diffusion time of the fast shoulder
Dp, is similar to the native diffusivity and steady for 12 hours, Figure 8.2a,b. By contrast, in
solutions exposed to 0.4 mM TCEP the diffusivity decreases over this time. Lower diffusivity could
be an indication of intermolecular attraction. [112, 143, 144] Since the fraction of broken S-S
bonds in this solution is steady over the tested period, Figure 6.2b, a slowly emerging attraction
is hard to envision. With this, the decreasing D, trend suggests the assembly of disordered

oligomers of up to several molecules that capture a majority of the monomers in the solution.
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In solutions heated to 65, 80 and 90°C, D, is approximately steady over 12 hours, Figure
8.2b. After heating to 65 and 80°C, D, is lower by ca. 5 and 15 %, respectively, than that of the
native monomer. In combination with the weak ANS signal from hydrophobic interfaces, Figure
7.2d, and the lack of ThT evidence for amyloid aggregation in Figure 7.2e, the suppressed Dp,
suggests enhanced attraction between the lysozyme monomers after partial unfolding that
exposes hydrophobic residues to the solvent.[112] In contrast to these mild effects, exposure to

90°C lowers Dy, ca. 2.5-fold from the value in untreated solutions.
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Figure 8.2. Condensates of native and treated lysozyme. (a) and (b) Diffusivity of lysozyme monomers Dy, in

native solutions and in solutions treated with TCEP at concentrations shown in the legend (a) and
after heating for 6 min to temperature shown in the legend in (b). (c) and (d) Evolution of the radius
Rc of clusters and aggregates detected by DLS after TCEP treatment and heating as in (a) and (b),
respectively. (e) and (f) The ratio of the light scattering correlation function amplitudes A./A for
solutions of TCEP-treated, in (e), and heated, in (f) lysozyme. The averages determined from ten
correlation functions are plotted; the error bars represent the standard deviation.
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The dramatically lower diffusivity of the protein exposed to 90°C and the strong ThT and
ANS responses observed in Figure 7.2d,f indicate the assembly of the monomers into amyloid

oligomers of ca. ten molecules.

The radius R. of the clusters and aggregates existing in native and treated solutions, Figure
8.2¢,d, is determined from the slow diffusion time D, of the DLS correlation function. In solutions
treated with 0.1 and 0.2 mM TCEP, the aggregates, which form immediately after solution
preparation, are similar in size to the mesoscopic clusters of native lysozyme, Figure 8.2c. The
aggregates formed in 0.4 mM TCEP solution are larger and capture ca. 2x higher fraction of the
total protein, Figure 8.2e. Over time, the size of the aggregates in solutions treated with 0.2 and
0.4 mM TCEP increases, Figure 8.2c, in parallel with the increase of the fraction of aggregated
protein, Figure 8.2e. The coupling of R, and A//An and the time evolution of the condensate
population in solutions with chemically modified protein are in sharp contrast with the respective
behaviors of the mesoscopic clusters of native protein, revealed in Figure 5.2d,e. Solutions heated
to 65°C exhibit aggregates with R. somewhat higher than the clusters present in untreated
solutions, Figure 8.2d. The A./An ratio, Figure 8.2f, reveals that the aggregates capture a fraction
of the protein similar to that in untreated solutions. These comparisons suggest that the
aggregates observed in solutions heated to 65°C represent mesoscopic clusters whose size is
enhanced by the destabilization of a fraction of the monomers. The lack of amyloid structures in
solutions heated to 80°C suggests that the heterogeneities detected in these solutions also
represent mesoscopic clusters, whose larger size is due to the stronger protein unfolding. The
clusters slowly grow, from 160 to 220 nm over 12 hours. The concomitant decrease in the fraction
of protein captured in the clusters, represented by A./Anm, is weak (A./Am is expected to scale with
(R/Rm)3),[118, 119] suggesting that this evolution represents Ostwald ripening of the clusters,

which occurs faster than in previous observations[75] owing to destabilized protein conformation.
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The amyloid aggregates, present in solutions heated to 90°C, are ca. 4x larger than the clusters of
native lysozyme. Their size is steady over 12 hours. The steady decrease in the respective A/Am
ratio may be due to the formation of complex amyloid structures and their precipitation.[132]
The discussed behaviors indicate persistence of cluster formation, typical of native protein
solutions, after short-term exposure to 65 and 80°C, and amyloid aggregation that requires
heating to 90°C. This conclusion is consistent with the preservation of intact lysozyme a helices
upon heating close to the protein melting temperature (extrapolating the pH dependence of the
lysozyme melting temperature[140] to pH 7.8 of our tests suggests that it is between 80 and 90°C),

followed by drastic structure destabilization within additional 10°C[140].

The values of R. and A,/An, for native protein in Figure 8.2c,d are similar to those for
solutions treated with 0.1 and 0.2 mM TCEP even though the latter two solutions contain ca. 3
and 6%, respectively, broken intramolecular S-S bonds. The lack of correlation between the
broken S-S bonds and the cluster properties suggests that broken S-S bonds, present in 0.2% of
the native protein, Figure 6.2b, are not necessary for cluster formation.[113] The evolution of Ry,
and A/A. in lysozyme solutions treated with 0.2 and 0.4 mM TCEP in Figure 8.2c,d suggests the
growth of a population of disordered aggregates of chemically modified lysozyme, or the
incorporation of disordered oligomers in the mesoscopic clusters, which increases the cluster size
and stabilizes the cluster population. Both scenarios utilize the disordered oligomers, evidenced
by the decreasing Dn, in Figure 8.2a, and are compatible with the results of the ANS assays for

partial unfolding in Figure 7.2c.

To assess the applicability of these scenarios, we tested the reversibility of aggregation of
structurally modified lysozyme by monitoring the dependence of A./A, on the protein

concentration. We prepared a solution of 60 mg ml™* and diluted with buffer down to 20 mg ml™.
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We mimicked irreversibly aggregated lysozyme by suspending latex particles with radius 100 nm
in a lysozyme solution. Diluting this suspension with buffer lowers the concentration of both
particles and protein and keeps the ratio A./An constant, Figure 9.2a. The fraction of the protein
captured in amyloid aggregates decreases significantly upon dilution, Figure 9.2b, reflecting the
reversibility of small amyloid aggregates, seen with several proteins.[145] The A/An trend for
lysozyme freshly treated with 0.2 mM TCEP indicates that these condensates are reversible, Figure
9.2c. The observed reversibility implies that the disordered oligomers do not form a separate
population of aggregates (aggregation of lysozyme with broken S-S bonds is expected to be
irreversible,[99-101, 115]), but rather incorporate into the mesoscopic clusters, where they lead

to greater cluster size and higher total volume of the cluster population.
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Figure 9.2. Reversibility of the aggregates formed in heated and TCEP-treated solutions. (a) The ratio Ay/Am of

the amplitudes of the DLS correlation function g, from a suspension of latex particles of radius R, =
100 nm in a lysozyme solution with Cmo = 60 mg ml? as a function of particle concentration. The
initial particle concertation Cy o corresponds to volume fraction o = 4 x10-°. A solution with Cy0and
Cm,o Was diluted with 20 mM HEPES buffer so that the ratio C,/Cm remained constant. (b) and (c)
The dependence of the ratio A;/Am on the protein concentration for solutions heated to 90°C, in
(b), and for solutions treated with 0.2 mM TCEP, in (c). Co = 60 mg ml! in both (b) and (c). The
averages determined from ten correlation functions are plotted; the error bars represent the
standard deviation.
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Aggregation of chemically modified lysozyme
The evolution of the aggregates in solutions with a higher fraction of broken S-S bonds,

induced by treatment with 0.4 mM TCEP in Figure 8.2c,d, diverges from that in the other tested
solutions. For additional evidence for an alternative aggregation mechanism in solutions with high
concentration of chemically modified molecules, we explore the cluster size distribution
determined by OIM. The data in Figure 10.2 demonstrate that in solution of native lysozyme, the
cluster population 12 hours after solution preparation is practically identical to that in freshly
prepared solutions. This observation agrees with the data in Figure 5.2c,d. The average radius of
clusters in solutions freshly treated with TCEP is slightly greater than in native solutions, and the
cluster concentration is higher by ca. 50%, Figure 10.3e, consistent with the observations in Figure
8.2¢,d. Importantly, after 12 hours, the TCEP-treated solution exhibits a second population of
aggregates with radius ca. 90 nm, which exists in parallel with the mesoscopic clusters present in
both native and TCEP-treated solutions, Figure 10.2d and e. The second population of
condensates might be a product of the aggregation of the disordered oligomers, reflected in the
decreasing Dn, trend in Figure 8.2a. We tested the reversibility of aggregation in solutions kept in
the presence of 0.4 mM TCEP for 12 hours. For this, we prepared a 60 mg ml? lysozyme solution,
applied TCEP, and stored the solution at 22°C for 12 hours. We divided this solution into three
aliquots that were undiluted and diluted to two final concentrations: 40 and 20 mg ml. DLS
correlation functions indicate that R. and A./Am, Figure 11.2, are larger than in solutions of native
protein, Figure 5.3e, consistent with observations in Figures 8.2 and 10.2. R. is independent and
A/Anm is a weak function of the dilution ratio, suggesting a weak reversibility of the condensates.
The weak reversibility is consistent with the presence of two populations of aggregates, revealed

by the OIM size distributions in Figure 10.2e. Disordered aggregates formed entirely of chemically
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modified protein are expected to be irreversible; [99-101]however, these aggregates constitute

only a fraction of the condensates seen in Figure 8.2d,e.
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Figure 10.2. The evolution of aggregates in TCEP-treated solutions. (a) — (d) Representative OIM images from

native lysozyme solutions and from solutions treated with 0.4 mM TCEP, shortly after preparation
and after 12 hours. Clusters appear as green spots. The observed volume is approximately 120 x 80
x 5 um3. Lysozyme concentration is 60 mg ml-1in all panels. () Number density distributions of the
cluster sizes determined by OIM in the four solutions represented in (a) — (d). The average of five
determinations in distinct solution volumes is shown; the error bars represent the standard
deviation.
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It appears that the population of mesoscopic clusters, preserved in these solutions after
aging in the presence of TCEP, has retained its reversibility. Collectively, the observations in
Figures 6.2 — 9.2 suggest that disordered chains of chemically modified protein form oligomers in
the solution that may invade the mesoscopic clusters or assemble into distinct condensates,
existing in parallel with the mesoscopic clusters. The disordered oligomers embedded in the
clusters modify their properties, but do not affect the cluster reversibility; condensates assembled

from oligomers are likely irreversible.
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Figure 11.2. Weak reversibility of aggregates formed in solutions treated with 0.4 mM TCEP and aged for 12
hours. (a) The dependence of the aggregate radius R. in solutions treated with 0.4 mM TCEP on the
lysozyme concentration obtained by dilution of the highest concentration sample after incubation
for 12 hours at 22°C. (b) The corresponding dependences of the ratio A./An. The averages
determined from ten correlation functions are plotted; the error bars representing the standard
deviation are smaller than the symbol size.

Summary

The results presented here demonstrate that three distinct condensate polymorphs may
self-assemble in lysozyme solutions. The selection of condensation pathway is guided by the
environmental stress: mesoscopic protein-rich clusters exist at typical laboratory conditions and
in solutions heated to 65 or 80°C; heating to 90°C for a limited time induces amyloid fibrillation,
whereas reduction potential breaks the intramolecular S-S bonds and leads to disordered

aggregates. The mesoscopic protein-rich clusters represent a unique class of condensate: their
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radius is steady for 12 hours at ca. 40 nm, whereas the amyloid structures are as large as 180 nm
and the disordered aggregates grow to 60 nm. Another signature behavior of the mesoscopic

clusters is that the cluster radius is decoupled from the fraction of protein captured in the clusters.

We show that the partial unfolding of a small fraction of the lysozyme molecules, a
necessary precursor for the formation of mesoscopic clusters,[69, 112, 113] differs from the
unfolding of a large population of molecules leading to amyloid fibrils. This observation supports
the notion that the mesoscopic clusters require opening of the hinge between the o and
domains of lysozyme,[69, 112, 113] whereas fibrillation is preceded by destabilization of the a
helices[115, 146, 147]. In accordance with this molecular viewpoint, the enzymatic activity of
lysozyme is fully retained in cluster forming solutions, but the protein that assembles into amyloid
structures is inactive. Furthermore, we show that breaking of the intramolecular S-S bonds, which
are essential for the structural integrity of lysozyme, [99-101, 115] is not a prerequisite for cluster

formation.

The formation of mesoscopic clusters of lysozyme is reversible and the fraction of protein
captured in them adjusts to variation of the concentration of the host solution. The clusters may
capture a low concentration of disordered oligomers. High amounts of chemically modified
protein, however, assemble into irreversible disordered aggregates that exist in parallel with the

mesoscopic clusters.
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Chapter 3 Non-classical nucleation of tumor suppressor p53 fibrils
hosted by mesoscopic protein-rich clusters

Introduction

The aggregation of proteins into ordered arrays of native or partially unfolded chains has
been associates with conditions such as sickle cell, Alzheimer’s, diabetes mellitus 2, among others,
comprising the growing class of aggregation diseases [148-150]. The transcription factor p53, one
of the most important tumor suppressors, transforms after mutation into a powerful oncogene,
which blocks the anti-cancer activity of wild-type p53, its paralogs p63 and p73, and several
distinct pathways [151, 152], [50]. Several mechanisms of the gain of oncogenic function (GOF) of
mutant p53 have been put forth. A subsection of the malignant mutations destabilize the p53
conformation. The associated enhanced aggregation of the mutant and co-aggregation with wild-
type p53 and its paralogues represent a potent GOF mechanism, which defines cancer, in certain
respect, as an aggregation-related disease. Importantly, fibril suppression, for instance, by
stabilization of the mutant p53 conformation, has been identified as a general way to fight cancer
[151, 153]. The aggregation of mutant and wild-type p53, in vitro and in vivo, exhibits features
typical of B-amyloid fibrillation. The amyloid domains bind to Thioflavin T (ThT), a die that
recognizes [3-aggregates and emits fluorescence only when bound, and the fluorescent intensity
increases following a typical sigmoid curve [52, 59, 154-158]. In the sigmoid correlation, an initial
period of insignificant signal increase is followed by exponential gain and, finally, by saturation
[154, 159]. The three periods correspond, respectively, to the nucleation of fibrillar domains that
are still small and produce negligible signal, continued nucleation and growth of the nucleated

domains, and depletion of the soluble protein to the solubility, whereupon fibrillar growth ceases.

The observations on p53 fibrillation have provoked questions on the relevant molecular

mechanisms. Notably, the concentration independence of the parameters of the sigmoid curve
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and the short initial time period have suggested that a non-classical mechanism of fibril nucleation
and growth operates [154, 155]. Furthermore, tests of whether mutant p53 fibrils cross seed wild-
type aggregation have produced both positive and negative outcomes [52, 59, 156]. Whereas it is
clear how mutations that destabilize p53 conformation incite aggregation, the enhanced fibril
formation of mutants at the DNA binding sites, which retain their conformational stability, is a
mystery [59, 151]. Additional open questions relate to the significance of intracellular crowding
for the kinetics of fibril nucleation and growth and the similarity and differences between fibrils
of wild-type and mutant p53. To address these questions, we explore the aggregation of wild-
type p53 at near physiological conditions and in crowded environments. Besides serving as a
reference for mutant p53 behaviors, aggregation of wild-type p53 is of interest because it may,
under certain conditions, behave like mutant p53 [50]. Wild-type p53 has been detected in a
mutant conformation in hypoxic cells [160] and after binding to a common p53 regulator protein,

MDM2 [161].

Material and methods
TCEP (tris(2-carboxyethyl)phosphine, 8-Anilinonaphthalene-1-sulfonic acid (ANS),

Thioflavin T (ThT), Ficoll PM-70, and Fluorescein are purchased from Sigma Aldrich. EDAC N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride and BODIPY-530/550 NHS ester are
purchased from Thermo Fisher Scientific. For wild type p53, plasmid pET15b-TP53 containing N-

terminal 6—his—WT—p53 (1-393) is purchased from Addgene [162].

Protein expression Plasmid pET15b-TP53, obtained from Addgene was transformed into E.
coli BL21 (DE3). A single colony of the fresh transformants was inoculated into 10 mL media
containing 20 g L™ Bacto-trypton, 10 g L yeast extract, 5 g L't NaCl, and 100 pg mL? ampicillin.
The culture was let grown for 5 hours and the seed culture was then diluted to 1 liter of the same

media with a factor of 100. When ODeoo of the subculture reached 0.4-0.5, cells were cold-
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shocked on ice for 25 minutes followed by inducing by 0.1 mM IPTG (3-D-1-thiogalactopyranoside)

and 0.2 mM ZnCl,, and the culture was let grown at 20 °C at 250 rpm for overnight [162-165].

The cells were pelleted and re-suspended in 100 mM KH,PO4/K,;HPO,4 (pH = 8.0), 300 mM NacCl, 5%
glycerol, 2 mM TCEP (2 mL per 1 g of wet cells) to a final volume of 40 mL. 1 mL of 10x EDTA free-
protease inhibitor cocktail (SIGMA FAST protease inhibitor tablets) is added to the cell suspension.
The suspension was then aliquoted into 4 mL fractions in 5 mL Eppendorf tubes for sonication to
lyse the cells. Each aliquot was thrice sonicated using a Q-SONICA MISONIX XL-2000 (11 watt
output) for 30 seconds on ice with 15 min intervals between sonications. The lysate was then
centrifuged at 5000 rpm for 1 hour to pellet the cell mass. The supernatant was filtered with 0.45
pm SFCA syringe filters prior to purification. It is worth mentioning that lysing procedure using
DNAse and lysozyme (chemical lysing), although more expensive, might be more beneficial than
sonication lysing. The outcome would be p53 with higher purity, since sonication can result in
formation of a small fragment around 20kDa which gets co-purified with p53., however chemical
lysing requires thrice freeze and thawed at —20 °C for at least 1 hour prior to addition of any

lysozyme and DNAse.

Protein purification For purification, Ni Sepharose™ 6 Fast Flow column was equilibrated with
100 mM KH2PO4/K;HPO4 (pH = 8.0), 300 mM NacCl, 5% glycerol, 2 mM TCEP, and 25 mM imidazole.
Bound p53 was eluted with a linear gradient of imidazole (0.7 CV, the cheaper imidazole from
Sigma Aldrich is the oxidized state of imidazole and it generates absorbance of ~300 mAU/500
mM imidazole, thus it is essential to elute the p53 with sharp imidazole gradient from Ni-NTA
resin ~ 0.7-0.8 CV or follow p53—hist on AKTA). Fractions containing p53 were diluted 1:1 with
20 mM KH,P04/K,HPO, (pH = 6.50), 5 % glycerol, and 5 mM TCEP for further binding to HiTrap™

Heparin HP column and the bound p53 was eluted with linear gradient of NaCl (15 CV gradient of
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2M NaCl. The AKTA UNICORN 7 (HPLC software) was programmed to collect the maxima of the
eluted peak (or follow p53-heparin program). In vitro expression and Ni-NTA purification could
likely result in formation of different charge states of p53, which potentially alter the folding state
from native structure). The purified p53 was further buffer exchanged using GE healthcare PD-10
desalting columns to 50 mM Tris (pH = 7.85), 150 mM NaCl, 5 mM TCEP, and 10% glycerol for
storage and experiments. Buffer exchanged p53 was flash frozen in liquid nitrogen and stored in
aliquots of ~15 uM as stock in —80 °C. Yield of soluble p53 with final purity of ~85% after all steps
was about ~1.5 mg per 1 L of medium[163]. It is worth mentioning that extra 6-hist tag could get
cleaved using thrombin, however, due the cost of this process it was not performed in these
experiment. Hist-tag cleaved p53 can further be purified following dilution with KHP buffer,

loading into Heparin resin and elution with 2 M NacCl.

Characterization of solubility of p53  For solubility measurements without Ficoll, frozen
aliquots were thawed on ice. Thawed protein and incubation buffer (50 mM Tris (pH = 7.85), 150
mM NaCl, 5 mM TCEP, 10% glycerol) were filtered with 0.22 um Polyethersulfone (PES) syringe
filters prior to all measurements. The concentration of stock p53 solution was determined by
absorbance measurements using a Beckman Coulter Du 800 spectrophotometer and extinction
coefficient € =0.763 mL mglcm™ at 280 nm [93, 163].  After filtration, the concentration of the
stock p53 solution was ~12 uM. Independent solutions of p53 with concentrations of 0.6 — 8.2 uM
were prepared at 7 °C by serially diluting the p53 stock solution with the incubation buffer. Diluted
samples were then incubated at 15 and 37 °C for at least 4 hours. After incubation, samples were
filtered with 0.22 um PES syringe filters to eliminate any formed aggregate and p53 concentration
was determined spectrophotometrically. For measurements of the solubility of p53 in a crowded,
Ficoll-rich environment, independent solutions of p53 with concentrations of 0.6 — 7.7 uM were
prepared at 7 °C by serially diluting the stock solution with the incubation buffer and a stock Ficoll
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solution of concentration 250 mg mL? containing 200 mM KCI in Dl-water to set the Ficoll
concentration at 56 mg mL? while keeping the ionic strength at physiological conditions in all
samples. Prepared samples were incubated at 15 and 37 °C for 4 hours and filtered with 0.22 um

PES filters prior to concentration determination.

Dynamic light scattering (DLS) DLS data were collected with an ALV goniometer equipped with
a He-Ne laser (wavelength A = 632.8 nm) and an ALV-5000/EPP Multiple tau Digital Correlator

(ALV-GmbH, Langen, Germany).

Low-temperature measurements: p53 monomers and oligomers. The normalized
intensity-intensity correlation functions g,(g,t) 45 seconds each, recorded for up to four hours of
incubation at T = 15°C with fixed scattering angle of 90°, all possess one polydisperse shoulder,
indicating the presence of oligomeric species of similar sizes (Fig. 12.3) [43, 166]. We determine
the characteristic diffusion time 7 and polydispersity index ut? of the p53 solution at a

concentration of 6 uM by fitting the normalized correlation function with a polydisperse exponent

2
fit [167],9,(q,T) — 1= (A exp(— t/-[) (1 + utz—z)) + €(7), (1.3), where A is the scattering

amplitude, which is proportional to the intensity scattered by the oligomeric species in the
solution, and £(t) accounts for mechanical, optical, and electronic noise in the signal[109, 111].
In our measurements, € was one or two orders of magnitude lower than the A values. We used t

and u to determine the average diffusivity and dispersity, D and PDI, from D = (g?t)™* and PDI =

ut?, where g = 4%sin(@/Z) is the wave vector at a scattering angle of 90°, A = 632.8 nm is the

wavelength of the incident red laser and n = 1.33 is the solution refractive index [112], [113].

Higher-temperature measurements: p53 monomers and fibrils. To test the reversibility of
the fibrils (Fig. 15.3F), the p53 solution with concentration of 1.5 uM was incubated at T =37 °C

for four hours. The stock solution was then tested with dynamic light scattering for co-existence
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of monomer and fibrillar aggregates. To test the reversibility of the fibrillar aggregates, the stock
was further diluted into incubation buffer (50 mM Tris, 150 mM NaCl, 5 mM TCEP, 10% glycerol,
pH = 7.85) respectively to 1.3 and 0.9 uM and 45 seconds intensity correlation functions were
collected using DLS [113, 168]. We determined the characteristic diffusion times t,,, and t. of the

monomers and clusters from the two distinct shoulders of the normalized correlation function by

fitting with a squared sum of exponentials [74, 167],g,(q,T) —1 = (Am exp(— t/Tm)(l +

2 2
Hm %) + Acexp(— t/-[c)) + €(7), (2.3). The data was fitted with t > 10®° s because the

incubation buffer at 37°C generates small background for time scales smaller than this threshold.
Am and A are the respective amplitudes, which are proportional to the intensity scattered by the
monomers and clusters, and €(7) accounts for mechanical, optical, and electronic noise in the

signal[109, 111]. We used 7, and 1. to determine the monomer and cluster diffusivities, D, and
D., from Dm = (¢° 7)™t and D, = (¢°w)™2, where g = 4%sin(@/Z) is the scattering wave vector at
90°.

From the characteristic time scales T we computed the average size R of monomers and

kgT
6nn;D

clusters from the Stokes-Einstein relation, R; = [169]. Here T, kg, and n; are respectively

the temperature, Boltzmann constant, and the viscosity of the buffer solution. The buffer viscosity
n; was determined from the dynamics of Fluoro-Max Dyed Red Fluorescent polystyrene spheres,
with diameter 2R, = 2 um, diffusing in the buffer solution and characterized by DLS [74]. Viscosities
of the buffer with 10% glycerol without Ficoll at T=15and 37 °Cweren; = 1.50 + 0.05 and n; =

0.95 + 0.03 mPa-s, respectively.

Cluster characterization by oblique illumination microscopy (OIM) Movies were acquired

over 30 seconds unless mentioned otherwise. We found that objects recorded for times shorter
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than 1 s were interference spots from two or more clusters tracked for significantly longer times.
This observation is supported by the estimate that a cluster with diffusivity D, = 102 m?s* would
be detectable in a focal plane with depth 5 um for about 25 s. We did not consider them as parts

of the cluster population in the determination of the cluster parameters.

Effect of temperature on p53 aggregation: To monitor the aggregation of p53 as a
function of temperature by OIM (Fig. 12.3), a stock p53 solution was diluted to 2.2 uM and filtered
with 0.22 um PES prior to measurement. The protein solution was incubated for 10 minutes at
temperatures of 15, 18, 25, 37, and 42 °C. Five distinct movies per each temperature were

collected to characterize aggregation of the protein after incubation. We evaluated the average

kgT
6nn;D

size of the clusters using the Stokes-Einstein equation, R; = [170], where T is the

experiment temperature varying from 15 to 42 °C, kg and n; are respectively the Boltzmann
constant and the viscosity of the buffer solution at the experiment temperature measured as
discussed in DLS section. It is worth mentioning that p53 solutions are extremely sensitive to
temperature and the Nano sight laser warms up the sample rapidly, thus these experiments are
performed with minimal waste of time. Another issue to consider is the crash of the Nano sight
camera, which occurs during heavy data collections, thus it is essential to assert movies are

properly collected.

Effect of crowding on p53 clustering: To characterize clustering of p53 at T =15 °C (Fig.
13.3), two variables were selected. To probe the effect of Ficoll concentration on clustering of p53,
the Ficoll concentration was varied from 0 — 90 mg mL? while holding the concentration of p53
fixed at 1.2 uM. It is necessary to prepare fresh Ficoll solutions. For this purpose, Ficoll solution at
100 mg/ml Ficoll with 200 mM KClI (to keep the ionic strength constant) was prepared over night

with mild rotation. Before performing any experiment on p53 clusters, it is essential to test if the
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Ficoll stock solution is homogeneous. To probe the effect of p53 concentration, the Ficoll

concentration was set at 90 mg mL* and the p53 concentration was varied from 0.3 — 2.3 pM.

Ostwald ripening of p53 clusters: To test the Ostwald ripening of p53-rich clusters at T
=15 °C (Fig. 14.3), the p53 and Ficoll concentrations were fixed at 1.2 pM and 56 mg mL™ and five
distinct movies were collected at times 5, 10, 30, 60, 90, 120, and 150 minutes after preparation

of each sample. The average size of the clusters were calculated using the Stokes-Einstein

kgT
é6mnn;D

equation, R; = [170], where T = 288.15 K for all cluster experiments in presence of the

Ficoll as crowder and n; (viscosity of the solution in presence of Ficoll) measured as discussed in

DLS section.

Incorporation of Ficoll into p53 mesoscopic clusters: To determine if p53-rich clusters
contain Ficoll inside (Fig. 13.3), p53 solution at concentration of 1.2 uM was prepared in presence
of 15 mg mL™* BODIPY-labeled Ficoll and 41 mg mL™ un-labeled Ficoll. This solution was incubated
at 15°C in Nanosight cuvette for two hours. First, a movie of 10 seconds was collected without
any filter cube in the optical path. Within 1 minute after the end of the collected movie, the
fluorescence filter cube was inserted into the optical path and a fluorescence movie was collected
for 10 seconds. Assuming diffusion coefficient of D = 1 um? s* for clusters in presence of Ficoll,
the approximate displacement of the clusters is < 6 um (Ax = \/W]), thus the approximate
position of clusters remained constant over the experiment. To confirm that fluorescence was
due to incorporation of labeled Ficoll into p53 clusters, the control sample was tested for

fluorescence with same Ficoll composition without any p53.

Fluorescence labeling of Ficoll Ficoll PM70 was activated with chloroacetate at pH>13
for four hours. 0.45 g Ficoll was dissolved in 5 ml water. Chloroacetate was added to

concentration of 2M with further addition of 1.6 g NaOH to set pH >13. Reaction was carried out
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at T = 60 °C (this value corresponds to T = 90°C of the hot plate) with 250 rpm. The reaction is
stopped by dropping the pH to ~6 and dialysis was initiated overnight followed by 10k Amicon
filtration to eliminate any residual of small molecules and concentrate the Ficoll to ~1mL. For
addition of amine group to the activated Ficoll, 500 ul 65% hydrazine (~2M) is added to the
mixture and pH is set to ~4.5 followed by addition of ~50 mg EDAC (N-(3-Dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride) to initiate the reaction. The reaction was carried out at T =
50°C (this corresponds to T = 75°C of the hot plate) with constant agitation at 250 rpm and
monitoring the pH every 20 minutes. Amine-activated Ficoll was then buffer exchanged overnight
followed by 10k Amicon filtration to final volume of ~ 1 ml [171, 172]. Amine activated Ficoll was
then reacted with ~0.15 g Fluorescein in presence of ~ 50 mg EDAC to generate fluorescein-
labeled Ficoll. Reaction was carried out for 4 hours at T = 50°C with 250 rpm mixing with pH ~4.5.
After reaction, filtration with 0.2 um PTFE is essential prior to dialysis to eliminate the large dye
aggregates. Dialysis was carried out against 2 L DI-water for one week with constant exchange of
the water per day to speed up dialysis. The dialysate was concentrated using 10k Amicon
centrifuge filters followed by an extra buffer exchange step using a desalting PD-10 column to
eliminate any residual free dye. The eluted Ficoll was concentrated to 100 mg mL? using an
Amicon 10k filter followed by centrifugation for 20 minutes at 14000 rpm and further filtration
with 0.2 um PTFE (Polytetrafluoroethylene) syringe filters. An extinction coefficient of 2.00 + 0.12
x 1023 mL mg?! ecm™ at 280 nm was used for determination of Ficoll concentration, which was
calculated independently by measuring absorbance of duplicate solutions of 164 mg mL? of un-
labeled Ficoll solution and ratio of 1.7 for the A47s nm/A2s0 nm Of fluorescein is used to subtract the
dye background. The absorbance ratio of the dye at 475 nm to 280 nm was measured
spectrophotometrically in independent measurements. To determine whether Ficoll

incorporated into p53 fibrils, the p53 concentration was set at 7.7 uM in presence of 56 mg mL™*
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fluorescein-labelled Ficoll and the solution was incubated at T =37 °C over 12 hours to form large
aggregates. Control sample was prepared with same content of labeled Ficoll without p53. 10 uL
of samples were placed on a large cover slip (48 mm x 65 mm, Fisherbrand), covered with a
smaller cover slip (22 mm x 22 mm, Fisherbrand), and placed on the stage of epi-fluorescence
microscope (Leica DM 3000B) equipped with a 40x objective lens (NA. 0.65). Images were
collected using a sSCMOS camera (pco.edge 4.2, field of view 212.5 x 213.3) from four distinct
locations of the samples under excitation wavelength of 488 nm[173]. Representative
micrographs of control and p53 sample are shown in Fig. 15.3C-D. For incorporation of
Ficoll into clusters, the amine activated Ficoll solution was reacted with NHS-ester BODIPY/530 in
0.2 M NaHCOs at pH = 8.3 (to have the right buffer capacity and pH, 0.4 M NaHCOs; at pH = 8.3
was prepared as stock and it was diluted 1:1 with Ficoll solution) overnight in a dark Eppendorf
tube in a water bath at T = 25°C with constant agitation (~350 rpm). BODIPY labeled-Ficoll under
was buffer exchanged and concentrated as mentioned above to final concentration of 30 mg mL

! Ficoll.

Static light scattering to measure p53-p53 interactions Osmotic compressibility was
measured with the ALV instrument (reference DLS section). We measured the scattered intensity
of the p53 solutions with protein concentration varying from 0.12 — 0.4 mg mL in the incubation
buffer (pH = 7.85; 50 mM Tris, 150 mM NaCl, 10% glycerol, and 5 mM TCEP). The average

molecular weight M(w) and the second virial coefficient B, can be calculated from the plot of
KC/R as a function of p53 concentration following the equation[72, 174], % =Mw) +

2B,,C (3.3). Here R = Iy/l, is the Rayleigh ratio of scattered light to incident; K is system

2nn

2 am\2
constant defined as K = NA_1 (7) (E) ,[174] where n = 1.33 is the refractive index of the

solvent and dn/dc = 0.20 is the first derivative of the refractive index with respect to protein
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concentration measured using a Brookhaven instrument differential refractometer operating at a

wavelength of 620 nm([72].

ThT and ANS assay for characterization of p53 aggregation kinetics The aggregation kinetics
of p53 was measured at T = 37 °C using a 1-anilino-8-naphthalenesulfonate (ANS) assay, which
enables detection of small oligomeric species forming due to partial unfolding of hydrophobic
core of the proteins during the lag phase of protein aggregation[95, 106, 175]. ANS was dissolved
at 4 mM in incubation buffer (50 mM Tris, 150 mM NaCl, 5 mM TCEP, 10 % glycerol; pH = 7.85).
The solution was filtered through a 0.2 um Teflon filter. The ANS concentration was determined
spectrophotometrically using extinction coefficient 18 mM™ cm™ at 270 nm[95]. 10 uL of this
solution were added to 200 uL of the tested p53 solutions at final concentration of 6.5 + 0.5 uM
prepared by addition of 116 pL of 12.0 £ 0.5 uM stock p53 to 0, 24, 47, and 84 pL of stock Ficoll
solution at 250 mg mL™ diluted respectively with 84, 60, 37, and 0 pL of incubation buffer (50 mM
Tris, 150 mM NaCl, 5 mM TCEP, 10% glycerol, pH = 7.85) to a total volume of 200 pL. For
experimental statistics, two identical samples of each solution mixture were loaded in a 96-well
plate and the fluorescence response to excitation at 350 nm was recorded at an emission
wavelength of 500 nm by an Infinite 200 PRO microplate reader (Tecan) at 10 minute intervals
over six hours. To test the fibrillar nature of the aggregates, ThT was dissolved at 5 mM in
incubation buffer (50 mM Tris, 150 mM NacCl, 5 mM TCEP, 10% glycerol, pH = 7.85). The ThT
concentration was determined spectrophotometrically using extinction coefficient 26.6 mM*cm
1at 416 nm[94-96]. The p53 solution at concentration of 7.7 uM was incubated with 0 and 56 mg
mL™ Ficoll at T = 37 °C for 12 hours to form large aggregates. The aggregates were then pelleted
using centrifugation at 14,000 rpm for 20 minutes. The pellet was re-suspended in 100 uL of the

incubation buffer and 1 pL of stock ThT solution was added to the suspension. After 20 minutes
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of incubation, 10 pL of samples were imaged and representative images are shown in Fig.

15.3A-B[173].

Temperature promotes p53 aggregation
We monitored the aggregation of p53 as a function of temperature using oblique

ilumination microscopy (OIM) [109, 111]. This method enables the detection of nano- and
microscale objects through the light scattered at wavevectors of order um™. The scattering
intensity is proportional to the sixth power of the scatterers’ sizes; thus, in a solution containing
objects of varying size the scattering signal is dominated by larger particles. This feature makes
this technique particularly well suited to characterize the size and number distribution of the small
aggregates (p53 oligomeric assemblies) that appear as bright cyan spots in OIM micrographs (Fig.
12.3B-F). The aggregation of p53 strongly depends on temperature. Solutions incubated at 15°C
contain no visible aggregates (Fig. 12.3B). Solutions incubated at 18°C, however, contain a few
aggregates (Fig. 12.3C), indicative of appearance of small oligomeric assemblies. Pronounced
aggregation is observed in solutions heated to temperatures of 37 °C (Fig. 12.3B-F), with the
average size and number of the aggregates both increasing nonlinearly with temperature (Fig.
12.3G-H) [92, 109, 112]. The remarkable growth in size and number of these aggregates at
temperatures close to the mid-denaturation point of p53 [163] (Fig. 12.3 G-H) suggests that
unfolding of p53 may be an essential trigger for aggregation [154, 164, 176]. To determine the
solubility of p53 with respect to the aggregate phase, we measured the concentration of protein
that remains soluble once aggregation is complete for solutions incubated at two conditions: at T
=15 °C with no condensate, and at T = 37 °C, where earlier studies reported the formation of p53
fibrillar aggregates. The final p53 was nearly identical to the initial concentration, confirming that

the protein did not form large aggregates at this temperature (Fig 12.31). The final p53
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concentration in solutions incubated at T = 37°C, however, was sharply lower than the initial

concentration, with aggregates capturing up to 80% of the total p53 (Fig. 12.3J).
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Temperature promotes p53 aggregation. (A) Oligomerization of p53. Full length structure of p53 is
generated by inputting the FASTA sequence in PHYRE2 algorithm available online using intensive
mode. 82% of the residues are modelled with more than 90% confidence. Residues 96-354 (DBD
and OD) are modelled using p53 template on PDB with 100% confidence [53, 177]. (B-F)
Representative image of oblique illumination microscopy (OIM) collected after incubation for 20
minutes at each temperature. The observed volume is 5 x 80 x 120 um3. Aggregates appear as cyan
spots. (G-H) The average size and the total number of the aggregates determined by OIM
respectively. The average of five determinations in distinct solution volumes is shown. Error bars
indicate standard deviations. The p53 concentration is 2.2 uM. (I-J) Concentration determination of
p53 using UV-Vis spectrophotometry after incubation at two distinct temperatures of (G) 15°C and
(H) 37°C. Black triangles show concentration of p53 solution after filtration to remove any
aggregates after incubation. Blue rectangles demonstrate the concentration of p53 incorporated
into the protein aggregates, calculated by subtraction of initial concentration of p53 from the final.
(K) Intensity correlation functions g, of the light scattered by a p53 solution at 6 uM incubated at
15°C for 4 h. G, is steady over 4 h incubation at 15°C. (L-M) Evolution of diffusivity and dispersity of
protein solution generated by polydisperse fitting of the intensity correlation functions. The error
bars are generated from four different intensity correlation functions.
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Surprisingly, the final p53 concentration in solution was not constant, instead decreasing
with respect to the initial p53 concentration (Fig. 12.3J). This finding is in striking contrast with
fibrillar aggregation, for which the final solution displays a constant solubility with respect to the
fibril polymorph [178, 179]. This result thus suggests that p53 fibrillation may be driven by a non-
classical condensation. Although p53 solutions at low temperatures appeared to be
homogeneous, the methods employed are more suitable for large aggregates. To determine
whether p53 solutions contain small oligomers or aggregates below the OIM resolution limit (R <
20 nm), we used dynamic light scattering to characterize any small condensates. The intensity-
intensity correlation functions revealed one distinct yet broad shoulder (Fig. 12.3K), indicating the
presence of aggregates of a broad size range. The average diffusivity D,, = 32 um? s, extracted
from a polydisperse cumulant fit, is almost 4 times slower than diffusivity expected for the 43.7
kDa monomer (D, = 120.0 um? s™1) indicating that majority of p53 exists as tetramers. The
considerable polydispersity (ut? ~ 0.35) is indicative of the presence of multiple small oligomeric
species, including dimers and octamers as previously reported [43, 166]. Both average diffusivity
(D,,) and polydispersity (ut?) remained constant over time, confirming that the p53 solution was
stable over 4 hours of incubation at T = 15°C.

Crowding induces p53-rich clusters

Our initial temperature study revealed that solutions prepared at T=15°C contained only
small oligomers and no large aggregates (Fig. 12.3B, |, K—-M). To explore the effects of crowding
on aggregation, we next examined the change in condensation of p53 at T =15°C upon addition
of Ficoll, a crowding agent. Oblique illumination microscopy (OIM) revealed that the p53
undergoes significant condensation when Ficoll is added to solutions (Fig. 13.3A). Surprisingly, the
average size of the condensates, 80 — 90 nm, was independent of both p53 and Ficoll

concentration (Fig. 13.3E—F). Condensates captured more than 70% of protein content, but did
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not display solubility; instead, the final p53 concentration in the supernatant was an exponential
function of the initial concentration (inset to Fig. 13.3G). These features distinguish the observed
condensates from common types of aggregation observed in proteins, such as amyloid fibrils,
liquid—liquid phase separation, and amorphous aggregates. In fibrillar aggregation or liquid-liquid
phase separation, the final protein concentration in the supernatant is constant and is
independent of the initial concentration, indicating the solubility with respect to the fibril
polymorph or the inverse of the equilibrium constant for phase separation. In the case of protein
fibrils, the average length of the fibrils increases for higher initial protein concentration. In solid
aggregation, the final solute concentration increases monotonically as a function of initial value,
and the aggregate size depends monotonically on protein concentration. Unlike these
typical aggregation pathways, crowding induces unusual condensation of p53: the condensate
size was independent of protein concentration and the final p53 concentration was an
exponential function of the initial concentration. These unusual features have been previously
reported for mesoscopic protein-rich clusters that facilitate non—classical nucleation and are,
importantly, in equilibrium with the solution. The current theory of cluster formation suggests
that protein complexes such as dimers, trimers, tetramers, etc. enhance protein-protein
interactions in the cluster core. Whereas the formation of these complexes is frequently driven
by mechanisms involving partial unfolding of the proteins, the lack of dependence of cluster size
on protein concentration in this theory arises from kinetics, as the size of the condensate is
determined by the balance between the lifetime of complexes and their rate of outward diffusion
from the cluster core [69, 72, 75, 168, 180]. By contrast, the exponential dependence of protein
concentration, is a consequence of thermodynamic equilibrium, which requires equality of the

chemical potentials inside the cluster and in the bulk solution.
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Figure 13.3. Crowding induces p53-rich clusters at T = 15 °C. (A) Representative image of OIM collected

immediately after addition of crowder to the protein solution. The observed volume is 5 x 80 x 120
um3. Clusters appear as red spots. The p53 concentration is set at 1.2 uM and crowder
concentration varies from 20 to 100 ml-*mg at T = 15°C. (B-D) Micrographs of incorporation of Ficoll
into p53 clusters collected after 2 hours of incubation of samples at 15°C in presence of 15 mg ml
BODIPY labeled Ficoll and 41 mg ml! un-labeled Ficoll (B) fluorescence OIM image of control sample
with no protein in presence of 530 nm filter cube in the optical path, (C) OIM micrograph in presence
of 1.2 uM p53, and (D) fluorescence OIM of 1.2 uM p53 solution. Red circles demonstrate clusters
containing BODIPY labeled Ficoll inside. (E-F) The average size of the clusters as a function of Ficoll
and p53 concentration, respectively determined by OIM. In panel E and F the p53 and Ficoll
concentration is set at 1.2 uM and 90 mlYmg respectively. The average of five determinations in
distinct solution volumes is shown. Error bars indicate standard deviations. The p53 concentration
is 1.2. Due to existence of too many clusters in the solution, determination of total number of
clusters by OIM is not possible. (G) Concentration determination of p53 using UV-Vis
spectrophotometry after incubation at T = 15°C in presence of 56 mg ml! Ficoll. Black triangles
show concentration of p53 solution after filtration to remove any formed aggregates after
incubation. Red rectangles demonstrate the concentration of p53 incorporated into the p53-rich
clusters, calculated by subtraction of initial concentration of p53 from the final value. (H) Static light
scattering of p53 solution (I) dependence of protein concentration inside mesoscopic clusters on
final solute concentration in the solution
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Under the assumption of equilibrium, the solute concentration inside the cluster C, is

_,,0
given by C, = Crexp (— %) exp(2B,M,,Cs), where G is the final solute concentration in the

bulk. Thus the cluster theory predicts that the ratio of concentration of protein captured in
clusters (A[p53]) to the final concentration of p53 in the supernatant ([p53]¢) should be a linear
function of [p53]¢ with slope related to the second virial coefficient (B;). To test this prediction,
we determined the second virial coefficient B, of the p53 solution by light scattering [174, 181].
This analysis yielded molecular weight M,, = 303 kDaandB, = —1.1 X 1073 mol m3kg_2 (Fig.
13.3H). This value of My, nearly 6—7 times that of the p53 monomer, indicates the presence of
higher order oligomers (up to octamers) in the solution (Fig. 13.3H). This result is consistent with
the high polydispersity of p53 solutions and the observed slow diffusion (approximately that of
the tetramer) obtained from DLS (Fig. 12.3L-M). The considerable negative value for B; indicates
that attraction between p53 molecules drives the formation of these condensates. Finally, the
slope of A[p53]/[p53]f as a function of [p53]s (Fig. 13.31) was negative, similar to B,, suggesting
that the condensates that are formed in the presence of crowders resemble the protein-rich
clusters [72, 74, 75]. There is, however, an unexpected order of magnitude difference between
the slope of Fig. 13.31 (slope = 14.0) and the value predicted from theory (2B,M,, = 0.1). This
discrepancy suggests that the magnitude of B, and My, may be altered by interactions between
Ficoll and the p53-rich clusters. To test whether Ficoll incorporates into the clusters, we examined
solutions of fluorescently-labeled Ficoll with and without p53 using OIM. We observed that p53
condensation induced by crowders also occurs in solutions containing fluorescently-labeled Ficoll
(Fig. 13.3C). Moreover, some of these p53 condensates exhibit localized fluorescence (Fig. 13.3D).
Because solutions of Ficoll with no p53 are uniformly bright (Fig. 13.3B), this result confirms that

Ficoll is indeed captured in some of the p53 condensates. Incorporation of Ficoll into p53 clusters
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likely modifies the protein-protein interactions (B;) and may also increase M, thus addressing

the deviation in the slope extracted from Fig. 13.31 from that predicted by theory.

Maturation of p53-rich clusters
The unusual concentration dependence and lack of solubility of the condensates formed

in the presence of Ficoll suggests that these condensates may be protein-rich clusters. As a test
of this idea, we monitored the time evolution of these condensates during incubation at T = 15°C
(Fig. 14.3A). At the end of incubation, while the condensate number decreased, their size
increased as a power-law with time, t938%008 on short time scales, and saturated within 60
minutes (Fig. 14.3B—C). This observation is reminiscent of the Ostwald ripening of protein-rich
clusters reported in earlier work for other proteins [67, 72, 74, 75, 78, 112]. In Ostwald ripening,
the average size of clusters grows in order to minimize the overall free energy of the
thermodynamic system. The smaller clusters, which are less stable due to their higher surface
energy, dissolve and result in supersaturation of the solution. This supersaturation, in turn, drives
condensation of the solute to the more stable large phases; thus, the condensate size increases
and their number decreases. One scenario for Ostwald ripening, which assumes diffusion is the
slowest step, is provided by the Lifshitz-Slyozov-Wagner (LSW) theory, which predicts that the
condensate size grows as a power law with time with exponent of 1/3. This exponent is similar to
that observed in the time evolution of the Ficoll-induced condensates (Fig. 14.3B) [112, 168, 182-
184] indicating that these condensates grow with a mechanism similar to Ostwald ripening.
Growth via Ostwald ripening is distinct from the growth observed in early stage fibril formation,
which requires exposure of hydrophobic sites by protein unfolding. This comparison suggests that
p53-rich clusters are distinct from fibrillary aggregates. To confirm that the observed ripening is
not due to early stage fibril development, we characterized the structural integrity of the protein

in our condensates using a 1-anilino-8-naphthalenesulfonate (ANS) assay, which is commonly
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applied to detect partially unfolded states of proteins by binding to the exposed hydrophobic sites.

During early stages of amyloid fibril formation, the pronounced increase in ANS fluorescence

intensity

(Aemission = 500 nm) indicates the presence of small oligomeric species containing

misfolded proteins driving aggregation [95, 106, 175]. In sharp contrast, the ANS fluorescence of

our p53 solutions without or with Ficoll exhibited no change over 4 hours (Fig. 14.3C inset) and

the average value (0.1-0.12) was less than 15% of that of fibrillar aggregates.
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Figure 14.3. Maturation of p53-rich clusters. (A-G) Representative OIM image collected after each incubation

time. The observed volume is 5 x 80 x 120 um3. Clusters appear as red spots. Temperatures is set
at 15°C and Ficoll and p53 concentrations are 56 ml-'mg and 1.2 uM respectively. (B-C) The average
size and number of the clusters as a function of time determined by OIM. The average of five
determinations in distinct solution volumes is shown. Error bars indicate standard deviations. The
p53 concentration is 1.2 uM. The inset indicates normalized fluorescence emission at A = 500 nm
of p53 solution in presence of 8-Anilinonaphthalene-1-sulfonic acid (ANS) measured using
excitation at A = 350 nm with 56 mg ml! Ficoll (red triangles) and without Ficoll (black rectangles)
for incubation at T = 15°C for 4 hours with 40 minutes interval. The p53 and ANS concentrations are
7.7 and 850 uM respectively. The emission intensity is normalized to the maximum value observed
in presence of fibrillar aggregates.
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This finding confirms that p53 is stable at low temperatures, in accord with the stability
also observed using DLS (Fig. 12.3), and further indicates that Ficoll does not alter p53
conformational stability. Together, these observations suggest that the p53-rich clusters grow by
Ostwald ripening with no significant perturbation in the conformation of p53 (Fig. 14.3B—C) [106,
185-187]. The results presented in Figs. 13.3 and Fig 14.3 illustrate that p53 in a crowded
environment is capable of forming mesoscopic protein-rich clusters, driven by an increase in the
strength of the p53-p53 interactions. Similar to mesoscopic protein clusters, p53 condensates
grow in size similar to Ostwald ripening; their number density is decoupled from the cluster size;
and the protein structure integrity is mostly preserved inside the condensates, as reported for
other protein clusters [67, 74, 168, 182, 183]. Intriguingly, at low temperatures, these clusters
form only in the presence of the crowding agent Ficoll. This condition is reminiscent of the
conditions inside cells, where the volume fraction of crowders may be as high as 40%, and

suggests that cluster formation of p53 may also play a role in physiological conditions.

Reversibility and nucleation and growth of p53 fibrils
To mimic physiological conditions, we increased the temperature to 37 °C and examined

protein aggregation with and without crowders. All solutions of p53 incubated at T = 37 °C,
whether without (Fig. 15.3A) or with (Fig. 15.3B) Ficoll, exhibited aggregates. To determine the
nature of these aggregates, we used a Thioflavin T (ThT) assay; the fluorescence emission of ThT
(Aemission = 488 nm) increases considerably upon binding to the B-sheet stacks common in amyloid
structures. Aggregates formed both in the presence (Fig. 15.3A) and absence (Fig. 15.3.B) of Ficoll
exhibited strong fluorescence when exposed to ThT, indicating that the p53 aggregates formed at

T =37 °C contained fibrillar structures in the presence or absence of crowder.

Aggregates of p53 formed in the presence of Ficoll were more compact compared to

those formed in the absence of Ficoll (Fig. 15.3A-B), suggesting that Ficoll is captured inside these

54



aggregates. We incubated fluorescein-labeled Ficoll with unlabeled p53 at T = 37 °C and imaged
the solutions with fluorescence microscopy after aggregation was complete. Whereas
micrographs of solution without p53 were uniformly fluorescent and displayed no detectable
aggregates (Fig. 15.3C), solutions containing both (unlabeled) p53 and (labeled) Ficoll contained
green fluorescent aggregates (Fig. 15.3D). This experiment confirmed that the aggregates of p53
formed at 37 °C contained Ficoll, just as p53-rich clusters at T = 15°C, and this can modify the
morphology of the aggregates. By contrast, capture of Ficoll did not alter the lack of solubility of
these aggregates. The final concentration of p53 after filtration increased monotonically
with the initial p53 concentration in the presence (Fig. 15.3E) or absence (Fig. 12.3]) of the
crowder. Although the ThT assay revealed that the aggregates contained fibrillar structures, the
aggregates did not exhibit the solubility expected for fibrils, suggesting the aggregates formed at
37 °C are composed of at least two different types of condensates. One type is clearly the
fibrillar structures that are indicated by the positive ThT response. We hypothesize that the
second type is akin to the p53-rich clusters formed at lower temperatures (15°C), which are both
reversible and lack solubility. We therefore carried out assays to look for signatures of clusters at
higher temperatures. First, we used dynamic light scattering to determine whether p53
condensates formed at T = 37°C in the absence of Ficoll exhibit reversibility. To eliminate the
formation of large aggregates (whose scattering would be expected to dominate the small
clusters), we examined only low concentrations of p53 solution. The intensity-intensity
correlation functions of p53 solutions prepared at 37°C exhibited two distinct, broad shoulders
(Fig. 15.3F). The first shoulder is indicative of polydisperse oligomeric species (Rm ~ 10 nm and
ut? ~ 0.39) and the second corresponds to p53 condensates (Rc~150 nm and pt? ~ 0.42), whose
size is similar to that of the p53-rich clusters observed in presence of Ficoll at T =15°C (Figs. 12.3

and Fig. 13.3). From the correlation functions, we calculated the concentration of these

55



-n

a(T)-1

10° 107 107
Lag time, s

E gF T T T T
- i-
6 | -
E E
= 4 _§
[324
gt S
2 -
L FARRVAN
0 AN T
2 4 8 8
[p53], , UM
G T
10°F i 3
& .

I/ 1 1
008 12 16
[p53], uM

|

107

H T T T T T T
0.8 —
. L 4
=
04k ¥ [Ficoll], mg mI"  _|
||
| A 0 H 56
= 28 W 100
0.0 I 1 I 1 I
0 100 200 300
Time, min
Figure 15.3. Reversibility and nucleation and growth of p53 fibrils. (A-B) Representative fluorescence

micrograph of Thioflavin T (ThT) binding to fibrillar p53 aggregates formed by incubation of protein
sample at 37°C over 12 hours (A) with no Ficoll and (B) with 56 mg ml! Ficoll. The ThT and p53
concentrations are 200 uM and 7.7 uM respectively. (C-D) Representative fluorescence micrograph
of incorporation of Ficoll into p53 aggregates formed by incubation at 37°C over 12 hours in
presence of fluorescein labeled Ficoll at 56 mg ml1 (C) with no protein and (D) with 7.7 uM p53. (E)
Concentration determination of p53 using UV-Vis spectrophotometry after incubation at T = 37°C
in presence of 56 mg ml! Ficoll. Black triangles show concentration of p53 solution after filtration
to remove any formed aggregates after incubation. Green rectangles demonstrate the
concentration of p53 incorporated into the fibrillar p53 aggregates, calculated by subtraction of
initial concentration of p53 from the final value. (F) Intensity correlation functions of p53 solutions
for three concentration of protein obtained by serial dilution of the stock at 1.5 uM to 1.3 and 0.9
UM. (G) The dependence of volume fraction of fibrillar aggregates on the protein concentration
obtained by serial dilution of a stock p53 at 1.5 uM incubated for 4 hours at T =37°C to allow growth
of the fibrillar aggregates.(H) Normalized fluorescence emission at A = 500 nm of p53 solution in
presence of 8-Anilinonaphthalene-1-sulfonic acid (ANS) measured using excitation at A =350 nmin
presence of no crowder (black triangles) and with 28, 56, and 100 mg ml-1 Ficoll (full, half open, and
open rectangles respectively) measured over 6 hours at T = 37°C. The p53 and ANS concentrations
are 6.5 + 0.5 and 850 uM respectively. The emission intensity is normalized to the maximum value
observed in presence of fibrillar aggregates.

condensates as a function of the p53 concentration to determine if they exhibit the reversibility

expected for p53-rich clusters. The volume fraction of p53 condensates formed at low
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concentrations of p53 at T = 37°C exhibited a non-linear dependence on protein concentration
(Fig. 15.3G): a twofold dilution of the protein concentration, from 1.6 to 0.8 uM, generated an
order of magnitude decrease in volume fraction of clusters, from ~10* to ~10°.Because the
volume fraction of irreversible aggregates would increase linearly with protein concentration, this
result indicates that the p53 condensates formed at high temperatures are reversible. The size
and reversibility of the condensates formed at 37°C are similar to those observed for p53-rich
clusters at 15°C, suggesting that p53-rich clusters also form at physiological temperatures without
Ficoll. Previous literature reported that solute-rich clusters promote nucleation; in the case of
p53, Ficoll significantly promotes clustering of p53 at T = 15°C. Thus, we investigated if the
presence of p53-rich clusters would tune the nucleation of p53 aggregates. The p53 rapidly
aggregates in the absence of Ficoll, (Fig. 15.3H), with a lag phase shorter than 10 minutes and
growth rate of 0.014 + 0.003 min™*. These kinetics are characteristic of fibril formation, as earlier
studies have reported a short lag phase [59, 154, 176, 188, 189] and a growth rate of 0.02 min™.
Surprisingly, p53 solutions containing Ficoll exhibited markedly different kinetics, with a longer
lag phase of ~ 60 minutes and a faster growth rate of 0.028 + 0.005 min? (Fig. 15.3H). How
addition of crowders can induce these kinetics is not obvious. Excluded volume effects due to
crowders would increase the chemical potential of the p53, thereby decreasing the nucleation
time and increase the growth rate. By contrast, our experiments demonstrated a slower
nucleation accompanying faster growth. The coexistence of clusters and fibrils, suggested
by the unusual reversibility and lack of solubility, reconciles the contradictory kinetics of fibril
formation. Incorporation of Ficoll into the clusters causes steric hindrance effects, which increases
the nucleation barrier and lowers the nucleation rate. Faster growth of the fibrils, however,
requires that they nucleate within the p53-rich clusters. Such a scenario is suggested by earlier

studies of protein-rich clusters, which are known to contribute to non-classical nucleation
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pathways in other protein and non-protein solutions. After nucleation, the higher local

concentration of p53 inside clusters promotes the faster growth of the fibrils.

Together our findings revealed that p53 forms mesoscopic clusters prior to assembly into
large fibrillar aggregates at higher temperatures and the fibrils nucleate inside these clusters,
whose formation, facilitates the rapid nucleation of fibrils due to the locally high p53
concentration inside the cluster core. Presence of crowders significantly promotes cluster
formation, which can capture some of the crowders inside. Importantly, these clusters
demonstrate unusual features including reversibility, lack of solubility, and an average size of ~
100 nm independent of p53 or crowder concentration. These findings although in vitro, they
could provide new insights into the state of p53 inside the cell, where p53 can face 7-40 % (v/v)
macromolecular crowding by other proteins, DNA/RNA, carbohydrates and etc. These clusters can
potentially act as storage of p53 and protect the protein from formation of toxic amyloid
aggregates by slowing down the nucleation time. Thus these clusters could be one potential
therapeutic target for p53 aggregation which is suggested as one likely pathway for cancer
development. Finally, it remains to be addressed what is the precise mechanism of p53 cluster
formation, however we suggest that due to the IDP (intrinsic disorder protein) nature of the p53
and the excluded volume effects that rise by presence of crowder, the cluster formation may be
driven by misassembled oligomers of p53 that form to lower the free energy and stabilize the

thermodynamic system of the cell.

Summary
Our findings demonstrate that p53 is stable at temperatures far from its melting point of

42°C. By contrast, it forms mesoscopic protein-rich clusters that are in dynamic equilibrium with
bulk solution and could aide nucleation of the fibrils. The locally high p53 concentration inside the

cluster core results in the rapid nucleation of fibrils similar to previously reported non-classical
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pathways [190], [10, 11, 178, 184, 187]. Although our data is not revealing the detailed protein
conformation inside the cluster, the IDP nature of p53 and the excluded volume effects that rise
in presence of crowders may suggest that the unfolding mechanism and formation of
misassembled oligomers such as tetramers/pentamers might be the key for formation of these
clusters at higher temperatures [67, 74, 112, 183]. We also found out that addition of crowder
significantly promotes formation of these clusters at low temperatures with up taking more than
80% of the protein. Although our data demonstrates that these clusters are essential for
nucleation of fibrillar aggregates, capturing the crowder molecules inside the cluster core can
increase the nucleation barrier due to the steric hindrance effects and thus, slows down the
nucleation of fibrils; in such a scenario, these clusters can potentially act as p53 storage and
maintain the protein from formation of toxic aggregates prior to degradation by proteomic
machinery. Together, these findings may suggest that inside crowded environment of the cells
may indeed promote existence of p53 as mesoscopic clusters or liquid-liquid phase separated
condensates that preserve the protein from aggregation by increasing the lag phase of the process.
This shift of the lag phase to longer times might cooperate with proteostasis machinery to degrade

the p53 within its 5-20 minutes half-life prior to toxic amyloid aggregation [17, 29].
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Chapter 4 Differential dynamic microscopy of weakly scattering and
polydisperse protein-rich clusters

Introduction
In this chapter, we demonstrate the applicability of brightfield DDM (b-DDM) to

characterize weakly scattering and polydisperse biological nanoscale objects. As model systems
we use solutions of two proteins, hemoglobin A and lysozyme, that contain polydisperse protein-
rich liquid clusters of radius 70—250 nm which are precursors for protein nucleation [67, 68, 91].
Hemoglobin A is the main oxygen-transporting protein found in red blood cells; the presence of
free heme in solution (the prosthetic group of hemoglobin) promotes the formation of
hemoglobin clusters. Lysozyme is a well-studied and robust protein for which cluster formation is
thought to be due to conformational changes in the lysozyme dimer. Both solutions scatter light
only weakly, and the properties of the clusters of both proteins remain constant over many hours
at room temperature. Using b-DDM, we obtain the average diffusion coefficient from the wave-
vector dependence of the diffusive relaxation time. First, we show that the signal-to-noise ratio
obtained in b-DDM depends on the thickness of the sample chamber; as a consequence, the
accessible range of wave vectors is maximized with minimal sample volume at an optimal
chamber thickness. Second, we find that the average diffusion coefficient of clusters obtained
from b-DDM measurements is consistently smaller than that obtained from DLS at a scattering
angle of 90°. We attribute the apparent discrepancy between b-DDM and DLS to a combination
of Mie scattering and polydispersity: b-DDM accesses smaller scattering angles than DLS and
hence captures more signal from the larger clusters, which preferentially scatter more light in the
forward direction. These results demonstrate that DDM is a simple yet powerful tool for
characterizing weakly-scattering and polydisperse submicron particles, including many found in

biological settings.
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Material and Methods
Lysozyme Lyophilized lysozyme, purchased from Affymetrix, was dissolved at 200 mg ml*in

pure deionized (DI) water. Protein concentration was determined by absorbance measurements
using a Beckman Coulter DU 800 spectrophotometer and extinction coefficient € = 2.64 ml mg™*
cm™ at 280 nm. The solution was dialyzed for two days against DI water to remove undesired low
molecular weight salts. After dialysis, the solution was adjusted to a concentration of 103 mg ml
1 and filtered through 0.45 um Polyethersulfone (PES) syringe filters prior to all measurements.
The measured pH of this solution was 5.41 likely due to acidic salts present in the lyophilized

powder after purification.

Hemoglobin A Blood from healthy adults was collected at the University of Houston
Health Center (UHHC) following a protocol approved by the University of Houston Committee for
Protection of Human Subjects. 1 mL of blood was diluted to 50 mL using PBS buffer. We
centrifuged the diluted blood for 20 minutes. We decanted and discarded the supernatant
containing blood plasma, white blood cells, and other blood components. We repeated the
sequence of washing with PBS, centrifugation, and supernatant removal two additional times for
a total of three washes. After that we added from deionized water to the precipitated red blood
cells to a final volume of 15 ml with mild agitation of the solution to resuspend. The red blood
cells ruptured under the influence of the osmotic pressure difference between the cells and the
water. The RBC lysate was centrifuged at 5000 rpm at 4°C overnight followed by filtration using
0.45 pum SFCA syringe filters. Purification of the Hemoglobin A (HbA) was carried out by binding
the protein to a strong anion exchange Q-Sepharose resin under 20 mM Tris, 5% glycerol, pH =
8.5, followed by elution of HbA in 10 CV 1M NaCl (HbA program on AKTA). Collected fractions are
further concentrated using a 30k Amicon filter. The concentrated HbA was further buffer

exchanged using PD-10 desalting column into PBS buffer and stored in liquid nitrogen. A solution
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sample was thawed and diluted to 50 mg ml? in potassium phosphate buffer at a concentration
of 0.15 M and pH 7.35. The hemoglobin A concentration was determined using Drabkin's reagent
(which converts hemoglobin to the cyan-met form) and extinction coefficient € = 0.6614 ml mg™*
cm™ at 540 nm for cyan-met hemoglobin[191]. The solution was filtered through 0.22 um PES

syringe filters prior to all measurements.

Differential dynamic microscopy (DDM) Samples for differential dynamic microscopy
were sealed in glass chambers constructed from cover glasses. Two 22 x 22 mm? cover glasses
(thickness 0.19-0.23 mm, Fisherbrand), separated laterally by ~ 10 mm, were attached to a
rectangular cover glass with dimensions of 48 x 65 mm? (thickness 0.13—-0.17 mm, Gold Seal) using
an epoxy-based adhesive (Dev- con). A 22 x 22 mm? cover glass was then centered on top of the
two cover glasses to create an open chamber. One side of the chamber was sealed with
epoxy[192]. Protein solution was introduced into the chamber through the open side, which was
then closed with epoxy. We assumed that the thickness of this chamber was 160 um. To study the
effects of chamber thickness on the b-DDM signal, we also used Borosilicate square capillaries
(Vitrocom) with internal diameters of 500 um and 800 um. To access thicknesses smaller than 160
um, we designed a wedge-shaped chamber. In this case, a single 22 x 22 mm? cover glass
(thickness 0.19—0.23 mm, Fisherbrand) was attached using a UV adhesive (Norland Adhesive) to
a rectangular cover glass with dimensions 48 x 65 mm? (thickness 0.13—-0.17 mm, Gold Seal). A 22
x 22 mm? cover glass was placed over the top to create an open wedge-shaped chamber. One of
the open sides was sealed completely using UV adhesive; the other one was partially sealed.
Protein solution was introduced from the half-open side, which was subsequently sealed with UV
adhesive. To calibrate the thickness at different locations along the wedge-shaped chamber, we
filled it with a solution of fluorescently labeled poly(methyl methacrylate) (PMMA) particles. The

chamber was imaged with a confocal point scanner (VT-Eye, VisiTech International) attached to
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an inverted microscope (Leica DM4000) with a 100x oil-immersion objective (Leica Microsystems
HCX PL APO, numerical aperture of 1.4) at wavelength 491 nm. The thickness at a select location
was evaluated as the difference between the highest and lowest microscope stage positions at
which fluorescently labeled PMMA particles were in focus. This method was constrained to
thicknesses lower than 80 um. To determine higher thicknesses in the same chamber, up to 125
pum, we assumed that the increase in thickness was linear and extrapolated from the measured
thicknesses using the distance from the thin chamber edge. For b-DDM data collection, protein
solutions were imaged on a Leica inverted microscope attached to 100x oil immersion objective
using a high speed 8-bit AOS camera (AOS Technologies AG). The microscope was equipped with
a condenser of numerical aperture 0.7; an electronic aperture inside the microscope was partly
closed during measurements, reducing the effective numerical aperture to NA. ~0.41 for
hemoglobin and NA ~0.23 for lysozyme and introducing maximum angles (Omax) of 24.5° and 14°,
respectively. We recorded multiple series of 4200 images of size 480 x 640 pixels? at a frame rate
of 63 frames per second. To extract the dynamics of cluster diffusion from micrographs, a DDM
algorithm was implemented as described in Cerbino et.al[87, 88, 193]. Images separated by a
fixed lag time t were subtracted to obtain the intensity difference A (x; y;t) = I(x; y; t+1)—I(x; y; t),
where I(x; y; t) was the intensity at position (x; y) measured at time t. 7ranged from 0.0158 s to
25 s. Because the size of clusters fell below the resolution limit of microscope, image subtraction

generated a speckle pattern. We computed the two-dimensional Fourier transform (FFT) of A (x;

y;7) and averaged over all image pairs with the same t. This procedure yielded a Fourier power
spectrum A (uyx uy;t), where ux and u, were the coordinates in Fourier space. For a given 7,

averaging was performed over 4200-n¢ image pairs, where ns = frame rate x 1. The Brownian

motion of clusters was not geometrically constrained, and as a result the 2-D power spectra were
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isotropic. We therefore averaged the 2-D power spectra azimuthally to obtain image structure

functions A(g,; 7 ), where g = 2 /u,zc + u)z/ is the wave vector magnitude.

The light scattered by monomers at small angles was negligible, and hence the b-DDM signal was

predominantly due to cluster diffusion. In the DDM theory derived for a monodisperse population

of scatterers[89, 194-197], the structure function is fit to A(q; 1) = A(q) [1 —exp (— %)] +

B(q), where A(q) is a prefactor that depends on the generalized optical transfer function, B(q) is
the background, and t(q) is the characteristic relaxation time of the scatterers at a wave vector g.
Here we modified the standard DDM fitting function to model a polydisperse population of

scatterers, and fitted A(g; 7) of the protein cluster solutions at each g using a modified cumulant
. t ut? .
fit[167], A(q;7t) = A(q) [1 —exp (— m) a1+ - ] + B(q),(1.4). t(q) is the wave-vector

dependent cluster relaxation time and ut? is a measure of the polydispersity of the cluster
population. The use of the polydisperse cumulant function allowed us to describe curvature in
A(g; 7) at the shortest time scales that could not be well fitted using a single-exponential model.
We found that T «< qz, and thus the diffusion coefficient D. was evaluated as the slope of the
straight line 1/t versus g2. The range of wave vectors was determined by the optical
properties of the experimental setup. The minimal accessible wave vector was i, = 21/l
where [ was the largest dimension of the original images that were captured by the camera; using
the typical | = 140 um, ¢pin = 0.05 um™1. The maximum accessible wave vector was ¢y =
2w/ Al where Al was the pixel dimension in the space of the image; using the typical Al =
0.21 um, Ggx = 28 um™1L. In practice, @;mq, Was limited by the smallest resolvable distance

that a cluster could travel between two frames.
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Dynamic light scattering (DLS) Thirty intensity correlation functions were acquired at 90
> for 60 s each to obtain an average intensity-intensity correlation function g,(7z) at lag times t
ranging from 0.1 ps to 10 s. We therefore determined the characteristic diffusion times z,
and 1. of the monomers and clusters, respectively, by fitting the normalized correlation function
with a square sum of two terms, a single exponential function corresponding to the monomer

population and a modified cumulant function to model the polydisperse cluster population,

t2 2
g.(q,7)—1= (AC exp(— t/-[c) (1 + . ?) + Ay exp(— t/‘rm)) + £(7),(2.4), where A,
and A, are related to the concentration of monomers and clusters, utc® is the polydispersity of

the clusters, and € accounts for inevitable noise . We calculated cluster diffusivity by D, = 1/g?t,,

where q = (4%) sin(g).

Viscosity determination We determined the average cluster radius R.from D, (measured
using DDM or DLS) using the Stokes-Einstein equation: R, = kgT/(6mnD,). Viscosity of
lysozyme solutions are determined by measuring the diffusive dynamics of polystyrene particles

2R = 2 pym in lysozyme solution. For hemoglobin A solution, viscosity is determined by 7 =

17,eXp <1_[L> where 77, = 0.937 mPa.s is the viscosity of PBS buffer at T = 25 °C, [7] =

()1ne
0.036 dL/g is the viscosity increment, C is the concentration of HbA in g/dL units, and (g) =

0.42 is constant depending on crowding and shape coefficient for non-spherical objects[67].

Characterization of the protein—rich clusters with b-DDM
We acquire optical microscopy movies of protein-rich liquid clusters diffusing in solution

for two studied proteins. Optical brightfield micrographs of a hemoglobin A solution at a
concentration of 50 mg ml? show that the clusters are too small to be directly resolved (Figure

16.4(a)); the large black spots correspond to dust and dirt in the microscope optical train.
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Subtracting two micrographs that are separated by a fixed lag time t generates an image with a
diffuse speckle pattern, as shown in Figures 16.4(b)—(d). The fluctuations increase as the lag time

separating the micrographs is increased, indicating that the cluster positions become increasingly

decorrelated over time.

Figure 16.4 (a) Representative brightfield micrograph of a hemoglobin A solution with concentration 50 mg
mlL. (b)—(d) Representative subtractions of two images at lag times T, as indicated in the panels.
The scale bar for all images is shown in panel (a).

To characterize the dynamics of these clusters, we apply b-DDM and investigate the
behavior of the azimuthally averaged structure function A(g, 7). At a constant lag time t, A(g,7)
exhibits a pronounced maximum at a particular wave vector g, as shown in Figure 17.4 for a
solution containing hemoglobin A clusters. The location of this maximum (i.e., 1/Gmax) corresponds
to the characteristic diffusive length scale at the lag time 7. Increasing the lag time shifts this
maximum to lower g, as expected, and both the height and width of the maximum increase.[194]
At a constant scattering wave vector g, A(g, 7) first increases monotonically at short lag times and
reaches a plateau at long lag times, as shown for solutions containing hemoglobin A and lysozyme

clusters in Figure 18.4(a) and (b), respectively.
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A(g,7) [10°]

Figure 17.4. Structure function A as a function of wave vector q at lag times 7t specified in the plot, obtained
with brightfield differential dynamic microscopy (b-DDM) for a hemoglobin A solution with
concentration 50 mg mlL,

For a fixed g, the structure function A can be fit to a single exponential decay (eq 1.4),
from which we extract the g-dependent characteristic relaxation time z(g), signal coefficient A(q),
and background term B(qg). The background term B(q) is nearly constant at all wave vectors and
does not differ significantly between the two proteins, consistent with the suggestion that B(q)
depends only on the power spectrum of the optical train of the microscope.[194] Hemoglobin A
generates a measurable DDM signal for g = 0.5 — 6.9 um™; by contrast, lysozyme generates a
measurable signal for a smaller range of wave vectors, g =1 —4 um™. Here a measurable signal is
one for which the quotient A(qg)/B(g), one metric of the signal-to-noise ratio,[198] is greater than
or equal to 0.04. For both proteins, the reciprocal relaxation time 1/7(qg) scales linearly with g?
(Figure 19.4) and a linear fit goes through the origin. These features indicate that the dynamics of
the clusters is purely diffusive. We calculate the average diffusion coefficient for each cluster from
the slope of the fit line and obtain D = 0.704 x 102 m? s* and 1.29 x 10?2 m? s for hemoglobin
A and lysozyme clusters, respectively. From the Stokes-Einstein equation, 2R, = kgT/3nnD,
where 1 is the viscosity of a solution of protein monomers, the characteristic diameters 2R. of

hemoglobin A and lysozyme clusters are 259 nm and 117 nm, respectively.

67



4.0 T T T
(a)
3.2} Hemoglobin A

2.4

1.6}

A(g,7) [10°]

0.8}

0.0 : : :
7.2} (b) 1
| Lysozyme

6.8

6.4

6.0

A7) [107]

o0
o

102 107 100 10°
T [s]

Figure 18.4. Structure function A as a function of lag time t at three wave vectors g, indicated the plots, for
solutions of (a) hemoglobin A at concentration 50 mg ml and (b) lysozyme at concentration 103
mg mlL, Lines are best fits to eq 1.4.

The hemoglobin A clusters are larger and thus scatter more light, leading to a greater
DDM signal-to-noise ratio as compared to that of lysozyme clusters, consistent with the structure

functions shown in Figure 18.4.

Comparison with DLS
To verify the diffusion coefficients and cluster sizes obtained using b-DDM, we measure

the characteristic relaxation time scale using dynamic light scattering (DLS) at a single scattering
angle of 90°. The dynamic correlation functions g,— 1 of hemoglobin A (Figure 20.4(a)) and of
lysozyme solutions (Figure 20.4(b)) exhibit two distinct relaxations, indicating the presence of

objects of two different characteristic sizes.
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Figure 19.4. The reciprocal relaxation time 1/1. as a function of the wave vector g for hemoglobin A solution

with concentration 50 mg ml! (squares) and lysozyme solution with concentration 103 mg ml?
(triangles). t. scales as g2 and the intercept is insignificant (linear fits pass through the origin), as
expected for freely diffusing clusters.

From each dynamic correlation function we obtain the corresponding intensity
distribution function G(z) using the CONTIN algorithm,[199, 200] shown in Figure 20.4(c) and (d)
for hemoglobin A and lysozyme, respectively. For each protein, G(7) exhibits two peaks. The sharp
maximum at short lag times, at 0.04 ms and 0.01 ms, respectively, for hemoglobin A and for
lysozyme, corresponds to the relaxation time of the monodisperse protein monomers. The broad
peak at longer lag times corresponds to the distribution of relaxation times of the polydisperse
clusters[180]; using the Stokes-Einstein equation, we calculate an average diameter of 171 nm
and 90 nm, respectively, for hemoglobin A and lysozyme; these values are in agreement with
previous determinations for both proteins.[74, 201] Notably, we find that the characteristic
diffusion time of clusters obtained from DDM, indicated by the black arrows in Figure 20.4(c) and
(d), is always longer than that obtained from the position of the maximum in G(7) from DLS. This
result indicates that the characteristic size measured by DDM is always larger than that obtained

using DLS.
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The effect of polydispersity on apparent cluster sizes
To understand the origin of this discrepancy between the sizes obtained from DDM and

DLS, we consider the scattering process that generates both signals. For a particle of diameter 2R
interacting with light of wavelength A in a medium of refractive index nn, the size parameter x =

2mRn,, /A determines the relevant scattering limit.
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Figure 20.4. (a) and (b) Autocorrelation function g, — 1 of scattered light as a function of lag time At for (a) a

hemoglobin A solution with concentration 50 mg ml' and (b) a lysozyme solution with
concentration 103 mg mll. All dynamic light scattering measurements were performed at a
detector angle of 90°, corresponding to a scattering vector q = 18.7 um-. (c) and (d) Corresponding
intensity distribution functions G(t), obtained by CONTIN,[199, 200] for (c) a hemoglobin A solution
and (d) a lysozyme solution. The black arrows indicate the characteristic diffusion times determined
by b-DDM.

The illumination source used in the microscopy experiments has a broad distribution of
wavelengths; using an average wavelength of Ao = 550 nm for the incident white light, x = 2.60
and 1.37 for hemoglobin A and lysozyme clusters, respectively. Because the size of the particles
is comparable to the wavelength of incident light, we consider the Mie solution to Maxwell’s
equations, which describes the scattering of an incident plane wave from a collection of spheres.
The Mie solution is written as a series expansion in terms of spherical harmonic functions[202],

which in turn are typically expressed in terms of the associated Legendre polynomials

m 1
m _ (1—cos?8)z d"*™(cos? 6-1) . .
P/™ cos(0) = T Acosoyim - The angular dependence of the Mie angular functions
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my(cosB) = (1/sin@)P™(cos ) and 7,(cos ) = %P{”(cos 0) thus determines the intensity
of scattered light as a function of the scattering angle[203]. The function m,,(z,) exhibits fore-aft
symmetry for even (odd) n, with lobes directed forwards (0°) and backwards (180°); for odd (even)
n, however, the backward lobe vanishes. This angular dependence leads to a forward-directed
bias in the scattering intensity that becomes more pronounced as the index / is increased.
Furthermore, as the size of the scattering objects is increased, more terms in the series expansion
are incorporated in the scattering diagram[204] and thus larger objects preferentially scatter
more in the forward direction. We employ a Mie scattering model[205] to quantify the
difference in magnitude of the intensity of forward- and laterally-scattered light for hemoglobin
A clusters. For calculations of the DLS scattering intensity, we use the excitation wavelength of A
=633 nm in our experimental DLS setup and a scattering angle of 90°. For calculations of the DDM
scattering intensity, following ref [194], we assume that the distribution of wavelengths in the
illumination source can be described by a Gaussian function centered at a wavelength 4o = 550
nm. At a single scattering angle, the intensity of scattered light increases as the particle radius is
increased (Figure 21.4(a,b)). For a given particle radius, the scattered intensity is greater at 0°
than at 90°, as expected in the Mie scattering regime. The DDM experiments access scattering
angles ranging from approximately 1.8 to 15 degrees, as calculated from the minimum and
maximum scattering vectors g = 0.5 and 4 um™ via q = (4mn,,/A,) sin(6/2) for which the
structure function could be analyzed for both proteins. We note, however, that the proteins
scatter light through all angles down to zero degrees, even if the structure functions cannot be
analyzed at the lowest angles. To model the signal obtained in the DDM experiments, we
therefore calculate the Mie intensity over an angular range of 0 — 24°. The resulting intensity at
90° as a function of particle radius exhibits a local minimum at a particular radius (Figure 21.4(c)),
which arises from morphological resonances due to constructive interference[204]. The
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protein-rich liquid clusters are not monodisperse but instead exhibit a broad distribution of sizes,
as indicated by DLS. To assess the effect of cluster size polydispersity on the DDM signal intensity,
we assume that the cluster size distribution can be described by a Gaussian function of
characteristic width othat is centered at the average radius of lysozyme clusters measured using
DLS, R: = 90 nm. We sum the Mie scattering intensities for lysozyme clusters of each radius,
weighted by the Gaussian function, and thereby obtain the scattered intensity for a polydisperse
distribution of cluster sizes. When the characteristic width o is small (o/R = 0.025), the
distributions of scattered intensity at 0°, at 90°, and 24° (the maximum accessible DDM angle)
strongly overlap with the distribution of cluster radii (Figure 21.4(d)), indicating that the
characteristic radius measured at each angle is nearly identical. By contrast, when the cluster radii
are more broadly distributed (o/R = 0.45) the position of the maximum in scattering intensity is
shifted to larger radius compared to that of the Gaussian radius distribution, as shown in Figure
21.4(e). Moreover, this shift is more pronounced for smaller scattering angular 0° and 24°
corresponding to the angular range accessed in the DDM experiments, than at 90°, corresponding
to the angle in the DLS experiments. This result is consistent with the experimental observations
reported in Figure 20.4(c,d), confirming that polydispersity can generate the discrepancy between
the DDM and DLS characteristic sizes. We quantify the predicted discrepancy between the
characteristic sizes measured using b-DDM and DLS by the difference in peak positions for the 0°
and 24° scattering intensity and the 90° scattering intensity and find that this discrepancy
increases monotonically with o (inset to Figure 21.4(d)). As the cluster size distribution broadens,
the characteristic size measured by DDM becomes progressively larger compared to that

measured by DLS.
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Do thicker chambers yield stronger DDM signal?
The DDM measurements reported in Figures 16.4—21.4 are performed in thin chambers

of thickness ~160 um. Many biological samples are difficult to purify or obtain in large volumes,

and so the use of thinner chambers and hence smaller sample volumes is desirable.
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Figure 21.4. (a)—(c) Scattering intensity of lysozyme clusters as a function of cluster radius predicted using Mie
scattering theory for (a) dynamic light scattering, using a wavelength A = 633 nm and a scattering
angle of 6 = 90°; (b) b-DDM, using a wavelength range A =450 — 650 nm and a scattering angle of 6
=0°; (c) b-DDM, using a wavelength range A =450—650 nm and a scattering angle range 6 =0 - 10°.
(d), (e) Calculated scattering intensity distributions containing clusters with a Gaussian size
distribution (N) of width (d) o = 2.25 nm and (e) o = 40 nm. Inset in (d): Discrepancy between the
peak positions predicted for DLS and DDM as a function of size distribution width .

The brightfield DDM method generates signal from a thickness that is greater than the
focal volume of the optical train but can be limited by the sample thickness. The minimum sample
thickness required to neglect finite size effects in the DDM signal is Lmin > 1/Aq, where Aq is the
uncertainty in the scattering wav be vector due to the finite numerical aperture of the condenser
and the polychromaticity of the illumination source.[194] We calculate (Ag/qg)? = 0.0307 using the
expression from ref [194] and obtain Lynin = 11 um and 0.83 um at the minimum and maximum g

of 0.5 and 6.9 um™, respectively, accessible with hemoglobin A solutions. To determine the

chamber

measure

thickness required to generate signal in DDM for weakly scattering protein clusters, we

the image structure function A(g,7) for hemoglobin clusters in chambers of thickness
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ranging from 25 to 800 um, for which we expect finite-size effects to be negligible. The
dependence on chamber thickness arises from the fact that planes farther from the object plane
contribute progressively less to the DDM signal[194]. At a low wave vector (g = 0.88 um™) the
signal above the noise (i.e., A(q)/B(q)) is sufficiently large, allowing each A(g, 7) to be fit to eqn 2.4
and the relaxation time scale 7(q) to be extracted (Figure 22.4(a)). [198]At higher wave vectors,
however, A(q)/B(q) < 0.04 for the thinnest sample chambers and these A(g, 7) cannot be fit to egn
1.4 (Figure 22.4(b)). Reducing the chamber thickness below ~160 um restricts the range of wave
vectors from which t.(q) can be extracted, in accord with the theoretical prediction from ref [194].
Nonetheless, over the accessible range of wave vectors for each thickness the inverse relaxation
time 1/ .(q) scales with g%, moreover, all points lie on a single line, confirming that the diffusion

coefficient of the clusters remains constant across chambers of different thickness.
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Figure 22.4. (a)—(b) Structure function A(qg,t) as a function of lag time t for a hemoglobin A solution at

concentration 50 mg ml-1, measured in chambers of indicated thicknesses as, at a wave vector (a) q
=0.88 um™ and (b) g = 2.92 um. (c) The reciprocal relaxation time 1/z. as a function of the wave
vector q for a hemoglobin A solution with concentration 50 mg ml! measured in chambers of
varying thickness; symbols and colors correspond to those used in (a) and (b). Inset: same
dependence for the two thinnest chambers (of thickness 25 um and 53 um), showing that the noisy
and weak b-DDM signal can be measured only for a limited range of q.

Summary (DDM with weakly scattering clusters)
We show that DDM can be used to monitor the dynamics of weakly scattering and

polydisperse biological nanoscale objects, protein-rich liquid clusters, and to characterize the sizes
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of the clusters. The characteristic size measured by DDM is consistently larger than that measured
by DLS at a scattering angle of 90°. Using the Mie scattering solution, we show that larger clusters
preferentially contribute to the low-angle DDM signal, leading to a bias towards longer relaxation
times and hence larger average sizes. This bias increases with the width of the cluster size
distribution. This result neglects absorption from the clusters or scattering medium, which does
not significantly affect the accuracy of data collected using scattering methods[206]; for example,
the slight absorption of hemoglobin A does not affect cluster sizes measured using DLS[206] and
we expect that it also does not significantly alter the shift in characteristic size using DDM.
Increasing the thickness of the sample chamber enhances the signal from weakly scattering
objects and hence increases the range of wave vectors accessible with DDM; above a certain

thickness, here of order 100 um, however, produces no further increase in the DDM signal.

Although here we focus on the dynamics of a well-characterized model system, our
results are broadly applicable for polydisperse nanoscale biological particles that may weakly
scatter light. Notably, we find that solutions with weakly polydisperse protein clusters exhibit
exponential decays in DDM. This result is in sharp contrast to the stretched exponential dynamics
of nanoparticles in homogeneous porous media measured using DDM[207], which may reflect
local environmental heterogeneity[208]. This comparison suggests that DDM could be used to
identify the physical origins of dynamical processes. When combined with optical methods used
for concentrated suspensions[209] or extended analyses used for non-spherical objects[210, 211],
we therefore expect that DDM will provide a simple, inexpensive, and rapid method to
characterize the diffusive dynamics of a wide range of biological nanoscale objects in complex

biological environments.
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Chapter 5 Differential Dynamic Microscopy of Bidisperse Colloidal
Suspensions

Introduction
In this chapter, we demonstrate a new application of DDM: the ability to resolve dynamics

in a complex mixture containing two sizes of particles, using equipment comparable to that in the
LMM on the ISS. We formulate dilute mixtures of polystyrene particles of radius 50 nm and 1
micron at different ratios of the large-to-small fraction at modest total volume fractions of ¢ ~
1073, at which both species freely diffuse. The 50 nm particles are too small to be resolved using
standard optical methods. Using DLS and DDM, we measure the particle diffusivities in the
mixtures. Whereas DLS is not sufficiently sensitive to resolve the dynamics of both species at these
concentrations, DDM successfully measures the diffusivities of both large and small particles. The
enhanced sensitivity of DDM derives from the preferential forward scattering of large objects. The
scattered light from the large particles generates interference patterns that affect the amplitude
of the dynamic correlation function. We show that this amplitude is non-monotonic and
corresponds to the interference pattern, and thus may be used to characterize their average axial
position. We anticipate that this approach can be applied to time series of images acquired on the
LMM and in other space experiments — enhancing the time resolution and providing new insights

into micro- and nanoscale dynamics in microgravity.

Material and methods
Fluoro-Max Dyed Red Fluorescent polystyrene particles with radii a;, = 1 um and ag = 50

nm (dispersity < 5%, as reported by the manufacturer) were purchased from Thermo Fisher
Scientific. The nanoparticles were packaged as aqueous suspensions at a concentration of 1%
solids by weight, which contained a trace amount of surfactant to inhibit particle aggregation. The

refractive index of the nanoparticles was 1.59 and their density was 1.06 g cm™.
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Samples for DLS and DDM experiments were prepared by diluting dispersions of nanoparticles
from the as-received concentration (1 wt%) with deionized water that was filtered with 0.2 um
polyethersulfone syringe filters (Sterlitech). To minimize aggregation and ensure uniform
dispersion, all samples were bath sonicated for 10 s prior to sample preparation. In these
experiments, we fixed the volume fraction of the small particles at ¢ = 1073 and prepared
solutions with volume fraction ratio of large to small particles of r = ¢; /¢s = 0.003, 0.01, and
0.03 (i.e.,, ¢, =3 x 107> for r = 0.03, ¢, = 107> for r = 0.01, and ¢, = 3 x 107° for r =
0.003). For dynamic light scattering measurement, we collected the light scattered at a fixed
angle 0 and a temperature of 20°C for 110 s and repeated this measurement ten times at each of

three scattering angles 6 = 30°, 50°, and 90°, corresponding to wavevectors ¢ = (zan) sin(8/2)

of 6.84, 11.18, and 18.7 um™.  For DDM data collection, particle suspensions were imaged on a
Leica inverted microscope attached to a 63x oil immersion objective lens (NA = 1.4) using an 8-bit
camera (AOS Technologies AG) at room temperature (= 20°C). The numerical aperture of the
microscope condenser was 0.4 (NA = D/f, where f=100 mm is the focal length of the tube lens
and D =40 mm is the diameter of exit light), which introduces too much incoherency to accurately
implement DDM[194]. Hence to optimize the imaging conditions for DDM experiments, we
manually reduced the condenser aperture to ~0.1 for r =0.03 and 0.01 and to ~0.15 for r = 0.003,
estimated by measuring the ratio of the average intensity of the images to the intensity of images
acquired with the condenser fully open. For each sample, we recorded two series of 4200 images

of size 480 x 640 pixels? at a frame rate of 63 frames s™.

Dynamic light scattering (bidisperse suspension of particles)
As a control experiment, we measured the diffusivities of particles of radius 50 nm and 1

um, respectively, using DLS. In suspensions containing particles of uniform size, the intermediate

scattering function f(q,t) could be fitted to a single exponential, f(q,t) = exp (— Ti), (1.5),
S
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where the time scale 74 was related to the particle diffusivity via D¢ = 1/q%t,. The measured
diffusivities of the small (4.3 £ 0.1 um?/s) and large (0.20 + 0.02 um?/s) particles were in good
agreement with the diffusivities predicted from the Stokes-Einstein equation using the nominal
radii (4.3 um?/s and 0.21 pm?/s). To test the ability of DLS to measure dynamics of both
species in a bidisperse mixture, we formulated samples containing a constant volume fraction of
small particles, ¢ps = 1073, and added large particles at various concentrations to obtain volume
fraction ratios of r = ¢, /¢p; =0.03,0.01, and 0.003. The intermediate scattering functions f(q, t),
measured at three scattering angles, exhibited distinct shapes depending on the concentration of
large particles. At the highest concentration of large particles (r = 0.03) and the lowest scattering
wavevector (g = 6.8 um™), f(q, t) exhibited a second shoulder at long lag times (Fig. 23.5a); by
contrast, no second shoulder was apparent at higher angles (e.g. for g = 18.7 um™ in Fig. 23.5a)
or at lower concentrations of large particles (e.g. at g = 6.8 um™ and r = 0.003 in Fig. 23.5c). For
bidisperse suspensions, the choice of an appropriate fitting model was determined by the
scattering properties of the particles. The large particles used in these experiments were Mie
scatterers[212]: the Mie parameter x for a particle of radius a;= 1 um interacting with light of
wavelength A = 632.8 nm in water (refractive index n = 1.33) was x = 2ma;n/A = 13.2, much
larger than the Rayleigh threshold[213] x = 1. The Mie parameter for the small particles was x =
0.66, slightly below this threshold. In the Mie regime, the scattering intensity is anisotropic with
preferential forward scattering at low angles. Therefore, the contribution of both particles to the

intermediate scattering function was angle- and concentration-dependent.
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Figure 23.5.

Intermediate scattering function f(q,t) as a function of lag time t measured for bidisperse

mixtures of particles of radius 50 nm and 1 um formulated at a large-to-small volume fraction ratio
r of (a) 0.03, (b) 0.01, and (c) 0.003 at wavevectors of g = 6.8 um (30°, squares), 11.2 um- (50°,

diamonds), and 18.7 um-! (90°, triangles). Red lines indicate fitting functions: eqn 2.5 for r = 0.03
and q = 6.8 um™ and eqn 1.5 otherwise.
The diffusivities calculated from the fitted time scale, Dg = 1/q?tg, reflected the rate of
diffusion of small particles over the length scale 2n/q and were in good agreement with that from
the unary control experiment (Table 1.5). At a higher large-particle ratio r = 0.03, the intermediate
correlation function exhibited a second shoulder at the lowest wavevector (g=6.8 um™)
indicative of two populations of diffusing particles. For r = 0.03, we fitted the intermediate
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correlation functions at g = 6.8 um™ to the sum of two exponential functions, f(q,t) =
t t e

fsexp (— T—) + fLexp (— T—), (2.5), where t5 and 7;, are the characteristic diffusion times of 50
s L

nm and 1 um particles, respectively, and fs and f; = 1 — f5 are proportional to the amplitude of
the scattered signal produced by each particle population. Again, the diffusion coefficient for each
particle species was extracted from its characteristic diffusion time via Dg; = 1/q27:5,L. The
calculated diffusivities were larger than but comparable to those from the unary control
measurements (Table 1.5); D;, in particular, was significantly larger. The inability to accurately
detect the large particles across the accessible range of wavevectors prohibited the use of DLS to
characterize minority-large bidisperse suspensions at low volume fractions. Hence, we explored

alternate methods for characterizing dynamics in these samples.

Differential dynamic microscopy
To evaluate the sensitivity of DDM to distinguish particles of two different sizes, we

performed DDM measurements on the same series of samples. In the DDM theory, the structure
function A(gq; t) is related to the intermediate scattering function f(q, t) via, A(g; t) = A(q)(1 —
f(q,t)) + B(q), (3.5), where A(q) depends on the optical transfer function of the imaging
system and on the scattering properties of objects, and B(q) captures any noise introduced into
the system.[87, 194] For a population of monodisperse scatterers at low concentration, f(q, t) is
commonly fit to a single exponential decay (eqn 1.5). In samples with more complex dynamics,
such as those featuring multiple relaxation timescales,[214, 215] a single exponential decay
cannot be applied. Here, our goal was to determine the extent to which the sizes of particles in a
bidisperse mixture could be resolved. Because DDM accesses a lower range of wavevectors than
our DLS setup, the scattering intensity from the large particles is more pronounced than in DLS
(Fig. 23.5d). Thus, we expected to observe two decays in the DDM signal for bidisperse mixtures,

corresponding to the rate of diffusion for each particle size.
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Table 1.5. Diffusivities obtained from dynamic light scattering measurements for unary (top two rows) and
bidisperse (labeled with volume fraction ratio r) samples. 2: measurements made on unary samples
lacking this particle population. ?: unable to resolve second particle population. Error bars are the
standard deviation from 10 independent runs. Stokes-Einstein diffusivities are 4.4 and 0.22 um?/s
for small and large particles, respectively.

Diffusion coefficient [um?/s]

Radius [nm] () q [pm™] Ds Do
50 103 43+0.1 3
r=@/@s 1,000 105 2 0.20+0.02
6.8 3.8+0.2 b
50 103
0.003 11.2 4.1+0.1 b
1,000 3x10°
18.7 43+0.1 b
6.8 4.5+0.4 b
50 103
0.01 11.2 43+0.1 b
1,000 1x10°
18.7 45+0.1 b
6.8 49+0.3 0.30+0.05
50 103
0.03 11.2 41403 b
1,000 3x10°
18.7 41+0.1 b

At the highest concentration of large particles and at the lowest wavevectors, the signal
from the large particles dominates; the small particles still contribute to the intensity at lower
volume fraction ratios and higher wavevectors. To capture the contributions from both particles,
we globally fit all relaxations across the wavevector range to the sum of two single-exponential
functions with a weighting function f;(q) to describe the relative contribution from each particle
population. This fitting form has five fitting parameters at each wavevector:
75(q),7.(q), A(q), B(q), and f;(q). To reduce the number of independent fitting parameters, we
noted that the ratio of the decay rates of the large and small particles should be constant across
the range of wavevectors, even as the relative scattering contribution from each was modulated
by the anisotropic scattering of the particles. For bidisperse mixtures, we therefore implemented
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a global fitting process and fit to the structure function, A(q;t)=A(q)[1—

(fs(q) ex p( TL(q)/fr) f1(q) ex p( (q)))] + B(q), (4.5), where 7, (q) is the relaxation time

of 1 um particles at the wavevector g; the weighting functions f;(q) and f;(q) = 1 — fs(q)
describe the contribution of small (50 nm) and large (1 um) particles, respectively, to the
scattering intensity at g; and f; is the ratio of relaxation times of large and small particles, which
is independent of g and hence was globally fit. Although the ratio f,. is known for these particles
from the control experiments, a priori knowledge of the particle sizes is not required to use this
functional form. This functional form exploits the full dynamic range of the DDM technique to
generate a more robust non-linear fitting methodology and thereby accurately measure the

diffusivities of both particles in a bidisperse mixture.
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Figure 24.5. Predicted scattering intensity I(g) for small particles at ¢ = 1073 and large particles at volume

fraction ratios of r = 0.03, 0.01, and 0.003 as a function of wavevector q using standard equations
for hard spheres. The range of wavevectors probed by DLS and DDM are indicated by dashed and
dash-dotted lines, respectively.

We obtained f(q,t) for each wavevector from series of difference images.[117] In
contrast to the intermediate scattering functions measured at higher angles using DLS, the DDM

,t) clearly show non-exponential decays over 0.98 um™ < g < 3.01 um™ for all values of r
q n n
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examined here (Fig. 23.5e — g). This g-range is narrower than that accessed by us in earlier
measurements using similar equipment [193, 207, 216] and is limited by the dynamics of the
particles relative to the rate of image acquisition. For g < 0.98 um™, the upper plateau was not
reached by the maximum lag time at which we obtained enough independent measurements for
statistics, 35 s (2200 frames), which was set by the frame rate and camera buffer. For g > 3.01 um-
1 the frame rate (63 fps) was insufficient to resolve the diffusive relaxation time scale of the
smaller particles. Nonetheless, the data in Figure 23.5e — g indicate that DDM can resolve particle
dynamics in a bidisperse mixture. The intermediate plateaus observed in the DDM

intermediate scattering functions (Fig. 23.5e-g) resulted from the large particle size ratio (% =
S

20). When % < 10, the two relaxations will not be well separated. Instead, f (g, t) will resemble
S

a stretched exponential decay, characteristic of a dynamic process with a distribution of relaxation
rates [207, 214]. Careful analysis of the residuals of a stretched exponential and a double
exponential fit can distinguish between these decays.[217] For mixtures of particles of
comparable size, the distribution of particle sizes will manifest as a polydispersity term, which can

be captured by fitting a cumulant form to the intermediate scattering function.[117]

To confirm that DDM yields quantitative information on the dynamics of bidisperse
mixtures, we examined the g-dependence of 7;, which was not resolvable with DLS. The inverse
of this time scale, T[l, scaled linearly with g2 over the given range of wavevectors, indicating that
the particle motion was diffusive (Fig. 26.5). Furthermore, the diffusion coefficient of the particles,
extracted from the slope of a linear fit of 77 ! as a function of g2, was in agreement with that
obtained on a unary sample of large particles with DLS and with DDM. Finally, we compared
relaxation times of the small particles 74 = 7, /fr extracted from the DDM fits on bidisperse

suspensions to those obtained on unary suspensions in DLS. . Within fitting errors, we obtained
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good agreement between the diffusion coefficients obtained in unary (control) and in bidisperse
suspensions (Table 2.5). Thus, DDM accurately measures the dynamics of both particles in a
bidisperse suspension, beyond the capabilities of DLS. This enhanced sensitivity of DDM arises
because we study a small population of large scatterers in a suspension of smaller scatterers (a
relevant limit for early-stage aggregation, as one example). In the opposite limit, where the small
particles are the minority species in a bidispersed mixture, DLS would be a more sensitive
technique because the scattering from the large population of large scatterers would overwhelm

that from the small particles in DDM.

DDM signal generation in bidisperse suspensions
DDM is a heterodyne scattering method, in which the scattered light interferes with the

transmitted light. The structural information extracted from heterodyne near field scattering
depends on the sample-to-detector distance.[196] DDM, by contrast, accurately captures the
dynamics of a sample regardless of the sample-to-detector distance[194] because the dynamic
information is encoded in the time dependence of the intermediate scattering function rather
than in the signal amplitude.  In DDM, the signal amplitude A(q) is the product of the optical
transfer function, which depends on the imaging set up, and the scattering pattern of the particles
[194]. For the bidisperse samples at r = 0.01 and 0.003, A(q) was non-monotonic (Figure 27.5a).
To investigate the origins of this non-monotonicity, we extracted the contributions to the DDM
signal from the small and large particles (Fig. 27.5b,c) by multiplying A(g) by the relative
contributions fs(q) and f;.(q), respectively. Whereas the intensity of the small particles
decayed monotonically with increasing wavevector at all r, the intensity of the large particles
exhibited non-monotonic oscillations at r = 0.01 and 0.003. Similar oscillations are seen in I(q)
for the large particles (Fig. 24.5), but at higher wavevectors than those probed with DDM; over

the g-range probed by DDM, I(q) of the large particles is predicted to decrease monotonically.
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Thus, the oscillations in the DDM amplitude were not caused by the scattering intensity, but by

the optical transfer function acting on the large particles.
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Figure 25.5.
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Intermediate scattering function f(q,t), extracted from DDM measurements, as a function of lag
time t measured for bidisperse mixtures of particles of diameter 100 nm and 2 um formulated at
large-to-small volume fraction ratios r of (a) 0.03, (b) 0.01, and (c) 0.003. For each ratio, data were
analyzed over the wavevector range 0.98 um < g < 3.01 um-?; the figure shows representative
correlation functions obtained for wavevectors g = 1.08 um! (squares), 2.05 um-! (diamonds), or
2.92 um (triangles). Red lines indicate fits to eqn 3.5.

For monodisperse samples of small particles with /A < 1, the optical transfer function

for the DDM signal decays exponentially with g with a rate set by a roll-off wavevector q,.,.[194]
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Figure 26.5. (a) Inverse of the large-particle time scale 7/ ! as a function of the square of the wavevector g2 for
L

bidisperse mixtures of particles of radius 50 nm and 1 um formulated at large-to-small volume
fraction ratios r = 0.03 (squares), 0.01 (diamonds), and 0.003 (triangles). Data at r = 0.01 and r =
0.003 are offset by one and two unit increments on the y axis, respectively, for clarity. (b)
Comparison of DLS and DDM inverse time scales for the small particles as a function of g2. Data at
low wavevectors are acquired in a bidisperse mixture using DDM; data at higher wavevectors are
acquired in unary solutions using DLS. Dashed red lines in (a) and (b) indicate linear fits.

By contrast, large objects with /4 > 1 act as phase objects, introducing oscillations to the

optical transfer function and consequently to A(q).[194, 212] To identify the positions of the

non-monotonic oscillations in the large-particle signal, we examined the relative scattering

intensity of the large particles f;(q) (Fig. 28.5).

Table 2.5 Diffusivities obtained from differential dynamic microscopy experiments for unary (top rows) and bidisperse
(labeled with volume fraction ratio r) samples. 2: measurements made on unary samples lacking this particle population.
b: calculated from the experimentally-measured large-particle diffusivity using the globally-fit size ratio f.. Error bars are
numerical uncertainty from fitting functions. Stokes-Einstein diffusivities are 4.4 and 0.22 um?/s for small and large
particles, respectively.

Diffusion coefficient [um?/s]

Radius [nm] ) Ds D.
50 103 a 0.22+0.01
r=@/gs 1,000 10° 4.1+0.1 2
50 103
0.003 43+0.3" 0.20+0.01
1,000 3x10°
50 103
0.01 4.0+0.2° 0.19+0.01
1,000 1x10°
50 103
0.03 4.4+0.4"° 0.20+0.01
1,000 3 x10°
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Forr = 0.03 and 0.01, the primary minima occurred at g% =~ 4 um and for r = 0.003,
at g% ~ 5.5 um™. We attribute these minima to the interference patterns from the large particles

present in the microscope images and in the series of difference images (Fig. 28.5b).
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Figure 27.5 (a) DDM signal amplitude A(q) as a function of wavevector squared g for bidisperse mixtures of

particles of radius 50 nm and 1 um at varying volume fraction ratios r. (b) and (c) describe the
contributions to signal intensity from small and large particles, As(q) and A, (q), respectively.

In a heterodyne geometry, interference patterns are complex due to the presence of both

scattered and transmitted fields. The best examples of interference patterns are holograms,[218-
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221] in which the scattered field interferes with the transmitted light, and diffraction
patterns,[222, 223] in which the scattered field interferes with itself. These patterns typically
depend on the particle radius and the distance z between a particle and the image plane, which
ideally can be resolved to 50 nm.[219, 222] The DDM algorithm, however, averages the scattering
signal from multiple particles at varying axial positions. Additionally, the particles diffuse vertically

and this motion changes the position of the rings over time.
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Figure 28.5. (a) Relative contribution to the DDM signal from the large particles f; (q) as a function of the square

of the wavevector g2. Arrows indicate predicted minima from diameter of diffraction rings.
Examples of diffraction rings seen in (b) microscope images and (c) image differences at a lag time
T = 1.6 s for each sample. Dashed circle indicates diameter of diffraction ring

Thus, the minima present in f;(q) are smeared without the ideal axial resolution of
diffraction- or hologram-based particle tracking methods. Nevertheless, we compared the
position of the minima f;(qmin) to the diameter d = 21 /qpnin of the interference rings in the
captured original images, calculated as the boundary between the dark ring and the outer light
ring (dashed circle in Figure 28.6b). While we do not attempt to predict changes in the position of
f1.(@min) between samples, the close agreement between the diameters of the rings and
f1.(@min) (Table 3.5) suggests that it is the interference patterns that lead to the non-monotonic
changes in the DDM signal intensity. This argument implies that f; (qmin) depends on particle size,
incident wavelength, and distance of particles from focal plane but is in principle independent of

particle concentration. To test this hypothesis, we performed a proof-of-concept experiment on
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unary suspensions of large particles that were segregated via sedimentation to the bottom of the
glass sample chamber. The particles remained diffusive on the glass surface, but hydrodynamic
interactions with the surface reduced their diffusivity compared to that in the bulk. Focusing the
lens at different distances z above the plane of the segregated particles, we controlled the
distance between the particles and the image plane. The amplitude of the DDM signal A(q)
depended on the vertical position (Fig. 28.5c) and the locations of the minima corresponded
nearly quantitatively with observed changes in the interference patterns (Fig. 28.5d). Thus, the
amplitude A(q) of the dynamic structure factor A(g;t) can, in principle, be used to extract
information about the axial position of large particles, similar to diffraction-based[222] or
holographic[218, 221] particle tracking methods in three dimensions. Although difficult to predict
the interference patterns a priori due to the distribution of wavelengths and the spherical
wavefront of the incident light in a DDM experiment, similar experiments could be performed at
smaller height steps to calibrate the observed interference patterns. This calibration would allow
determination of the height by matching the measured A(q) to the calibrated A(q). Future
experiments could exploit a designed separation of time scales (by tuning particle size, solution
viscosity, and/or density difference) to characterize multiple dynamic processes simultaneously.
For example, in microgravity environments where sedimentation is minimal, experiments could
separate aggregation[224] and conjugation[225] from the motion of individual particles. In
terrestrial experiments, in-plane diffusion could be characterized with DDM, and sedimentation
velocities could be calculated tracking the changes in A(q) over a series of movies acquired over

extended times.
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Table 3.5. Measured diffraction pattern diameter and predicted g,,;, from microscope images. Error in ring
diameter equivalent to = 2 pixels. Error in g, is equal to the g-resolution of DDM. Predicted
height h between particle and focal plane.

R = Ring diameter Predicted Actual Predicted height
@/ s d [um] Qmin = 27/d [um™]  qmin[pm?*] h = 1.22 da/A [um]
0.003 3.0+0.7 2.1+0.5 23+0.1 6.7t1.6

0.01 3.5+0.7 1.8+04 20+0.1 7.81t1.6

0.03 3.7x0.7 1.7+0.3 20+0.1 82116

Summary (Bidisperse suspensions in b-DDM)
We show that DDM can be used to obtain information about the dynamics of multiple

constituents even at very dilute concentrations not detectable with DLS. In addition, DDM on
bidisperse mixtures offers a new capability: inferring the axial position of the larger scatterers
through physics similar to that underlying diffraction- and hologram-based particle tracking
methods. We believe the ability to characterize both axial position and in-plane dynamics can be
exploited to measure dynamics on different time scales, such as sedimentation velocity and
diffusion. The simplicity of DDM, and the availability of compatible facilities on the ISS, indicates
that this method can be applied to obtain dynamical information across a broad range of systems
studied in microgravity. For example, ground-based studies use DDM to measure concentration
fluctuations in binary[226] and ternary[227] fluid mixtures; hence this method can be readily
applied to the wealth of image time-series data available from extant microgravity studies on

similar systems.[228]
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Future directions (p53)

Our study of p53 reveals the high tendency of this protein for fibrillar aggregation at higher
temperatures. We also observed that crowding promotes aggregation of p53 into condensates
that are initially distinct from fibrillar aggregates; moreover, these condensates halt the
nucleation of fibrillar aggregates by slowing down the nucleation. This study raises two
fundamental questions. First, how does Ficoll induce clustering of p53? What interactions are
driving the p53 clustering? Which domains of p53 are involved? Second, a more fundamental
guestion: does p53 phase separate inside the cell crowded environment and what are the
implications of these dense liquid clusters for biological function of p53? To elucidate clustering
mechanism of p53 in presence of Ficoll, a detailed study is required and the role of each domain
of p53 should be mapped out. To gain information, we should investigate the role of disordered
N- terminus (residues 1-92) in cluster formation of p53. By preparing a construct of deleted
disordered domain (AN1-92, which lacks the N-terminus disordered domain) one can investigate
the clustering behavior of AN1-92 [43, 44]. Now to test if the oligomerization domain drives the
clustering or acts more as a catalyst, we should test the L344P p53 mutant that abolished the p53
tetramerization. In addition, simultaneous deletion of disordered domain and abolishment of
tetramerization by L344P mutation (construct AN1-92-L344P) can allows us to map out
respectively, the significance of disordered and oligomerization domain on p53 clustering. The
previous study identifies which domains of p53 are involved in clustering of p53 [43]. These
methods can also be applied to study a more fundamental question: what is the ability of p53 to
phase separate in the cell crowded environment? By preparing a GFP-fused p53 construct (GFP-
p53), we can investigate the formation of p53 dense liquid clusters inside the cells. If phase
separation occurs we could track dense liquid droplets that appear as brighter spots compared to

the uniformly distributed fluorescence. Furthermore, we can test how does post translational
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modifications (PTMs) to p53, which are caused by stress, alter the p53 clustering. By addressing
the significance of each p53 domain for clustering, now we can determine whether specific PTMs
on that domain promote or reverse p53 phase separation. Furthermore, we can address how does
phase-separated p53 function? Is the phase separation of p53 or PMT-p53 essential pathway to
cell stress response? Does the phase separated p53 capture other proteins or nucleotides? We
can investigate this by fusion of YFP or m-Cherry to Mdm?2 or by tagging p53 downstream target
genes such as BAX, P21, PUMA, and GADD with fluorophores and test for co-localization in p53
clusters. This study could potentially address if p53 phase separates in crowded environment of
the cell and elucidate a detailed picture of how p53 clusters facilitate the right signaling and gene
expression to recover stressed cells. In addition, we can characterize the in vitro and in vivo phase
separation tendencies of different p53 mutants and ask if these clusters are essential for the
mutant aggregation. We can correlate the tendency of the clustering to aggregation propensity
by testing the mutant 1254R p53, which is reported to abolish the aggregation of p53. We can
further test if the mutant p53 co-localizes with the WT-p53 clusters, which could lead into exciting
findings about loss/gain of function of p53 mutants [43]. Another question to answer is whether
the oligomerization of p53 is at correlated with its aggregation. What if the oligomerization drives
the p53 into phase separated clusters and unfolded monomeric p53 leaves the clusters and forms
the fibrillar aggregates, similar to the mechanism proposed in 2001 for human TTR protein? To
investigate this, we should compare the aggregation kinetics of L344P with WT-p53. Furthermore,
we can employ high resolution silica-based size exclusion to purify the p53 tetramers from
monomers and test aggregation of the protein at different ratio of monomer/tetramer fractions
using the methods presented in this thesis. If, under intracellular conditions, p53 phase separates
and the aggregates originate inside the mesoscopic clusters, we can target these dense liquid

phases for drug delivery treatments to increase the efficacy of the process.
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