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ABSTRACT

Molecular chaperones are tasked with folding and disassembling the
misfolded and aggregated non-native proteins that arise during biosynthesis or
upon environmental stress. However, the heterogeneous and dynamic nature of
misfolded and aggregated non-native proteins makes it challenging to study the
mechanism of protein disaggregation by molecular chaperones. A central
unresolved question is whether it is the size or structure of non-native protein
aggregates that limits how well cells clear potentially toxic aggregates. The work
described herein demonstrates that protein aggregate size does not intrinsically
limit how well protein aggregates are dismantled by molecular chaperones.
Rather, the primary constraint appears to be the internal structure of aggregates.
This conclusion is made possible, in part, by the application of a fluorescence-
based single particle technique known as Burst Analysis Spectroscopy (BAS).
Several novel extensions to the BAS method, that substantially extend both the
power and general applicability of the method, are developed as part of this work
and are also presented here. The potential of extensions that permit multi-color
analysis and extend the analyzable size range are demonstrated in case studies
of DNA packing in lambda phage, protein aggregation, and ENTH mediated

vesiculation.

The CO2-fixing enzyme ribulose-1, 5-bisphosphate-carboxylase
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oxygenase (RuBisCO) from R. rubrum was employed as the model substrate
protein in the study of protein disaggregation by molecular chaperones. Using
BAS, non-native RuBisCO is shown to follow at least two general aggregation
pathways, which can be distinguished by their unique population distributions
and growth behavior. Visualized by EM, RuBisCO aggregates that grow slowly
(slow growing) are amorphous in shape, while rapidly growing aggregates (fast
growing) are fibroid-like. These two chemically identical but structurally and
conformationally distinct aggregates respond very differently to active
disaggregation by a model molecular chaperone network consisting of the E. coli
Hsp70 and Hsp100 molecular chaperones. While fast growing aggregates can
be disassembled by the Hsp70 system alone, slow growing aggregates require
both the Hsp70 and Hsp100 systems. In all cases, BAS measurements
demonstrate that the efficiency of RuBisCO aggregate disassembly is not
impacted by aggregate size. Strikingly, slow growing aggregates display a
dramatic shift in behavior with time, becoming increasingly refractory to
disassembly with no detectable changes in size, and without losing the ability to
bind Hsp70. Using inter-molecular fluorescence resonance energy transfer
(FRET) measurements, it is shown that this shift in behavior is consistent with a
compaction or tightening of the average aggregate structure. Additionally, the
Hsp70 system is shown to alter this structure without inducing disassembly,
consistent with models in which Hsp70s play a key role in preparing or loosening

aggregates prior to engagement by Hsp100s.
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CHAPTERI

INTRODUCTION AND LITERATURE REVIEW

Introduction

The seclusion of hydrophobic amino acids from solvent is a
thermodynamically favorable process (Spolar et al, 1989) that normally helps
drive protein folding and the oligomerization of native proteins (Vulevic et al,
1997). However, the tendency of solvent exposed hydrophobic amino acids to
cluster helps drive non-native protein to oligomerize (Dill et al, 1997; Capaldi et
al, 2002) into large aggregates (Simone et al, 2011; Morris et al, 2009, Chiti et
al, 2002) with amorphous or fibrillar structures (Fandrich et al, 2007; Jackson et
al, 2000; Groot et al, 2009). The aggregation of non-native protein can lead to
the early onset of cellular senescence (Lindner et al, 2008; Erjavec et al, 2007;
Liu et al, 2010) and cell death (Maisonneuve et al, 2008; Bucciantini et al, 2002).
The consequence of non-native protein aggregation on cellular fitness was
originally attributed to the loss of vital cellular proteins, such as those needed for
metabolism. More recent studies have shown that aggregates of many non-
native proteins possess toxic properties that are not connected to the normal
cellular activity of these proteins (Bucciantini et al, 2002). Additionally,
aggregates in early stages of growth tend to have a greater toxicity than mature
aggregates (Zhu et al, 2000). Once formed, aggregates can be very stable,

long-lived structures (Nichols et al, 2005). This means that non-native protein



aggregates can linger within a cell and poison cells long after conditions that

foster protein denaturation have ceased (Erjavec et al, 2007).

In order to combat aggregate toxicity, cells have evolved a system of
molecular chaperones capable of preventing aggregation (Garrido et al, 2010),
disassembling aggregates (Haslberger et al, 2010; Zietiewicz et al, 2006), and
aiding in the refolding of non-native protein (Farr et al, 2003). However,
molecular chaperones can fail to clear non-native protein aggregates. Why
molecular chaperones fail in some cases, and how molecular chaperone activity
impacts various protein mis-folding and aggregation diseases, is not well
understood. It is possible that features of non-native protein aggregates such as
size and structure can make aggregates refractory to disaggregation.
Unfortunately, non-native protein aggregates are heterogeneous by nature and a
single solution of aggregating protein can contain a wide range of structures,
sizes, shapes, and subunit conformations. This complexity has made it difficult
to study the relationship between aggregate features and the disaggregation

activity of molecular chaperones.

Brief Overview

The core work presented in this dissertation explores the relationship
between the size, structure, and subunit conformation of non-native protein

aggregates and the disaggregation activity of molecular chaperones. Most



experiments are carried out with a range of fluorescence-based techniques from
FRET to a novel single particle technique, called Burst Analysis Spectroscopy
(BAS). However, adequately studying the impact of aggregate qualities on
disaggregation required the creation of extensions to BAS. The development,
testing, and demonstration of the broader application of these extensions to BAS

make up the rest of the work presented in this dissertation.

Scope of the Literature Review

In order to better set the context and justification for this project, the rest
of this chapter contains a review of what is known about non-native protein
aggregation, molecular chaperones, and the study of complex macromolecular
systems, as they pertain to this project. The first section of this literature review
summarizes the seminal investigations into protein misfolding and aggregation.
The following few sections review the contemporary models for the aggregation
of non-native protein and how these structures impact cellular fitness. The
section that follows bridges the discussion of non-native protein aggregation to
an introduction of molecular chaperones, by discussing how cells protect
themselves from the negative effects of protein misfolding and aggregation. The
next section broadly reviews the discovery and initial characterization of
molecular chaperones. The discussion of molecular chaperones narrows in
subsequent sections to centralize around the Hsp70 family of molecular

chaperones and their co-chaperones. These sections detail the numerous roles



of the members of the Hsp70 family of proteins, the mechanism of their activity,
their role in disaggregation, and how they co-operate with other molecular
chaperone systems. The section that follows details the extent of what is known
about Hsp70 assisted disaggregation. The next sections outline why a deeper
understanding of disaggregation is limited with current methodologies and they
introduce BAS, how it works, its limitations, and how it can be applied to reach a
deeper understanding of aggregation and disaggregation. The final sections of
this literature review begin to transition the discussion into the core work of this
dissertation by introducing the specific chaperone system, and its non-native
protein aggregate substrate, used in this study and why they were found ideal

for this work.

Literature Review

Discovery of the Nature of Protein Folding and Aggregation

In the early 1800's, microscopists noticed that stressed, damaged, or
diseased cells contained granule deposits of what was originally thought by
Rudolf Virchow to be carbohydrates, due to their ability to be stained by iodine
(Virchow, 1854). These granule structures were thus named amyloids after the
Latin root word for starch. However, it was later revealed in 1859, that these
granules were composed of protein and not carbohydrates (Friedreich et al,
1859). Why protein granules formed in damaged or stressed cells did not

become apparent until 1910. That year, Harriet Chick and C. J. Martin found



that proteins had a “native” state, in which they possessed enzymatic activity,
that could be converted to a “non-native” state that lacked enzymatic activity,
through a process termed denaturation. The process of denaturation was found
to be induced by changing the temperature, pH, and salt concentration of a
protein containing solution. They also found that non-native protein was prone
to precipitation (Harriette et al, 1910). The observation that the denaturation and
precipitation of non-native protein occurred without modification of the molecular
formula of proteins led to the hypothesis that denaturation altered the
arrangement, or conformation, of a protein's components. By extension, this
meant that the native state of a protein had to be a specific conformation of a
protein's components, which had been previously determined to be covalently
bonded amino acids, or polypeptides, by Hermann Emil Fischer and Ernest

Fourneau (Fischer et al, 1901).

Over the next four decades, scientists attempted to unravel how protein
conformations were stabilized and what constituted the structure of proteins,
which some at the time assumed could be a branching structure. During this
time, two prominent models arose for how the components of a protein's
structure interacted and stabilized the conformation of a protein. These models
centered around hydrophobic interactions, proposed by Dorothy Wrinch and
Irving Langmuir in the late 1930s, and hydrogen bonding between amino acids,

proposed by William Astbury in 1933 (Langmuir et al, 1939; Astbury, 1933).



While both models claimed that each was the primary means of stabilizing
protein conformations, the accepted model for how amino acids interact and
stabilize the conformation of proteins was later determined to be a combination
of both models. In this combined model, the polypeptide backbone of proteins
forms hydrogen bonds with itself in order to form the “secondary structures”
known as beta-sheets, first proposed by William Astbury, and alpha-helices,
proposed by Linus Pauling (Astbury, 1933; Pauling et al, 1951). Secondary
structures can be held together through hydrogen bonding between amino acid
side chains (Chen et al, 1993), however, secondary structures are primarily
driven together and stabilized by the interaction of hydrophobic and hydrophilic
amino acids with water (Pace et al, 2011) (Figure 1-1 A). This concept is
simplified in a model proposed by Walter Kauzmann in the 1950s. Kauzmann
proposed that the interaction of amino acid side chains with water caused
proteins to adopt a conformation that adequately buried hydrophobic amino
acids within the protein and exposed hydrophilic amino acids to water
(Kauzmann, 1956). While the models worked out by Kauzmann and his
predecessors are still used today to understand protein conformation, the
structure of proteins was not truly identified until Frederick Sanger sequenced
the protein insulin and determined that it was composed of linear chains of
amino acids (Sanger, 1949). The hypothesis that proteins could be composed
of branching chains was not fully discredited until the 1950s, when George

Palade discovered the ribosome, which produces proteins as linear chains of



amino acids (Palade, 1955; Schweet et al, 1966). Because linear polypeptides
must bend around themselves, or fold, the process by which a protein transits
from a linear polypeptide into its native conformation is referred to as “protein
folding”. The native conformation of folded proteins was determined by Christian
Anfinsen to be determined by the amino acid sequence of polypeptides
(Anfinsen et al, 1961). Interestingly, the native fold of a protein represents only
a small fraction of the astronomical number of possible non-native conformations
that a protein is capable of assuming. This observation was the source of
Levinthal's paradox, which states that the length of time required for a
polypeptide, which contains 100 amino acids, to sample every possible
conformation is greater than the age of the universe. Levinthal’s solution to this
paradox was that the folding of proteins is sped up by the local interactions
between amino acids, which could then guide further intra-protein interactions

(Levinthal, 1969) (Figure 1-1 C).

Native and Non-Native Protein Oligomerization

Fredrick Sanger's work showed that insulin is a dimer of two polypeptide
chains linked together by a disulfide bond (Sanger, 1949). However, the
disulfide bond between insulin subunits is not the only contact between the two-
polypeptide chains. Side chain interactions can be observed in Dorthy
Hodgkin's crystal structure of insulin (Adams et al, 1969) (Figure 1-1 B). This

work, and the work of numerous others, shows that the same intra-molecular
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Figure 1-1 Protein Folding is a Multi-Step Process That is Driven by Local
Intra-Protein Interactions and Interactions with Water. (A) Polypeptides fold
in a way that minimizes the exposure of hydrophobic amino acids to water while
maximizing the exposure of hydrophilic amino acids to water. (B) In the folded
state of the insulin heteroligomer, numerous inter- and intramolecular
interactions can be seen stabilizing the folded state of insulin. (C) The various
intramolecular interactions that stabilize folded protein form during the various
steps of protein folding. The development of local intra-protein interactions
during folding helps to guide proteins into the native state.

Images presented in this figure were obtained and edited for republication with full rights from:
(A) https://commons.wikimedia.org/wiki/File:Protein_folding_schematic.png

(B) https://commons.wikimedia.org/wiki/File:InsulinMonomer.jpg

(C) https://commons.wikimedia.org/wiki/File:ACBP_MSM_from_Folding@home.tiff




interactions found in folded protein (i.e. hydrophobic interactions, salt bridges,
and hydrogen bonding) can be found inter-molecularly between two or more
proteins (Jones et al, 1996). These interactions not only stabilize the
association of multiple folded polypeptides, but can also help drive proteins to
oligomerize, as is the case with interactions between hydrophobic amino acid
side chains. The same interactions that help native proteins to oligomerize can

cause non-native proteins to form oligomers as well (Jahn et al, 2008).

The oligomerization of native proteins is typically reversible and the
number of subunits in native protein oligomers is normally a discrete value
(Cornish-Bowden et al, 1971). Conversely, it is common for non-native proteins
to oligomerize into large aggregates with a non-discrete number of subunits.
The dissociation constant for aggregate subunits is typically very low, as subunit
dissociation tends to expose the hydrophobic amino acids of polypeptides to
water, which is thermodynamically unfavorable (Fink, 1998; Roberts, 2006). The
structure, size, and shape of non-native protein aggregates are highly variable
even when a population of aggregating protein contains only a single
polypeptide (Weiss et al, 2007; Puchalla et al, 2008). This is in part due to the
large number of possible non-native conformations a protein can assume.
Despite the large number of possible peptide conformations and aggregate
structures, non-native protein aggregates can have uniform structures that can

be formed similarly between different polypeptides. The work of Christopher



Dobson has shown that most non-native proteins, given the right conditions, are
able to aggregate into long fibers where each subunit is connected by a uniform
beta-sheet structure that runs along the fiber's axis (Knowles et al, 2014) (Figure
1-2 D). Known as amyloid fibrils and amyloids, the deposition of these
aggregates in cells and tissue is associated with numerous human diseases,
such as Alzheimer’s disease (Alzheimer, 1907). The regular structure of
amyloids can be identified by various stains, such as Thioflavin-T and Congo
Red (Vassar et al, 1959; Bennhold, 1922) (Figure1-3 B). The ease of amyloid
identification has allowed researchers to study the various ways amyloids can
impact cellular fitness. However, most aggregates are not amyloids and often
have irregular and inconsistent structures that are difficult to identify and
characterize (Lewandowska et al, 2007; Vetri et al, 2007; Krebs et al, 2008). For
this reason, most non-amyloid aggregates are referred to as ‘amorphous'
aggregates. While amyloid fibrils and amorphous aggregates are structurally
dissimilar, amorphous aggregates can in some cases seed the formation and
fiber elongation of amyloids (Bucciantini et al, 2002) (Figure 1-2 A-C).
Interestingly, both amyloids and amorphous aggregates have a negative impact

on cellular fitness.

The Impact of Protein Mis-Folding and Aggregation on Cellular Fitness and

Disease Progression

The aggregation of non-native proteins stabilizes the non-native
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Figure 1-2 Amyloid Fibers Are Connected by Organized Beta-Sheet Folds
That Can Be Nucleated from Amorphous Pre-Fibrillar Aggregates. (A,B)
Non-native myostatin precursor proteins can form amorphous aggregates,
observed here via electron microscopy, with pre-fibrillar character. With time
these structures can seed the formation of amyloid fibrils. (C) Shown via
electron microscopy are insulin amyloid fibrils, which were used as positive
controls to monitor the fibrillation the myostatin precursor protein. (D) Amyloid
fibrils oligomerize in such a way that organized beta-sheet structures link each
subunit together.

Images presented in this figure were obtained and edited for republication with full rights from PLOS One via their open
access policy. The respective works, from which each figure originates, are listed below:

(A-C) Starck C., Sutherland-Smith A.; Cytotoxic Aggregation And Amyloid Formation By The Myostatin Precursor
Protein; (2010) DOI: 10.1371/journal.pone.00009170

(D) Berhanu W., Hansmann U.; Structure And Dynamics Of Amyloid-B Segmental Polymorphisms; (2012)
DOI:10.1371/journal.pone.0041479
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conformation of proteins and prevents them from reaching the native state.
Thus, protein aggregation represents a loss of the activity that would have been
provided by the native proteins. If proteins aggregate before ever reaching a
native conformation then cells lose the resources used to make the protein
without gaining any benefit. This loss of material can strain cellular activities, but
when vital cellular proteins are lost to aggregation, cells may be unable to
maintain homeostasis and could die. Additionally, non-native protein aggregates
are toxic and can interfere with vital cellular processes and disrupt homeostasis

(Stefani et al, 2003).

Non-native protein aggregates can interfere with cellular processes by
interacting with other cellular proteins, membranes, and by physically obstructing
cellular machinery involved in activities such as transport and signaling.
However, physical obstruction of cellular activities can occur both inside and
outside a cell. In Alzheimer's disease, extracellular amyloid fibrils, composed of
the AB protein, can cluster into large plaques that can obstruct synaptic signaling
(Sheng et al, 2012), neuronal rearrangement, and the flow of fluid around the
brain (Weller, 1998) and cerebral arteries (Roher et al, 2012). Intraneuronal
fibers of the amyloid-beta (AB) protein block the transport of mitochondria (Zhao
et al, 2010), the recycling endosome (Cataldo et al, 2000), and brain-derived
neurotrophic factor (BDNF), which encourages neuronal synapse growth and

differentiation (Umeda et al, 2015). While obstruction of extra and intracellular
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Figure 1-3 In Alzheimer’s Disease, the Formation of AB Amyloid Fibrils is
Linked to Neuron Dysfunction and Death. (A) The interaction of AR amyloid
fibrils with neurons leads to a cascade of cellular dysfunction that can inevitably
lead to neuron death. (B) The presence of amyloid fibrils and fibril plaques (also
referred to as fibril tangles) can be can be detected with various amyloid-binding
dyes. Shown is a segment of human brain stained with Congo Red, which is a
common stain used for identifying amyloids. (C) One-way that AR amyloid fibrils
contribute to cellular dysfunction is through interaction with tau. When AB
amyloids interact with tau, the tau protein forms granules that are inactive.
Without active tau proteins, microtubules become destabilized and as a result
cellular transport and structure become abnormal.

Images presented in this figure were obtained and edited for republication with full rights from:

(A) https://commons.wikimedia.org/wiki/File:Blausen 0017 AlzheimersDisease.png

(B) https://commons.wikimedia.org/wiki/File:Small_bowel duodenum_with_amyloid deposition_congo red 10X.jpg
(C) https://commons.wikimedia.org/wiki/File: TANGLES HIGH.jpg

13



processes by amyloid fibrils has a catastrophic impact on cell and tissue health,
monomeric non-native Af3 proteins, and A proteins in the early stages of
aggregation, also significantly contribute to the progression of Alzheimer's
disease (Figure 1-3 A). Intraneuronal AB proteins, as small aggregates and
monomers, interact with other cellular proteins, such as the microtubule
stabilizing protein tau. When non-native A protein binds to tau, it causes tau to
oligomerize into large granule-like structures (Stancu et al, 2014). This depletes
the tau within neurons and leads to the destabilization of micro-tubules (Gendron
et al, 2009), which are critical for supporting cellular structure and intracellular
transport (Figure 1-3 C). Additionally, when non-native AR protein interacts with
membrane, membranes can become permeable to ions and small molecules.
AB proteins do this by growing along the membrane surface, which introduces
lesions or tears into membranes, or by forming small ion-selective pores
(Prangkio et al, 2012; Sciacca et al, 2012; Kawahara, 2010). Non-native and
aggregated AP proteins cause the most damage when they develop on
mitochondria (Camilleri et al, 2013) and on the plasma membrane (Lin et al,
2001). While the nature of interactions with other cellular proteins varies
between amyloids composed of different polypeptides, the physical obstruction
of cellular processes and the disruption of membranes, via formation of pores
and lesions, are common pathologies in amyloid related diseases, including
Parkinson's disease (Hilal et al, 2002) and type 2 Diabetes (Anguiano et al,

2002).
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While a colossal amount of research has been dedicated to the study of
amyloids, the formation and cellular impact of amorphous non-native protein
aggregates has been ill studied by comparison. However, it is known that the
presence of amorphous aggregates within cells is associated with a decrease in
cellular fitness, an early onset of cellular senescence, and cell death. Thus the
fate of cells harboring both amorphous and amyloid aggregates is similar

(Bucciantini et al, 2002; Erjavec et al, 2007; Lindner et al, 2008; Liu et al, 2010).

Interestingly, both amorphous and amyloid aggregates can develop early
in the lifespan of single or multi-celled organisms (Baker-Nigh et al, 2015).
However, these structures can persist in young organisms without producing a
disease phenotype. Indeed, non-native A proteins can form amyloid fibrils in
the brains of children and teenagers, but not cause Alzheimer's disease until
later in life (Baker-Nigh et al, 2015). Cells are able to prevent disease
progression in young cells through the activity of protein quality control systems
(Morely et al 2002). Thus, disease phenotypes may develop because protein
quality control machines are down-regulated with age (Kikis et al, 2012), highly
toxic aggregates form that are resistant to the activity of quality control
machinery (Morely et al, 2002), or aggregates build-up and overwhelm quality

control machines (Erjavec et al, 2007; Lindner et al, 2008).

Despite the activity of quality control machinery, aggregates are observed
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to slowly grow throughout the life of a cell (Ollikainen et al, 2010). The
continuous growth of aggregates occurs even if cells are not periodically
exposed to cellular conditions that promote aggregation (Maisonneuve et al,
2008). Instead, these aggregates primarily grow from the failure of newly
synthesized protein to fold properly, which in some cells can be up to 30% of all
proteins (Schubert et al, 2000), and from exposure to reactive oxygen species,
which can damage proteins and cause them to unfold and aggregate
(Maisonneuve et al, 2008; Imlay, 2013; Muller et al, 2007). The accumulation of
damaged protein and non-native protein aggregates occurs despite cells being
equipped with a diverse system of protein quality control machines. This not
only puts an ever-increasing strain on quality control machinery, it also
demonstrates that non-native protein, and the aggregates they form, can resist
the activity of a cell's quality control machinery (Maisonneuve et al, 2008;

Ollikainen et al, 2010).

Cells Possess a Variety of Protein Quality Control Systems That Are Meant
to Protect Them from Protein Mis-Folding and Aggregation

The primary protein quality control systems of cells are composed of
proteins known as molecular chaperones. These proteins are able to prevent
non-native protein aggregation, control the aggregation process, store
aggregated protein, disassemble non-native protein aggregates, and assist in

protein folding (Hartl et al, 2011). Despite their role in controlling aggregation
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and storing non-native and aggregated protein, the goal of the molecular
chaperone system is to help proteins reach their native state (Hartl et al, 2011).
Their role in aggregation and storage is meant to prevent non-native proteins
from forming aggregates that cannot be disassembled and preventing them from
interacting with other cellular components until they can be disassembled and
folded properly (Bakthisaran et al, 2015; Hartl et al, 2011). In this way,
molecular chaperones act similarly to their namesake in human society (i.e.,

they guard proteins and prevent bad things from happening) (Lakey et al, 1978).

When non-native proteins cannot be folded, or their aggregates cannot be
disassembled, cells will employ a system of proteases to degrade and recycle
them. However, determining when proteases should intercede is a complicated
process. In eukaryotes, non-native proteins are ubiquitinated in order to make
them targets of proteolytic degradation (Prakash et al, 2004). Cells can also
shift protein out of the molecular chaperone systems and into the proteasomal
network with adaptor proteins like CHIP (McDonough et al, 2003). Some
bacteria employ similar systems that utilize ubiquitin-like proteins (Pearce et al,
2008), however, most bacteria encode protease signal sequences into their

proteins that are exposed when misfolded (Sauer et al, 2004).

In the case that proteins fail to be refolded or degraded, they are often

forced into storage to minimize their impact on the internal cellular environment.
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Eukaryotes transport misfolded and aggregated protein on dynein motors, which
run along microtubules, to a central point of storage for misfolded protein, known
as the aggresome (Johnston et al, 1998). Bacteria lack such an elaborate
system, but still manage to store non-native protein in inclusion bodies (Garcia-
Fruitos et al, 2011). The inability of cells to internally eliminate aggresomes and
inclusion bodies can trigger cells to employ a triage system to either expel
aggregates into the extracellular space (Lee et al, 2005), asymmetrically
segregate aggregates during cell division (Lindner et al, 2008), or destroy
aggregates via autophagy (Zaarur et al, 2014). However, releasing toxic
proteins into the interstitial space between cells can cause further damage
(Alvarez-Erviti et al, 2011) and some non-native protein aggregates can resist
lysosomal degradation during autophagy (Tanik et al, 2013). Non-native protein
aggregates, that are resistant to lysosomal degradation, can become stuck in
lysosomes and inevitably cause lysosomal dysfunction, which can trigger
apoptosis (Martinez-Vicente et al, 2010). In the case of asymmetrical
segregation, one daughter cell takes most of the non-native and aggregated
protein while the second daughter cell is produced without this protein baggage
(Lindner et al, 2008; Lloyd-Price et al, 2012). This extreme solution, found
throughout all organisms, produces one rejuvenated cell and a cell with a
shortened life span (Liu et al, 2010). In multicellular eukaryotes, this tactic is
commonly used to cleanse gametes of non-native and aggregated protein prior

to reproduction (Strandkvist et al, 2014; Unal et al, 2011).
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Why non-native proteins, and the aggregates they form, become resistant
to protein quality control machinery is not well understood. However, it is
primarily a failure of the molecular chaperone systems that allows these
structures to persist. In order to set the context for a discussion of chaperone
activity and why it can be hampered, the following section will broadly cover the

discovery of molecular chaperones and their initial characterization.

The Serendipitous Discovery and Characterization of Molecular
Chaperones

In the early 1960s, an Italian fly geneticist, named Ferruccio Ritossa,
observed that when D. melanogaster cells were incubated at temperatures
higher than physiological temperature, their DNA would appear to produce
“‘puffs”. This puffing of DNA was due to a large increase in transcriptional
activity (Ritossa, 1962). The transcriptional response to heat was referred to as
the “heat shock response” and the proteins produced in response to incubation
at elevated temperatures were named “heat shock proteins”. While it was not
recognized at the time, this discovery was the first documented cellular response
to protein stress that promoted protein denaturation and aggregation. Thus, the
discovery of heat shock proteins was also the discovery of a group of molecular
chaperones that are expressed in response to heat (Ang et al, 1991; Becker et
al, 1994). However, despite the initial discovery of molecular chaperones in

flies, it was the study of the relationship between phage and their hosts that
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would ultimately lead scientists to uncover the activity and function of a few key

molecular chaperones.

In the late 1960s, the geneticists Ira Herskowitz and Costa Georgopoulos
started a collaboration to find mutations in the genome of E. coli that disrupted
the replication cycle of bacteriophage lambda (Georgopoulos, 2006). The genes
that they identified as important for lambda replication were dubbed “gro”, as
they were required for the growth of phage (Georgopoulos, 1971). Some of the
first mutants they identified would later be mapped to the gene for GroEL, which
was determined to be important in the folding of viral capsid proteins. Later
screens by Georgopoulos would lead to the isolation of mutants in the gene for
DnaK, which was found to be required for removing phage proteins from the
DnaB helicase that recruit DnaB to lambda DNA (Georgopoulos, 1977; Ang et
al, 1991; Liberek et al, 1998). Later, it would be discovered that both DnaK and
GroEL are molecular chaperones that are essential for cell survival (Bukau et al,

1998; Craig et al, 2006).

The mutant screen that was used to find both GroEL and DnaK was a

simple screen for colony size. In this screen, the E. coli strain C600, which

produces the supE amber suppressor, was mutagenized with nitrosoguanadine
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Figure 1-4 Host Proteins That Are Important for Phage Development Can
Be Found with a Simple Screen for Colony Size. (A) E. coli growing on a
plate with a dilute amount of phage spread across the surface will continue to
grow in size until they encounter a phage. This will kill the E. coli and keep the
growing colony small. E. coli that can continue growing possess a mutation that
prevents them from being infected with phage. These colonies can be remixed
with phage and plated in order to screen for phage that can infect the mutant E.
coli, that were isolated in the screen for colony size. (B) Mutant E. coli that resist
phage infection are likely to possess a protein with a novel interface that wild-
type phage protein cannot efficiently interact with. In the second screen, random
mutations in phage can allow their proteins to interact with mutant E. coli
proteins. This allows the phage to survive and form plaques.
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and then plated onto media with a specific concentration of two non-lysogenic

lambda phages that targeted different E. coli surface receptors (Georgopoulos,
1971). The concentration of phage was tuned so that as E. coli colonies grew,
they would encounter phage and die. This greatly slowed the growth of E. coli
colonies. Conversely, E. coli that possessed mutations in genes that code for

proteins essential for phage replication, called gro, prevented the replication of
the phage they were simultaneously plated with. Only the gro mutant E. coli

produced colonies of visible size on the plates.

In order to find phage genes whose protein products interacted with the
protein products of different gro genes, plaque-forming revertants were obtained
by plating wild-type phage on lawns of gro mutant E. coli (Georgopoulos, 1971;
Georgopoulos, 1978). Some lambda phage revertants contained mutations in
the capsid gene E and thus associated gro mutants were renamed groE
(Georgopoulos, 1973; Georgopoulos, 1972). Interestingly, the protein products
of capsid gene E were suppressing a problem with lambda protein B, which
means groE should be groB (Kochan et al, 1983). Later it was found that GroE
proteins are also required for T4 head assembly (Revel et al, 1980; Takano et al,

1972).

The first purification of a groE gene product came with the development of

lambda transducing phage that carried a groE gene (Hendrix, 1979; Hohn et al,
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1979). The groE gene, carried by lambda, was over expressed so that large
amounts of the GroE protein could be produced for purified. The product of this
groE gene was found to be ~60 kDa in size and was found to oligomerize into a
structure containing two seven-subunit rings. However, this protein was found to
not be the only gene product of a groE gene (Tilly et al, 1981; Tilly et al, 1992).

When different E. coli strains bearing groE mutations were infected with the
previously described AgroE, only about half of the E. coli mutants formed

plaques. In other words, the groE gene carried by lambda phage could only
complement half of the E. coli groE mutants, which meant there had to be at
least two groE genes. The second groE gene product was found to be ~15 kDa
and the phenotypes for lambda phage development were the same for
mutations in both groE genes (Tilly et al, 1981). The large groE gene product of
the groE locus was named GroEL and the small gene product was named

GroES.

Electron micrographs of groE mutant E. coli, infected with wild type
lambda phage, showed aberrant phage head assembly (Georgopoulos et al,
1973). It was thus thought that the GroE proteins were required for proper
assembly of the macromolecular structure of the phage head. However, it was
not until the work of George Lorimer that phage researchers realized that GroEL
and GroES were needed for the proper folding of phage capsid components

(Goloubinoff et al, 1989). In Lorimer’s work, he found that GroEL and GroES
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form a chaperone machine that was capable of assisting protein folding. His
work was first done with the carbon-fixing protein RuBisCO, which was found to
be incapable of reaching its native state without GroEL and GroES in E. coli and

in vitro.

The DnaK chaperone system was discovered in much the same way that
the GroEL system was. E. coli strains bearing gro mutations were mixed with
lambda phage and spread on solid media. One set of gro mutations was
compensated for by mutations in the lambda gene P, which at the time had
already been determined to be important for the replication of lambda DNA
(Georgopoulos et al, 1977). The gro mutants that were complemented by
mutations in lambda gene P were named groP (Georgopoulus et al 1971). All
groP mutants isolated by Georgopoulos were mutations in the dnaB gene,
except one. This mutant, originally named groPaszss, was found to completely
block lambda DNA replication and was unable to form colonies at 42°C

(Georgopoulos et al, 1977).

Around the same time Georgopoulos was characterizing groPaszss, two
other groups were independently characterizing similar mutants. The first, the
Feiss lab in lowa (Sunshine et al, 1977), used a screen similar to Georgopoulos'
to find a groP mutation dubbed groPczs. The difference between the two

methods was that Georgopoulos screened for colony size on plates covered with
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phage, while the Feiss lab screened for colonies that did not turn into phage

plaques.

The second group, the Uchida lab in Japan, screened for E. coli strains
tolerant to phage infection by growing E. coli strains, that contained a lambda
prophage, at 42°C (Saito et al, 1977). Survival of the E. coli strain was based on
the strain's ability to suppress prophage replication. The E. coli mutations that
were isolated were named grp, which stood for groP-like mutations. They
isolated two important mutations. The grpC gene was located near the groPcrss
and groPczse genes and had a similar phenotype. The grpEzs gene mapped to a
different region of the bacterial genome than previously discovered groP

mutations.

The ensuing collaboration between these groups determined, through a
series of simple sedimentation and nucleotide incorporation assays, that
mutations in these genes were affecting their gene products ability to not only
replicate bacteriophage DNA but also replicate host DNA. Thus, groPcss and
groPczse were renamed dnaK and dnad, respectively, as their protein products
were found to be important for DNA replication (Yochem et al, 1978). While the
protein product of grpE was also found important for DNA replication, it was

never renamed.
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These proteins were found to help lambda DNA replication by
disassembling the lambda-P-O-DnaB replication complex. The lambda O
protein binds to the lambda DNA origin and the lambda P protein binds to DnaB
and recruits this protein to the lambda DNA origin. However, the interaction
between these proteins is strong and requires DnaK, DnaJ, and GrpE to
disassemble the complex (Ang et al, 1991; Wickner, 1979). Later it was found
that DnaK is the workhorse in this disassembly process and that Dnad recruits
protein to DnaK while GrpE helps DnaK release substrate by exchanging

nucleotide bound to DnaK (Bukau et al, 1998).

With time, it was discovered that homologues of DnaK, Dnad, and GrpE
could be found ubiquitously. This greater family of structurally and functionally
conserved proteins came to be known as the Hsp70 chaperone system, which
consists of an Hsp70, DnaK, an Hsp40, Dnad, and a nucleotide exchange factor,
GrpE. The conservation of this molecular chaperone system throughout life
came to become a reflection of the importance of these proteins to all cells
(Morano, 2007). Indeed, these proteins have not only been found to be
important in regulating various native protein systems, but also in preventing
protein aggregation, assisting in protein folding, and in disassembling non-native
protein aggregates (Mayer et al, 2005). Because of its importance in non-native
protein aggregation, this protein will be the focus of our deeper discussion of

chaperone activity.
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The Hsp70 Molecular Chaperone Family

Molecular chaperones are commonly referred to as “heat shock proteins”
and are generally denoted by the abbreviation Hsp, followed by the average
molecular weight of the chaperone in kilo-Daltons. The members of the Hsp70
family of chaperones act as ATP driven molecular clamps. They are assisted in
the binding and release of peptide substrates by two main co-chaperones: the
peptide recruitment co-factor, Hsp40, and a nucleotide exchange factor (Mayer
et al, 2005). The binding of either co-factor stimulates conformational changes
in Hsp70 that can alter peptide binding affinity (Mayer et al, 2005) and the rate of
ATP hydrolysis (McCarty et al, 1995). In the ATP bound state, the Hsp70
peptide-binding domain is open and substrate can either bind directly to it or be
recruited by Hsp40 (Kampinga et al, 2010), which stimulates the ATPase activity
of Hsp70 (McCarty et al, 1995). After ATP hydrolysis, the lid of the peptide-
binding domain closes on the recruited peptide and Hsp40 dissociates from
Hsp70 (Schlecht et al, 2011). The peptide remains tightly bound to Hsp70 until
ADP is removed by a nucleotide exchange factor (Brehmer et al, 2004). This
allows Hsp70 to bind ATP and open its substrate-binding domain, releasing

peptide from Hsp70.
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Figure 1-5 The Hsp70 Reaction Cycle. (A) First, Hsp40 binds to a polypeptide
and then Hsp40 binds to Hsp70, which is bound to ATP. (B) Second, the
binding of Hsp40 to Hsp70 stimulates the ATPase activity of Hsp70. Upon ATP
hydrolysis, the polypeptide-binding domain of Hsp70 closes on the recruited
polypeptide and Hsp40 disengages from Hsp70. (C) Third, the polypeptide
stays bound to Hsp70 until a nucleotide exchange factor binds to Hsp70 and
catalyzes the release of ADP. (D) Finally, ATP can bind to Hsp70, altering its
conformation so that the polypeptide-binding domain of Hsp70 opens. This
releases the nucleotide exchange factor and the polypeptide.
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The Amino Acid Sequence Hsp70 Binds to is Normally Buried in Native
Protein

Hsp70s are generally thought to recognize and bind to peptide sequences
that contain a core of 4-5 hydrophobic amino acids, flanked by 3-4 positively
charged amino acids (Rudiger et al, 1997). This amino acid sequence is
extremely common in proteins and on average can be found in proteins every 30
to 40 amino acids (Rudiger et al, 1997). Furthermore, Hsp70s can be recruited
to amino acid sequences, for which they have a low affinity for, by the Hsp40 co-
chaperone (Rudiger et al, 2001). The peptide sequence that Hsp40s bind has
diversified throughout evolution, however, Hsp40s normally bind to regions rich
in hydrophobic amino acids. For the E. coli Dnad protein, the target binding
sequence appears to be composed of stretches of eight hydrophobic amino
acids with aromatic and large aliphatic side chains. Although the binding
sequence of Dnad is generally hydrophobic, DnaJd can also tightly bind patches
of amino acids that contain arginine (Rudiger et al, 2001). The combination of
frequent Hsp70 binding domains and site recruitment by Hsp40s allows Hsp70s
to be highly promiscuous and bind a wide range of proteins. Normally, Hsp70
binding sites are typically buried on the interior of native proteins and are thus
not normally accessible by Hsp70s (Rudiger et al, 1997). Native protein
substrates that do interact with Hsp70s either recruit Hsp70s with special co-
evolved Hsp40s, or have evolved to maintain exposure of Hsp70 binding sites

while in the native state (Rodreguez et al, 2008). Some Hsp70s also possess
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specialized domains, such as the EEVD and TPR domains, that are used to
interact with other adaptor proteins and chaperones such as HOP and Hsp90

(Brinker et al, 2002).

Possible Mechanisms for the Activity of Hsp70 Chaperones

The binding of a protein by the Hsp70 substrate-binding clamp is
associated with unfolding or destabilization of native protein (Rodreguez et al,
2008), which in some cases is linked to the disruption of native protein
complexes (Bocking et al, 2011). In some cases, Hsp70s can also disassemble
aggregates of non-native proteins (Haslberger et al, 2010; Zietkiewicz et al;
2006). However, Hsp70s can assist in protein folding and prevent protein
aggregation (Farr et al, 2003). How Hsp70s perform this wide range of activities
through a simple cycle of substrate protein binding and release is not well
understood. It has been postulated that Hsp70s use the same basic mechanism
in all cases (Goloubinoff et al, 2007) and the specific effect of a given Hsp70
interaction on a particular protein depends upon the conformational dynamics

and amino acid sequence of the target protein substrate.

The mechanisms proposed for the action of Hsp70s can be broadly
categorized as either passive, where Hsp70 binding acts only to alter the
equilibrium between different protein conformations (e.g. a Brownian Ratchet),

or active, where conformational changes in Hsp70 generate mechanical forces
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that drive directed-conformational rearrangements in a substrate protein. More
recently, a variation on the classical Brownian Ratchet model has been
proposed, in which the local dynamic restriction of an Hsp70 bound protein
sequence results in a directed pulling force that alters substrate protein
conformation (Goloubinoff et al, 2007; Nillegoda et al, 2015). This so-called
“entropic pulling” force is thought to be capable of disrupting intra-protein
interactions, thus leading to local unfolding or loss of inter-protein interactions,
which then disrupt oligomer complexes. While the “entropic pulling” model offers
the simplest explanation for the mechanism of Hsp70's activity, the possibility
that the conformation of substrate protein is affected by structural changes in the
Hsp70, such as the closing of the lid to the peptide binding domain, cannot be

discredited due to a lack of experimental evidence.

When assisting in folding, Hsp70 is thought to not be directly involved in
facilitating protein folding. Rather, Hsp70s are thought to either prevent
substrate proteins from misfolding in the first place, or unfold misfolded proteins
(Natalello et al, 2013; Scholl et al 2014), giving the substrate protein another
chance at spontaneous folding. In support of this idea, Hsp70s have a limited
ability to alter the structure of proteins on the folding path to the native state
(Farr et al, 2003). While it is not the goal of this work to determine the actual
mechanism that Hsp70s use, it is important to consider that the Hsp70s' simple

system of binding and release has profoundly different effects on different
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substrates.

Hsp70 is a Crucial Part of a Larger Disaggregation Chaperone Network
On their own, Hsp70s are thought to have a limited capacity for
disaggregation. Nonetheless, Hsp70s are a crucial part of the cellular
disaggregation network that works in concert with, and orchestrates the activity
of, other molecular chaperones. Examples of other molecular chaperone
systems that participate with the Hsp70s in protein disaggregation include the
small Hsps (Ratajczak et al, 2009), Hsp100s (Haslberger et al, 2007), and
Hsp110s (Nillegoda et al, 2015). The small Hsps (sHsps) are typically 10 to 30
kDa monomers that contain the highly conserved alpha-crystalline domains
(Haslbeck et al, 2005). The sHsps are found ubiquitously in life and can co-
assemble with aggregating non-native proteins. Aggregates that contain sHsps
have a far greater chance of being fully disassembled by Hsp70s than those
without (Ratajczak et al, 2009). However, it is not known if sHsps directly

interact with Hsp70 or simply modify the structure of protein aggregates.

Hsp70s in most species of eubacteria, plants, and fungi form a bi-
chaperone system with the Hsp100 chaperones, which are generally thought to
be recruited to aggregates by Hsp70s (Mogk et al, 2015). Hsp100s are efficient
disaggregases and members of the AAA+ ATPase family of proteins, which

makes them relatives to chambered proteases like Clp (Haslberger et al, 2010).
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Hsp100s form six subunit rings that act as ATP driven molecular threading
motors and extrude substrate proteins through a central pore in the Hsp100
hexamer (Tessarz et al, 2008). In the absence of Hsp70s, the Hsp100s are
generally not active in disaggregation. Hsp70s are thought to both target
Hsp100s to the surface of protein aggregates and to regulate the Hsp100
ATPase activity by direct interaction with the Hsp100 M-domain (Haslberger et
al, 2007; Mogk et al, 2015). The resulting Hsp70-Hsp100 bi-chaperone system
possesses potent disaggregation activity. Surprisingly, Hsp100s are not found
in higher metazoans. The absence of Hsp100 chaperones in higher metazoans
is thought to be due to a genomic deletion event that occurred early in metazoan
evolution (Erives et al, 2015). Interestingly, despite the lack of Hsp100s in
higher metazoans, the disaggregation activity of Hsp70s appears to have been
conserved, and the Hsp70 from humans can recruit and activate the Hsp100
from budding yeast (Shorter, 2011). However, the interactions between
Hsp100s and Hsp70s can be specific, as the bacterial Hsp70s cannot activate

eukaryotic Hsp100s (Glover et al, 1998).

In the absence of Hsp100, higher metazoans use Hsp110s to help
Hsp70s clear non-native protein aggregates (Rampelt et al, 2012). Hsp110is a
eukaryotic-specific chaperone that is structurally homologous to Hsp70s, but has
extra domains that allow Hsp110s to act as nucleotide exchange factors for

Hsp70s (Schuermann et al, 2008). In higher metazoans, specialized Hsp40s
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also seem to be able to form Hsp40-Hsp40 complexes and co-recruit multiple
Hsp70s and Hsp110s to a specific location. It is thought that the recruitment of
multiple Hsp70s and Hsp110s generates a larger centralized entropic pulling
force that aids disaggregation (Nillegoda et al, 2015). Together, the Hsp70-
Hsp110 system has been shown to clear aggregates in the absence of an

Hsp100 chaperone (Rampelt et al, 2012).

The Current View of Hsp70 Mediated Disaggregation and the Limits of
What is Known About the Hsp70s Disaggregation Activity

Since their discovery, Hsp70 proteins and their co-chaperones have been
identified in a wide range of cellular processes. Their role in disaggregation was
initially overshadowed by the Hsp100 family of chaperones. This was largely
due to the significant increase in disaggregation and subsequent refolding
observed in the presence of Hsp100s (Glover et al, 1998; Parsell et al, 1994,
Sanchez et al 1992). This led many to classify Hsp100s as the primary cellular
disaggregase chaperones (Weibezahn et al, 2004; Mogk et al, 2004), despite
the failure to identify an Hsp100 homologue in higher metazoans, including
humans. During this time, researchers continued to unravel the mysteries of the
intricate machinery of the Hsp100 chaperones while hoping that an Hsp100
homologue would eventually be found in humans and that Hsp100 research in
other organisms would directly translate to a better understanding of

disaggregation in humans (Weibezahn et al, 2004; Mogk et al, 2004; Schirmer et
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al, 1997; Shorter, 2007; Bianco et al, 2008). However, detailed genomic studies
would lead to the discovery that the metazoan line that gave rise to higher
metazoans not only lacked an Hsp100 homologue, but various other enzymes
and metabolic proteins that were found throughout lower metazoans (Westbrook
et al, 2008; Shorter, 2011; Erives et al 2015). It was hypothesized that a
massive genomic deletion event occurred early in the evolution of higher
metazoans and that this event deleted the Hsp100 gene from the metazoan
genome. Within the past few years, James Shorter and Bernd Bukau
independently discovered that metazoans could clear non-native protein
aggregates with nothing more than the Hsp70 chaperone system and the
Hsp110 chaperone (Shorter, 2011; Rampelt et al, 2012). Interestingly, the
activity of the metazoan Hsp70/Hsp110 systems was found to be not as efficient

as the well-studied bacterial Hsp70/Hsp100 chaperone systems.

In 2015, the labs of Bernd Bukau and Richard Morimoto collaboratively
found that efficient disaggregation and folding in metazoans is dependent on the
presence of two different Hsp40 homologues. Their work found that two
different Hsp40 homologues could form larger oligomer complexes that they
believed could simultaneously recruit multiple Hsp70s and Hsp110s to a single
region of an aggregate (Nillegoda et al, 2015). In the same work, Bukau and
Morimoto postulated that the two Hsp40 homologues recruited Hsp70s to two

different types of aggregates and that the hetero-oligomer may have a novel
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specificity for certain aggregates. They tested this hypothesis by using gel-
filtration columns to quantify aggregate populations, before and after exposure to
molecular chaperones. From their observations, they concluded that one
Hsp40, classified as type B, recruits Hsp70 to large aggregates and the other
Hsp40, classified as type A, recruits Hsp70 to small aggregates. They also
concluded that a mixture of the two Hsp40s would allow Hsp70 to be recruited to
intermediate sized aggregates. However, their conclusions were predicated on
the assumption that large aggregates that could be disassembled would be
completely disassembled to monomer when the type B Hsp40s were used to
recruit Hsp70s. This assumption removed from their conclusions the possibility
that large aggregates were disassembled into intermediate and small sized
aggregates with type B Hsp40s, which would have negated the possibility that

Hsp40s can bind to aggregates based upon their size.

At this turning point in the field, the role of Hsp70s in disaggregation is
being revisited. The activity of the Hsp70 systems is considered passive, unlike
the active threading activity of the Hsp100s. If true, this would mean that Hsp70
mediated disaggregation is very dependent upon the strength of inter-molecular
interactions between aggregate subunits and possibly intra-molecular
interactions within each aggregate subunit. However, solutions of aggregating
non-native proteins are often heterogeneous and possess a broad range of

sizes, shapes, and structures. This can make a detailed study of the
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relationship between aggregate qualities and their disaggregation potential
difficult. This is in part due to the limitations and constraints of contemporary

methodologies.

Constraints to Current Methodologies Used to Study Protein Aggregates
The dynamic features of heterogeneous macromolecule solutions are
often lost in ensemble measurements where measurements yield only an
average of all populations in solution. Additionally, protein disaggregation is
commonly studied by monitoring the recovery of protein activity. Unfortunately,
this method monitors folding as opposed to directly studying disaggregation.
Alternatively, the use of separation methods (e.g. gel-filtration) can severely
perturb the system under study and can alter delicate molecular structures (Philo

et al, 2006).

In gel-filtration chromatography, objects are flowed over a resin
composed of porous beads. Objects that are small enough to fit into the pores
will do so, while larger objects will not. Objects that enter pores in the resin will
flow more slowly, while larger objects transit more quickly through the resin.
This simple method is commonly used to study the size of protein oligomers and
was used by Bukau and Morimoto to test if Hsp40s select aggregates by their
size. However, this method cannot study size changes in real time, the analysis

can take on average 30 minutes to run, non-equilibrium conditions can drive
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changes in state distributions, proteins adsorb to size-exclusion resin in non-
uniform ways, and shear stress can develop as a result of solution flow through
the column. While the first two problems can often be disregarded when
working exclusively with endpoints in an assay, protein adsorption and shear

stress are ever-present problems in gel-filtration chromatography.

Proteins can be driven to adsorb, or adhere, to surfaces by their shape
and exposure of both their hydrophobic and hydrophilic amino acids, which can
vary with conformation (Andrade et al, 1986). The amount of native protein that
adsorbs to a column can be consistent and thus predicted in later experiments
(Kongsberg et al, 1977). However, even minor changes in the conformation of
native proteins can have large impacts on adsorption potential (Wang et al,
2011). Another compounding factor is that adsorption of protein, even when
reversible, can alter the conformation of proteins (Wang et al, 2011; Moskovitz et
al, 2014; Felsovalyi et al, 2012). This makes the study of non-native protein
aggregate, that have been exposed to molecular chaperones, difficult. Not only
can chaperones stay bound to aggregates, and change their absorption
potential, but also chaperones can alter the structure of aggregates and the
conformation of their subunits. In addition to adsorption, shear forces, or forces
produced when a particle is flowed past a surface, can alter the conformation of
proteins (Stasio et al, 2010). Interestingly, shear forces found in blood vessels

can also affect protein conformation. Additionally, the resins used in column
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chromatography can compound this issue as large particles can experience
shear degradation when caught in the narrow spaces of a resin (Trathnigg,

2000).

Alternatively, fluorescence based single-particle methods are minimally
perturbing techniques that can resolve the dynamic species distributions of
heterogeneous macromolecule populations in free solution (Bieschke; 2000).
The most common single-particle techniques utilize the fluorescence intensity
fluctuations of highly concentrated fluorescent objects to differentiate fluorescent
sub-populations by either their diffusion rate or brightness (Chen et al, 2003;
Muller et al, 2000). At low concentrations, large objects, which diffuse slowly,
can dominate diffusion-based measurements, even when they represent a small
fraction of the total population. Under these conditions, the intensity fluctuations
of fluorescent particles are not well described by a Poisson distribution, a
necessity for a traditional brightness analysis (Chen et al, 1999). Additionally,
protein aggregation can be too rapid at the object concentrations required for
fluorescence fluctuation based assays. For this reason, traditional fluctuation
methods are not well suited for the study of highly complex and heterogeneous

systems, such as those found when non-native proteins aggregate.
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Burst Analysis Spectroscopy is a Suitable Method for Studying Non-Native
Protein Aggregates

A complementary approach to current methodologies, termed Burst
Analysis Spectroscopy (BAS), was developed to quantify the brightness and
concentration of fluorescently labeled species with broad size distributions, in
free solution and at low concentrations (Puchalla et al, 2008). BAS utilizes
advective sample flow in combination with confocal microscopy to examine the
intensity distribution of dilute (10-100 pM) fluorescent objects as they transit the
detection zone of the microscope at a rate substantially faster than diffusion.
Under these conditions, objects do not linger or diffuse within the excitation
volume during a measurement, as they would with a fluctuation-based analysis.
Instead, objects transit unidirectionally through the excitation volume and
produce their peak fluorescence as they cross the central plane of the excitation
volume. Where a fluorescent object crosses the central plane of the excitation
volume also impacts the amplitude of the observed fluorescence peak (Figure 1-
6 A). This makes it difficult to distinguish between a bright object crossing the
edge of an excitation volume and a dim object crossing directly through the
center. This problem can be addressed numerically with a simple analysis
strategy that employs information about the experimental point spread function
of the microscope to correct the observed burst distribution for crossing
trajectory (Puchalla et al, 2008) (Figure 1-6 B). In order to do this, objects are

logarithmically binned by their intensity.
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Figure 1-6 Burst Analysis Spectroscopy (BAS) Measures the Size
Distribution of Fluorescent Species in Free Solution. (A) BAS requires
objects in a dilute solution transition unidirectionally through the excitation
volume of a confocal microscope at a rate faster than particle diffusion (left).
The burst intensity of single fluorescent particles (right) is a function of both the
intrinsic particle brightness and the crossing trajectory of the particle through the
excitation volume. (B) Logarithmic binning of bursts in both intensity and
frequency results in a raw burst distribution tat is equivalent to the cumulative
distribution of all observed crossing events (center). Bursts in the highest
intensity of this cumulative distribution contain information about the brightest
objects as they transverse the center of the detection region. This information,
in combination with knowledge of the microscope characteristic function, can be
used to reconstruct the particle intensity distribution (right)
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The analysis works by first characterizing the brightest observed burst in
the highest intensity bins with the explicit assumption that these bursts are
derived from the brightest object crossing through the center of the excitation
volume. The contribution of this object to lower intensity bins is calculated and
subtracted from all lower intensity bins. The contribution of object to all lower
intensity bins, as a result of crossing trajectories through regions of lower
excitation power, is best fit by a power law. The brightest events are thus fit to a
power law equation, their contribution to lower intensity bins is then calculated,
and then the contribution is to each bin is subtracted. After the first correction,
the contribution of the second brightest bin to all lower intensity bins is
calculated. These values are then subtracted from all lower intensity bins and
the process is then repeated until all bins have been corrected (Figure 1-7 A-C).
The end result is a corrected burst histogram that estimates the number

distribution for each fluorescent species in a complex mixture.

Preliminary measurements demonstrated that BAS is a potentially
powerful way to study heterogeneous and dynamic macro-molecular systems
such as those found when non-native proteins aggregate (Puchalla et al, 2008).
However, as originally implemented, BAS has a restricted dynamic range (~100-
fold in burst intensity), imposing significant limits on the types of measurements
and systems that can be examined. Chapter Il of this work demonstrates a

method that can be used to extend the dynamic range of BAS by at least
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Figure 1-7 Correcting the Cumulative Burst Histogram. A double log plot of
burst events that have binned by their intensity is shown in (A) (Left). The plot is
a cumulative histogram for a single fluorescent species. (Middle) The underlying
species distribution can be calculated by first characterizing the contribution of
higher intensity bins to lower intensity bins. (Right) The single underlying
species is shown after the cumulative histogram is corrected. (B) Each
fluorescent species adds to the cumulative plot in a predictable way. The
combined cumulative burst histogram for three fluorescent species is just a sum
of the individual burst plots for each fluorescent species. (C) In order to extract
separate species distributions for each sub-species, the same correction is
done.
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another order of magnitude. The usefulness of this approach will be illustrated
through its application to a case study of epsin-mediated membrane fission in
Chapter IV (Shoup et al, 2015). It will also be shown in Chapter Ill that BAS can
be extended to simultaneously study multiple fluorescent probes permitting a
highly sensitive multi-channel analysis. The power of this multi-probe extension
of BAS will be demonstrated through two, well-defined case studies in Chapter
lll. These enhancements to the basic BAS approach, in combination with
traditional BAS, are applied to a detailed study of protein disaggregation by

molecular chaperones in Chapter V.

Identification of a Good Model Substrate Protein for Studying
Disaggregation

In order to fully understand the impact of structure on aggregate
disassembly by molecular chaperones, the exact structure of different protein
aggregates would have to be determined in detail. However, the heterogeneous
and dynamic nature of non-native protein aggregates are immense hurdles for
such studies (Tanaka et al, 2015). An alternate approach would require
comparing chemically identical, but structurally distinct, aggregates. To date,
most disaggregation studies have examined chaperone-dependent
disaggregation with very different substrate proteins (Natalello et al, 2013),
which makes the correlation between structural elements of aggregates and

disaggregation difficult or impossible. In one case, disaggregation of a single
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protein, which was forced into different aggregated states, was examined
(Lewandowska et al, 2007). In this case the structurally distinct aggregates
were generated by denaturing the target protein and growing aggregates under
different buffer conditions, which altered chaperone activity and biased the
observations (Kummer et al, 2013). In this work, temperature is used to control
the aggregation of the RuBisCO protein from R. rubrum and to generate
aggregates that differ in structure and growth kinetics in the same buffer.
RuBisCO makes an ideal substrate because it aggregates easily and has been
engineered with many non-pertubative cysteine mutants that can be labeled with
exogenous fluorescent probes (Rye et al, 1997; Rye et al, 1997; Lin et al, 2008;
Lin et al, 2004). The qualities of RuBisCO aggregates, as generated by this

method, are explored in more detail in Chapter V.

Studying RuBisCO Disaggregation with the DnaK-ClpB Bi-Chaperone
System

In this work, the Hsp70-Hsp100 bi-chaperone system from E. coli, known
as DnaK-ClpB, is employed as a model disaggregation network to examine the
impact of RuBisCO aggregate size and structure on disaggregation. To date,
RuBisCO has been well studied as a folding substrate of the GroEL/ES proteins
(Lin et al, 2004), the Hsp60/Hsp10 foldase chaperone system from E. coli, but
has only been studied in a few papers as a substrate for the DnaK-ClpB

chaperone system. Prior to this work, it was known that expressing soluble
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RuBisCO in E. coli required ClpB, which implies that RuBisCO is a substrate of
both ClpB and DnaK (Thomas et al, 2000). In chapter V, the impact of RuBisCO

aggregate structure on DnaK and ClpB disaggregation activity will be explored.
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CHAPTERIII
DEVELOPMENT AND APPLICATIONS OF EXTENDED RANGE AND MULTI-

DIMENSIONAL BURST ANLYSIS SPECTROSCOPY

Summary

Complex molecular assemblies are ubiquitous in biological organisms and
are central to a wide range of critical phenomena. However, the heterogeneous
and dynamic nature of these structures often makes them challenging to study.
The single-particle fluorescence spectroscopy technique known as Burst
Analysis Spectroscopy (BAS) was developed to facilitate real-time measurement
of macromolecular size distributions in a minimally perturbing, free-solution
environment (Puchalla et al, 2008). Here, we develop two enhancements of the
BAS method that substantially extend the capabilities of this method. We first
show that particle size distributions, within three orders of magnitude, can be
reliably quantified by combining two or more overlapping burst distribution
measurements (cBAS). We then develop and validate a multi-channel extension
of BAS (MC-BAS), in which correlated fluorescent bursts from multiple spectrally
distinct probes are used to simultaneously examine relative size and binding
stoichiometry distributions. As examples of the utility of cBAS and MC-BAS, we
apply these techniques to (1) quantify lambda phage particle subpopulations that
display aberrant DNA loading and (2) test models for fibroid protein aggregate

growth.
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Introduction

Biological systems are dependent on the assembly and disassembly of
macromolecular complexes. However, the dynamic and heterogeneous nature
of these structures can make them challenging to study with ensemble methods
(Hernandez et al, 2011; Tanaka et al, 2015). Fluorescence-based techniques
are sensitive enough to detect the light from a single fluorescently labeled
particle and are thus powerful tools for studying the dynamic behavior of
complex macromolecular systems (Chen et al, 2003; Muller et al, 2000).
Unfortunately, sub-populations in highly heterogeneous macromolecule systems
can be challenging to quantify with traditional fluorescence-based single particle
methods. To address this problem, a fluorescence technique known as Burst
Analysis Spectroscopy (BAS) was developed (Puchalla et al 2008). BAS can
estimate the population distribution of complex particle assemblies and track
dynamic changes in these distributions, under minimally perturbative, free

solution conditions.

During a BAS measurement, a solution containing fluorescent objects is
advectively flowed through the detection volume of a confocal microscope at a
bulk rate faster than macromolecule diffusion. This configuration results in
objects moving unidirectionally through the excitation volume (Puchalla et al,
2008). At sufficiently low concentrations (<100 pM), the resulting burst

amplitudes are a combination of (1) the intrinsic brightness of the object, which
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is related to particle size, and (2) the point at which the object crosses the
microscope detection volume (Figure 1-6 A). The convolution of these two
parameters (size and crossing trajectory), presents a conundrum: how can a
bright object crossing the edge of the excitation volume be distinguished from a
dim object crossing directly through the center of the excitation volume without

knowing the size of objects in solution a priori?

This problem is solved by first logarithmically binning the experimentally
observed burst intensities and their occurrence frequency. Burst frequency is
then plotted against burst intensity to produce a raw burst distribution plot
(Figure 2-1 B) that is equivalent to the cumulative distribution of all excitation
volume crossing events for all fluorescent species. This plot is referred to as the
cumulative histogram. The shape of this plot is dictated by the characteristic
function of the measurement system (Puchalla et al, 2008), which is a fixed
property of the optical system and detection strategy employed. With a confocal
microscope, a simple power law describes the cumulative crossing distribution
(in log-log space) of a pure, single species of fluorescent objects (Puchalla et al,
2008). Importantly, the same characteristic function also describes the burst
distribution of each additional fluorescent species in a heterogeneous
population, except each power law equation varies by a coefficient that accounts
for differences in relative concentration. Thus, a mixture of fluorescent species

will, generate a cumulative burst distribution plot that is the sum of the individual
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power law equations for each fluorescent species it contains (Puchalla et al,

2008).

In order to reconstruct the underlying species distribution from the
cumulative burst distribution, the concentration of at least one species in the
sample must be established. In principle, the largest bursts observed during a
BAS measurement should only come from the brightest object passing near the
center of the excitation volume, where excitation and detection are maximal.
With sufficiently robust sampling, the brightest bin of the cumulative burst
distribution provides direct concentration information about this brightest species
(Puchalla et al, 2008). In combination with the established characteristic
function of the microscope, the contribution of the brightest species to all lower
intensity bins of the raw burst distribution can then be calculated. Once the
contribution of the brightest object are accounted for, any bursts that remain in
the next brightest intensity bin must come from distinct species of particles. This
process can be repeated until the intensity distribution for the total population
has been calculated (Figure 1-6 B). Provided the size of each species is directly
proportional to its fluorescence intensity, the recovered brightness distribution

can then be easily converted to a size distribution.

While simple, flexible and robust, the original implementation of BAS is

subject to a significant set of limitations. First, classical BAS cannot reliably
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measure particle distributions if the size range the object intensities span a
range greater than approximately 100-fold (Puchalla et al, 2008). A particularly
serious problem arises when a very dim object is present in the same solution as
very bright objects. Error propagation and fitting variability during the analysis of
the brightest objects can have a large downstream effect on the analysis of dim
objects. Thus, mixtures of macromolecular complexes that span a wider size
range, like protein aggregates, can contain important small populations that are
inaccessible to a BAS analysis. Second as a single-particle technique, BAS
requires that the concentration of objects remain below a threshold (~100 pM)
where individual bursts can be reliably assigned to single objects. In many
cases, the disassembly of a starting particle population, which may initially
satisfy this concentration constraint, can result in concentrations of products that
that are far too high for a quantitative analysis by BAS. A symmetric problem
exists for binding and assembly reactions. Third, because BAS was initially
validated only as a single-channel technique, questions involving simultaneous
assembly of multiple different components cannot be easily addressed. While
collection of BAS data in multiple spectral channels is implicit in the original
description of the method (Puchalla et al, 2008), precisely how such multi-
dimensional BAS data are to be quantitatively analyzed, and what types of

information can be extracted, has not been explored.

Here we overcome these limitations by developing procedures that permit
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a substantial expansion in the addressable size range for BAS. We then
develop methods for the collection and analysis of multi-channel BAS data sets.
These extensions to the core BAS methodology are first validated with a set of
well-established fluorescent standards and are then explored in two biologically

relevant case studies.

Methods
Protein Expression and Purification
Wild-type RuBisCO was expressed and purified as previously described

(Lin et al, 2008; Lin et al, 2006).

YFP Lambda Phage and Ghost Phage Purification

In order to produce pure YFP lambda phage, a YFP fusion of the lambda
capsid protein, gpD, was incorporated into assembling phage during the lysis of
the LE392(ALz1) E. coli strain and subsequently purified after lysis as previously
described (Zheng et al, 2011). The YFP lambda phage used in this work was a
generous gift from Chanda Bhat of the Zheng lab. The culture was then warmed
to 42°C to induce the lambda lytic cycle. YFP lambda phage were then
transformed into ghost phage, by forcing them to eject their DNA, and purified as

was described previously (Konopa et al, 1975).
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Protein Labeling

Wild-type RuBisCO was fluorescently labeled with Alexa488 or Alexa647,
both of which are thiol-reactive dyes that were obtained from Invitrogen, at
Cys58 as previously described (Rye et al, 1999; Lin et al, 2008; Lin et al, 2006).
The efficiency of labeling, for both RuBisCO-58Alexa488 and RuBisCO-
58Alexa647, was determined to be ~100% as previously described (Madan et al,
2008; Rye, 2001). The conjugation specificity was determined as described

previously (Lin et al, 2006; Lin et al, 2004; Rye, 2001).

DNA Labeling

Dimeric intercalating cyanine dyes were used to transform double
stranded DNA (dsDNA) into novel two-color fluorescent standards that could be
used to test the resolution of MC-BAS and label the genomic DNA of lambda
phage. TOTO-3 and YOYO-1 were bound to DNA by following modified
methods from previously published protocols (Rye et al, 1992b; Rye et al,
1992a; Rye et al, 1993a; Rye et al, 1993b; Clarke et al, 1993; Bowen et al,
2003). The total concentration of dye was also kept below 100 nM and the ratio
of base pairs to dye never exceeded 5 to 1 in order to prevent cross-bridging
(Rye et al, 1992b). DNA labeling was conducted by mixing a given cyanine
dimer with a target DNA sample in TE or TAE buffer and incubating for 30 min.
The labeled DNA used for standards was produced by cleaving the pProex-

DnaK plasmid with Narl, which cuts a single time. The resulting linearized
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plasmid was gel purified prior to use. TOTO-3 and YOYO-1 were incubated with
linear dsDNA at a base pair to dye ratio of either 10 to 1 or 20 to 1. The final
concentration of each labeled DNA population was typically 30 pM when
analyzed separately or mixed together. Lambda phage DNA was labeled by
incubation with TOTO-3 so that the labeling ratio of genomic DNA was 10 to 1
base pairs to dye. DNA labeling reactions were carried out for 1 hr for lambda

phage DNA.

Fluorescent Bead Set-Up

Fluorescent nanospheres of defined sizes were employed as BAS
calibration standards to demonstrate the effectiveness of cBAS and MC-BAS.
Yellow-Green nanospheres were used in all cases and each had an excitation
and emission of 505 and 515, respectively. FluoSphere nanospheres, sold by
Invitrogen with 20 nm, 40 nm, and 100 nm diameters, were obtained as 2-5%
solid suspensions. Fluoro-Max nanospheres, sold by Duke Scientific with 40 nm
and 75 nm diameters, were obtained as 1% solid suspensions. All nanosphere
samples were diluted to 100 pM in pure water when analyzed individually.
Fluoro-Max 40 nm and 75 nm beads were diluted to 66 pM each when mixed
together. FluoSphere 20 nm, 40 nm, and 100 nm beads were diluted to 50 pM

each when mixed together.
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Microscope Set-Up and Data Collection

The single particle detection platform was configured essentially as
described previously (Puchalla et al, 2008), with the following modifications. The
system is built on a research quality, vibrationally isolated 4'x8' optical table, and
is constructed around a Nikon Eclipse Ti-U inverted microscope base using a
60x/1.4NA CFI Plan Fluor oil immersion objective. The microscope base is
outfitted with a precision, 2-axis stepper motor sample stage (Optiscan Il; Prior)
and a custom-designed confocal bench with three independent detection
channels. Each detection channel is configured with an optimized band-pass
filter set for wavelength selection and a low-noise, single photon counting APD
unit (SPCM-AQRH-15; Excelitas). Photon pulses are collected and time
stamped with either a multichannel hardware correlator (correlator.com) or high
speed TTL counting board (N19402; National Instruments). The samples
excitation is provided by either one or a combination of three lasers: two diode
lasers (488 nm and 642 nm; Omicron) and one diode-pumped solid laser (561
nm; Lasos). The free-space beams of each laser are each coupled to a 3-
channel fiber combiner (PSK-000843; Gould Technologies) and the combined
output is directed into the sample objective with a custom, triple-window dichroic
filter (Chroma). Each laser is addressable from the integrated control and data
acquisition software, custom developed using LabView (National Instruments).
The coverslip cassette was clamped to a high precision, computer controlled, 2-

axis translation stage connected to a customized microscope system, and data
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were collected as previously described (Puchalla et al, 2008; Krantz et al, 2013).
Coverslip assemblies were rotated at 500 um/s. Photon arrival time data was
binned using 500 ms bins. Burst data was collected for anywhere from 3 to 40
min. Coverslips were cleaned in Helmanex and then thoroughly rinsed with
water before being blocked in 1-2 mg/mL BSA for 30 min. Blocked coverslips
were gently rinsed in water before being dried under a stream of dry nitrogen
gas. Sample volumes ranged from 10 to 15 pL and samples were kept from
evaporating on the coverslip by covering the sample with a sensitive humidity-

regulating chamber.

Heat Maps

In this work, heat map plots were used to compare numerous data sets,
typically histograms, in a way that is easy to visualize. All single-color BAS data
was placed in rows where each square represents a bin from a histogram. For
two-color BAS data, a grid is first constructed with an equal number of rows and
columns. In this grid, the squares that run along the diagonals represent bins
from separate histograms. The center diagonal runs from the bottom left square
to the upper right square of the grid and each of the other diagonals in the grid
run parallel to the center diagonal. In two-color BAS, each histogram represents
a different fluorescence ratio, which correlates to a different binding ratio
between two objects labeled with different fluorescent probes. Each histogram

runs along the grids parallel diagonals because the bins are on logarithmic
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scaling and appear linear. If the bins were linearly scaled, the diagonals would
possess different slopes and would appear to all intersect at the bottom left of

the grid.

Results
Data Can Be Concatenated to Increase the Analyzable Size Range of BAS
When a solution contains very bright and very dim objects, dim objects
can be difficult to analyze. However, diluting a sample can make dim objects
easier to analyze at the cost of being able to properly analyze bright objects. A
simple solution to this problem is to concatenate the burst data from
concentrated and diluted samples together before burst analysis. However, a
region of optimal overlap between the data sets, as well as the precise dilution
factor, must first be determined. In order to do this, the cumulative histograms
for both the concentrated and diluted samples are generated with the same
number of bins and the same minimum and maximum intensity range (Figure 2-
1 A). The histograms from samples taken at different dilution are then divided
by one another to generate a histogram ratio (Figure 2-2 B). Next, the average
and standard deviation for the ratio of the first five bins of the histogram are
calculated. The average and standard deviation are then repeatedly calculated
using a sliding window, five bins wide, over the entire ratio histogram. The bin
with the lowest standard deviation is the point of concatenation, while the

average at this point yields the precise dilution factor (Figure 2-1 B). The bins
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Figure 2-1 BAS Data Can Be Concatenated in Order to Improve the Size
Range of Fluorescent Species That Can Be Simultaneously Burst
Analyzed. (A) Cumulative histograms of a mixture of particles spanning more
than two orders-of-magnitude in size, where the smallest objects are present at
a much higher concentration than the largest objects. Typical BAS
measurement conditions permit good sampling of the largest objects (gray) but
result in poor or inaccessible measurements of the smallest objects. Dilution
permits high-quality sampling of the smallest objects, but results in severe
under-sampling of the largest objects. Reconstruction of the overall particle
distribution is possible when the two BAS data sets are linked through their
overlap region. (B) The optimal sampling overlap is established by first
examining the cumulative histogram ratio for the two individual samples
(boftom). Next the point at which the standard deviation, contained in the
overlap region, was minimized was determined (top). (C) By exploiting
information contained in the overlap region, along with knowledge of the sample
dilution factor, the total cumulative histogram can be reconstructed to generate a
concatenated BAS (cBAS) data set.
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from the histogram for the diluted sample are then multiplied by the dilution
factor. Below the concatenation point, the bins in the concentrated sample are
replaced with the bins from the diluted sample that were corrected by the dilution
factor. This concatenated cumulative histogram can then be burst analyzed

(Figure 2-1 C). In total, we refer to this method as concatenated BAS or cBAS.

cBAS Resolves 20, 40, and 100 nm Fluorescent Bead Standards

In order to validate cBAS and examine its potential benefits, 20 nm, 40
nm, and 100 nm fluorescent beads were analyzed with and without cBAS. The
particular distributions for 20, 40, and 100 nm beads, examined individually, are
all well resolved by a traditional BAS analysis (Figure 2-2 A). When all three
beads are mixed at equal concentrations, the 40 nm and 100 nm beads are
visible, thought the left side of the 40 nm distribution is distorted and difficult to
specify. The distribution for the 20 nm beads cannot be determined at all, as the
signal for the smallest beads is indistinguishable from noise (Figure 2-2 B).
Conversely, cBAS allows all three-bead populations to be readily resolved and

their population distributions correctly specified (Figure 2-2 C).

A Method for Analyzing Multi-Color Experiments by BAS That Preserves
Binding Information
If a particle composed of two different fluorescent probes passes through

the excitation volume of a BAS microscope that is configured with two, co-
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Figure 2-3 The Conceptual Basis of Multi-Channel BAS (MC-BAS). (A) Raw
burst plot for a theoretical sample composed of two interacting particles labeled
with two, spectrally distinct fluorescent probes. The fluorescence signal from
each probe is measured with two co-aligned excitation lasers and two separate
detection channels (blue, channel 1; red, channel 2). (B) When particles
assembled from different monomers cross the excitation region (/eft), they
produce correlated fluorescence bursts in both channels (center). As with
conventional BAS, the absolute burst amplitude varies in each channel as a
function of both size and crossing trajectory. However, the ratio of fluorescence
between two probes does not vary with crossing trajectory (right). The MC-BAS
analysis begins by identifying and categorizing particles by their fluorescence
ratio. The burst intensity distribution from each input channel, for a given
intensity ratio, is then examined by BAS and plotted in a two-dimensional heat
map (C, left). Lines of fixed intensity ratio are along the positive diagonal and
divide the resulting MC-BAS heat maps. The lines run parallel to each other due
to the logarithmic scaling. As an example, two theoretical populations of doubly
labeled objects are illustrated, where the relative probe stoichiometry differs by
2-fold. One particle population consists of smaller, more tightly distributed co-
assemblies (l). The second population is larger, more widely distributed, and
centered at a different relative monomer stoichiometry (ii). The BAS intensity
distributions in each detection channel are also shown as one-dimensional
histograms (center and right). Note that the shape and width of each histogram
captures information about the population distribution, while the position of the
two histograms relative to one another is a function of the monomer
stoichiometry for each particle.
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aligned excitation lasers, the fluorescence intensity from each probe can be
separately recorded in two, separate detection channels (Figure 2-3 A). Ina
standard burst analysis, the fluorescent events in each channel are binned
independently of each other. However, substantial additional information is also
contained in the sub-populations of events that produce either coincident or non-
coincident fluorescence bursts in each detection channel. One simple approach
to using BAS to analyze the sub-population of co-incident events involves first
separating these events by their burst intensity ratio. This approach is useful
because the ratio of the probe's intensities is independent of excitation volume
crossing trajectory (Figure 2-3 B). Cumulative histograms can then be generated
for each burst intensity ratio and burst analyzed separately. Subsequently, the
individual burst analyzed plots can be combined and plotted as a two-
dimensional contour heat map (Figure 2-3 C). In these plots, the X and Y-axes
show logarithmically distributed bins of fluorescence. The diagonals of the plot
represent the different fluorescence ratios and the color represents the
concentration. The individual one-dimensional burst analyzed plots for each
intensity ratio can then be placed along respective diagonals in the heat map.
Note that regions of constant intensity ratios run along the parallel diagonals of
these plots, rather than along lines of varying slope, due to the log-log axes

employed. We refer to this type of multi-channel BAS as MC-BAS.
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Validating MC-BAS with Leakage from Single Color Beads

In order to validate MC-BAS as an approach, we first examined
fluorescent nano-spheres that can be excited with a single excitation laser, but
that show a sufficiently broad emission to allow simultaneous observation in two
detection channels. The goal was to examine the robustness of MC-BAS using a
sample that displayed a known and fixed signal coincidence between the two
detection channels. For this test, 40 and 75 nm beads were examined both
separately and as mixed samples. As expected, both the 40 and 75 nm beads
possess a tight range of intensity ratios and most co-incident events can be
found along a narrow range of diagonals (Figure 2-4). Interestingly, MC-BAS is
able to detect a subtle shift in the diagonal region of the 40 nm, versus the 70
nm beads, which suggests slight differences in the fluorescent properties of
these two bead samples. Importantly, when the 40 nm and 70 nm beads are
mixed together, MC-BAS robustly detects both bead sub-populations, correctly
recovering the approximate shape of the individual particle distributions, as well

as the subtle shift in diagonal position (Figure 2-4).

Two Color DNA-Based Standards Can Be Used to Validate MC-BAS and
Examine the Resolution of MC-BAS

In order to more fully explore the detection and resolution limits of MC-
BAS, we examined mixed samples of particles that contained two different

fluorescent probes in a range of total intensities and relative ratios. These
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Figure 2-4 Different Populations of 40 and 75 nm Fluorescent Nanospheres
Are Easily Distinguished with MC-BAS in Mixed Samples. (A) MC-BAS heat
map of a solution containing 40 nm fluorescent nanospheres. The nanospheres
are embedded with a fluorescent dye that has excitation and emission properties
spanning both channels of a BAS microscope. (B) MC-BAS heat map of a
solution containing slightly larger, 75 nm nanospheres of the same composition.
(C) MC-BAS heat map of a 1:1 mixture of 40 and 75 nm nanospheres.
Differences in the mean particle size, as well as the size distribution, for each
bead subpopulation are readily distinguished in the mixed sample. Additionally,
the 40 nm and 75 nm nanospheres fall along measurably distinct diagonals of
the MC-BAS heat map, suggesting that the two particles differ slightly in their
excitation and emission characteristics.
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standards were constructed from double stranded B-form DNA and the DNA-
binding, asymmetric cyanine intercalators named TOTO-3 and YOYO-1 (Figure
2-5 A). Different standards can be easily created by simply incubating DNA with
different concentrations of TOTO-3 and YOYO-1. Additionally, these
intercalating dyes are highly fluorescent when bound to DNA, but virtually non-
fluorescent when in free solution. A linearized, 6.5 kb plasmid derived from
pBR322 was employed as a DNA source. Pairs of different two-color DNA
standards were mixed and then analyzed by MC-BAS. In all cases, the
concentration of TOTO-3 was kept the same while the concentration of YOYO-1
was varied. MC-BAS readily distinguished doubly labeled DNA from singly
labeled DNA. Additionally, the resulting BAS distributions were remarkably tight,
consistent with the relatively sequence-independent, high affinity binding of
these cyanine dyes to dsDNA (Figure 2-5). By varying the relative ratios of the
TOTO and YOYO dyes, we systematically examined the ability of MC-BAS to
resolve different populations of doubly labeled DNA. Even when the relative dye
stoichiometry was as low as 2:1, MC-BAS readily resolved a mixture of two

differently labeled DNAs (Figure 2-5).

The Character and Amount of Lambda Phage DNA Can Be Determined with
MC-BAS

Viruses are persistent infectious agents that have evolved to infect all
forms of life. While viruses can pose a serious health risk for humans, they can

also protect humans by killing infectious bacteria. Thus, researching the means
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Figure 2-5 MC-BAS Can Resolve Individual Subpopulations of dsDNA
Labeled at Different Levels with Bis-Intercalating Dyes. (A) linear dsDNA
can be easily labeled with bis-intercalating dyes like TOTO-3 and YOYO-1.
These dimeric, asymmetric cyanine dyes are spectrally distinct, bind to dsDNA
non-covalently, but tightly, and are virtually non-fluorescent in free solution but
highly fluorescent when intercalated into DNA. (B) By varying the amount of dye
added, DNA molecules that carry different average numbers of dyes, over a
range of relative dye ratios, can be easily prepared. Importantly, these
differently labeled dsDNA molecules should produce distinct fluorescence burst
ratios. (C) MC-BAS can distinguish relative intensity differences less than 2-fold
in a mixed population of differentially labeled DNA molecules. An MC-BAS heat
map of a 6.5 kbp fragment of linear dsDNA, labeled ata TOTO:YOYO
stoichiometry of 1:1 and a total helical saturation of 10:1 bp/dye, is shown (/eff).
The heat map of the same DNA fragment labeled at TOTO:YOYO stoichiometry
of 2:1 and a total helical saturation of 20:1 bp/dye, is also shown (center). When
these two populations of labeled DNA are mixed and analyzed by MC-BAS, the
two populations are readily resolved in free solution (right).
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by which bacterial viruses, also known as bacteriophages, infect and kill bacteria
could yield a deeper understanding of how to use viruses to cure bacterial
related disease in humans. One facet of phage biology still under scrutiny is the
means through which phage load and pack their DNA into the viral particle. This
process is in no means perfect and DNA can be packed imperfectly or fail to be
loaded into phage altogether, which are also referred to as ghosts. Quantifying
the amount of phage that are incapable of infection, and what percentage of
those are ghost phage, is essential for studies aimed at understanding the
process of phage particle assembly. Indeed, the study of infectious viral particle
assembly in most systems requires robust access to this type measurement.
However, quantitation of infectious viral titers can be slow and inefficient. Here,
we examine the utility of MC-BAS to directly determine the extent of intact
bacteriophage particle assembly with a single measurement that takes only a
few minutes and needs just a few microliters of sample. Lambda bacteriophage
carrying a genetically encoded YFP-labeled capsid protein, gpD, were first
produced and purified before being mixed with TOTO-3, which binds to phage
DNA (Figure 2-6 A). However, because ghost phage lack genomic DNA, they
will not bind the TOTO dye and should produce fluorescent bursts in one
channel of the MC-BAS microscope. In principle, the fraction of YFP bursts that
display coincident bursts in the TOTO-3 channel can then be used to determine
the fraction of intact phage particles (Figure 2-6 B). At the same time, the

particle size distribution and level of homogeneity can be determined. Analysis
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of a doubly labeled phage sample with MC-BAS revealed a highly homogeneous
assembly distribution of the YFP-labeled capsid protein, but a surprisingly wide
dispersion in the extent of TOTO-3 bound per particle (Figure 2-6). About 4% of
the lambda phage appears to have genomic DNA that, for some reason, can

bind much more TOTO-3 (Figure 2-7 D).

Combining cBAS and MC-BAS

MC-BAS and cBAS can be combined to increase the analyzable size
range in two color experiments. This combined method, called MC-cBAS, is
capable of tracking the interaction of very dim objects, such as individually
labeled monomers, in the presence of very bright objects, such as oligomers.
The application of MC-cBAS could further the understanding of complex and
dynamic macromolecular structures, such as protein aggregates. The
heterogeneity in these systems can make them difficult to study, which is
unfortunate because of their importance to cellular fitness, disease, and aging.
Here, aggregating non-native RuBisCO, labeled with Alexa488 or Alexa647, is
used to show that MC-cBAS can distinguish whether aggregate growth occurs
by exclusive monomer addition or whether preformed aggregates can coalesce.
How aggregation proceeds can be simply examined by tracking the intensity
ratio of co-incident events. The co-aggregation of equally sized large objects
should result in an intensity ratio close to one, which is typically the central

diagonal of a MC-cBAS contour plot. However, the addition of monomers to
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Figure 2-6 MC-BAS Can Be Used to Examine the Loading of Genomic
Lambda DNA into Intact Phage Particles. (A) Schematic of experimental
design. The proteinaceous shell of the lambda phage head is genetically
labeled by fusing the phage coat protein gpD to YFP. The genomic DNA of
purified, intact phage particles is stained in situ with the dimeric asymmetric
cyanine dye TOTO-3. (B) Examination of a double-labeled phage sample using
MC-BAS permits sensitive identification of phage particles that contain intact
genomic DNA. (C) Phage particles that prematurely eject their genomic DNA
are identifiable as burst events that show a strong YFP signal with no correlated
TOTO-3 signal. To examine the ability of MC-BAS to measure fractional
population difference, a sample of intact lambda phage was systematically
diluted with different amounts of 'ghost' phage particles, which have been
chemically treated to induce phage DNA ejection without disruption of the
assembled phage head. The fraction of total YFP-positive events that show no
correlated TOTO-3 signal is plotted versus the known fraction of ghost phage
added. (D) Detailed examination of the TOTO-3 intensity distribution of the
intact phage particles demonstrates as a substantially different dye binding
distribution for packaged phage DNA compared to naked DNA.
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aggregates of medium or larger size results in an intensity ratio far from one,
which would be found at a diagonal closer to the edges of a MC-cBAS heat map

plot.

As can be seen in Figure 2-7, the formation of medium size aggregates
containing both monomers is easily detected by MC-BAS as early as 30 sec
after the initiation of aggregation. The entire population of doubly-labeled
aggregates appear near the central diagonal of the contour plot, as expected for
the equa-probable addition of each monomer to an aggregate. At the same
time, there does appear to be some separation of a second sub-population of
aggregates at a slightly different monomer stoichiometry. With time, however,
the total population appears to collapse toward a larger, but equally labeled
population of aggregates (Figure 2-7 A). In order to examine aggregate growth
under conditions where both non-native monomers and aggregates exist,
RuBisCO-647 was aggregated separately for 15 sec before being mixed at
equimolar ratios with monomer RuBisCO-488. Time points were taken at 15 sec
and 60 sec after mixing, which is 30 sec and 75 sec total aggregation time
respectively (Figure 2-7 B). As might be expected, at early times, the co-labeled
aggregates display an MC-BAS distribution far off the 1:1 diagonal (Figure 2-7
B). Specifically, the co-labeled aggregates are highly enriched in monomers
labeled with Alexa488, the probe carried by the RuBisCO sample that was

initially pre-aggregated. However, if the subsequent addition of monomers, as
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well as the coalescence of aggregates, was equa-probable, we would expect
that as the aggregates grew in size, they should mature toward the central
diagonal of the MC-BAS plot. Surprisingly, however, this is not what was
observed. Instead, while the co-labeled aggregates continued to grow in size,
their relative monomer stoichiometry stayed well off the central diagonal and
strikingly close to their starting ratio (Figure 2-7 B). This unexpected behavior
suggests that some level of conformational selection or growth patterning is
imposed on the aggregates at the earliest stages of aggregation. In this case,
the preformed aggregates (labeled with Alexa647), while competent to recruit a
sub-population of the Alexa488 labeled monomers, were far more pre-disposed
to interact with themselves, and excluded the sub-population of new, temporally
delayed and smaller aggregates, labeled only with Alexa488, that also formed

when this population of non-native monomer was added.

In order to examine aggregate growth under conditions where non-native
monomers have been depleted, RuBisCO-488 and RuBisCO-647 were
aggregated separately for 15 sec before being mixed at equimolar. Time points
were taken at 15 sec and 60 sec after mixing, which is 30 sec and 75 sec total
aggregation time respectively (Figure 2-7 C). Again, co-labeled aggregates are
robustly detected by MC-BAS, with a slightly bifurcated population very close to
the central diagonal. This observation not only demonstrates that RuBisCO

aggregates can grow by accretion of already formed aggregate states, but that
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Figure 2-7- The Combination of MC-BAS and cBAS Detects Subtle
Differences in Protein Aggregate Growth. The CO2-fixing enzyme RuBisCO
from R. rubrum is a well-established model for studying protein aggregation and
molecular chaperone-dependent folding. The enzyme can be efficiently labeled
at single, surface-exposed Cys residues with reactive, exogenous fluorescent
probes like Alexa488 (blue) or Alexa647 (green). (A) MC-BAS heat maps of
RuBisCO aggregate growth observed when aggregation is initiated from a 1:1
mixture of non-native RuBisCO monomers. The formation of co-labeled
aggregates at early (left) and late (right) time points is shown. (B) Population-
resolved aggregate growth observed when small, preformed aggregates
(labeled with Alexa488), at a final monomer-mixing ratio of 1:1. (C) Population-
resolved aggregate growth observed when deferentially labeled RuBisCO
samples are first pre-aggregated separately prior to mixing at final monomer
ratio of 1:1. In each case, formation of co-labeled aggregates, which shift across
almost three orders of magnitude in size, can be observed as a function of time.
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this assembly process appears to also follow an equa-probability progression, so
that all assemblies have a roughly equivalent chance of sticking to all others.
With time, as was seen when the co-aggregation was initiated from non-native
monomers, the co-labeled aggregates continue to grow in size, while
maintaining about the same relative starting ratio of labeled monomers (e.g. they

grow along the same diagonal of the MC-BAS contour plot where they began).

Discussion

As shown, both cBAS and MC-BAS enhance the utility of an already
versatile method. The cBAS method is ideal for studying populations that have
very broad brightness and concentration ranges. MC-BAS allows BAS to be
used to study the interaction between different molecules, which greatly expands
the versatility of BAS. However, BAS is designed for working at low
concentrations where association phenomena can be difficult or impossible to
study, depending on the strength of the binding event. The examples presented
here form stable complexes that have low observed dissociation constants,
which allow these complexes to be studied at the low concentrations required for
MC-BAS. Another constraint is that MC-BAS works best when the sample
displays little, or very slow, change in population distribution with time. This is
because MC-BAS requires the acquisition of many more total burst events than
standard BAS. Samples that change too quickly can be difficult to analyze

because an insufficient number of events will be collected within a given time
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window.

The development of MC-BAS opens up a new avenue of study for a wide
range of biological phenomena. For example, MC-BAS could be used to further
probe DNA packing in the capsid of lambda, or other, bacteriophage particles.
One question that could be addressed is what is the relationship between the
genomic sequence of DNA, the packing of DNA in phage heads, and the ability
of phage to infect a new host. This could be tested by making mutations to the
phage genome and then packing the DNA into capsids. If certain mutations
affect the ability of DNA to be packed properly, they may bind more TOTO-3
than normally packed lambda DNA. The percentage of phage with DNA packing
anomalies could then be compared to the percentage of phage that were able to
infect new hosts. Experiments of this nature could discern whether lambda
phages have certain mutations that are not permissible because they impact
DNA packing and injection during infection, as opposed to the character of
protein translated from mutant genes. A discovery of this nature would have far
reaching effects into various aspects of virology, including the prediction of
yearly flu mutations, which MC-BAS could be adapted to study. With the
knowledge that certain mutations are not permissible, due to their impact on
nucleotide packing, mutation prediction algorithms could be adapted to make the

prediction of flu strains and the development of flu vaccines more efficient.
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In regards to non-native protein aggregates, MC-BAS could provide a
stunning level of insight into the process of aggregation and disaggregation by
molecular chaperones. Not only could MC-BAS be used to track the interaction
of molecular chaperones with aggregates during disaggregation, but also MC-
BAS could be used to track the way disassembly occurs. MC-BAS could also be
used to study the interaction of vesiculation machinery with liposomes, DNA
repair machinery with DNA, or even polysaccharide synthases with
polysaccharide chains. All of these examples could be better studied with MC-
BAS, but, MC-BAS can be further improved. In this work, MC-BAS is
demonstrated with only two fluorophores, which both required separate lasers
and detectors. More lasers and detectors could be added to a system so that
three for even four fluorophores could be simultaneously used to study protein
interactions. These developments would most certainly make the future usage

of MC-BAS even brighter.
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CHAPTER I
SINGLE PARTICLE FLUORESCENCE BURST ANALYSIS OF EPSIN

INDUCED MEMBRANE FISSION*

Summary

Vital cellular processes, from cell growth to synaptic transmission, rely on
membrane-bounded carriers and vesicles to transport molecular cargo to and
from specific intracellular compartments throughout the cell. Compartment-
specific proteins are required for the final step, membrane fission, which
releases the transport carrier from the intracellular compartment. The role of
fission proteins, especially at intracellular locations and in non-neuronal cells,
while informed by the dynamin-1 paradigm, remains to be resolved. In this study,
we introduce a highly sensitive approach for the identification and analysis of
membrane fission machinery, called Burst Analysis Spectroscopy (BAS). BAS is
a single particle, free-solution approach, well suited for quantitative
measurements of membrane dynamics. Here, we use BAS to analyze
membrane fission induced by the potent, fission-active ENTH domain of epsin.
Using this method, we obtained temperature-dependent, time-resolved
measurements of liposome size and concentration changes, even at sub-
micromolar concentration of the epsin ENTH domain. We also uncovered, at
37°C, fission activity for the full-length epsin protein, supporting the argument

that the membrane-fission activity observed with the ENTH domain represents a

*Reprinted, with modification, with permission from “Single particle fluorescence burst analysis of Epsin induced membrane
fission” by Shoup, D., Brooks, A., Kustigian, L., Puchalla, J., Carr, C., Rye, H. (2015) PlosONE, 10(3): e0119563, Copyright
(2015) by PlosONE
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native function of the full-length epsin protein.

Introduction

The parting and merging of lipid bilayers, as occurs in vesicle budding
(membrane fission) and in the delivery of vesicle contents to a target
compartment (membrane fusion), are irreversible events. In order to impart
specificity to the timing and integrity of each of these membrane remodeling
events in the cell, proteins specialized to catalyze fission and fusion have
evolved, as have regulatory factors, thus preventing indiscriminant events that
would lead to intracellular disorganization (Carr et al, 2010; Campelo et al, 2012;
Daumke et al, 2014). While much progress has been made in the
characterization of membrane fusion proteins (Chernomordik et al, 2008;
Wickner et al, 2008), an understanding of the mechanism of membrane fission
remains limited (Daumke et al, 2014; Hurley et al, 2010). In part, this is due to
the technical constraints of current methodologies. Bulk biochemical methods
(such as sedimentation (Boucrot et al, 2012; Neumann et al, 2013)), tend to be
inefficient, slow and provide only an estimate of the average observable activity
of a complex system. While imaging methods can, in principle, circumvent this
problem, to date these studies have either required intact cells, where detailed
biochemical analysis of a system is not possible (Loerke et al, 2009; Merrifield et
al 2005; Massol et al, 2006; Taylor et al, 2011), are constrained by small event

numbers (Pucadyil et al, 2008), suffer from limited knowledge of population
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distributions and sampling bias, or are affected by surface perturbations of
tethered objects (Boucrot et al, 2012; Roux et al, 2006). Here we develop an
alternative approach to the study of membrane fission, in which we apply a
single particle fluorescence technique called Burst Analysis Spectroscopy (BAS;
(Puchalla et al, 2008)). BAS permits analysis of the dynamics of complex particle
distributions in free solution, including populations of liposomes undergoing
fission. As a test of the utility of this approach for studying membrane fission, we
have applied BAS to the study of changes in size and concentration of
liposomes over time, when mixed with the simple, fission-potent, epsin N-

terminal homology (ENTH) domain (Boucrot et al, 2012).

Epsin is a 94 kDa protein, identified in screens for binding partners of a-
adaptin and Eps15, both clathrin coat associated proteins involved in clathrin-
mediated endocytosis in neurons (Wang et al, 1995; Chen et al, 1998). Epsin is
generally believed to function in cargo selection and bud site nucleation, through
direct interactions with Eps15, the clathrin adaptor protein, AP-2, endocytic
cargo and with clathrin, itself (reviewed in ref.(Legendre-Guillemin et al, 2004)).
At the amino terminus of epsin is the highly conserved, ~140 amino acid ENTH
domain shared with other endocytic proteins, including AP180/CALM (Simpson
et al, 1999). This domain contains an N-terminal amphiphathic helix (the Ho
helix), which is known to insert into the outer-leaflet of membranes in a

Ptdins(4,5)P2-dependent fashion (Ford et al, 2002). Membrane insertion of the
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Ho helix is thought to facilitate membrane curvature and tubulation, prior to

fission.

Recently, it was suggested that insertion of the ENTH Ho helix into a lipid
bilayer could directly facilitate fission (Boucrot et al, 2012). This work reported
potent fission activity when liposomes were mixed with the isolated ENTH
domain, though full-length epsin did not appear to possess fission activity.
Recently, the conclusions derived from those results have been called into
question: the observed ENTH-domain activity was suggested to be an artifact of
a non-native protein domain at high concentration interacting non-specifically
with liposomes to generate small vesicles and/or micelles (Neumann et al,

2013).

Here we have reexamined liposome membrane fission mediated by the
ENTH-domain and full-length epsin protein with BAS. We find that the rate of
membrane fission by the ENTH domain is sensitive to both temperature and
protein concentration, and that fission activity can be observed at a sub-
micromolar protein concentration, comparable to studies of dynamin-2
(Neumann et al, 2013). By exploiting the inherent sensitivity of BAS, we also
observed measurable membrane fission activity for full-length epsin, albeit
attenuated when compared to the ENTH domain. These observations not only

support the argument that membrane fission is a function of full-length epsin, but
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also demonstrate that BAS offers a flexible and highly sensitive approach to the

study of membrane dynamics.

Methods
Protein Expression and Purification

The coding sequence of the epsin ENTH domain (residues 1-164) from
Rattus norvegicus was obtained from Addgene and was sub-cloned into the
pPROEX HTb vector (Shorter et al, 2008) for expression in E. coli BL21. In brief,
clarified lysates were run on a Ni-NTA column equilibrated with column buffer
(20 mM Tris pH 8.0, 500 mM NaCl, 20 mM imidazole, 5 mM B-mercaptoethanol)
and eluted with a step gradient of the same buffer, plus 500 mM imidazole.
ENTH-domain containing fractions were pooled and dialyzed against column
buffer with 0.4 uM His6-TEV protease. His6-TEV and the His6 tag were
separated from the untagged protein using the nickel affinity column. Untagged
ENTH domain from the flow-through was further purified by ion exchange
chromatography on a Source S column equilibrated in Source S Buffer A (20
mM Tris pH 7.4, 2 mM DTT) and eluted with a linear gradient of Source S Buffer
B (20 mM Tris pH 7.4, 2 M NaCl, 2 mM DTT). Purified ENTH was stored at -
80°C, in 20 mM Tris pH 7.4, 150 mM KCI, 2 mM DTT. The coding sequence of
full-length rat epsin was obtained from Addgene (pCDNA3.1-Epsin1; plasmid
22225) and was sub-cloned into the pEX-N-His6-GST vector (Origene) for

expression in E. coli BL21[DE3]. Purification of full length epsin followed the
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same affinity chromatography and proteolytic cleavage protocol used for the
ENTH domain, followed by further purification by ion exchange with a high-
resolution Mono Q column equilibrated and washed with Buffer A (20 mM Tris
pH 7.4, 2 mM DTT) and eluted on a linear gradient with Buffer B (20 mM Tris pH

7.4,2 mM DTT, 2 M NacCl).

Liposomes Preparation

Liposomes were prepared as previously described, with minor
modifications (Boucrot et al, 2012). Briefly, brain lipid Folch extracts from Avanti
(cat. 131101P) and Sigma (cat. B-1502) were mixed 1:1, with 5% PtdIns(4,5)P2
(Avanti, cat. 840046C) and 0.03% acyl-chain, Q-carbon labeled TopFluor-PtdEth
(Avanti, cat. 810282C). Lipids were dried under a stream of dry argon, vacuum
desiccated to remove residual solvents, re-suspended, with freezing and
thawing, to 1 mg/ml in liposome buffer (20 mM HEPES pH 7.4, 150 mM NaCl)
and then extruded through polycarbonate filters with the indicated diameters with
11 passes in a mini extruder (Avanti), followed by 10 passes through a high-
pressure manifold extruder (Northern Lipids), and used within 6 hr. Liposomes
used at later times no longer respond to addition of ENTH domain or epsin,

presumably due to loss of liposome binding upon PtdIns(4,5)P2 hydrolysis.

Liposome Fission Assay by BAS

Liposomes diluted to 0.01 mg/mL in liposome buffer were mixed with

83



ENTH domain, or full-length epsin, at the concentrations indicated. Efficient
fission of large (~ 200 nm) liposomes into small (20—30 nm) liposomes should
result in a large (100 to 200-fold) increase in object concentration, read out as
fluorescent bursts with amplitudes proportional to individual object sizes. From a
starting sample of 50—100 pM large liposomes, this increase in object number
will violate the single-particle concentration limit (< 500 pM) required for BAS.
Additionally, due to limited knowledge of the instrument point spread function, an
individual BAS measurement can only quantitatively probe an approximately
100-fold range in object intensity for a single, uniformly labeled species
(Puchalla et al, 2008). The fission of large liposomes into much smaller ones
leads to a highly inverted population dominated by smaller particles. In this case,
the resolving power of BAS deteriorates for the low intensity events, due to the
high species concentrations that no longer permit single particle detection.
Therefore, to accurately examine liposome populations produced during fission,
we employed cBAS to permit BAS histograms to be constructed over a three

order of magnitude range of object sizes.

Heat Map Normalization

To convert the number of burst events in each bin to fractional intensity,
we normalized the object intensities with the below equation. In cases where a
data is split into two plots or subsets, the normalization remained unchanged

and can still be considered a continuous plot. In the following equation:
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[Ci]/[Z(InCn)]
where li is the intensity of each bin, Ci is the concentration of objects in each bin,
and Z starts at 1 and stops at the total number of bins. The denominator
represents the total fluorescence of all bins (the sum of intensity in a row) for a

given sample.

Results
BAS is Sensitive to Changes in Liposome Size and Concentration

In order to quantify the size of vesiculation products, it is necessary to
establish the relationship between liposome size and intensity. In order to do
this, liposomes were extruded to 200 nm, 100 nm, and 50 nm. Inspection by
BAS revealed the expected dependence of burst size on liposome size (Figure
3-1 A). The difference in the brightness between each liposome population
should be proportional to the difference in surface area between them. For
example, the surface area of the 200 nm liposomes should be ~ 4-fold higher
than the 100 nm liposomes and ~ 16-fold higher than the 50 nm liposomes.
Upon burst analysis, the mean intensities for each liposome population were
found to be appropriately proportional (Figure 3-1 B). A Monte Carlo simulation
was used to bracket the size variation of liposomes to be between 35-50% CV
(coefficient of variation). This is somewhat higher than the manufacturer
specification of £ 25% CV. This variation is likely due to a higher incidence of

multi-lamellar objects.
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Figure 3-1 BAS Assay Distinguishes Liposomes of Different Sizes. The
size distribution of 200 nm, 100 nm and 50 nm fluorescent liposomes was
examined by FCS and BAS. (a) Fluorescent burst data of TopFluor-labeled
Folch liposomes extruded to 200 nm (green), 100 nm (purple) and 50 nm (cyan).
(b) BAS histograms generated from the burst data in (a). Fraction of total events
is the concentration of each bin divided by the total concentration, for each
sample. Dashed lines show theoretical diameter distributions (35% CV, dash;
50% CV, dot) derived from Monte Carlo simulated intensity data in which
fluorescence brightness was set proportional to particle surface area. The
resulting simulated intensity distributions were analyzed with BAS analysis code.
(c) FCS profiles of 200 nm, 100 nm, and 50 nm liposomes. The data shown is
representative of two experimental replicates.
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As a complementary analysis to BAS, FCS was used to examine each liposome
population. Here, FCS is not used to calculate the exact size of populations.
Instead, FCS is used as a comparative tool to make sure that the diffusion rate
and hydrodynamic radius differ proportionally between populations. The
decrease in mean diffusion time with population size is consistent with the BAS

measurements (Figure 3-1 C).

Membrane Fission Activity of the Epsin ENTH Domain

In order to examine the ability of cBAS to detect the products of ENTH
domain mediated fission, 200 nm and 400 nm liposomes were incubated at
37°C for 40min, with and without the ENTH domain. After incubation all samples
were examined by BAS (Figure 3-2 A-D). The presence of the ENTH domain
greatly reduced burst size of both 200 nm and 400 nm liposomes. This
reduction is size was not due to a loss of liposomes as the material loss was

seen as no greater than 10-20% (Figure 3-3).

Burst analysis of the 200 nm liposomes revealed that the larger liposomes
had transitioned into a broad range of smaller objects. As expected, the low
concentration of bright objects transitioned into a highly concentrated population
of dim objects (Figure 3-2 E). In fact, there is a nearly 100-fold increase in the

concentration of the smallest fission products relative to the starting 200 nm
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Figure 3-2 BAS Analysis of Liposomes Vesiculated by the ENTH Domain of
Epsin. Fluorescent burst data for 400 nm-diameter, TopFluor-labeled, (5%)
PtdInsP(4,5)P2 Folch liposomes incubated at 37°C for 40 min before (a) and

after addition of 2 yM ENTH (b). Fluorescent burst data for 200 nm-diameter
liposomes incubated at 37°C for 40 min before (c) and after addition of 2 yM
ENTH (d). (e) BAS histograms generated from starting 200 nm liposomes before
(red) and after addition of ENTH (blue; insets indicate resolution of small
particles in a 10-fold dilution of the same reaction). (f) FCS profiles of liposomes
extruded to 100 nm (green), 50 nm (cyan) and the end products (purple) of the
fission reaction of 200 nm liposomes from (d). The data shown is representative
of three experimental replicates.
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Figure 3-3 Liposome Fission by ENTH is Not Accompanied by Loss of
Fluorescent Material. The total fluorescent signal for each time point during
ENTH-mediated fission at 37°C (Figure 3-5) is shown. In each case, the
integrated signal was normalized to the maximal total signal observed during the
experiment. The data shown is representative of three experimental replicates.
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Figure 3-4 Liposome Size Distribution is Not Altered by a Non-Fission
Active Protein. A BAS histogram of 200 nm-diameter, TopFluor-labeled, (5%)
PtdinsP(4,5)P2 Folch liposomes (light blue) remains relatively unchanged,
following a 60 min incubation at 37°C in the presence of 10 uM BSA (red). The
data shown is representative of duplicate experiments.
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liposomes. The large concentrations of dim objects have a smaller mean
intensity than the 50 nm liposomes. This observation is validated by FCS, which
showed that most of the population diffuses faster than the 50 nm liposomes
(Figure 3-2 F). The smallest population is ~100 fold less intense than the 200
nm liposomes. Based upon the proportional intensity scaling with surface area
to volume, the smallest population of liposomes is ~20 nm in size. Interestingly,
the major product of ENTH mediated vesiculation was 20 nm sized liposomes,
which was determined with electron microscopy. In addition, the observed
fission activity cannot be replicated by replacing the ENTH domain with a non-

specific protein like BSA (bovine serum albumin) (Figure 3-4).

The ENTH Domain Acts on the Timescale of Minutes

In order to map out vesiculation by the ENTH domain, 200 nm liposomes
were incubated at 23°C and 37°C both with and without the ENTH domain. At
various time points, samples were taken and examined via cBAS. The resulting
data was placed in bar plots (Figure 3-5 A,C) and heat maps (Figure 3-5 B,D).
The bar plots show the data in concentration while the heat maps show data in
fraction total intensity. Within the first 20 min at 23°C (Figure 3-5 A,B) about half
of the starting 200 nm liposomes have transitioned into intermediate and small
objects. The intermediate population appears to be produced first and then

decreases by a small amount with time.
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Figure 3-5 Kinetics of Liposome Fission Are Temperature Dependent.

(a) Histograms of BAS analyzed 200 nm-diameter, TopFluor-labeled, (5%)
PtdinsP(4,5)P2 Folch liposomes (red) and products of ENTH incubation at 23°C
for 20 (blue), 60 (green), and 100 min (purple) after addition of 2 yM ENTH. At
each time point, an aliquot was removed and placed on ice, and measurements
were started within 1-2 min. Inset indicates resolution of small particles in a 10-
fold dilution of each reaction. (b) Heat map representation of the fractional
intensity for each reaction shown in (a). (c) BAS histograms generated from
starting liposomes (red) and products of ENTH incubation at 37°C for 20 (blue),
60 (green), and 80 min (purple) after addition of 2 uM ENTH. (d) Heat-map
representation of the fractional intensity for each reaction shown in (c).
Additional time points are shown, for increased resolution. The effect of
incubating liposomes in the absence of the ENTH domain for 60 min at 37°C or
100 min at 23°C is shown as an additional row, above the respective heat maps.
The data shown for the experiments conducted at 23°C is representative of four
experimental replicates. The data shown for experiments conducted at 37°C is
representative of three experimental replicates.
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The population of smallest objects continues to increase in concentration until
about 60 min. It is not known if vesiculation of the intermediates has stalled or if
the intermediate and small liposomes reach a point of equilibrium. The same
transitions can be seen for the liposomes incubated with ENTH at 37°C,

however, vesiculation appears to take place faster (Figure 3-5 C,D).

The smallest products reach their maximum concentration at ~ 30 min for
ENTH at 37°C and ~ 60 min for ENTH at 23°C. This indicates that at 37°C, the
ENTH domain performs vesiculation at about ~2-fold faster. Liposomes that
were incubated at their respective temperature, but not with the ENTH domain,
are shown above the heat maps. As can be seen, liposomes do undergo a
small shift in population during incubation, but it cannot account for the large

shift in the population seen when ENTH is present.

Fission Activity of the ENTH Domain is Dose-Dependent

Next, we determined if ENTH mediated vesiculation was dose dependent.
In all cases, liposomes were incubated with ENTH for 20 min at 37°C. In this
case, the focus was on the disappearance of large objects, so regular BAS was
used (Figure 3-6 A,B). At this early time point, fission activity could be detected
with the ENTH domain concentration as low as 500 nm. Incrementally

increasing the concentration up to 10 uM resulted in an incremental increase in
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fission activity.

Fission Activity of Full-Length Epsin

While the results of this work validate the observation that the ENTH
domain is capable of vesiculation, the results also help establish BAS and cBAS
as sensitive methods for studying vesiculation. To date, the full-length epsin
protein has not been shown to be capable of vesiculation. However, it is
possible that the fission activity of epsin is subtle. Thus, epsin was tested for
vesiculation activity with cBAS in the hopes of uncovering epsin vesiculation
activity or demonstrating that vesiculation by the ENTH domain is an artifact of
truncation. In order to test this, 200 nm liposomes were incubated for 40 min
with full-length epsin at 37°C. In these experiments, the concentration of epsin
ranged from 1uMto 10uM (Figure 3-7 A,B). Using this approach, epsin was
seen to perform fission in a dose dependent fashion. Interestingly, full-length
epsin was slower than the ENTH domain, but the distribution of end products

converges to the same point after a 90 min incubation (Figure 3-7 C).
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Figure 3-6 Dose Dependence of ENTH-Mediated Vesiculation. (a) BAS
histograms of 200 nm-diameter, TopFluor-labeled, (5%) PtdinsP(4,5)P2 Folch
liposomes before (red) and after incubation at 37°C for 20 min with 500 nM
(blue), 1 uM (green), S5pM (purple), and 10 uM (cyan) ENTH. (b) Heat-map
representation of the fractional intensity for each reaction shown in (a). The data
shown is representative of three experimental replicates.
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Figure 3-7 Full-Length Epsin Has Vesicle Fission Activity

(a) BAS histograms of 200 nm-diameter, TopFluor-labeled, (5%) PtdInsP(4,5)P2
Folch liposomes before (red) and after incubation at 37°C for 40 min with 1 yM
(green), 5 uM (purple), and 10 pM (blue) full-length epsin. (b) Heat-map
representation of the fractional intensity for each reaction shown in (a). (c)
Comparison of ENTH and epsin activity. BAS histograms of starting liposomes
(red), and liposomes incubated at 37°C for 90 min with 2 yM ENTH (blue) or full-

length epsin (green). The data shown is representative of three experimental
replicates.
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Discussion

Using BAS, we observed time-resolved liposome membrane fission in
free solution, induced by the potent epsin ENTH domain. These results agree
with those of a previous study, which showed, using living cells and an in vitro
sedimentation assay, that epsin, in particular the ENTH domain, is necessary
and sufficient for endocytic vesicle membrane fission (Boucrot et al, 2012).
Recently, concerns were raised regarding the physiological significance of the
fission activity observed in that study, specifically citing the small size of the
starting liposomes (200 nm diameter), the high protein concentration (10 uM),
and the likelihood that many of the products, rather than vesicular in nature,
were micellar (Neumann et al, 2013). The high sensitivity of BAS allowed us to
address these concerns: (i) fission activity was observed at sub-micromolar
protein concentration, (ii) fission activity does not depend on the curvature of
starting liposomes, as those of 400 nm diameter worked as well as smaller ones
and (iii) the products are consistent with 20 nm vesicles and not micelles, as

observed previously (Boucrot et al, 2012).

In addition, the high sensitivity of BAS allowed us to uncover attenuated
membrane fission activity in experiments with the full-length epsin protein.
Attenuation may suggest an inhibited conformation for full-length epsin, as has
been suggested for syndapin, another protein involved in formation of vesicles at

the recycling endosome (Rao et al, 2010). Intermolecular interactions have also
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been observed to cause auto-inhibition, in the case of endophilin A1, a
curvature-inducing endocytic protein that also contains an N-terminal

amphipathic helix (Chen et al, 2014).

Although epsin is required for clathrin-mediated endocytosis from early to
late stages of endocytic vesicle formation (Taylor et al, 2011), it has been
classified as an adaptor protein. Like the well-characterized adaptins, epsin was
shown to act at an early step, recruiting other adaptins and cargo (Legendre-
Guillemin et al, 2004), in addition to binding to the clathrin coat. However, unlike
the classic adaptins, little epsin is found in clathrin-coated vesicles (Chen et al,
1998; Mills et al, 2003), raising questions regarding its role solely as an adaptor
protein. Furthermore, epsin can rescue a block in the release of endocytic
vesicles in dynamin-depleted cells (Boucrot et al, 2012), arguing for a late role in
vesicle fission. These results, in addition to the liposome fission activity of the
epsin ENTH domain, led those authors to conclude that epsin is also required for
fission of clathrin-coated endocytic vesicles. Furthermore, an analogy was made
to the early and late requirement for the amphipathic-helix containing proteins,
Arf1p and Sar1p, in the formation of COPI coated vesicles at the Golgi
apparatus and COPII coated vesicles at the endoplasmic reticulum, respectively

(Beck et al, 2011; Lee et al, 2005).
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BAS has the ability to resolve membrane fission reactions over a
concentration range that is more physiologically significant and on a sub-second
timescale. Yet, the fastest fission reactions we observed, at high protein
concentration and 37°C, proceeded on the min, to tens of mins timescale. This
suggests that other factors are required to increase the fission activity to
physiologically significant rates, on the order of seconds, to tens of seconds
(Taylor et al, 2011). Notably, the results of recent studies indicated a reciprocal
requirement for the amphipathic-helix containing amphiphysin and partner
protein, dynamin, in order to stimulate membrane fission (Neumann et al, 2013;
Meinecke et al, 2013). Our results using BAS reopen the question of how
membrane fission is induced, not only in endocytosis, but also, how transport
carriers and vesicles are released at other locations in the cell, where dynamin
does not appear to play a role. Our findings also raise others questions: how is
epsin regulated, and what stimulates epsin-induced membrane fission?
Moreover, our findings indicate that BAS offers a highly sensitive approach to
follow single particle dynamics of a membrane fission reactions in free-solution,
for identification of membrane fission agents and characterization of the

mechanism of membrane fission regulation.
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CHAPTER IV
THE IMPACT OF AGGREGATE STRUCTURE ON DISAGGREGATION BY
DNAK-CLPB REVEALED BY SINGLE PARTICLE FLUORESCENCE BURST

ANALYSIS

Summary

Partially structured protein folding intermediates, populated during
biosynthesis or upon exposure to environmental stress, can form cytotoxic non-
native protein aggregates. Cells mitigate the toxicity of aggregates and recover
protein lost to aggregation through the activity of specialized proteins known as
molecular chaperones. However, molecular chaperones often fail to
disassemble protein aggregates for reasons that are not well understood. Here,
we apply ensemble techniques along side a new single particle fluorescence
burst technique, known as Burst Analysis Spectroscopy (BAS), in order to better
understand how non-native protein aggregates are dismantled by molecular
chaperones. In this work, RuBisCO, from R. rubrum, is used as a model,
aggregate-forming protein to study disaggregation by the DnaK-ClpB, Hsp70-
Hsp100, bi-chaperone system of E. coli. This work first demonstrates that
denatured RuBisCO can follow at least two general aggregation pathways,
distinguishable by their growth rates, structures, and chaperone requirements for
disaggregation. In all cases, RuBisCO aggregates become increasingly

refractory to disassembly as aggregation continues, independent of size. We
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also find that RuBisCO aggregates mature, after aggregation has ceased, and
become increasingly refractory to disassembly without losing the ability to bind
DnaK. Finally, we show that DnaK can alter the structure of aggregates in a way
that substantially enhances disaggregation by ClpB. These results suggest that
the internal structure of an aggregate, and not its size, has a profound impact on

the ability of the cellular quality control systems to process protein aggregates.

Introduction

Hydrophobic amino acids help drive the folding and oligomerization of
protein but are generally buried inside the native conformation and oligomer
state of a protein (Spolar et al, 1989). However, non-native proteins tend to
expose hydrophobic amino acids, which can drive non-native proteins to
aggregate (Dill et al, 1997; Capaldi et al, 2002). Proteins can fold into a
multitude of non-native conformations that can grow into aggregates with a wide
range of shapes and structures (Tanaka et al). Most aggregates are classified
as amorphous, meaning they do not populate unique or specific structures
(Simone et al, 2011; Morris et al, 2009, Chiti et al, 2002). However, many, and
perhaps most, proteins can also populate a beta sheet rich fold, under the right
set of conditions, that assemble into highly structured amyloid fibrils—long fibers
with organized beta sheets running their length (Fandrich et al, 2007; Jackson et
al, 2000; Groot et al, 2009). The presence of amyloid fibrils and amorphous

aggregates can negatively impact the health and fitness of cells. However, the
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regular structure of amyloid fibrils has made them easier to identify and study
than amorphous aggregates (Sulatskaya et al; 2011). Consequently, more is
known about the role of amyloid fibrils in disease and cell fitness, despite

amorphous aggregates being a more common occurrence.

Both amyloid fibrils and amorphous aggregates can persist within cells,
despite the presence of disaggregation chaperones such as Hsp70, Hsp100,
and Hsp110. Why this occurs is not well understood, though it suggests that
aggregates become refractory to disaggregation due to some change in their
physical properties. The effects of aggregate shape on disaggregation can be
considered in a general way by simply noting the impact of shape on the ratio of
surface area to volume. Spheroid aggregates have a smaller ratio of surface
area to volume than fibrils. This means that fibrils may have more exposed
chaperone-binding sites than spheroid aggregates for the same total volume.
An aggregate’s surface area to volume ratio also decreases as an aggregate
increases in size, which could, at least in principle, be a more serious problem
for dismantling spheroid aggregates than fibrils. The size and shape of an
aggregate could also limit the effectiveness of chaperone activity in other ways.
For instance, if chaperones need to destabilize the overall oligomer structure of
an aggregate, then disruption of a small aggregate might be efficient. The same
mechanism, however, might fail with a large aggregate. At the same time, the

oligomer structure of an aggregate is fundamentally dictated by the conformation
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of its constituent subunits. The structure of an aggregate will impact the number
of exposed chaperone binding sites, the number of contact points between other
subunits, and the strength of interactions between contact points. Accordingly,
aggregates with more or stronger interactions between subunits are likely to be

more difficult to take apart.

In the end, it is likely that several aggregate properties (shape, size,
structure, and monomer conformation) contribute to how well a given aggregate
can be disassembled by molecular chaperones. Because of the analytical
challenges presented by working with protein aggregates, most work to date has
assumed that aggregate size and structure are the most important determinants
in whether a given aggregate can be dismantled. However, whether size or
structure has a greater impact on chaperone-mediated disaggregation, is a
matter of debate. Unfortunately, disaggregation is commonly studied with bulk
measurement assays that are unable to track individual populations, refolding
assays that do not directly track disaggregation, and separation based assays
that can perturb the size and structure of aggregates during separation. The use
of such assays to study the often dynamic and heterogeneous nature of non-
native protein aggregates is undoubtedly one of the reasons it remains unclear

whether size or structure has a greater effect on disaggregation.

In this study, sensitive fluorescence techniques, such as BAS and FRET,
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will be used to probe how specific qualities, or changes in aggregate qualities,
affect disaggregation in a direct and non-perturbative manner. However,
probing an aggregate’s size, structure, and conformation by fluorescence
requires a model, aggregating protein that can be labeled with exogenous
fluorescent probes at more than one site. RuBisCO, from R. rubrum, is a highly
aggregation-prone protein that has been engineered with multiple exogenous
surface cysteines that can be conjugated to fluorescent probes (Lin et al 2004).
Singly or doubly labeling RuBisCO minimally affects its folding, activity and
aggregation, which make it an ideal substrate for doing sensitive fluorescence

assays (Rye, 2001).

RuBisCO is a substrate of the E. coli disaggregases, DnaK and ClpB
(Thomas et al, 2000), and has been studied as a folding substrate of GroEL/ES,
the foldase system from E. coli (Lin et al, 2004; Lin et al 2008). Here, how the
qualities of non-native RuBisCO aggregates affect the disaggregation activity of
DnaK and ClpB will be assessed. The goal of this work is to better understand
the process of disaggregation and find potentially universal reasons that non-

native aggregates become refractory to disaggregation.

Methods

Protein Expression and Purification

Wild-type RuBisCO and all RuBisCO cysteine mutants were expressed

103



and purified as previously described (Rye et al, 1997; Rye et al, 1997; Lin et al,
2008; Lin et al, 2004; Lin et al, 2006). The gene for DnaK was amplified from E.
coli genomic DNA and sub-cloned into the pPROEX HTb (Shorter et al, 2008)
for expression in the E. coli BL21 strain. The genes for ClpB, DnaJ, and GrpE,
sub-cloned into a pET 151/D-TOPO vector for expression in the E. coli BL21
DES3, were generous gifts from Dr. Steve Burston (University of Bristol, UK).
DnaK, ClpB, GrpE, and DnaJd were expressed similarly to a previously described
expression protocol for the yeast Hsc70 protein Ssa1p (Shorter et al, 2008),
except that DnaK, DnaJ, and GrpE expression was induced at an ODggo of 0.6
while ClpB was induced at an ODggp of 0.7. Cells were lysed by cell disruption
with a Model M-110Y Microfluidizer (Microfluidics), in Ni-NTA Safe Cell
Disruption Buffer (50 mM phosphate, 300 mM NaCl, 20 mM imidazole, 1 mM
PMSF, 5 mM beta-mercaptoethanol, 20% sucrose, pH 8.0) and then lysates
were clarified by ultracentrifugation in a Ti-45 Beckman rotor at 35k RPM for 45

min.

Clarified lysates for DnaK, ClpB, and GrpE were loaded onto a Quiagen
Ni-NTA column equilibrated with Ni-NTA Buffer A (50 mM phosphate, 300 mM
NaCl, 20 mM imidazole, 5 mM beta-mercaptoethanol, pH 8.0) and were then
washed with ~15 column volumes of Ni-NTA Buffer A. After washing, protein
was eluted in 20% Ni-NTA Buffer B (50 mM phosphate, 300 mM NaCl, 500 mM

imidazole, 5 mM beta-mercaptoethanol, pH 8.0). However, clarified lysate for
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DnaJ was loaded onto a Quiagen Ni-NTA column equilibrated with Ni-NTA
Buffer A containing 2 M de-ionized urea and was then washed with ~10 column
volumes of Ni-NTA Buffer A containing 2 M de-ionized urea. After washing,
protein was eluted in 20% Ni-NTA Buffer B that contained 2 M de-ionized urea.
Eluted protein was dialyzed in Ni-NTA buffer A with as many exchanges

necessary to drop the concentration of urea below 0.1 mM.

Eluted proteins were mixed with the TEV protease at a ratio of 1 to 35
(TEV to protein) and then dialyzed in 8k MWCO dialysis bags (Sigma) against
Ni-NTA buffer for 24 hrs. at 4°C. After cleavage, the ClpB, DnaK, and GrpE
proteins were re-run over an Ni-NTA column equilibrated in Ni-NTA Buffer A.
Cleaved protein flowed through the Ni-NTA column and was collected before
being buffer exchanged into lon Exchange Buffer A (50 mM Tris-HCI, 0.5 mM
EDTA, 2 mM DTT, pH 7.4) before being loaded onto a Source 30Q (GE) ion
exchange column that had been equilibrated in lon Exchange Buffer A.
However, after cleavage, Dnad was mixed with de-ionized urea to a final
concentration of 2 M before being run over an Ni-NTA column equilibrated in Ni-
NTA Buffer A that contained 2 M de-ionized urea. Cleaved DnaJ flowed through
the Ni-NTA column and was collected. Dnad was exchanged into lon Exchange
Buffer A in order to remove urea then loaded onto a Source 30Q ion exchange

column that had been equilibrated in lon Exchange Buffer A.
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After a 2 column volume wash in lon Exchange Buffer A, a gradient to
25% lon Exchange Buffer B (60 mM Tris-HCI, 2 M NaCl, 0.5 mM EDTA, 2 mM
DTT, pH 7.4) was developed over 25 column volumes. DnaK, DnaJ, ClpB, and
GrpE are the major peaks in their respective runs and elute between 7% and
20% lon Exchange Buffer B. DnaK, ClpB, DnaJ, and GrpE were buffer
exchanged via 10k MWCO Vivaspins into Storage Buffer (50 mM Tris-HCI, 150
mM KCI, 0.5 mM EDTA, 2 mM DTT, 15% glycerol, pH 7.4) and concentrated to
between 15 and 20 mg/ml protein in a Vivaspin concentrator. DnaK, DnaJ, and
ClpB were concentrated with 30K MWCO Vivaspins and GrpE was concentrated
with a 10K MWCO Vivaspin. Protein was then mixed with glycerol to 15% by

volume before being snap frozen in liquid nitrogen and stored at -80°C.

DnaK 517 Phe(4-Azido)-OH Creation and Purification

The DnaK-pProex-HTb expression vector was mutated via Quick Change
PCR (Kunkel, 1985) to introduce an amber codon (e.g. UAG) at position 517.
Amber mutant DnaK was transformed into E. coli BL21 cells simultaneously with
the AzPheRS/mutRNAcua-pYC-J17 expression vector. AzPheRS is a mutant of
M. jannaschii tyrosyl-tRNA synthetase capable of conjugating p-azido-L-
phenylalanine to mutRNAcua, a mutant tyrosine amber suppressor (Chin et al,
2002; Wang et al, 2001). Growth and expression was carried out following the
same protocol as used for His-tag DnaK, except, prior to induction, 5 mM p-

azido-L-phenylalanine was added to cell cultures. During induction, p-azido-L-
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phenylalanine is conjugated to mutRNAcua, which recognizes the amber codon
at position 517 in DnaK. The mutRNAcua tRNA inserts p-azido-L-phenylalanine
into the translating DnaK at position 517 and allows translation to complete.
Purification of DnaK 517-azidoPhe was carried out normally, except the
concentration of reductant was maintained at lower concentrations (0.5-1 mM
Beta-Mercaptoethanol) in order to prevent reductant-induced loss of the reactive
azido group. DnaK 517-azidoPhe was also kept in darkness and the inline
absorbance detectors on the FPLC were disabled during purification in order to

prevent light from degrading the reactive azido group.

During expression, about 20% of the translating DnaK 517 Amber failed
to incorporate p-azido-L-phenylalanine and was truncated (Figure 4-1 A). DnaK
517-azidoPhe and truncated DnaK 517 are not well separated by the standard
purification protocol used for DnaK. However, in order to maximize the
conjugation efficiency of the azido-Phe site, labeling was initiated immediately
following purification (see below) before the truncated DnaK was removed via
gel-filtration with a Superose 6 column. In the absence of ATP, DnaK DBCO
488 appears to bind tightly to the truncated DnaK 517. However, addition of
ATP to the running buffer of the polishing gel filtration column induces the
release of the truncated DnaK 517 from the DnaK DBCO 488, which appears as
a shoulder on the trailing edge of the DnaK DBCO 488 peak (Figure 4-1 B). The

running buffer for the gel-filtration column was 50 mM HEPES, pH 7.6, 150 mM
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Figure 4-1 DnaK-517 Truncation Can Be Separated from DnaK-DBCO 488
by Gel-Filtration. (A) Expression of DnaK 517 Amber produces a truncated
product unless p-azido-L-phenylalanine is present. However, some DnaK 517
truncation is produced in the presence of p-azido-L-phenylalanine. (B) DnaK
DBCO 488 binds the truncated DnaK product, resulting two peaks by gel
filtration. However, when ATP is present in the running buffer, DnaK DBCO 488
releases the truncated product. The DnaK 517 truncation can be seen as a
shoulder on the trailing edge of the DnaK DBCO 488 peak.
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KOAc, 10 mM Mg(OAC),, 5SmM ATP, and 2 mM DTT.

Protein Labeling

Exogenous fluorescent dyes were chemically conjugated to RuBisCO
using classical cysteine-directed chemistries (Rye, 2001; Lin et al, 2004; Lin et
al, 2008; Rye et al, 1999). Labeling reactions were carried out in 50 mM Tris
(pH 7.4), 100 mM KCI, 0.5 mM EDTA, and 1 mM TCEP. However, the number
of dye additions used, amount of dye added in each addition, length of time
between additions, and temperature of the reaction, varied based upon the type
of labeling reaction, fluorophores used, and whether or not the reaction was
carried out to completion. In most cases where a single cysteine residue was
targeted, the reaction was carried to completion by the addition of a large excess
of reactive dye, followed by quenching of the excess, unreacted dye with
reduced glutathione (Rye, 2001; Lin et al, 2004; Lin et al, 2008; Rye et al, 1999).
In cases where RuBisCO was labeled with two different probes on two different
cysteine residues, the reaction was quenched with glutathione after the most
rapidly labeling site was fully conjugated, but before the second, slower site was
fully conjugated (Lin et al, 2004). The singly labeled population was purified
away from other labeled species with an anion exchange column, typically a
MonoQ 10/10 (GE; Lin et al, 2004). Once the singly labeled RuBisCO was
obtained, the second fluorophore was then conjugated to the unreacted, slower

reacting site in the purified sample. After each labeling reaction, the labeling
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ratio was verified by native ion exchange and denaturing ion exchange (Lin et al,

2004, Rye et al, 1999).

DnaK 517 Phe(4-Azido)-OH (DnaK 517-azidoPhe) was labeled with
dibenzocyclooctyne (DBCO) via a metal-free click chemistry (Jewett et all,
2010). The reaction that links the azido group of DnaK 517-azidoPhe to DBCO
is promoted by the strained alkyne in DBCO. The reaction is thus referred to as
SPAAC, or strain promoted alkyne azide cycloaddition (Jewett et all, 2010).
Here, DnaK517-azidoPhe was labeled with DBCO 488, which is a DBCO
reactive group conjugated to a variant of the Alexa 448 fluorophore. DnaK 517-
azidoPhe was labeled at 100 uM in buffer containing 50 mM Tris (pH 7.4), 100
mM KCI, 0.5 mM EDTA, and 0.5 mM beta-mercaptoethanol. DBCO 488 was
prepared by mixing 2.5 mg of DBCO 488 with 0.15 mL DMSO. Labeling was
initiated by mixing DBCO 488 to 100 uM with DnaK 517-azidoPhe, which was
then gently mixed for 2 hrs in complete darkness at room temperature. After 2
hrs, DBCO 488 was again added to a concentration of 100 uM, making the total
concentration of DBCO 488 200 uM, and the reaction was continued for another
2 hrs. The labeled DnaK 517 DBCO 488 was separated from free dye by buffer
exchange in a 30k MWCO vivaspin and by purification over a PD10 desalting

column.
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Aggregate Preparation

Native RuBisCO was denatured in acid urea buffer (25 mM glycine-
phosphate, pH 2.0, 8 M urea) at 10 yM for 30 min at 23°C. Denatured RuBisCO
was then diluted, using rapid manual inversion, 50-fold (200 nM) into

aggregation buffer (50 mM HEPES, pH 7.6, 150 mM KOAc, 10 mM Mg(OAC),,

and 2 mM DTT) at either 4°C or 23°C.

Aggregation started immediately upon mixing into buffer at 23°C, yielding
what are referred to here as 'fast growing' aggregates. However, dilution into
buffer at 4°C allowed the denatured RuBisCO monomer to rapidly collapse into a
non-native state that cannot fold into the native state, but does not readily
aggregate (Lin et al, 2004). After incubation at 4°C for 2 min, the non-native
RuBisCO was warmed to 23°C by placing a small volume into a pre-warmed
tube to initiate aggregation of 'slow growing' aggregates. All aggregation
reactions were maintained at 23°C for the duration of aggregation reactions with
a high precision temperature block (MJ Research Inc. PTC-100). Aggregation
was terminated with a 20-fold dilution to 10 nM monomer in aggregation buffer

prior to data collection.
For all BAS experiments, RuBisCO was labeled at cysteine 58 with either

Alexa Fluor 647 maleimide or TMRIA (tetramethylrhodamine-5-iodoacetamide)

(Puchalla et al, 2008, Lin et al, 2004).
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For all ensemble FRET experiments, the acceptor dye used was
fluorescein (5-iodoacetamidofluorescein) and the donor dye was IAEDANS (5-
(2-acetamidoethyl) aminonapthalene-1-sulfonate). Unless otherwise stated, in
both intra- and inter-molecular FRET measurements, the donor was placed on
cysteine 454 and the acceptor was placed on cysteine 58 (Lin et al, 2004). For
intra-molecular FRET, both dyes were present on a single RuBisCO monomer,
while for inter-molecular FRET the dyes located on separate RuBisCO
monomers that were aggregated together at an equimolar ratio. For sensitized
FRET assays, labeled RuBisCO monomers were mixed with unlabeled
RuBisCO prior to aggregation. In sensitized experiments using intra-molecular
FRET, the double-labeled RuBisCO was 10% of the total RuBisCO population.
In sensitized inter-molecular FRET experiments, donor and acceptor were each
10% of the total RuBsiCO population. In all steady-state ensemble FRET
experiments, the FRET efficiency, E, was calculated with

(E) =(Fp - Foa)/Fo.
In this equation, Fp is the emission from the donor in the absence of acceptor
and Foa is the emission from the donor in the presence of the acceptor
(Lakowicz, 1999). The donor excitation wavelength used was 336 nm. The
emission from the donor was integrated from 430-450 nm. The integration
range is kept short so as to minimize back leakage of the acceptor emission into
donor emission window. Emission measurements were taken on a PTI photon-

counting spectrofluorometer equipped with a temperature-jacketed holder.
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Chaperone Set-Up

The concentrations of DnaK, Dnad, GrpE, and ClpB, used in all but two
experiments, was 0.5 yM, 1 yM, 1 uM, 0.3 uM respectively. The first exception
was the DnaK-DBCO-488 binding experiment. In these experiments the
concentrations of DnaK, Dnad, and GrpE were all 0.1 uM. The second
exception was the DnaK-induced structure change experiments. In which,
concentrations of DnaK, Dnad, and GrpE was 0.1 uM, 0.2 yM, and 0.2 yM.
Wherever DnaK was employed, DnaJ and GrpE were also present. In all cases,
ATP was added to 2 mM and a regeneration system composed of creatine
kinase and creatine phosphate, at 5 units and 3 uM respectively, was used to

keep the ADP concentration low and regenerate ATP.

Electron Microscopy

Aggregate samples were prepared for EM and imaged by Mengqiu Jiang
of the Junjie Zhang lab. In general, the protein sample was placed upon a
copper coated grid coated first in formvar and subsequently by carbon. After
incubated for 1-3 min, the excess liquid was wicked away with the torn edge of
ashless filter paper. Protein on the grid was stained with a 2% uranyl acetate
solution for 1-3 min before the excess liquid was wicked away with ashless filter

paper. The grid was allowed to air dry for ~24 hr prior to examination
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Results
RuBisCO Aggregate Growth is Highly Sensitive to Initial Conditions
Temperature was used to control the aggregation of RuBisCO in order to
generate chemically identical, but structurally distinct, aggregates. Two
previously documented observations with RuBisCO made this approach
possible. First, denatured RuBisCO aggregates rapidly upon dilution into buffer
at 23°C, but can be kept from aggregating by dilution into buffer at 4°C (Lin et al,
2004). Second, RuBisCO requires the GroEL/GroES chaperones for proper
folding (Goloubinoff et al, 1989). Therefore RuBisCO monomers maintained at
4°C can be given a longer time to collapse and at least partially fold, compared
to RuBisCO diluted into buffer at 23°C, where the rate of aggregation is far faster
than all but the earliest folding transitions (Figure 4-2 A). Nonetheless, upon
rapid warming, the folding intermediates populated at 4°C readily aggregate,
albeit much more slowly. For this reason, aggregates produced by mixing
directly into buffer at 23°C are referred to as fast growing while aggregates

produced by warming to 23°C are referred to as slow growing.
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Figure 4-2 RuBisCO Can Aggregate by Two Distinct Pathways. (A)
Schematic showing how denatured RuBisCO, from R. rubrum, is prepared to
make fast and slow growing aggregates. (B) The average rate for the initial
formation of fast (blue squares) and slow growing (green diamond) aggregates
are observed by ensemble inter-molecular FRET between two differently labeled
RuBisCO samples. (C and D) Raw (top) and processed (bottom) burst data for
early (blue) and late (green) growth time points is shown for fast (C) and slow
(D) growing aggregates. Trends in aggregate growth can be visualized in the
heat maps shown in (E,F) for slow and fast growing aggregates, respectively.
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The rate of RuBisCO aggregation was first examined using inter-
molecular FRET between two different RuBisCO populations, one carrying a
donor and the other carrying an acceptor fluorophore (Figure 4-2 B). This
ensemble assay appears to be most sensitive to the initial steps of aggregation
between monomers or small aggregates (data not shown). Thus, the average
inter-molecular FRET signal not only provides a lower bound on the initial
aggregation rates, but provides an estimate of the point where the non-native
monomer has been depleted. Ensemble FRET measurements are, however,
insensitive to the formation of larger aggregated states that appear in the later
stages growth. To measure changes in aggregate sub-populations with greater
sensitivity, we therefore employed BAS. Raw BAS data demonstrated that fast
growing RuBisCO aggregates had larger fluorescence bursts at earlier times
than slow growing RuBisCO aggregates (Figure 4-2 C,D). Because burst
intensity is proportional to size, fast growing aggregates grow bigger much faster
than slow growing aggregates. Detailed examination by BAS demonstrated that
most of the slow growing aggregates maintained a small size, even at 5 min of
growth where the population distribution appeared to stabilize (Figure 4-2 C).
On the other hand, after only 2 min of growth, almost half of the aggregates
were large in size for the fast growing aggregates (Figure 4-2 D). In order to
better visualize the change in aggregate distributions over time, each time point

was plotted as a row on a heat map (Figure 4-2 E,F).

117



In order to determine whether the fast and slow growing aggregates are
structurally and conformationally distinct, these aggregates were grown to their
end points and were then probed by a combination of inter and intra-molecular
FRET, Thioflavin T (THT) binding, bis-ANS binding, and negative stain electron
microscopy. Thioflavin T is an indicator dye that increases in fluorescence when
bound to the organized beta sheet structures found in amyloid fibril aggregates.
Interestingly, fast growing aggregates display substantially greater THT
fluorescence than the slow growing aggregates, suggesting that the presence of
at least some organized beta-sheet and reminiscent of behavior of amyloid
forming proteins (Figure 4-3 A). Fast growing aggregates also show greater bis-
ANS binding than the slow growing aggregates. Because bis-ANS is known to
preferentially bind to exposed hydrophobic surfaces in proteins, this observation
suggests that fast growing aggregates expose more hydrophobic surface than

slow growing aggregates (Figure 4-3 B).

The average relative proximity of RuBisCO monomers in both fast and
slow growing aggregates was next examined by using inter-molecular FRET
between different population of labeled RuBisCO. In order to increase the
sensitivity of this assay to subtle changes in aggregate structure, donor-labeled
and acceptor-labeled RuBisCO populations were mixed with unlabeled RuBisCO
prior to the initiation of aggregation, in order to increase the average distance

between donor and acceptor fluorophores in aggregates. Using this sensitized
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Figure 4-3 Fast and Slow Growing RuBisCO Aggregates Are Structurally
Different. Average differences between fast (green) and slow (blue) growing
aggregates was ascertained at aggregation endpoints, 2 min and 5 min
respectively, and compared to native RuBisCO (plum) when applicable. (A)
Average beta sheet content was compared by examining Thioflavin T binding
(Sulatskaya et al; 2011). (B) bis-ANS binding was employed to compare the
amount of exposed hydrophobic surface (Rosen et al, 1969). (C) The average
difference in the arrangement of RuBisCO monomers in fast and slow
aggregates was compared using inter-molecular FRET with different
combinations of labeled monomers in which the donor and acceptors dye
positions were altered. (D) Average, relative positioning of the ends of the
RuBisCO monomer were compared via intra-molecular FRET. Stutent's T-Test
for A*, B*, C*, C**, C***, C**** and D* are 5.30, 5.19, 5.51, 6.98, 4.91, 4.5, and
3.37 respectively.
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inter-molecular FRET assay, we found that the average proximity of different
labeling sites on the RuBisCO monomer varied considerably between the fast
and slow growing aggregates, suggesting that the structural organization of the
aggregates is substantially different (Figure 4-3 C). While these data strongly
suggest that the fast and slow growing aggregates are structurally distinct, they
provide no information on the local conformation of the RuBisCO monomer in
each type of aggregate. In order to address this issue, intra-molecular FRET
was employed, where the donor and acceptor probes were coupled to the same
RuBisCO monomer using a site-specific labeling strategy (Lin et al, 2006). The
average internal proximity of different parts of individual RuBisCO monomers
could then be assessed, because the labeled monomers were mixed into a
much larger concentration of unlabeled monomers. This strategy minimized
FRET between labeled monomers within an aggregate by separating labeled
monomers with a much larger number of unlabeled RuBisCO monomers.
Strikingly, the conformation of the RuBisCO monomer within the fast and slow

growing is distinctly different (Figure 4-3 D).

The difference in THT binding between fast and slow growing aggregates
suggested, in analogy with amyloid-like proteins, that the fast growing
aggregates might possess a fibril-like shape and would have different
hydrodynamic properties. In order to test this idea, both fast and slow growing

aggregates were centrifuged at varying speeds and then analyzed by BAS. Fast
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Figure 4-4 Fast and Slow Grown Aggregates Sediment at Different
Centrifugal Forces. The loss of different aggregate populations to
sedimentation was monitored via BAS following sample centrifugation at
different rotational velocities. Aggregates were examined near the end of the
growth windows used in this work: slow grown for 5 min (A) and fast grown for 2
min (B).
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growing aggregates display a steeper sedimentation response to increasing
centrifugation speed than slow growing aggregates, supporting the idea that the
two aggregate types are hydrodynamically distinct (Figure 4-4 A,B). In order to
examine the structural properties of the fast and slow growing aggregates in
greater detail, we next employed negative stain electron microscopy (EM). In
strong support of the THT data, fast growing aggregates posses fibroid shapes,
while slow growing aggregates posses more spheroid and amorphously globular
shapes (Figure 4-5 A-D). Importantly, the structures observed by EM are not
contamination or preparation artifacts, as similar structures are not found in

buffer only controls (Figure 4-6 A,B).

Fast and Slow Grown RuBisCO Aggregates Display Very Different
Susceptibilities to DnaK and ClpB

In order to determine how aggregate size and/or structure impact
disaggregation, the growth of fast and slow growing aggregates was first halted
by dilution at both early and a late aggregation time points. These aggregate
samples were then immediately mixed with a cocktail containing the full DnaK-
ClpB bi-chaperone system plus ATP. First, the average rate of aggregate
disassembly to dispersed monomers was examined using inter-molecular FRET.
The same disaggregation experiments were then repeated with BAS in order to
examine the detailed, population-resolved kinetics of disaggregation.

Measurement of disaggregation by FRET revealed that both the fast and slow
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growing aggregates are capable of complete disassembly when exposed to the
DnaK-ClpB system at early times of aggregation growth (Figure 4-7 A). At later
time points, both the fast and slow growing aggregates display a much reduced
susceptibility to disassembly, with the overall rate of disaggregation slowing
dramatically and the appearance of a highly resistant aggregates that appear to
be completely resistant to disassembly (Figure 4-7 B). By BAS, the
disaggregation process shows dramatic disassembly of both fast and slow
growing aggregates at early times, with slow growing aggregates being
especially aggressively and quickly dismantled. Strikingly, the efficiency of
disassembly does not, in either case, appear to display a substantial size bias.
For both fast and slow growing aggregates, objects spanning a 10-100 fold
range of sizes, appear to disassemble at similar overall rates. At the longer
aggregation time points, BAS reveals the clear presence of refractory aggregate
populations that are either partially disassembled or barely dismantled at all.
Interestingly, with both fast and slow aggregates, objects of similar size are
readily disassembled at early aggregation time points, but become refractory to

disaggregation at later time points (Figure 4-7 C-F).
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Figure 4-5 Fast Growing Aggregates Are Fibroid in Shape While Slow
Growing Aggregates Are Amorphous in Shape. TEM images of RuBisCO
aggregates fast grown for 2 Min are shown in (A,B). In (C,D), TEM images of
RuBisCO aggregates slow grown for 5min are shown.
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Buffer Only Slow Grown Aggregates
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Figure 4-6 Structures in TEM Images Are Not a Product of Buffer
Combination. Shown in (A) is a TEM image of the aggregation buffer used for
these studies, which was processed in the same manner, and in parallel, with a
sample of slow grown aggregates (B).
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The threading motor of ClpB is thought to make this molecular machine a
highly robust disaggregase, one that is could be insensitive to variations in
aggregate structure and conformation. At the same time, disaggregation by
ClpB is substantially dependent on the presence of DnaK (Haslberger et al,
2007; Haslberger et al, 2010). While there is some evidence that DnaK could
play a direct role in disaggregation, perhaps by impacting the structure of
aggregates, most current models assume that DnaK is primarily a targeting and
regulatory factor for ClpB (Haslberger et al, 2007). In order to examine this
question, we tested the disaggregase capacity of the DnaK system alone toward
RuBisCO aggregates. In this case, we only examined the earliest aggregation
time points for both fast and slow growing aggregates. Surprisingly, in the
complete absence of ClpB, the DnaK system is a very effective disaggregase
toward the fast growing aggregates, readily dismantling both small and large
aggregates across a 100-fold range of sizes (Figure 4-8 A,C). At the same time,
however, the DnaK system alone shows only minimal activity at best toward the
slow growing aggregates, failing to dismantle the vast majority of objects in this
sample (Figure 4-8 A,B). Interestingly, the rate of fast growing aggregate
disassembly by the DnaK system alone, as measured by FRET and BAS, is
similar to what is observed when ClpB is also present. This observation
suggests that ClpB may be contributing little to the disassembly of the fast
growing aggregates and that, at least for this type of aggregate, the DnaK

system is the primary disaggregase.
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Figure 4-7 Slow Growing Aggregates Become More Refractory to
Disaggregation by DnaK and ClpB Than Fast Growing Aggregates As
Aggregation Continues. In (A,B), the average rate of disaggregation by DnaKk,
Dnad, GrpE, and ClpB (KJEB) is examined by inter-molecular FRET for early
(Bblue) and late (green) aggregation time points. KJEB mediated
disaggregation of both slow (C and E) and fast (D and F) aggregates was also
examined by BAS and plotted as two-dimensional heat maps where each row is
a BAS population histogram a given time point during disassembly.
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Figure 4-8 Slow Grown Aggregates Are Refractory to Disassembly by
DnaK, DnaJ, and GrpE, While Fast Grown Aggregates Are Not. (A) The
average rate of disaggregation by the DnaK system alone (DnaK, Dnad, and
GrpE; + KJE) is measured by inter-molecular FRET for fast growing aggregates
at 30 sec (blue) and slow growing aggregates at 2 min (green). Disaggregation
by KJE alone was examined by BAS for both slow growing (B) and fast growing
(C) aggregates.
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Even in the Absence of Growth, the Structure of RuBisCO Aggregates
Changes Over Time

The size distribution of slow growing aggregates changes little from 2 min
to 5 min (Figure 4-2 E), yet this small change in size equates to a large decrease
in disaggregation potential (Figure 4-7 C,E). Itis possible that continued
aggregation from 2 min to 5 min results in the formation of slightly larger
aggregates that, for some reason, are more resistant to disaggregation by virtue
this terminal growth. However, it is also possible that resistance to disassembly
has nothing to do with growth, but rather is the result of a structural transition
within the aggregate assembly itself, some type of large-scale conformational
shift that renders the aggregates resistant to being taken apart. In order to
address this question, slow growing aggregates were grown for 3.5 min prior to
dilution below their critical aggregation concentration. This sample was then
either immediately examined by BAS or incubated for an additional 30 min at
23°C (Figure 4-9 A). The additional incubation in the absence of further
aggregation, resulted in no detectable change in the concentration or size
distribution of the aggregate assemblies (Figure 4-9 B). However, the ability of
the aggregates to bind bis-ANS decreases (Figure 4-9 C) following the 30 min
ageing incubation. At the same time, the average proximity of labeled RuBisCO
regions within the aggregate structure appears to increase, based on inter-
molecular FRET measurements (Figure 4-9 D). These observations suggest

that, with time, the slow growing aggregates expose less hydrophobic surface
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Figure 4-9 Independent of Continued Growth, Slow Grown Aggregates
Can Change in Structure and Become Refractory to Disassembly by
Molecular Chaperones. (A) Schematic of aggregate aging experiment. slow
growing RuBisCO aggregates were grown for 3.5 min, then diluted to 10 nM to
halt aggregate growth. Aggregate samples were either analyzed by BAS
immediately or incubated for 30 min at 23°C. (B) The size distribution of
aggregates analyzed immediately upon dilution (blue) and those aged for 30 min
(green) are identical. (C) Changes in aggregate structure during aging were
examined by bis-ANS and inter-molecular FRET. Stutent's T-test for * and **
are 10.09 and 13.33 respectively. (E) Aging results in a dramatic decrease in
aggregate disassembly by molecular chaperones. The impact of aging on
disassembly by the DnaK system only (KJE, upper) and the full DnaK-ClpB bi-
chaperone system (KJEB) are shown as BAS heat maps.
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and potentially become more compact. Importantly, both the full DnaK-ClIpB bi-
chaperone system, as well as the DnaK system alone, displayed a much
reduced ability to disassemble the aged aggregates in comparison to

aggregates of identical size that had not been aged (Figure 4-9 E).

Two general models could explain how aggregate ageing impacts
disaggregation. In the first model, the observed decrease in exposed
hydrophobic surface and increased compactness could result in a reduction in
the number or quality of exposed chaperone binding sites. In this case, older
aggregates bind less of the key chaperones at their surface, rendering them
much more difficult to disassemble. In the second model, the increase in
compactness and reduced hydrophobic surface could signal an increase in the
number or strength of internal interactions between aggregate subunits, making
it more difficult for chaperones to supply disrupt them. In order to distinguish
between these possibilities, we first examined whether the surface properties of
aged aggregates is different, in comparison to un-aged aggregates, by testing
their ability to grow by adding new monomers.. For this experiment, we
employed a two-color BAS experiment in which pre-formed RuBisCO
aggregates, labeled with Alexa488, were mixed with non-native RuBisCO
monomers, labeled with Alexa647. The number of coincident events between
pre-formed aggregates and new monomers is substantially higher when

aggregates are not aged. Thus, ageing reduces the ability of slow growing
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Figure 4-10 Aged Aggregates Lose the Ability to Aggregate. (A) An
example of a two-color BAS aggregation experiment. One population of
RuBisCO was labeled with a fluorescent probe (blue), aggregated, then mixed
with non-native RuBisCO monomers labeled with a different fluorescent probe
(red). Coincident bursts in two different detection channels permit the extent of
monomer addition, as a function of size and time, to be assessed. (B) An
example of a single burst event that shows strong correlated signal in both
detection channels. (C) Aging results in a dramatic reduction in the number of
correlated burst events detected in two-color aggregation experiments. The
number of co-labeled aggregates detected before (green) and after (blue)
aggregate aging is shown.
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Figure 4-11 A Subset of Aged Aggregates Lose the Ability to Bind
Monomer. MC-BAS analysis of two-color co-aggregation experiments
displayed as contour heat maps. The distributions of co-labeled aggregates that
were either not initially aged (A), or that were aged for 30 min (B) are shown.

(C) The sub-population of aggregates that show no coincident signal in the
second detection channel (i.e. starting aggregates that bound no additional
monomers) were identified and analyzed by standard BAS. The size distribution
and levels of the aggregates that displayed no co-labeling, and which were
either not aged (blue) or aged for 30 min (yellow), are shown.

133



aggregates to add new monomers to their surface, suggesting that ageing
significantly alters the surface properties of the aggregates (Figure 4-10 A-C).
While MC-BAS shows that the size distribution of co-labeled aggregates
changes little between aged and non-aged aggregates, the aged aggregates
show a dramatic reduction in the ability to add monomers across all aggregate

sizes (Figure 4-11 A-C).

The Extent of DnaK Binding to RuBisCO Aggregates Does Not Predict
Disassembly Efficiency

In order to determine whether aggregate ageing impacts chaperone
binding, a fluorescent variant of DnaK was created using non-natural amino acid
incorporation and click chemistry (Jewett et all, 2010). In this process, p-azido-
L-phenylalanine was incorporated during DnaK translation and then conjugated
to an Alexa488 fluorophore variant, DBCO-488, using click chemistry. Slow
growing, Alexa647-labeled aggregates were grown for 3.5 min, then mixed with
the full DnaK system containing DnaK-DBCO-488, at a concentration where
disaggregation is not observed. The sample was then examined by MC-BAS.
The same experiment was also repeated for aggregates that were aged for 30
min. Surprisingly, no difference in DnaK binding was observed between aged
and un-aged aggregates (Figure 4-12). In total, these observations suggest
that, while the surface properties of aged aggregates change in a way that

inhibits the addition of new monomers, this structural alteration appears to have
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no impact on the exposure of the short, hydrophobic segments to which DnaK
binds. Additionally, these observations further demonstrate that the inability of
the DnaK-ClpB bi-chaperone system to disassemble aged aggregates cannot be

due to a reduction in the ability of the essential, initiating chaperone to bind.

In Figure 4-7, we observed that both fast and slow growing aggregates
become refractory to disassembly by the DnaK-ClpB bi-chaperone system as
aggregation proceeds, independent of the size of the aggregate. Our
observations with aged, slow growing aggregates suggests that internal
structural changes in aggregates, which likely occur while aggregation proceeds
but that are independent of growth, might explain this observation. In order to
determine whether the conformational changes that occur during an aggregation
reaction are similar to those observed with ageing alone, we examined the ability
of both fast and slow aggregates to bind DnaK- DBCO-488 over the course of an
aggregation reaction. In this case, the RuBisCO used was labeled with

Alexa647 and MC-BAS was again employed.

In contrast to aged aggregates, slow growing aggregates lose the ability
to bind DnaK as they approach the end of their aggregation trajectory (Figure 4-
13 A,C,E). Strikingly, however, the fast growing aggregates do not (Figure 4-13
B,D,F). This observation suggests that the resistance of fast growing

aggregates to disassembly is not due to a reduction in the binding capacity of
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Figure 4-12 Aggregate Aging Does Not Result in Loss of DnaK Binding.
The extent and distribution of fluorescent DnaK (DnaK517-DBCO488) binding to
labeled RuBisCO aggregates was examined with a two-color MC-BAS
experiment. DnaK binding to aggregates that were not subjected to aging
(upper) and to aggregates aged for 30 min (bottom) is shown.
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the critical initiator chaperone, DnaK. Rather, internal structural stabilization of
the aggregates likely exceeds the level of destabilization that the DnaK system
can apply. By contrast, it appears that the growth process leading to slow
growing aggregates results in both internal and exterior conformational changes
that limit the ability of DnaK to bind, and simultaneously increase the internal

stability of the aggregate structure.

DnaK Induces Structural Changes in RuBisCO Aggregates That Makes
Them More Susceptible to Disassembly by ClpB

Our observations with ClpB-independent disassembly of fast growing
aggregates by the DnaK system supports previous observations that DnaK can
operate as an disaggregase on its own. This observation, in combination with
our demonstration of efficient DnaK aggregate binding to aggregates that resist
disassembly, suggest that DnaK’s role in disaggregation by ClpB is more
involved than simply targeting and regulating the threading motor of ClpB.
Specifically, these observations suggest that DnaK may play a critical role in
destabilizing or preparing aggregates for disassembly by ClpB. Importantly,
when this mechanism fails, even the aggressive ClpB threading motor is
helpless to mediate aggregate disassembly. We therefore sought to determine
whether the DnaK system has any detectable impact on the internal structure of
RuBisCO aggregates Toward this end, slow growing aggregates were prepared

at a 3.5 min growth point and mixed with DnaK at a concentration where no
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Figure 4-13 Slow Growing Aggregates Bind Less DnaK As Aggregation
Progresses. The extent and distribution of DnaK (DnaK517-DBCO488)
binding to RuBisCO aggregates growing by either the fast or slow pathways was
examined as a function of time using MC-BAS. The level of DnaK binding to fast
growing aggregates after 30 sec (A) or 2 min (B) of aggregation is illustrated as
a contour heat map. The level of DnaK binding to slow growing aggregates after
2 min (C) and 5 min (D) is also shown. The co-labeled distribution of fast
growing aggregates stays clustered along the same diagonal region, indicating
that relative level of DnaK binding does not change as the aggregates grow. By
contrast, the shift in position of the co-labeled distribution for the slow growing
aggregates indicates that these aggregates bind less DnaK as aggregation
proceeds. (E and F) Aggregates that display no DnaK binding (i.e. aggregate
burst events with no detectable coincident signal in the second detection
channel) were identified and processed by traditional BAS. The resulting
aggregate size distributions were re-binned into ‘small,” ‘medium,” and ‘large’
size ranges. The levels and size range of DnaK-free aggregates does not
appear to change when aggregates grow by the fast pathway. However, when
aggregates grow by the slow pathway, distinct shifts in the unbound sub-
population appear, with notable increases in the number of medium and large
sized aggregates that are free of DnakK.
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Figure 4-14 DnaK Alters the Structure of Slow Growing RuBisCO
Aggregates, Which Enhances the Disassembly of Larger Aggregates By
ClpB. (A) slow growing aggregates at 3.5 min of growth were incubated either
with (green) or without (blue) the DnaK system alone (KJE), but at a 5-fold lower
chaperone concentration (DnaK, DnaJ, and GrpE were 0.1 yM, 0.2 yM, and 0.2
MM respectively) The aggregate size distribution, from a standard BAS
measurement, is shown after 5 min incubation at each condition. (B) The
structure of slow growing aggregates was examined by inter-molecular FRET in
the presence and absence of the DnaK system, under the same conditions as in
(A). For three out of four different inter-molecular FRET pairs, the presence of
the DnaK system induces a measureable change in average probe position,
though no aggregate disassembly is detectable (A). (C) The impact of the
DnaK system and ClpB order-of-addition on the disassembly of slow growing
aggregates. Disaggregation was a followed as a function of time by BAS and
the observed size distributions were re-binned into ‘small,” ‘medium,” and ‘large’
ranges. In one experiment, aggregates were pre-incubated with the DnaK
system alone for 5 min (same conditions as in panel A), prior to the addition of
ClpB. In a complementary experiment, the same KJEB components, at the
same concentrations, were added to the aggregates simultaneously. Stutent's
T-test for * and ** are 4.96 and 9.90 respectively.
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disaggregation can be observed by BAS (Figure 4-14 A). Under these same
conditions, however, the sensitized inter-molecular FRET assay demonstrates
that DnaK binding significantly alters the average proximity of donor and
acceptor labeled subunits within the aggregate (Figure 4-14 B). More
importantly, this structural alteration appears to have a direct and substantial
impact on the ability of ClpB to mediate efficient aggregate disassembly. When
slow growing aggregates were mixed with DnaK for 5 min prior to the addition of
ClpB, both medium and large aggregates were disassembled upon addition of
ClpB much more quickly than when the DnaK system and ClpB were added to
aggregates simultaneously (Figure 4-14 C). Thus, pre-treatment of the
aggregates with DnaK presumably permits this chaperone system to begin the
process of structural destabilization that ClpB is then required to complete. ltis
possible that smaller aggregates are similarly affected, however, these smaller
objects come apart so quickly in this assay that a reliable comparison was not

possible.

DnaK Can Partially Unfold RuBisCO Protein Folding Intermediates
When denatured RuBisCO is injected into buffer at 4°C, it remains
monomeric and non-native, but cannot fold to its native state (Lin et al, 2001).
Intra-molecular FRET between different donor and acceptor positions on the
RuBisCO structure have been used to map out the relative proximity of these

regsion in the non-native RuBisCO folding intermediate at 4°C (Lin et al, 2001;
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Lin et al, 2004). Strikingly, upon the addition of the DnaK system to a solution
containing the low-temperature RuBisCO folding intermediate, we observe a
significant increase in the average distance separating these FRET pairs,
indicating that DnaK binding, not unlike what was previously observed with
GroEL (Lin et al, 2001; Lin et al, 2004), can partially unfold the kinetically
trapped RuBisCO folding intermediate. Importantly, this enforced expansion is
retained when the RuBisCO-DnaK sample is warmed to 23 °C as well. This
observation is consistent with the idea that DnaK binding can alter the structure
of the RuBisCO monomer contained within the slow growing aggregates,
potentially inducing a range of secondary effects on the inter-subunit contacts
that hold the aggregate together. It must be noted, however, that the
conformation of the RuBisCO monomers in an aggregate is substantially
different than the conformation of the kinetically trapped RuBisCO folding
intermediate populated at 4°C. For example, intra-molecular FRET between
positions 58 and is two-fold higher in the 4°C intermediate than in slow growing

aggregates (Figure 4-15).

Unfortunately, the conformation of the RuBisCO monomer between the
aggregated and disassembled state for slow growing aggregates cannot be
directly compared, because the DnaK system alone cannot dismantle these
aggregates. However, fast growing aggregates can be completely

disassembled by DnaK. Interestingly, upon completion of disaggregation by
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DnakK, the observed FRET efficiency between position 58 and 454, for what is
presumed to be a DnaK bound RuBisCO monomer, is essentially unchanged
relative to the FRET value for these positions in the aggregate (Figure 4-15 C)
(Figure 4-3 D). While this appears to support the tugging model, the
conformation of RuBisCO could be very different elsewhere on the monomer.
Thus, in order to properly make that argument, the intra-molecular FRET
between the other sites will have to be mapped out for the pre and post

disaggregation states of fast growing aggregates.

A second interesting observation can be made from this data. The FRET
signal between positions 58 and 454 is different for DnaK-bound folding
intermediate that was never aggregated and the DnaK-bound monomer that was
extracted from a fast growing aggregate (Figure 4-15 C). This suggests that,
even though DnaK alters the conformation of RuBisCO in the course of
removing from an aggregate, it cannot fully reverse the folding events that lead

to the monomer conformation that is incorporated into the aggregate.
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Figure 4-15 DnaK Has a Limited Ability to Induce Partial Unfolding of a
Non-Native RuBisCO Monomer. (A) Intra-molecular FRET was used to
examine the conformation of non-native RuBisCO, both with and without DnaK,
Dnad, and GrpE present. For these experiments, a monomeric, misfolded
RuBisCO monomer was first populated at 4 °C (Lin et al, 2001). Samples of the
kinetically trapped RuBisCO monomer were then mixed with the active DnaK
system at 4 °C and FRET data acquired. Following an incubation of 5 min at 4
°C, the sample in the presence of the DnaK system was warmed to 25 °C and
FRET data re-acquired. (B) Inter-molecular FRET between different RuBisCO
monomers was used to determine when disassembly of fast growing aggregates
was complete. (C) The conformation of RuBisCO monomers removed from fast
growing aggregates and bound by DnaK, was compared to the conformation of
the kinetically trapped RuBisCO monomer, also bound by DnakK, but never
aggregated, using intra-molecular FRET.
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Discussion

Since the time of their discovery, Hsp100s have been viewed as the
primary disaggregation chaperones (Haslberger et al, 2010; Maurizi et al, 2004).
This is not entirely surprising as most disaggregation studies show that the
presence of Hsp100s greatly enhances the disaggregation potential of the
Hsp70 system (Zietkiewicz et al, 2004). However, it was unknown whether the
enhancement in disaggregation was the sole product of Hsp100s threading
activity, or if Hsp70s played a sizable role in preparing aggregates for the activity
of Hsp100. In this work, DnaK, Hsp70, is shown to be mostly incapable of
disaggregating slow growing RuBisCO aggregates unless ClpB is present
(Figure 4-16 A). However, the DnaK system alone can alter the structure of
slow growing aggregates and enhance the disaggregation activity of ClpB
(Figure 4-16 C). The enhancement in disaggregation provided by DnaK pre-
incubation is most likely due to a DnaK-induced destabilization of global
aggregate structure prior to the recruitment and engagement of ClpB. Itis
possible that DnaK always destabilizes the structure of aggregates prior to ClpB
binding and this may be important for ClpB activity. In contrast to slow grown
aggregates, DnaK alone is capable of disassembling fast growing aggregates
(Figure 4-16 A), and the addition of ClpB only mildly enhances disaggregation.
In both cases, the ability of DnaK to destabilize the structure of aggregates is a

crucial step of disaggregation. Likewise, changes in an aggregates structure
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Figure 4-16 Summary of Observations. The schematic shows an overview of
the findings in this report. (A) slow growing aggregates require the full DnaK-
ClpB bi-chaperone system in order to be fully disassembled. However, the
DnaK system alone can disassemble fast growing aggregates. In all cases, the
observed disassembly behavior is independent of aggregate size over at least a
100-fold range. Thus, internal aggregate structure, and not size, ultimately
dictates how effectively different chaperone systems can disassemble a given
aggregate. (B) The structure of amorphous aggregates can continue to change
with time, even in the absence of additional growth. Both inter- and intra-
molecular FRET measurements are consistent with this structural change being
associated with an increase in average compaction. While these structural
transitions are not associated with a loss of DnaK binding, they severely
compromise chaperone-mediated disaggregation. (C) The DnaK system alone
can alter the structure of aggregates in a way that makes their disassembly by
ClpB more efficient.
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that hinder this activity of DnaK could make an aggregate refractory to

disaggregation.

In this work, aging slow grown aggregates makes them refractory to
disaggregation, with and with out ClpB. This is likely connected to the change in
aggregate structure that occurs during aging (Figure 4-16 B). This likely
strengthens the interactions between aggregate subunits and thus makes it
more difficult to alter the structure of the aggregate and remove a subunit. In
addition, the size of aggregates does not appear to be a major contributing
factor to whether an aggregate is refractory to disaggregation. Thus, fast and
slow growing aggregates may undergo structural changes during growth that
account for the decrease in their ability to be disaggregated. However, unlike
fast growing aggregates, slow growing aggregates lose the ability to bind DnaK

with growth, which could also affect disaggregation.

These results not only demonstrate the importance of aggregate structure
in disaggregation, but also provide a few circumstances through which
aggregates could become refractory to disaggregation. For example,
uncontrolled aggregate growth could not only make aggregates that are larger
and take longer to disaggregate, but also make aggregates with stronger
interactions between subunits that are harder to disaggregate. In addition,

aggregates that are not disassembled fast enough may mature and strengthen
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their interactions between subunits, thus making them more difficult to

disassemble.

In total, this work shows that the internal structure of RuBisCO
aggregates plays a deep role in disaggregation, more so than aggregate size.
While larger aggregates may take longer to disassemble, it appears that the

structure of an aggregate can make it completely refractory to disaggregation.
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CHAPTER V

SUMMARY AND FUTURE DIRECTIONS

Summary

The development of this project coincided with a turning point in the study
of molecular chaperones and their role in protein disaggregation. For almost two
decades prior, the chaperone community had been working to unravel the
secrets of the wonderfully intricate Hsp100 chaperone family. During this time,
many prominent research groups heralded the Hsp100s as the true
disaggregase chaperones of the cell. This sentiment was reinforced by the well-
conserved structure of the Hsp100s, their almost ubiquitous presence
throughout life, and their active, rather than passive, role in disaggregation.
However, an Hsp100 homologue could not be found in humans or any other
higher metazoan. Eventually, it became accepted that this was because the
gene for Hsp100 had been lost in a genomic deletion event early in the evolution

of higher metazoans.

Through the work of Bukau, Shorter, Morimoto, and others, it was
discovered that higher metazoans compensate for the loss of Hsp100 with a
specialized set of co-chaperones that increase the disaggregation capacity of
Hsp70. However, the Hsp70 system is still thought to perform disaggregation

via entropic pulling and the addition of synergizing Hsp40s and Hsp110s only
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serves to increase the local entropic pulling force of the Hsp70s. Thus, the
mechanism of disaggregation in higher metazoans fundamentally differs from
the disaggregation mechanism employed by organisms that possess a
combined Hsp70-Hsp100 bi-chaperone system. However, many eukaryotes,
including lower metazoans, posses a full Hsp70-Hsp100 bi-chaperone system
as well as synergizing Hsp40s and Hsp110s. Thus, the metazoan that survived
the genomic loss of Hsp100, and ultimately gave rise to higher metazoans, was
already equipped with a complementary disaggregation system able to
compensate for the loss of Hsp100. While this allowed our metazoan ancestors
to tolerate the loss of Hsp100, it likely had to evolve to compensate for the loss
of Hsp100 by applying selective pressure to chaperone activity and the folding
behavior of the proteome. However, it is unlikely that every protein that needs
an Hsp100 for disaggregation has either been mutated to not need Hsp100 or
removed from the genome. Thus, a better understanding of the relationship
between aggregate structure and disaggregation by specific chaperones should
shed light on what our chaperone system may or may not be able to

disassemble and why.

The original goal of this work was to better understand the impact of
aggregate qualities, like size and structure, on the disaggregation capacity of
molecular chaperones, specifically the Hsp100 and Hsp70 chaperones from E.

coli. However, after the first few experiments, it became clear that aggregate

150



size does not predict whether an aggregate can be disassembled. This strongly
suggested that the internal structure of aggregates is a more important quality
for determining whether aggregates can be dismantled. The data outlined here
strongly supports this concept. In total, this work also suggests that the impact
of aggregate structure and subunit conformation on disaggregation could
reasonbly be rationalized in terms of intermolecular and intramolecular
interactions. This simple way of rationalizing the data also provides a means to

interpret the potential impact of similar aggregates in a cellular setting.

Somewhat surprisingly, fast growing RuBisCO aggregates can be
disassembled by the DnaK system alone. At the same time, the addition of ClpB
provided little or no addition help in taking fast growing aggregates apart. This
suggests that CIpB is either not able to engage fast growing aggregates, is
unable to thread them through its central pore, or the threading activity of the
ClpB motor simply provides no additional benefit beyond what the DnaK system
achieves. If ClpB is unable to thread the fast growing aggregates, this would
indicate that the intra-molecular interactions may be too strong for ClpB to
disrupt. This hypothesis is supported by the observation that DnaK is not able to
fully unfold the RuBisCO that it removes from fast grown aggregates to the same
extent that it can unfold RuBisCO that was never aggregated. Conversely, the
inter-molecular interactions in fast growing aggregates appear to be relatively

weak, because DnaK can disassemble them without the assistance of ClpB. It
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is also possible that this observation can be attributed to the fibroid shape of the
fast growing aggregates. Fibroid objects should have a higher ratio of surface
area to volume than spheroid objects of the same approximate volume. In turn,
this would mean that a fibrous aggregate might have more exposed chaperone
binding sites than a spheroid one. Also, fibrous aggregates assemble by
connecting subunits in a substantially end-to-end manner, whereas subunits of
spheroid aggregates can be completely buried within an aggregate and are thus
more likely to make intermolecular interactions than fibrous aggregates. This
may be why DnaK can disassemble fast growing aggregates, which are more

fibroid in shape, than slow grown aggregates, which are more spheroid in shape.

These observations with fast growing aggregates may help explain
certain facets of amyloid related diseases, such as Alzheimer’s. In vitro, the
human Hsp70 system is able to disassemble amyloid-beta fibrils. This led to the
conclusion that the Hsp70 system is essentially overworked within neurons and
cannot keep up with the continuous growth of fibrils. However, it is possible that
the amyloid-beta fibrils are resistant to AAA+ threading motors in the same way
that the fast growing aggregates are. While humans do not have an Hsp100
chaperone, they do have AAA+ proteases that may not be able to degrade the
subunits of amyloid-beta fibrils. In this case, the Hsp70 system may be
disassembling the amyloid-beta fibrils, but, because of their strong

intramolecular interactions, the AAA+ proteases cannot unfold and degrade the
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amyloid-beta protein. With time, the amyloid-beta subunits could re-aggregate

into fibrils.

In aggregate aging experiments, slow growing aggregates were diluted
below their critical aggregation concentration and aged for 30 min. During the
aging process, the structure of the aggregates changes in a way that prevents
disaggregation by DnaK both with and without ClpB. This change is associated
with an increase in intermolecular FRET and a loss of bis-ANS binding. Thus, it
is likely that the aggregates are either becoming more compact, denser or the
aggregate subunits are rearranging with time. In any case, this change in
aggregate structure is likely to strengthen the intermolecular interactions
between aggregate subunits. This, in turn, appears to completely abolish
disaggregation by the DnaK system alone and makes the aggregates more
difficult for ClpB to disassemble. However, the loss of susceptibility to DnaK and
ClpB activity is much greater when slow growing aggregates are allowed to
continue growing for even a few minutes. Minor changes in the size distribution
of aggregates that were slow grown from 2 min to 5 min appear to have an

enormous impact on disaggregation potential.

In human cells, the presence of aggregates that are similar to slow

growing RuBisCO aggregates could be catastrophic. While higher metazoans

have a more advanced Hsp70 disaggregation network, aggregates with strong

153



intermolecular interactions, which can develop even stronger intermolecular
interactions with age, may still be too difficult to disassemble. While this could
explain how amorphous pre-fibrillar aggregates are able to escape the Hsp70
system, it does not explain why the human AAA+ proteases are not able to
degrade pre-fibrillar aggregates. However, the truth may be that the AAA+
proteases are hindered in aggregate degradation because they do not synergize
with the Hsp70 system the way that the Hsp100 chaperones do. Consider the
experiments presented earlier in this work where DnaK was pre-incubated with
slow growing aggregates before ClpB was added. When DnaK was pre-
incubated with slow grown aggregates, aggregate disassembly was not
observed. Despite the lack of disaggregation, DnaK was able to perturb either
the intermolecular or intramolecular interactions in slow growing aggregates,
which altered their structure. This increased the efficiency of ClpB mediated
disaggregation, which indicates that DnaK not only recruits and activates ClpB,
but also synergizes with the activity of ClpB to increase the productivity of
disaggregation. However, the key to this synergy is likely that DnaK has evolved
to recruit ClpB and activate its activity at just the right time. It is this timed,
synergistic activity that higher metazoans lack. Although they have both the
Hsp70 system and AAA+ proteases, they lack the synergy between these two
systems that could be crucial for clearing these aggregates. Interestingly, when
the yeast Hsp100, which can synergize with the human Hsp70, is introduced into

neurons containing alpha-synuclein fibrils, both the amyloid fibrils and the pre-
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fibrillar aggregates are cleared (Shorter, 2010; Vashist et al, 2010; Bianco et al,
2008). When Hsp100 from yeast was introduced into neurons that contained
fibril or pre-fibril amyloid-beta protein, Hsp104 was able to clear the pre-fibrillar
forms of amyloid-beta and prevent fiber formation. However, Hsp100 was

unable to disassemble pre-formed amyloid-beta fibrils (Bianco et al, 2008).

Ultimately, both the Hsp70 and the Hsp100s may have their
disaggregation activity limited by the structure of their substrates. However, the
entire system hinges upon the capability of the Hsp70 system to not only recruit
and activate assisting chaperones but to also perform disaggregation on its own,
or prepare aggregates for disaggregation by other chaperones. Interestingly,
evolution has seen fit to not only maintain the Hsp70s as key chaperones in a
wide variety of cellular functions, but to also conserve the basic function and
structure of the Hsp70s. Instead, evolution has selected for the diversification of
co-chaperones and partner chaperones that can interact with the well-conserved
Hsp70. One reason for this persistent selection may be the passive activity of
the Hsp70s. Whether or not a protein will fold or unfold upon interaction with an
Hsp70 is ultimately dictated by the strength of the intramolecular interactions
within the substrate protein. This allows the Hsp70 to “detect” whether a mutant
protein will be able to fold independently and helps evolution select for folding

stability that results in a “healthier” proteome.
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Future Directions

An obvious next step for this work would be to perform similar
experiments with eukaryotic chaperones. However, having set-up a wonderful
system from E. coli, it would be wasteful to not attempt to understand the
interplay of other protein quality control systems from E. coli with the
disaggregase system. RuBisCO has already been well studied as a folding
substrate for GroEL/ES, and it could prove fruitful to test the ability of GroEL/ES
to fold different conformations of RuBisCO. An example would be to examine
the ability of GroEL/ES to fold RuBisCO monomers that have been removed
from fast growing aggregates, which cannot be completely unfolded by DnaK.
The strong intra-molecular interactions of this conformation may make it difficult

or impossible to fold, which could make an extraordinary story.

Another avenue of study is the AAA+ proteases from E. coli. Their
activity is crucial for homeostasis, but the impact of aggregate structure and
monomer conformation has not been well studied. Examining each of these
systems may result in the discovery of a protein conformation that is resistant to
DnaK, AAA+ threading motors, and GroEL. Such a fold may provide a better

understanding of disease states in humans and other organisms.
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