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Synopsis

Introduction

Aggregation and deposition of TDP-43 have been shown to be a major causal factor in
amyotrophic lateral sclerosis and frontotemporal lobar degeneration.” 2 Almost 90% of the
diseased condition is due to the stress that the cell experiences over its lifetime, while only 10
% is contributed by the familial inheritance, suggesting that stress plays a very dominant role
in triggering the diseased condition.’ TDP-43 has been shown to undergo the formation of
different kinds of assemblies under the diseased condition.” ° Different studies have suggested
the role of the different structural elements of the protein (N-terminal domain, RRM domains,
and the C-terminal domain) to be responsible for the aggregate formation.” However, a recent
study used ss-NMR to understand the core of the aggregates using these different variants of
TDP-43.° The study suggested that the RRM domain forms the core of the aggregate while the
presence of the C-terminal domain simply increases the polymorphism that exists within the
amyloid structure.’ It thus becomes key to understand how the RRM domain of TDP-43 (TDP-
43®RRM) can detect the stress and undergo the formation of different assemblies. In this context,
it is also essential to address the sequential order of events that accompanies the protein as it

undergoes a structural transformation to form the amyloid-like aggregates.

Statement of Problem

The aggregation process has been a common denominator across all the different
neurodegenerative diseases. It has been observed that the primary sequence of the protein
involved in different diseases are different, but the nature of the final aggregates remains
similar, suggesting a common pathway for the aggregation reaction.” Additionally, we also do
not understand the nature of the different intermediates observed during the aggregation
process and thus, targeting them for therapeutic purposes becomes challenging. In this context,
it becomes essential to understand how the aggregation process begins, what are the different
structural level changes that the protein molecules undergo as a result of aggregation and what

are the factors that modulate these different processes.

Objectives
The following open questions were answered in the scope of this thesis work-
«  How does TDP-43R®M genge stress, and what are the consequences of the stress sensing

at the molecular scale?
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* How is the folding and the aggregation energy landscape coupled?

*  What are the conformational changes associated with the protein as it undergoes change
from the native state to amyloid-like state?

* How does the internal structure of the amyloid-like aggregate look like at the site-
specific level?

* How do the disease-relevant mutations, D169G and P112H, modulate the aggregation
process?

*  What role does ionic strength play in the aggregation process?

Methodology

The RRM domain of TDP-43 protein has been shown to be forming the core of the
aggregates.® However, we do not understand how this domain senses stress and undergo
conformational changes to form these aggregates. To understand this process, we exposed the
protein to different pH and ionic strength stress and studied the formation of both equilibrium
and kinetic intermediates formed as a result of the site-specific modification in the protein
molecules. Using a battery of spectroscopic techniques such as fluorescence spectroscopy (Trp
fluorescence, Thioflavin T fluorescence, and ANS fluorescence), anisotropy, and circular
dichroism (CD), we characterized the local and the global conformational changes within the
protein molecules. Additionally, the change in the size was also monitored by size exclusion
chromatography and dynamic light scattering (DLS). Further, we used a site-specific and high-
resolution method called hydrogen-deuterium exchange coupled to mass spectrometry to
characterize the internal structure of the aggregates. This allowed us to understand and identify
the polymorphism that exists within the internal structure of the different aggregates formed

under different stress-like conditions.

Conclusion

We have characterized the structural changes associated with TDP-43RRM a5 the protein
senses pH and ionic strength stress. Using a range of different spectroscopic probes, we
identified the presence of two different intermediates-A form and the L form. These
intermediates have disrupted side-chain packing but a remarkably intact native-like secondary
structure. Additionally, the size of the A form and the L form measures around 10-12 nm and
12-15 nm, respectively. The A form and the L form shows an increased ANS binding capacity
suggesting that the protein molecules that form these intermediates are wet molten globule in

nature. Structural organization of the A form is different as compared to the L form. These
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intermediates have been shown to undergo a reversible transition to the native state upon
removing the pH stress, while in the presence of persistent stress in the form of
heat/salt/denaturant, the intermediates undergo a structural transformation to amyloid-like
aggregate called the B form. Thus these metastable intermediates act as a bridge to link the
folding and the aggregation energy landscape of TDP-43RRM,

The transition from the native state to the amyloid-like aggregate, B form has been
studied with time, which allowed us to delineate the temporal order of events that accompany
this transition. There are significant structural events that are associated with this transition —
disruption in side-chain packing, conformational change, disorder-to-order transition, and
change in the hydrodynamic radii of the protein molecules. The process of elongation
monitored by ThT undergoes a mono-exponential change while the process of conformational
change monitored by CD and change in the hydrodynamic radii monitored by DLS follows a
bi-exponential change. The fastest change that occurs is the disruption in side-chain packing
monitored by the Trp fluorescence. These different changes reflect the four different phases of
the model- very fast, fast, slow, and very slow. The apparent rates calculated as a function of
different protein concentrations suggested that the process of aggregation is a multi-step
sequential process dependent on the protein concentration. At low protein concentration, the
process of conformational change precedes the ThT elongation, while at high protein
concentration, the elongation precedes the conformational conversion. These changes are only
observed at the initial phase of the reaction, while the final products formed at the end of the
CD and DLS remains same at both low and high protein concentration. Our results suggest a
multi-step sequential model that forms the basis of the aggregation kinetics of TDP-43%®RM,

We next tried to understand the role of the disease-associated mutations, D169G and
P112H, in the aggregation process. We observed that the mutants D169G and P112H, does not
affect the global structure of the protein molecules but however increases the stability of the
protein as compared to the wild type. Our results on the kinetic analysis of the aggregation
suggest that the mutant D169G behaves very similarly to wild type while the mutant, P112H
shows almost a four-fold faster rate of aggregation when monitored using CD. Additionally,
20% of the signal is missing suggesting the presence of a very fast phase in the aggregation
kinetics. Overall our data indicate that the electrostatic interactions modulated by the charge
mutations play a key role in lowering the activation barrier associated with the aggregation
reaction.

The role of ionic strength and pH in modulating the structure of the TDP-43RRM hag

been very prominent. All our studies suggest that TDP-43™%M can undergo the formation of
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different kinds of species such as — monomeric native, dry molten globule, native-like
oligomers (with wet molten globule-like characteristics), amyloid aggregates and amorphous
aggregates depending upon the pH and the ionic strength of the solution. We have
experimentally measured the amount of salt required for the protein molecules to transform
into an amyloid-like state. We observe that the molecules remain in a native-like oligomer in
low salt concentration at low pH while it forms B form at high salt concentration. However, the
aggregation rate increases with increasing salt concentration, suggesting that the salt affects the
transition state and decreases the activation barrier associated with the amyloid-like
transformation process. Our data on different salt suggests that electroselectivity plays an
important role in modulating the aggregation process.

The structure of the internal core of the aggregates is not fully understood, and there is
debate in the literature about the polymorphism that exists among the different aggregates. The
structural basis of the disease is often correlated with the different aggregates isolated from
different patients. To understand which region of the protein molecule is involved in the
aggregate formation and address the polymorphism, we mapped the aggregates using
hydrogen-deuterium exchange coupled to mass spectrometry. Our results indicated that the
peptide 124-131 and 248-255 remains protected and does not undergo exchange suggesting
that these regions form the core of the amyloid-like aggregate. We observed that the RRM 1
region of the protein remains significantly more protected in the aggregates as compared to the

RRM2 domain.
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PhD Thesis Chagter 1

1.1 Neurodegeneration and protein aggregation

All cells, including neurons, experience death. In particular, neurodegeneration
involves a gradual loss of specific neurons, which coincides with the clinical syndromes
witnessed typically in a rapidly aging population. Neurodegeneration is an umbrella term used
to define a variety of diseases, some of which include Alzheimer’s,” ? Parkinson’s,’
Huntington’s, Guam-Parkinsonism,” Amyotrophic lateral sclerosis (ALS),’ Fronto-temporal
lobar degeneration (FTLD).” Each of these distinct diseases involves deposition or aggregation
of distinct proteins in different anatomical regions of the brain, often reflecting the symptoms
of the diseases. For example, in Alzheimer’s’, we observe major deposition of AP protein in
the medial temporal lobe and neocortical structures, and non-functionality of this region results
in cognitive impairment, including memory loss, difficulty in reading and writing, loss of
impulse control, etc. ¢ In contrast, for ALS, the deposition of TAR DNA binding protein is
primarily seen in the upper and lower motor neurons. The degeneration of the upper motor
neuron gives rise to hyper-excitability and spasticity, while the degeneration of the lower motor
neuron results in muscle weakness, fasciculation and muscular atrophy, etc.’” Among the
causative factors that have been consistently observed in neurodegenerative diseases are
chronic environmental stress, deposition of protein aggregates, and inefficient clearance of the
protein aggregates from the cell due to dysfunctional ubiquitin-proteasome system, non-
functional autophagosomal/lysosomal system, excitotoxic insult, synaptic failure,
mitochondrial dysfunction and neuroinflammation.”” Compelling evidence suggests that
oligomerization of the proteins leading to the deposition of amyloids is the fundamental cause
of neuronal loss and degeneration.’? /* Different diseases show deposition of different proteins
such as AP in Alzheimer’s, a-synuclein in Parkinson’s, polyglutamine protein in Huntington’s
disease, TDP-43 in ALS and FTLD. Despite the differences in their primary sequence and
overall structural fold of the soluble precursor protein, the aggregates are characterized by
highly ordered cross-p sheet rich structure.”* > Therefore, there appears to be common
underlying mechanism that might populate generic conformational states along the energy
landscape of aggregation-prone proteins. Characterization of these conformational states and
understanding the kinetic barriers between them could shed light on new avenues to detect and

target the pathological protein.

One poorly understood area of research in neurodegeneration is the role of nucleic acid

binding domains or RRM domains in aggregation. Nearly 50% of the protein involved in
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mammalian stress granules are RNA binding proteins (RBP). TDP-43 is one such RBP which
contains two RRM domains, implicated in neurodegeneration. Although numerous studies on
TDP-43 is focused on the role of N-terminal and C-terminal domains, the role of functional
RRM domain is only now beginning to be explored. In this review, we first define the general
folding and aggregation energy landscape and focus on understanding the conformational
constraints for the amyloid formation. We discuss how changes in the environmental conditions
modulate the energy landscape and the heterogeneity that exists among the different
conformers. We then discuss the existing knowledge on the role of RRM domains of TDP-43

(TDP-43RRM) in aggregation while examining the gaps in our understanding that still need to

be addressed.
1.2 Free energy landscape of folding and aggregation

The concept of the energy landscape was introduced to illustrate the conformational
space available for a particular polypeptide sequence for structure formation. /% /7 The
evolution of the unfolded polypeptide along the topography of the free energy landscape to
fold into a compact native structure appears to be funnel-like (Figure 1). The ruggedness of
this funnel-shaped landscape depends on several different factors. It has been observed that
large polypeptide sequences usually have a rugged energy landscape, which allows the protein
to take a multitude of different conformational states (on- or off-pathway) before reaching the
native fold. /% /% It becomes essential to characterize the different conformational states of the
polypeptide populated along the energy landscape to understand the factors that control
folding.?’ Additionally, it also provides information on the structural characteristics of the
different states that bypasses the folding landscape to traverse into the aggregation energy
landscape. Principally, any polypeptide sequence can adopt an amyloid-like structure
irrespective of its sequence, suggesting that the amyloid fold is unanimously the global free-
energy minimum for any polypeptide sequence.’® 2/ The aggregation energy landscape is quite
complex owing to the competition between intramolecular and intermolecular interactions. A
wide variety of conformational and structural states are possible within the aggregation energy
landscape. %’ The relative depth of the different energy wells in the aggregation landscape
depends not only on the sequence of the polypeptide but also on the environmental condition
and the concentration of the protein, and the intermolecular interactions between the protein

molecules.??
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Figure 1.1: The folding and aggregation energy landscape of protein. The folding energy
landscape indicates the search of a polypeptide to achieve its native state. The aggregation
energy landscape illustrated by the dark brown colour represents the different kinds of
intermediates and assembly formation. The various energy minima on the landscape represents
the possibility of formation of different intermediates and their respective stability.

1.3 The requirement for partial unfolding and molten globule formation

Experimental evidence suggests that for a well-folded globular protein to undergo the
formation of amyloid or amorphous aggregates, it requires to partially unfold and destabilize
its native structure. /> /% 2327 However, a protein in its native fold is not a static structure but is
an ensemble of conformationally heterogeneous populations which undergoes fluctuations in
various degrees and timescales.’® Due to this process of conformational breathing, there is
always an existence of partially unfolded conformers among the well-folded molecules, the
population of the latter predominating under the native condition.?® This equilibrium, however,
shifts when there is a destabilizing condition. The partially unfolded intermediates or pre-
molten globules or molten globule conformations formed under the aggregation condition are
usually metastable, and therefore characterizing such species becomes extremely challenging.
Formation of such molten globule precursor states has been observed along the energy

landscape of many proteins such as B2-microglobulin,?® 3’ prion,*/ p53%> 33 and TDP-43.34 3’
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Dynamic molten globule states have been preferred by the protein as a means to survive
in the various compartments of the cell, which possess distinct chemical environments and pH
ranges.’% The exposed hydrophobic surface and the increased plasticity of the molten globule
allow it to function in signalling, molecular recognition and assembly formation.’ In contrast,
the same exposed hydrophobic surface might also promote amyloid-like aggregation. Molten
globules of p53 protein have been shown inside the living cells, thus providing evidence for
the existence of these dynamic structures in vivo. 2 Many aggregation-prone proteins show the
formation of partially unfolded structures under destabilizing conditions such as [2
microglobulin,?” prion,*® 3 SOD1,# and transthyretin.”’ Transient formations of such partially
unfolded species allow specific electrostatic, hydrophobic, and intermolecular interactions that

enable the protein to undertake key structural re-arrangements to undergo fibril formation. %#

1.4 Conformational polymorphism observed in oligomers, pre-fibrillar

aggregates and amyloid fibrils

The generic nature of amyloid as a cross-f structure was first defined by Eanes and
Glenner in 1968.% A protein undergoing aggregation reaction can form several different kinds
of amyloid assemblies differing in their structural arrangement upon changing the solution
condition®**9 or even by keeping the condition constant.”-* The polymorphism observed in
the morphologies of the final fibrils can often be attributed to the heterogeneity that exists
among the pre-fibrillar aggregates or the intermediates. Therefore, there exists two kinds of
polymorphism- polymorphism of the initial assemblies (oligomers, pre-fibrillar intermediates,
protofilaments) and the polymorphism of the final aggregates at the end of the reaction. The
heterogeneity observed in the initial species is often a result of the solvation condition around
the protein molecules. Different environmental conditions such as mechanical agitation or
different ionic strength can give rise to different types of assemblies. However, once a scaffold
is formed, the growth continues, keeping the atomistic order same even when the solution
condition is changed. A given type of polymorph is able to seed the same type of architecture
even under different solution conditions, similar to those observed in crystalline systems.”’
This has been studied in the case of AP0, where the formation of striated ribbons and twisted
fibrils formed under agitation and quiescent condition, respectively, when used to act as a seed,
propagated similar structures under different conditions.?s This might be due to the intrinsic
stability of the extremely ordered architecture and the high energy barriers between the

different polymorphs.
______________________________________________________________________________
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Figure 1.2: Aggregation pathway and its complexity. The complex multi-step aggregation
process and the heterogeneity observed during the aggregation reaction. The pathway
represent the possibilities of forming different intermediates- on-pathway or off-pathway or
different assemblies such as oligomers and protofibrils before the formation of mature fibrils.

Across the different amyloid structures, the core of the fibrils is rich in B-sheets. Within
the B-sheet bilayer, the side chains tightly interdigitate, giving rise to a “steric-zipper” interface.
Three models have been proposed to form the basis of the amyloid polymorphs- packing
polymorphism (amyloid segments can pack in different ways giving rise to amyloid fibrils with
distinct properties), segmental polymorphism (two or more different amyloid segments of a
protein can form different steric-zipper spines giving rise to different fibrils and heterosteric
zippers (Non-identical B sheets interdigitate to form steric-zipper spines of distinct
properties).’’ Thus, the polymorphism seen in the amyloid can be contributed by the side-chain
conformation, backbone conformation or the supramolecular assembly. A number of different
proteins such as AB40,°% a-synuclein,?” 7% 7 TAPP,’® tau,’” % and prion® show polymorphic
amyloid fibrils. A range of different conformations adopted by the protein can often contribute
distinctly to its toxicity, and transmission.’* % Unlike a native fold which is evolutionarily

selected, the formation of an amyloid fold is not optimized by evolutionary pressure, and hence

there is a multitude of different arrangements that becomes accessible to the polypeptide
sequence.”’
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1.5 Redesigning the aggregation energy landscape- Effect of cellular stress

on the protein

Cells contain a complex environment fuelled by the number of different components
existing inside them. In a complex microenvironment, the energy landscape will typically be
rough for a multifunctional protein, which can often be correlated to frustration in the folding
process.’” A rough energy landscape also means that a protein will have several energy minima
available depending upon its immediate micro-environment. This also suggests that as the
protein traverses from one energy minima to the other, it is able to adopt alternative
conformations depending upon the binding partners present. Subtle changes in the structure,
dynamics of the protein or exposure of certain regions to allow new interactions can be a
manifestation of this alternative conformation. However, such exposure or altered dynamics
might also increase the likelihood of creating insignificant and disastrous interactions leading

to pathological diseases.%

The relative probability of different conformational states (thermodynamics) and the
energy barrier (kinetics) between them is highly sensitive to mutation, post-translational
modifications and the environmental conditions such as pH, temperature, and presence of
crowding agents.® Different stresses can modulate the cellular condition and reduce the energy
barriers allowing easy kinetic access to the aggregation energy landscape in biologically
relevant time scale. With a small change in the energy, there is a huge change in the population
of the conformations that may drive the equilibrium towards misfolding and aggregation. As
the cells age, the cellular proteome becomes an essential target for different stress-like
conditions such as oxidative and thermal stress.’ Studies have examined that almost 40-50%
of the proteins undergo some form of oxidative damage, and nearly 30% of proteome becomes
carbonylated, resulting in decreased functional activity.®”-%’ In aged organisms, the thermal
stability of many proteins is greatly diminished.”” Loss of proteome-wide stability disturbs the
proteostatic balance in the cell and is often accompanied by aggregation of a vast number of
proteins. 7 7 The damage to the protein occurs in the form of breakage of the protein backbone
or modification of side-chain residues; the latter was found to be more abundant than other

types of damage. 7377

1.6 Assembly-Disassembly as an energy-efficient response to stress

I
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Some proteins or protein domains inside the cell can act as biosensors and sense
environmental changes. The different types of cellular stresses experienced by the cell can
change the physicochemical environment of the cell differently, causing the biosensor protein
to respond differently. In particular, under oxidation stress, the most commonly oxidized side-
chains are either charged amino acids (lysine and arginine) > 7 or neutral amino acids
(cysteine, methionine, proline, histidine, and threonine).”” 7 Such modifications often result in
changes in the net charge of the protein. A similar change in electrostatics is observed when
there is a change in pH. Studies have pointed out that the pH varies between compartments and
is more significantly observed during aging and disease. Kroschwald and co-workers have
shown acidification of the cytoplasm upon glucose starvation stress.”” It is known that the
production of ATP is hugely declined under starvation conditions.*” 8/ With a decline in the
ATP level, the ATPase pump is no longer able to function and pump protons from the
cytoplasm to the outside of the cell, resulting in a decrease in the cytosolic pH.%’ Under a
stressed acidic condition, the proteins have been shown to undergo demixing and universally
assemble to form higher-order structures, which allows the yeast cells to adapt to stress-like
conditions (stress granules).’? 83 Several in-vitro studies have demonstrated that a change in
the pH destabilizes the protein molecules and induces a conformational change to form
aggregates under prolong stress condition.*> 887 In some proteins, protonation has been shown
to act as a molecular switch to control the equilibrium between native and the partially unfolded
molecules that can prime misfolded structures.’ 37 88-90 Therefore, cells mitigate starvation
stress by coupling the protonation-deprotonation equilibrium of the biosensor protein with the
assembly-disassembly equilibrium. However, prolonged stress condition shifts the equilibrium
toward the aggregated state. Consistent with this idea, it has been shown that assembly-
disassembly is one of the most energy-efficient ways to mitigate stress, unlike post-
translational modification or degradation.”’ Additionally, the timescales of formation of these
higher-order assemblies are also less, allowing the cells to quickly respond to stress-like

condition.”’

One of the widely studied higher-order assemblies in the cell are stress granules (SG)
that are biomolecular condensates lacking fixed stoichiometry formed in response to
environmental stress experienced by the cell.?’ SG contains stalled translation initiation factors,
non-translating polyadenylated mRNA and RBP’s.”? They are highly regulated assemblies
whose composition and dynamics depend upon the type of stress experienced by the cell. Under

normal cellular metabolism, the disassembly of stress granules upon stress removal is essential
-
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to maintain homeostasis.’”” The potential disassembly of SG occurs due to the weak multiple
transient interactions that exist among the low complexity domains and the RNA binding
domains with their target RNA.?* > Any factors affecting these intermolecular interactions
such as post-translation modification of the protein, pathological mutation or depleting cellular
ATP might affect the residence time of the proteins in SG resulting in their altered dynamics.”*-
% Many neurodegenerative disorders are proposed to be a result of the misregulated SG
pathway.’”” However, the detailed mechanism of the dynamic intermolecular interactions
governing the initial reversible assembly formation and conversion to mature amyloid or

amorphous aggregate has been very challenging.

1.7 Kinetic models to describe the molecular mechanism of the aggregation

pathway

In order to understand the nature of transition states and kinetic barriers between
different conformational states on the energy landscape, kinetic studies has proved to be an
elegant tool.”” /%7 The process of protein aggregation involving interactions between an
ensemble of protein molecules can be quite complex. There is a multitude of different species
which can be populated as the protein undergoes conformation and structural transition to form
aggregates. Several models have been proposed, %/, which are built by monitoring the process
of fibrillation using a range of spectroscopic, microscopic and amyloid-specific dyes./?/%

Based on the polymerization theory, which is often used to evaluate the aggregation features,

we can define two basic models-
1) Nucleation-dependent polymerization

A nucleation-dependent polymerization (NDP) reaction involves the formation of a
nucleus which is the rate-limiting step of the reaction. The formation of the nucleus involves
high activation barrier and is thermodynamically unfavorable. The process of NDP reaction
involves measuring both the forward and the reverse rate constants.’?” /% Once nucleation
formation occurs, the subsequent steps in the aggregation reaction occur spontaneously. NDP

reaction is associated with the following characteristics’’-

a. The kinetics of an NDP reaction shows a lag phase. The lag time is highly dependent
on the protein concentration, size of the nucleus and the association and the dissociation

rate constant.’”” This weak lag phase is described by 1 function, where t represents

time constant of the reaction. /!
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b. The extent of the lag phase depends on the concentration of the protein; below a specific
concentration, no nucleus formation occurs. This threshold concentration required for
nucleus formation is called critical concentration, and it varies from polymer to

polymer.
c. The addition of pre-formed nuclei (seeding) can abolish the lag phase of the reaction.
2) Linear (Isodesmic) polymerization

An isodesmic polymerization mechanism does not show the presence of any lag
phase./%-/10 1t can be considered to be similar to the elongation step of an NDP reaction. In the
case of the linear polymerization reaction, no critical concentration of protein is required. The
rate of the aggregation reaction is fastest at the start when the concentration of monomers is
highest; thereafter, the reaction reaches equilibrium, and the rate subsequently decreases. It is
important to note that NDP and linear polymerization are the two extreme cases that can be
used to represent the aggregation mechanism. However, it is equally possible that a particular

aggregation kinetic might involve both NDP and linear polymerization mechanisms. /!¢

Based on the different kinetic models adopted by the protein during aggregation, few
other mechanisms have been proposed. These models have been developed considering the
structural features of the species undergoing aggregation and the rate-limiting step of the
aggregation reaction. In the ‘Templated Assembly’ (TA model), the nucleus can act as a
template provided the monomers attached to the nucleus undergo a simultaneous
conformational conversion such that the rate-limiting step of conversion is coincidental with
that of the aggregate formation. /! In the case of the monomer-directed conversion model,
conformational conversion acts as a rate-limiting step, but the process of conformational
conversion of monomer occurs in the solution and not as a part of the growing aggregates.’!?
In the nucleated conformational conversion model, we observe the formation of oligomers

(unlike the nucleation polymerization mechanism) which assemble to undergo the

conformational conversion process.’/? /74
1.8 TDP-43 is a major protein aggregate in ALS and FTLD

Gene coding for TAR DNA binding protein is well conserved among Drosophila,
human, mouse and Caenorhabditis elegans.’’> The 43 kDa protein, TDP-43, was first
discovered in 1996 for its role in binding to the TAR DNA of HIV and repressing the

transcription process. /¢ TDP-43 was later studied for its role as an exon-skipping promoter
|
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during splicing of apolipoprotein A-II (apoA-II) and cystic fibrosis transmembrane regulator
(CFTR) transcripts. Despite its various vital functions, TDP-43 protein was found to be a major
protein deposited in the spinal cord and brain of patients suffering from ALS and FTLD. //7 /8
Since then, several neurodegenerative diseases such as Alzheimer’s, Parkinson’s,
Huntington’s, and Guam-Parkinsonism dementia have shown intra-neuronal deposition of
TDP-43 aggregates.’/?!?! Together, these diseases showing deposition of TDP-43 protein were

termed TDP-43 proteinopathies.’?

N-terminal tRRM domain C-terminal
| | |

NLS NES

414

Figure 1.3: Schematic representation of TDP-43 protein. The protein shows four domains- N-
terminal domain, the two RRM domains (tRRM domain) and the C-terminal domain. 3D
representation of tRRM domain with the nucleic acid is taken from PDB4BS2.

Structurally, TDP-43 protein has four major domains- an N-terminal domain (aa, 1-
102), two -RNA Recognition motif domains: RRM1 (aa 104-176) and RRM2 (aa 192-262)
linked via a linker region and a C-terminal region (aa 274-414)./2326 The protein has two
signal sequences —nuclear localization signal (NLS; aa 82-98) and a nuclear export signal
(NES; aa 239-250), through which it shuttles between the nucleus and cytoplasm to perform
its function. /?7 In the case of ALS, however, the protein is redistributed, showing an increased
deposition in the form of inclusions in the cytoplasm.’?® Due to high aggregation propensity
and poor solubility, the complete structure of TDP-43 remains unresolved until now, but the

role of individual domains in aggregation is being addressed.

Experimental evidence suggests that TDP-43 protein remains in a monomer-dimer
equilibrium inside the cell under normal conditions.’? /3Y The process of dimerization is shown

to be facilitated by the N-terminal domain of TDP-43. Arguably, studies have suggested that
-~~~ |
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dimerization may be involved in the aggregation of the protein.’?*/3/ In contrast to this idea, it
has been reasoned that the dimeric NTD enhances the solubility of the protein through its pre-
mRNA splicing activity and protects against inclusion formation. /*? Taken together, these data
imply that the N-terminal region may increase the local concentration of the protein and can
serve as a prerequisite for aggregation reaction.’?* The C-terminal domain of TDP-43 consists
of a glycine-rich region and a segment containing polar uncharged amino acids such as
glutamine and asparagine (Q/N). This domain architecture is highly comparable to the prion-
like domains of several proteins such as Sup35, Fused-In-Sarcoma (FUS), TATA-box binding
protein associated factor 15 (TAF-15) and Ewing sarcoma breakpoint region 1 (EWSR1) and

heterogeneous nuclear ribonucleoproteins (hnRNPs) family of proteins.’3

A majority of
studies in the literature focus on the contribution of the C-terminal region toward the
aggregation of the protein. A chief reason for using the C-terminal region as a model domain
is because it harbors the majority of the mutations and phosphorylation sites.’3> However, the
C-terminal region being intrinsically disordered, is better able to tolerate the mutation than the
highly conserved RRM domain. Additionally, it has also been seen that C-terminal fragments
of sizes ~25-35 kDa are observed in the inclusion bodies.”*® /37 These fragments are cleaved

along the caspase site located on the RRM2 domain of TDP-43 protein./3¢
1.9 Role of RRM domains of TDP-43 in function and aggregation

RNA Recognition Motifs present in the RNA binding proteins (RBPs) are amongst the
most abundant and conserved domains in the eukaryotes.”?4/#’ The RRM domains of TDP-43
contains a conserved set of amino acid that binds to nucleic acids and perform a host of different
functions such as mRNA transcription and splicing, mRNA transport, mRNA maturation and
stability, and mRNA translation. /#-/#4 TDP-43 has two RRM domains separated by 15 amino
acid residue linker; folded into 5 B-stranded sheet and 2 a-helices arranged in 1-o1-2-B3-02-
B4-B5 pattern.’?* Unlike the typical 4 strands present in an RRM domain,’#* there is an
additional B strand present in TDP-43, which is believed to give stability to the protein.’# The
two RRM domains can bind to UG and TG rich sequences.’?> 2 RRM1 binds to UGs with K
of 65.2 nM while RRM2 binds to UG3 with K4 of 379 nm. RRM1 contains a longer loop3
region as compared to RRM2, which is believed to contribute to RRM1°s higher affinity for
nucleic acid interaction.’# However, when both the RRM domains bind to UGg, there is a
synergistic binding effect that drastically increases binding affinity and reduces the Ka to 14.2
nM.”? Interestingly, the TDP-43 RRM domains bind to RNA in a reverse manner, unlike the
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typical RRM domains that usually bind in 3°-to-5" direction.’?* This reverse interaction allows
the 15 residue linker to participate more extensively with the nucleic acid targets.’?* Apart from
playing an important role in function, binding to nucleic acid has also been shown to rescue

the protein from undergoing aggregation.’#”-/#°

A recent NMR study coupled with X-ray fiber diffraction data points out a strong
similarity in the structure of amyloid fibrils formed by full-length TDP-43 and TDP-35 (90-
414 residue).”? The C-terminal showed polymorphic structure upon forming fibrils alone or in
combination with other domains. This suggests that both the N-terminal and RRM domains are
crucial in forming the core structure of TDP-43.7°? The RRM domains of TDP-43 have been

51 and in tandem®# 39 and shown to undergo aggregation. Two regions

studied individually
within the RRM domain have been identified to play a vital role in the aggregation process,
166-173 in RRMI1 and 246-255 in RRM2./# 192 There are two important electrostatic
mutations present within RRM domains — P112H and D169G.’5% /# The mutation D169G in
the RRMI1 domain does not affect the aggregation propensity but induces a local
conformational change due to the loss of hydrogen bond with T115 residue.’’’ It also increases
the caspase cleavage activity, a process known to trigger aggregate formation.’%’ Interestingly,
these regions are also shown to undergo oxidation and result in oligomerization of the
protein.”’ Cys173 of the RRMI domain gets preferentially oxidized, resulting in a
conformational change, and further oxidation of Cys175 results in the formation of the
insoluble RRM1 dimer aggregate. Oxidation of a buried cysteine residue might change the
local electrostatics, resulting in partial unfolding and exposure of hydrophobic patches, causing
destabilization.’”’® The two cysteines, Cys173 and Cys175, make contact with residues in the
RRM domain, and it has been hypothesized that the loss of these contacts due to oxidation may
have triggered the aggregation reaction. Oxidation of cysteine (Cys198 and Cys244) in RRM2
has also been shown to cause disulphide-driven dimer formation, which consequently
associates to form aggregates.””” Structural studies have revealed that the RRM2 domain of
TDP-43 populates an unfolding intermediate at 4M GdmCl.”*¥ Multiple high-energy
microstates were characterized at 6M urea concentration using an all-atom replica-averaged
metadynamics (RAM) simulations coupled to chemical restraints from NMR./?? Although
these states were categorized into 3 regions depending on the type of structure present, but a
common feature among all these states showed the exposure of hydrophobic region on strands
B3, P4, B5 that are aggregation-prone to the solvent. These results suggest that RRM2 unfolding

may drive the protein to undergo aggregate formation.’?® In line with the above results, the MD
-
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stimulation study also revealed that RRM2 forms multiple metastable states governed by non-
native contact and hydrogen bond formation.’®” Experimental data showing partial
destabilization of RRM domain due to zinc binding results in the formation of ThT—positive

aggregates.’%/

RRM domains, in general, have been shown to be part of many aggregation-prone
proteins such as FUS, hnRNPs, TAF-15 and EWSRI1, which are associated with various
neurodegenerative diseases.’3* /%2 Remarkably, around ~240 proteins within the human
proteome contain prion-like low complexity domain, many of which also harbor a canonical
RNA Recognition Motif.”” /% Numerous studies have focused on the role of low complexity
domain in misfolding and aggregation, but investigations with emphasis on the role of RRM

domain in aggregation is only now evolving./%*

1.10 Conclusion

Multiple studies have emphasized the effect of different stress-like conditions on the
RRM domain and showed the transformation from monomer to aggregate-like structures.
However, we do not yet understand how the RRM domain detects the different stress-like
conditions. It remains unanswered if different stress results in different types of initial
conformations? If the protein is able to detect the stress, what are the initial molecular level
changes that occur in the protein? Do metastable assemblies form in response to stress? Are
these changes localized to a specific region of the protein structure? What is the temporal order
of events upon stress detection? What is the nature of the kinetic barriers? Does the initial
structural conformation dictate the structure of the final aggregate? How does the disease-
relevant mutation regulate the kinetics of the aggregation process? How do the structural
dynamics of the protein evolve as it undergoes to form an ordered aggregate? Which regions
form the core of the aggregate? This thesis aims to address some of these exciting questions.
In this study, we have attempted to construct the aggregation energy landscape of TDP-43®RRM,
decode its internal core and structural dynamics and understand the effect of environmental

conditions including the effect of disease-relevant electrostatic mutations on the kinetic barriers

of the aggregation reaction.
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Chapter 2

The folding and aggregation energy landscapes of tethered RRM domains
of human TDP-43 are coupled via a metastable molten globule-like

oligomer

Reprinted with permission from Pillai, M., and Jha, S.K. (2019). The folding and aggregation energy

landscapes of tethered RRM domains of human TDP-43 are coupled via a metastable molten globule-
like oligomer. Biochemistry, 58, 6, 608—620.
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2.1 Introduction

TDP-43 (transactive response DNA binding protein 43 kDa) is a highly conserved and
ubiquitously expressed nucleic acid binding protein that participates in vital cellular processes
in the nucleus and the cytoplasm, including gene transcription, translation and mRNA
processing.!:? Misfolding and prion-like aggregation of TDP-43 and its fragments in neurons
into a toxic conformation, primarily induced by chronic stress, have been implicated in the
pathology of a wide spectrum of fatal neurodegenerative diseases including amyotrophic lateral
sclerosis (ALS), frontotemporal lobar degeneration (FTLD), Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease and Guam-Parkinsonism dementia, collectively known as TDP-
43 proteinopathies." 3~ Most importantly, in the case of the incurable motor neuron disease
ALS, around 97% of the patients show deposition of the TDP-43 and its fragments in motor
neurons in the brain and the spinal cord.® Despite its central role in multiple neurodegenerative
diseases, the molecular mechanism of misfolding and aggregation of TDP-43 from its
functional native form is very poorly understood. In particular, we do not understand how the
protein begins to misfold. It is important to understand the nature and structure of early
intermediates during the misfolding process because for many neurodegenerative diseases the
oligomeric intermediates en route to aggregation have been shown to be much more toxic
compared to the final fibrillar state and hence early oligomeric intermediates are important
targets for therapeutic intervention.”®

TDP-43 is a 414 amino acid residue protein consisting of four different domains (Figure
1A). The two tandem RNA recognition motifs, RRM1 and RRM2, of the protein are naturally
tethered by a 15-residue linker (called hereafter tethered RRM domain of TDP-43 or TDP-
43RRM Eioyre 1A) and are flanked by an N-terminal and a C-terminal domain (accession no.
Q13148 UniProtKB/Swiss-Prot). The N-terminal domain has a structural fold similar to axin 1
protein’ and the C-terminal is largely disordered'®. The aggregation prone regions of TDP-43
are primarily located in the TDP-43R®M and the C-terminal domain.!"!> However, the
mechanistic role and contribution of different regions of the protein in the aggregation process

have remained elusive. TDP-43RRM

is the principal functional region of TDP-43 which
performs the essential nucleic acid binding functions of the protein.'>'® The binding of nucleic
acids to TDP-43"®Mregion increases the solubility and thermodynamic stability of the protein
and reduces the protein aggregation.'” 2° TDP-43®RM a]s0 contains two disease-associated
mutations,?! P112H and D169G, and multiple disease-relevant caspase and calpain cleavage

sites.”> The highly conserved mutation in ALS, D169G, has been shown to increase the
- |
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thermodynamic stability of both the apo and the DNA-bound TDP-43RRM 14 Surprisingly, very
little is known about the initial structural events and the nature of aggregation-primed early
intermediates that couple the folding and aggregation energy landscape of TDP-43RRM For
example, we do not understand whether the aggregation of TDP-43®RM begins with the
formation of protein droplet-like intermediates as has been observed for the N-terminal and the
C-terminal domain of TDP-43?!%2 1t is also not understood when and how the conformation
of the protein molecule changes from the o+ containing structure to the predominantly 3-
sheet rich toxic assembly and whether the aggregated state resemble amyloids.!” 2% 2

One of the prime reasons for pathological assembly of TDP-43 is environmental
stress.!” 2% In one of the models of its pathological aggregation, during stress, native TDP-43

reversibly associates to form stress granules primarily via TDP-43®kM

region, that could
undergo irreversible aggregation upon prolonged stress.?® It has been shown recently that some
stress-like conditions like starvation acidify the cytoplasm,”’? that could perturb the
electrostatic interactions and promote disease prone self-assembly of proteins.’® 3! In this
study, using an array of spectroscopic methods and tools of thermodynamics and kinetics, we
show for the first time that TDP-43""®M remains in a pH-dependent reversible equilibrium with
an oligomeric state in which protein molecules have native-like secondary structure but a
disrupted tertiary structure and that is fully populated at pH 3 (referred as the acidic or the A
form hereafter). The A form is highly metastable and readily undergoes an amyloid-like
misfolding to a predominantly B-sheet rich aggregated state, upon small environmental
3RRM

perturbations. Our results shed important light on the earliest step of misfolding of TDP-4

from its folded state.

2.2 Materials and Methods

Protein expression and purification

The pGEX-6p1 plasmid containing the gene for the human TDP-43®™™ (amino acid
residues 97-261 from TDP-43 that has accession no. Q13148 UniProtKB/Swiss-Prot) was a
generous gift from Jill A. Zitzewitz.!* The details of the plasmid are described elsewhere.!® The
gene contains a Hise tag and a PreScission protease cleavage site for the removal of the Hise
tag. The plasmid was transformed into BL21(DE3) E. coli cells. The cells were grown up to an
ODeoo of 0.8 in Luria Bertani (LB) broth containing 100 pg/mL of ampicillin. Following this,
the cells were induced by 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) at 20 °C for 24

h to overexpress the protein. The cells were lysed by sonication in lysis buffer (20 mM NaP;i,
-
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pH 7.4, 300 mM NaCl, 30 mM imidazole, DNasel). After pelleting the cell debris, the
supernatant was passed through Ni Sepharose™ 6- Fast Flow beads (GE Healthcare) pre-
equilibrated with the lysis buffer. The beads were washed with lysis buffer and the protein was
eluted with the elution buffer containing 300 mM imidazole. The eluted protein was buffer
exchanged in the protease cleavage buffer (50 mM Tris buffer, pH 8.0, | mM DTT) using
HiPrep™ 26/10 desalting column (GE Healthcare) followed by overnight cleavage of Hise tag
at 15°C using PreScission protease. Anion exchange chromatography using HiPrep™ Q FF
16/10 column (GE Healthcare) was performed to obtain pure Hise tag cleaved protein. The pure
protein was buffer exchanged in the storage buffer (10 mM KP;, pH 7.2, 150 mM KCI, 1 mM
DTT). The protein was >98% pure as determined by SDS PAGE (Figure S2.1A). Electrospray
ionization-mass spectrometry showed the presence of a single protein species with a molecular
weight of 19,429 Da corresponding to the mass of the Hiss tag cleaved TDP-43®™M protein
(Figure S2.1B).

Buffer, solutions and experimental conditions

All the chemicals used are of highest purity grade obtained from Sigma and Sisco
Research Laboratories (SRL). Buffers used at different pH are as follows: 20 mM glycine for
the pH range 2.9-3.5, 20 mM sodium acetate for the pH range 3.7-5.3, 20 mM 2-(N-
Morpholino)ethanesulfonic acid (MES) for the pH range 5.5-6.7, 20 mM 3-(N-
Morpholino)propanesulfonic acid (MOPS) for the pH range 6.9-7.5. All the buffers contained
I mM DTT. All the buffers and solutions were filtered with 0.2 um filter before use. The
protein concentration was determined by measuring the absorbance at 280 nm using a molar
extinction coefficient of 15,470 M! cm™.

The buffer for the N form was composed of 20 mM MOPS, 1 mM DTT at pH 7. The
buffer for the A form was composed of 20 mM glycine, 1 mM DTT at pH 3. The N form and
the A form were equilibrated for 3 h at room temperature before performing any spectroscopic
measurement. The unfolding buffer at pH 7 (pH 7U) was composed of 20 mM MOPS, 6 M
guanidinium chloride (GdmCl) and 1 mM DTT at pH 7. The unfolding buffer at pH 3 (pH 3U)
was composed of 20 mM glycine, 6 M GdmCl and 1 mM DTT at pH 3. The concentration of
GdmCl was determined by measuring the refractive index on an Abbe type refractometer from

Rajdhani Scientific Instruments Co. (Model: RSR-2).
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pH-induced equilibrium structural transition monitored by fluorescence

All the fluorescence measurements were carried out on a FluoroMax-4®
spectrofluorometer (HORIBA Scientific). The protein samples (8 uM) at different pH were
equilibrated for 4-5 h at room temperature before performing the fluorescence measurements.
The fluorescence spectrum of each sample was acquired by exciting the tryptophan residues at
295 nm and collecting the emission from 310-400 nm. The excitation and the emission slit
widths were set to 1 nm and 8 nm, respectively. Data were averaged over 3 acquisitions. The
fluorescence spectra of the native and the GdmCl-unfolded protein were also acquired with the
excitation and the emission slit widths set to 1.5 nm and 3 nm, respectively. The wavelength
of maximum fluorescence emission (4,,,,) in the native (350 nm) and the unfolded (357 nm)

forms remains invariant to the slit width settings.

Circular Dichroism

Circular Dichroism (CD) measurements were carried out on a Jasco J-815
spectropolarimeter. The spectra were collected using a data pitch of 1 nm, data integration time
of 4 s, bandwidth of 2 nm and a scan speed of 20 nm/min. Each CD spectrum was the average
of 3 scans. For the far-UV CD measurements, the spectra were collected in the wavelength
range of 200-250 nm using a quartz cuvette of path length 0.1 cm. For the near-UV CD
measurements, the range was set to 250-300 nm and the measurements were made using 1 cm
path length cuvette. The concentration of the protein used for the far-UV CD measurements
was 25 uM and for the near-UV CD measurements was 60 uM. The CD spectrum of the buffer

was subtracted from the CD spectrum of each sample.

Difference UV absorbance spectroscopy

A double-beam UV-Visible spectrophotometer (UV 3200) from LABINDIA®
analytical was used for measuring the absorbance of all the protein samples. Initially, a stock
solution of protein (600 uM) was prepared in the pH 7 buffer. From the above stock, an equal
amount of protein sample was added to the following four buffers- pH 3, pH 3U, pH 7, pH 7U
(see above) so that the final concentration of the protein remains same in all the samples (15
uM). The absorbance of all the samples was measured over a wavelength range of 250-320 nm
in a 1 cm quartz cuvette. Each sample was blanked with its respective buffer. The absorbance
values were divided by the protein concentration to obtain a spectrum of molar extinction
coefficient for each sample. The difference absorbance spectrum at pH 3 was obtained by
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subtracting the extinction coefficient spectrum of pH 3U from pH 3 protein sample. A similar
spectrum at pH 7 was obtained by subtracting the extinction coefficient spectrum of pH 7U

from pH 7 protein sample.

Steady-state fluorescence anisotropy measurements

Steady-state fluorescence anisotropy was measured on a FluoroMax-4®
spectrofluorometer (HORIBA Scientific) that is coupled to an FM4-Pol polarization accessory
in the L-format configuration. Protein samples (10 uM) at different pH values varying from
pH 3 to pH 7 were equilibrated at room temperature for 4-5 h. The anisotropy data were
collected by exciting the tryptophan residues at 280 nm and collecting emission at 340 nm for
300 s, using anti photobleaching setting. The excitation and the emission slit width were set to
2 nm and 10 nm, respectively, while the integration time of 1 s was used. Steady-state
fluorescence anisotropy (r) is related to the emission intensity I as follows:

lyy — IyuG
= v = lve 1)
lyy + 215G
where the subscripts V (vertical) and H (horizontal) refer to the position of polarizers in the
excitation beam (first subscript) and the emission beam (second subscript) for every

measurement. The instrumental correction factor, G, is equal to the ratio of /uy to Iumn.

Dynamic Light Scattering (DLS)

The DLS measurements were carried out in a DynaPro 99 unit (Wyatt). The buffers
used for DLS were filtered thrice with a 0.2 um filter. All the tips and centrifuge tubes were
washed with 0.2 pm filtered Milli Q water. The N form (25 uM) and the A form (25 uM) were
centrifuged at 14,000 rpm for 15 min just before the DLS measurement. The protein sample
was placed in a 60 pL cuvette maintained at 25° C inside the sample chamber of the instrument.
The sample was illuminated with a laser of wavelength 829.4 nm and the scattering intensity
at 90° and the autocorrelation function were measured simultaneously. Following settings were
used, acquisition time, 3s; signal-to-noise threshold, 2.5; and sensitivity 90%. The mean
autocorrelation function was obtained by averaging over 70 acquisitions and was used to obtain

the distribution of hydrodynamic radii (Ru) using DynalS software (Wyatt).

Size measurement using high molecular weight cut-off centrifugal concentrator
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The N form (5 uM) and the A form (5 uM) were spun in a Vivaspin 20 (100 kDa
molecular weight cut off) centrifugal concentrator from GE Healthcare. The protein sample
was centrifuged at 1000 rpm for 5 min and the absorbance of the inside and the outside fraction

were measured over a wavelength range of 250 — 300 nm.

8-Anilino-1-naphthalenesulfonic acid (ANS) fluorescence assay

A stock solution of 10 mM ANS was prepared in dimethyl sulphoxide (DMSO). The
concentration of ANS was determined by measuring the absorbance at 350 nm and using the
extinction coefficient of 5000 M'cm™.3? The N form (2 pM) and the A form (2 pM) were
incubated with varying concentration of ANS, ranging from 0 to 100 pM, for 15 min. After
incubation, the fluorescence spectrum of each sample was measured by excitation at 380 nm
and monitoring the emission from 400-600 nm. The excitation and the emission slits were 1
nm and 5 nm, respectively. For fluorescence resonance energy transfer (FRET) measurements,

the protein was excited at 295 nm and the emission was monitored from 320-580 nm.

Reversibility of N & A transition

The A form (40 uM) was prepared from the N form by a pH jump from 7 to 3. Following
this, the A form was diluted 10 fold into the pH 7 buffer and the pH 3 buffer (A form control)
by manual mixing (dead time ~15 s) and the temporal change in fluorescence was monitored
for each sample immediately after mixing. A sample of 40 uM N form was also diluted 10 fold
into the pH 3 buffer and pH 7 buffer (N form control) by manual mixing and the temporal
change in fluorescence was monitored for each sample immediately after mixing. The intrinsic
tryptophan fluorescence of each sample was recorded by exciting at 295 nm and monitoring
the emission from 310—400 nm. The excitation and the emission slit widths were set to 1.1 nm
and 10 nm, respectively. The final protein concentration in all the samples was 4 uM. Each
sample was also equilibrated at the room temperature for 2 h and the fluorescence signal, the

ANS binding, and the steady-state fluorescence anisotropy were measured.

Characterization of the A = f transition

The A form (25 pM) transforms to a B-sheet rich oligomeric form (f form) upon
heating in pH 3 buffer for 2 h at 40 °C or by incubating in a pH 3 buffer containing KCI or
GdmCl. The A = P transition was characterized spectroscopically using far-UV CD and
Thioflavin T (ThT) fluorescence. The far-UV CD spectrum of the f form was measured as
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described above. In order to monitor the kinetics of formation of the B form, the equilibrated A
form was heated in a 0.1 cm cuvette in a PTC-424S/15 Peltier system attached to the CD
instrument. The change in ellipticity at 216 nm was measured at different times during the
structural transition. For the kinetic experiment, a bandwidth of 2 nm and a data integration

time of 4 s were used.

ThT fluorescence assay

The ThT fluorescence assay was performed in 50 mM Tris buffer at pH 8. In the assay
solution, the concentration of protein was 2 uM and the concentration of ThT was 40 uM. The
required amount of protein was withdrawn from the heated protein sample (25 uM) and cooled
to 25° C before adding to the assay buffer. ThT fluorescence was measured within 1 min of
protein addition. The experimental settings used were as follows- excitation wavelength, 440
nm; emission wavelength, 482 nm; excitation slit, 1 nm; and emission slit, 10 nm. Identical
setting was used to measure the fluorescence of the buffer containing the free dye. All the data

has been subtracted for the background fluorescence contributed by the free dye.

Size Exclusion Chromatography

The hydrodynamic properties of the N form and the salt-induced B form were studied
using size exclusion chromatography (SEC) on an AKTA Pure M FPLC system (GE
Healthcare). SEC was performed on a HiLoad™ 16/600 Superdex 200 pg column having a
fractionation range of 10 to 600 kDa and a void volume of 39.8 mL. SEC was performed by
loading 25 uM of protein sample on to the column, pre-equilibrated at the respective pH. All
the buffers used for the SEC contained 150 mM KCI. A flow rate of 0.8 mL/min was used.
SEC was also performed for the N form on a HiLoad™ 16/600 Superdex 75 pg column (Figure
S2.10).

For the determination of the apparent molecular weight (M;,' ") of the N form and the
salt-induced P form, we first created a calibration curve between the partition coefficient (Kav)
of four standard biomolecules (myoglobin, ovalbumin, albumin, IgG) and their respective
molecular weights, as described in the GE Healthcare manual. The value of Kav was calculated

from the following equation:
Ve — Vo

K. =
av Vt _ VO

(2)
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where V. is the elution volume of the protein, Vo is the void volume of the column and V:1is the
bed volume. The values of Vp and V: were taken from column specification sheet while the
values for V. for all the known standard biomolecules were taken from the manufacturer
provided manual of HiLoad Superdex 16/600 200 pg gel filtration column. We used the
experimentally measured elution volumes of the N and the salt-induced B form to calculate
their partition coefficient and in turn determined their apparent molecular weight from the

calibration curve.

GdmCl-induced equilibrium unfolding transitions

For equilibrium unfolding transition, protein samples (4 uM) were incubated with
varying concentration of GdmCI at room temperature for 3 h. The unfolding transition was
measured by exciting the tryptophan residues at 295 nm and collecting the fluorescence
spectrum from 310—400 nm. Buffer corrected data was plotted at 340 nm as a function of
GdmCl concentration. It is important to note that the A form transforms itself into a B form
even with a minute amount of GdmCI. Hence for pH 3, the equilibrium unfolding transition

represents = U transition.

Experiments with DNA-bound TDP-43RRM

TDP-43®RM wag incubated in the presence of (TG)s single-stranded DNA for 2 h at pH
7.5 to allow the formation of protein-DNA complex. In order to check the effect of DNA
binding on the formation of the A form, pH 3 buffer was added to the protein-DNA complex.
Additionally, 150 mM KCI was added in the pH 3 sample to examine the formation of the 3
form. The samples were analyzed using far-UV CD and ANS binding assay as described above.
The final concentrations of protein and DNA in the far-UV CD experiments were 15 uM and
18 uM and in the ANS binding assay were 2 uM and 5 uM, respectively.

2.3 Results and Discussion
2.3.1 pH-induced structural transition of TDP-43tRRM

We recombinantly expressed and purified human TDP-43®®M from E. coli (Materials
and Methods). Under physiological conditions at pH 7, TDP-43®RM is monomeric as
determined by size-exclusion chromatography (Figure S2.1C) and is hereafter referred to as
the native (N) form. In order to understand the coupling between the thermodynamic energy

landscape of folding, misfolding and aggregation, we perturbed the electrostatic interactions of
- - - - |
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TDP-43"®M by modulating the pH of the protein environment. TDP-43RRM contains two
tryptophan residues, W113 and W172 which are located in the RRM1 domain (Figure 2.1A).
We observed that the intrinsic tryptophan fluorescence of TDP-43RRM decreases in a sigmoidal
fashion when the pH of the environment is decreased from 7.5 to 2.9 (Figure S2.2A and Figure
2.1B). We fitted the pH-dependent fluorescence data to a model, in which the structural
transition from the N form to the A form is coupled to the protonation of a single ionizable
group, given by a transformed Henderson-Hasselbalch equation,>?

7S Yy 10(PH=PHm)
0bs ™ 1 4+ 10(H-PHm) (3)

where, Y,,, denotes the observed fluorescence signal for a given pH value, Y, and Yy are the
signals of the protonated A form and the deprotonated N form, respectively, and pH,, is the
midpoint of the transition. The value of pH,,, was determined to be 5.6. The observation that a
structural change is required for protonation suggests that the ionizable group is buried inside

the protein structure.

2.3.2 Tryptophan residues in the A form have N-like solvation

We observed that the solvation environment of the two tryptophan residues remains N-
like during N=A transition, as measured by fluorescence Stokes shift (Figure S2.2B and Figure
2.1B: inset). The A4, in the N form is 350 nm that shifts to 357 nm upon unfolding the protein
in 6 M guanidinium chloride (GdmCl) at pH 7 (U form) (Figure S2.2B and Figure 2.1B: inset).
We observed that there is no pH-dependent change in the A,,,, of the tryptophan residues
between pH 7 to 3, both in the absence and the presence of 6 M GdmCI. The 4,4, in the A
form is 350 nm and in the GdmCl-unfolded U form at pH 3 is 357 nm (Figure 2.1B: inset). In
addition to the similar 4,,,,, the unfolded forms at pH 7 and pH 3 also have near identical far-
UV CD spectrum (Figure S2.2C). Together, these results suggest that tryptophan residues have
similar solvation in the N form and the A form and that the unfolded forms at pH 7 and pH 3

are similar.
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Figure 2.1: pH-induced formation of the A form of TDP-43*Mvhich has N-like hydration and
secondary structure but a disrupted tertiary structure. (A) The schematic representation of
different domains of human TDP-43 is shown on the top. NTD. N-terminal domain; RRM1 and
RRM?2: two tandem RNA recognition motifs (TDP-43"%M). CTD: C-terminal domain. The
nuclear localization sequence (L) in NTD and the nuclear export sequence (E) in the RRM?2
domain are also shown. TDP-43%%M (amino acid residues 97-261) is studied in this work and
its solution structure (Protein Data Bank entry 4BS2) is shown at the bottom. The side-chains
of the two tryptophan residues, W113 and W172, of TDP-43®®Mwhich are located in the RRM1
domain are shown by blue spheres. (B) The change in the fluorescence emission of the protein
at 340 nm is plotted as a function of pH. The solid blue line through the data is a non-linear
least square fit to equation 3. (Inset: panel B) The A,y 4 of the tryptophan residues is shown as
a function of pH, when incubated in the absence (blue inverted triangles) and the presence of
6 M GdmCl (green hexagons). (C) The far-UV CD and (D) the near-UV CD spectra of TDP-
43RRM gre shown in the N form, the A form, and the U form at pH 7. (Inset: panel C) The
change in mean residue ellipticity (MRE) at 222 nm is shown as a function of pH. (Inset: panel
D) The protein was incubated at pH 7 and pH 3 in the absence and the presence of 6M GdmCl
and the difference in the UV absorbance spectrum between the two conditions at pH 7 and pH
3 is shown.
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2.3.3 The protein molecules in the A form resemble a molten globule

We measured the global secondary and tertiary structure of the N form and the A form
using far-UV and near-UV CD spectroscopy (Figure 2.1C and Figure 2.1D). The mean residue
ellipticity (MRE) at 222 nm, which is a measure of total secondary structure (a-helix+p-sheet)
of proteins, in the N form is -4559 + 403 deg cm? dmol! and the U form is -548 + 239 deg cm?
dmol™. In comparison, the value of MRE at 222 nm in the A form is -5063 = 437 deg cm?
dmol™!, that is very similar to the value in the N form. There is almost no pH-dependent change
in the secondary structure during N=A transition (Figure 2.1C: inset). In contrast, we observed
that the A form has a highly disrupted tertiary structure compared to the N form. The near-UV
CD spectrum of TDP-43®R®M g dominated by the chirality of its thirteen phenylalanine (wiggles
in the spectrum in the 255 to 270 nm region), three tyrosine and two tryptophan residues (giving
rise to a broad band around 278 nm). The MRE at 278 nm in the N form is -40 deg cm? dmol
!, and in the U form is -5 deg cm? dmol™!. The MRE at 278 nm in the A form is -16 deg cm?
dmol! that is very similar to the value of MRE in the U form. These results indicate that in the
A form, the asymmetric packing of the hydrophobic residues in the core is disrupted, but the
secondary structure remains N-like. Hence, the structure of the protein molecules in the A form

is similar to a molten globule (MG).

2.3.4 Differential molecular arrangement of the aromatic amino acid residues in the N
form and the A form

The change in the UV-absorbance spectrum of buried aromatic residues upon unfolding
is a sensitive indicator of their molecular environment. The exposure of aromatic residues to
the polar aqueous solvent upon partial or complete unfolding leads to a blue shift in the
absorbance wavelength and overall changes in the intensity.** The spectral shift manifests itself
in the difference spectrum between the folded and the unfolded forms as peaks in 285-288 nm
region for tyrosine residues and around 291-294 nm for tryptophan residues.>* We measured
the difference in UV-absorbance spectrum of the N form and the U form at pH 7 and the A
form and the U form at pH 3 (Figure 2.1D: inset). The difference spectrum at pH 7 has very
small peaks at 279, 286 and 292 nm while in contrast, intense peaks are observed for the same
wavelengths at pH 3. These results indicate that there is a large change in the extinction
coefficient of the tyrosine and tryptophan residues upon unfolding of the A form, compared to
the unfolding of the N form. We observed that this difference in the extinction coefficient is

primarily due to the different molecular arrangement of aromatic amino acids in the A form
-
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compared to the N form and not due to the change in the polarity of the solvent. The difference
in the UV-absorbance spectrum of the unfolded forms at pH 3 and pH 7 is a good measure of
the change in the absorbance spectrum due to the change in the polarity of the solvent. We
observed that the difference in the absorbance spectrum of the unfolded forms at pH 3 and pH
7 has small and broad peaks (Figure S2.2D). In contrast, the difference in absorbance spectrum
of the N form and the A form has sharp and highly intense peaks at 284 nm (with a shoulder at
276 nm) and 292 nm (Figure S2.2D). The highly intense peaks compared to the small and broad
peaks of the difference spectrum of the unfolded forms indicate that the difference in the molar
extinction coefficient during the unfolding of the N form and the A form is not due to the
changes in the polarity of the solvent but majorly due to the different molecular environments

of the tyrosine and tryptophan residues in the N form and the A form.

2.3.5 Tryptophan residues have restricted mobility in the A form

Surprisingly, we observed that the local dynamics of the two tryptophan residues is
highly restricted in the A form compared to the N form (Figure 2.2A). We measured the pH-
dependent changes in the steady-state fluorescence anisotropy of the tryptophan residues in
order to understand the changes in their local dynamics during N=A transition. The mean value
of the steady-state anisotropy at 340 nm in the N form is 0.079 + 0.002 that increases in an
apparently sigmoidal fashion as a function of pH, to the value of 0.095 £ 0.002 in the A form.
In order to rule out that the increase in anisotropy in the A form is not due to the decrease in
the quantum yield of the tryptophan residues (Figure 2.1B and Figure S2.2A), we measured
their steady-state anisotropy in the U form. Although the U form has a smaller quantum yield
than the N form, the steady-state anisotropy remains considerably smaller (Figure 2.2A: inset)
because of the higher degree of flexibility accessible to the tryptophan side-chain in the U form.
This result indicates that the anisotropy experiment is primarily reporting on the flexibility of
the fluorophore. Hence, the increase in anisotropy during N=A transition is due to the

restricted dynamics of the tryptophan residues in the A form compared to the N form.

2.3.6 The A form is oligomeric

The near-UV CD and absorbance experiments suggest that the packing in the core of
the A form is disrupted and hence the side-chain residues are expected to be more flexible and
dynamic in the A form, but the steady-state anisotropy experiments suggest that the side-chains
of the tryptophan residues are dynamically restricted. The two tryptophan residues of TDP-
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43®RM are Jocated very near to the surface of the protein (Figure 2.1A). We explored whether
the restriction in the dynamics of the surface residues in the A form is due to the self-assembly
of the protein into an oligomeric structure. We measured the Ru of the N form and the A form
using DLS (Figure 2.2B). We observed that the mean Ru of the A form is 8.5 nm which is
significantly higher than the mean Ru of the N form (2.3 nm). The width of the distribution of
the Ru is larger in the A form compared to the N form, indicating that the formation of the A
form is accompanied by an increase in heterogeneity in size of the population of protein

molecules. These results indicate that the A form is oligomeric in nature.

0.4
A | B g 0.5
0.06 - i, £
0.10 ] ==N 3 /\
034 —— A I
o 0.02 . S0 —0_ _ :
> & N > o y .
3 = FOA '
e L 7} A ¥ . 250 280
° 0.09 - g 024 1\ / \ Wavelength / nm
o - (| i
2 £ 1 1! \
< 2 IRV \
o 0.1 ll \(' \
N ] .
0081 o o I \
b\ \
[N IR LECUE RN —— VO
T T T T T T T
3 4 5 6 7 0 10 20
pH R,
1.0 D -
g N
/ \
2 ; \
8 / \
o / N
g /
L 054 7
o g
4 0 30 60 90 2 31-0:
2]l o z A
. 7] Ea
! S o Zoa J2
0.0 ‘? 05 © = 8——o 40 s 600
T T T T T T T 0.0 T T T
0 30 60 20 320 360 400
ANS] / uM Wavelength / nm
p

Figure 2.2: The A form has restricted motion of tryptophan side-chains, a larger size, a single
ANS binding site, and forms reversibly from the N form. (A) The change in fluorescence
anisotropy of tryptophan residues at 340 nm is shown as a function of pH (yellow circles). The
solid yellow line through the data is drawn to guide the eyes. The red and the blue circles,
respectively, represent the signal of the A form before and after transferring to the native
condition at pH 7. (Inset: panel A) Comparison of the fluorescence anisotropy of tryptophan
residues in the N form and U form. The error bar represents the spread in the data from three
independent experiments. (B) Distributions of Ru as monitored by DLS. (Inset: panel B) The N
form (blue line) and the A form (red line) were spun in a Vivaspin 20 centrifugal filter (MWCO:
100 kDa). The UV absorbance spectrum of the solution inside (solid line) and outside (dashed
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line) the centrifugal filter is shown when the volume of the solution remaining inside the filter
was one-fifth of the original volume. (C) Comparison of the binding of ANS dye with the N form
and the A form. The relative change in the intensity of ANS fluorescence at 480 nm upon
excitation at 380 nm is plotted against the varying concentrations of ANS. (Inset: panel C) The
FRET between the tryptophan residues of TDP-43%®M qnd the protein bound ANS dye in the A
form. The change in fluorescence intensity of tryptophan residues at 350 nm (red square) and
ANS dye at 480 nm (red triangle) upon excitation at 295 nm are plotted against the
concentration of ANS, according to the left and the right y-axis, respectively. The solid red
lines through the data in panel C and its inset are non-linear least square fits to equation 4,
and the solid blue line through the N form data in panel C is drawn to guide the eyes. (D)
Reversibility of N=A transition. Fluorescence spectrum of the N form (blue solid line), formed
after a pH 3 to pH 7 jump. The red solid line indicates the fluorescence spectrum of the A form
formed after a pH 7 to pH 3 jump. As a control, the blue and red dashed lines represent the
fluorescence spectrum of the N form and the A form, respectively. (Inset: panel D) The red and
the blue lines, respectively, show the ANS binding of the A form before and after transferring
to the native condition at pH 7. The fluorescence emission spectra of ANS is shown after
excitation at 380 nm.

In previous studies, data on the correlation between the molecular weight (M,,), the
radius of gyration and the Ri have been tabulated on a very large number of globular proteins.*>
36 We constructed a calibration curve using these previously reported data to estimate the M,,
of the N form and the A form from their mean Ru values. The estimated M,,, of the N form was
around 20 kDa, which is very similar to the mass measured using mass-spectrometry (Figure
S2.1B). The M,, of the A form was estimated to be around 800 kDa. These results indicate that
the A form is roughly a 40-mer.

We also confirmed the larger size of the A form compared to the N form by passing
them through a 100 kDa molecular weight cut off (MWCO) centrifugal filter. The inset of
figure 2.2B shows the absorbance of the protein retained and passed by the filter in the N form
and the A form. We observed that the N form passed through the filter almost completely. In
contrast, no protein molecule passed through the filter in the A form and almost all of the
protein molecule is retained by the filter. These results indicate that almost the entire population

of the protein molecules have formed the oligomeric A form at pH 3.

2.3.7 The A form has a loosely packed hydrophobic core
We observed that the A form binds to ANS, a dye that is known to bind loosely packed
hydrophobic core of MG.?” The N form does not bind to ANS, but the fluorescence intensity

of ANS increases dramatically in the presence of the A form (Figure S2.3A). We measured the
|
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binding of ANS with the A form and the N form as a function of [ANS]. The N form does not
bind to ANS even when the [ANS] is as high as ~100 uM (Figure 2.2C). In contrast, the binding
of the A form increases hyperbolically with an increase in the [ANS] (Figure 2.2C). In order
to further characterize the binding of ANS to the A form, we performed FRET experiments
(Figure 2.2C: inset). The absorbance spectrum of ANS overlaps with the fluorescence emission
spectrum of tryptophan and they form a FRET pair.’” We observed that when the tryptophan
residues of TDP-43RRM jn the A form are excited at 295 nm, their fluorescence emission
intensity decreases with an increase in the [ANS] which is accompanied by a concomitant
increase in ANS fluorescence (Figure 2.2C: inset). These results suggest that ANS is binding
to the A form near the tryptophan residues. We analyzed the binding of ANS with the A form

using the following ligand-binding equation:*’

[L]

AF(L) = TlAFmax m

(4)

where, AF (L) is the change in fluorescence on the addition of ANS at a concentration [L], 7 is
the number of identical, non-interacting binding sites for ANS, AF,,, is the change in
fluorescence when all the molecules of the A form are bound to ANS, and K}, is the dissociation
constant for the binding of ANS to the A form. All the data set in figure 2C and its inset fitted
well to equation 4. The mean values of n and K, obtained from fits are 1.1 and 11 uM,
respectively. These results indicate that the A form has a loosely packed hydrophobic core
where ANS binds with a dissociation constant of around 11 uM. The observation that the 40-
meric A form has only one binding site for ANS indicate that the A form has a symmetrical
and spherical micelle-like structure with a centrally located hydrophobic core, as has been

observed previously for the low pH intermediate of a small protein barstar.*8

2.3.8 N=A transition is reversible
Although the A form is significantly distinct from the N form with respect to its side
chain packing, local dynamics and size, it is interesting to note that the N=A transition is fully

reversible. The fluorescence intensity of the tryptophan residues of TDP-43RRM

is significantly
quenched upon formation of the A form from the N form. We observed that the fluorescence
intensity of tryptophan residues is fully recovered and becomes similar in value to that of the
N form when the A form is transferred to the native conditions at pH 7 (Figure 2.2D). The
reversible change in fluorescence during N=A transition (during both the forward and the

reverse reactions) occurs within the dead-time (~15 s) of the manual-mixing experiment
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(Figure S2.4). Upon transfer to the native condition at pH 7, the A form also lose their ability
to bind ANS (Figure 2D: inset) and regain the flexible local dynamics of the tryptophan
residues (Figure 2.2A), like the N form. These results suggest that N A transition is fast and

completely reversible in nature.
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Figure 2.3: The A form is metastable, amyloidogenic and undergoes an amyloid-like
misfolding to a f-sheet rich, [ form, upon heating. (A) Far-UV CD spectra of 25 uM of the A
form before and after heating (B form) at 40 °C for 2 hours. The inset shows the far-UV CD
spectra of 25 uM of the N form before (solid blue line) and after heating (dashed blue line) at
40 °C for 2 hours. (B) Comparison of the kinetics of conformational change of 25 uM of TDP-
43RRM qt pH 7 and pH 3 at 40 °C, as monitored by the change in mean residue ellipticity at
216 nm. (C) Changes in the fluorescence emission spectra of ThT dye upon binding to the N
form, the A form and the p form. The excitation wavelength in the case of free dye was 340 nm
and in all other cases, it was 440 nm. The inset shows the change in the fluorescence intensity
of ThT measured at 482 nm in the presence of f form (2 uM) as a function of [ThT]. (D)
Comparison of the kinetics of conformational change of 25 uM of TDP-43""M at pH 7 and pH
3 at 40 °C, as monitored by the change in ThT fluorescence at 482 nm. In panels C and D, all
the data has been normalized to unity to the value of ThT signal of the B form at 482 nm. In all
the above panels, the f form is formed after heating 25 uM of the A form at 40 °C for 2 h. In
panels B and D, the solid red lines through the data are fits to a single exponential equation
and the solid blue lines are drawn to guide the eye.
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2.3.9 The A form is an aggregation-primed intermediate and is highly amyloidogenic

Intriguingly, we observed that the A form is amyloidogenic in nature. The far-UV CD
spectrum of the A form is almost identical to the N form (Figure 2.1C) and shows minima at
209 nm and 222 nm, a characteristic signature of a+f protein structure (Figure 2.1A). We
observed that upon heating the A form at 40 °C for two hours, it undergoes a structural change
to an amyloid-like conformation which contains predominantly -sheet rich structure ( form)
as evident from the huge dip in the far-UV CD spectrum at 216 nm (Figure 2.3A). The value
of MRE at 216 nm increase from -5645 + 611 deg cm? dmol™! to -10365 + 815 deg cm? dmol™!
during this structural change. Interestingly, the N form does not transform to the 3 form upon
heating for two hours at 40 °C (Figure 2.3A: inset). There is only a marginal change in the far-
UV CD signal at 210 nm upon heating which might be due to the partial unfolding of the protein
as 40 °C is very close to the beginning of its thermal unfolding transition.'* Figure 2.3B
compares the kinetics of formation of the 3 form from the A form and the N form at 40 °C as
determined by the measurement of the change in MRE at 216 nm. The transformation in the
secondary structure during A=f transition occurred in a single exponential phase with a mean
time constant of 26 min (Figure 2.3B). There is no observable lag phase. In contrast, for the N
form, the MRE at 216 nm remains almost constant as a function of time of heating.

The B form binds to the amyloid staining dye ThT,** but not the A form and the N form
(Figure 2.3C). The A4y of the free ThT dye (in the absence of any protein) is 440 nm which
shifts to 482 nm in the presence of the B form (Figure 2.3C). The shift in 4,,,, was also
accompanied by a dramatic increase in the fluorescence emission intensity. These results
indicate that the B form strongly binds to ThT. In contrast, the A form and the N form do not
show any binding to ThT, indicating the absence of any amyloid-like ordered B—sheet structure.
Combining with the results of the far-UV CD experiments (Figure 2.3A and 2.3B), these
findings strongly indicate that ordered B—sheet structure, akin to what has been observed in
amyloids or soluble precursor protofibrils, is present in the 3 form but not in the A form and
the N form.

We observed that the fluorescence intensity of ThT depends upon the [dye]:[protein] in
the assay solution (Figure 2.3C: inset). The inset in figure 2.3C shows the variation of ThT
emission intensity as a function of [ThT] when the concentration of the  form was kept fixed
at 2 uM. When the dye concentration is 10 uM ([dye]:[protein] is 5:1), the ThT signal is only
50 % of the highest saturating signal indicating that only half of the available binding sites are
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occupied by ThT. The ThT emission intensity did not increase and remained constant when the
[ThT] is larger than 30 uM (Figure 2.3C: inset), indicating that all the available binding sites
are occupied by ThT when the [dye]:[protein] ratio is larger than 15:1. In all the ThT
experiments in this study, the concentration of ThT (40 uM) was in 20-fold excess of the
protein concentration (2 M) in the assay solution.

We monitored the kinetics of formation of the  form from the A form at 40 °C using
the change in ThT fluorescence intensity (Figure 2.3D). ThT fluorescence measures the
elongation of the ordered B—sheet structure during the process of amyloid-like assembly.** We
observed that the increase in ThT fluorescence occurred in a single exponential phase with a
mean time constant of 31 min, without any lag phase (Figure 2.3D). The kinetics and the rate
constants of formation of the § form are similar when monitored by ThT fluorescence and the
far-UV CD (Figure 2.3D and Figure 2.3B). The absence of the initial lag phase during the
formation of the 3 form suggests that the A form is an aggregation-primed intermediate. No
change in ThT fluorescence signal was observed when the N form was heated at 40 °C for two

hours, indicating the absence of formation of the ordered B—sheet containing structure.
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Figure 2.4: Increase in ionic strength or partial destabilization of the A form leads to the
formation of large and highly stable misfolded B form. (A) Panel A and its inset, respectively,
show the far-UV CD spectra of TDP-43%™ qt pH 3 and pH 7 in the absence and the presence
of KCl and GdmCI. (B) Size exclusion chromatography of the N form and the [ form. (Inset:
panel B) Comparison of the M,'* of the N form and the B form. (C) GdmCl-induced
equilibrium unfolding transitions of the N form (blue circles) and the [ form (green circles)
monitored by the change in tryptophan fluorescence at 340 nm. The filled red circle represents
the signal of the A form. The solid lines through the data in panel C are drawn to guide the
eye. The gray and the black triangles, respectively, represent the signal of the U form (at 5 M
GdmCl, pH 7) before and after transferring to a buffer containing 1.1 M GdmCl at pH 7. The
gray and cyan hexagons, respectively, denote the signal of the U form (at 5 M GdmClI, pH 3)
|
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before and after transferring to a buffer containing 1.1 M GdmCl at pH 3. (Insets: panel C)

The N=U and the =U transitions are reversible. The top inset shows fluorescence spectrum
of the protein in the U form (at 5 M GdmCl, pH 7) before (gray dashed line) and after (black
solid line) transferring to a buffer containing 1.1 M GdmCl at pH 7, where the N form is
predominantly populated. The bottom inset shows the fluorescence spectrum of the protein in
the U form (at 5 M GdmCl, pH 3) before (gray dashed line) and after (cyan solid line)
transferring to a buffer containing 1.1 M GdmCl at pH 3, where the f form is predominantly
populated.

2.3.10 The A form is metastable

Apart from the temperature perturbation, the B form is also formed from the A form
upon partial destabilization in the presence of a small amount of denaturant or an increase in
the ionic strength of the solution. Figure 2.4A shows the far-UV CD spectra of the A form in
the presence of two different concentrations of the denaturant, GAmCI (50 mM and 1.5 M
GdmCl), and two different concentrations of the salt, KC1 (50 mM and 150 mM KCI). The N-
like far-UV CD spectrum of the A form changes dramatically in the presence of GdmCI or
KCl, with the disappearance of two minima at 209 nm and 222 nm and appearance of a huge
minima at 216 nm, indicating the formation of the B—sheet rich structure. The far-UV CD
spectra in all the four conditions appear to be very similar to each other and to the heat-induced
B form (Figure 2.3A). The value of MRE at 216 nm, in all the four conditions, is around -
10,000 deg cm? dmol!, which is similar to the value of the heat-induced B form. These results
suggest that the 3 form formed in the presence of GdAmCI or KCl is similar in structure to the
heat-induced P form. In contrast, no changes in the far-UV CD spectrum of the N form were
observed in the presence of 1.5 M GdmCl or 150 mM KCI (Figure 2.4A: inset). The result that
the A form transforms to the 3 form in the presence of a minute amount of salt or destabilizing

agent, suggests that the A form is highly metastable.

2.3.11 The misfolded P form has a large size and higher resistance to chemical
denaturation

We compared the M;P? of the B form to that of the N form using size exclusion
chromatography on a HiLoad 16/600 Superdex 200 pg gel filtration column (Figure 2.4B;
Materials and Methods). The column has a fractionation range of 10 to 600 kDa and a void
volume of 39.8 mL. We observed that the elution volume for the N form is 92.7 mL and for
the B form is 48 mL (Figure 2.4B). Using the data on elution volumes, we determined the
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MSPP (Figure 2.4B: inset) of the N form and the B form. We first constructed a calibration
curve between the known elution volumes and M;,’? of a few standard biomolecules (Figure
S2.5, Materials and Methods). Using the calibration curve (Figure S2.5), we determined the
MPP of the N form to be 18.9 kDa and for the B form to be 485 kDa. The M,,’? of the N form
as determined from size exclusion chromatography is similar to the mass measured using mass
spectrometry (Figure S2.1B). However, the 3 form elutes at the low-resolution regime of the
column (Figure S2.5) and the calculated mass is only a lower limit of its size. Nevertheless,
these results indicate that the § form is a f—sheet containing soluble protein aggregate that is
much larger in size than the N form.

The A form is highly metastable and transforms to the  form upon either heating or
addition of minute amounts of chemical denaturant (Figure 2.3A and Figure 2.4A). The A=
transition occurs at a concentration as low as 2 mM of GdmClI, and the midpoint of the
transition is 3.5 mM (Figure S2.6). The steep dependence at such a low concentration of GdmCI
reflects the weak and transient nature of interactions that govern the self-assembled A form. In
contrast, we observed that the § form is highly stable. Figure 2.4C compares the chemical
stability of the  form and the N form. We observed that the fluorescence intensity of the
tryptophan residues in the N form and the P form changes in a sigmoidal fashion, in an
apparently two-state manner, as a function of [GdmCl]. It is unlikely that being oligomeric in
nature, all the elements of the structure of the § form will unfold in a single step. Similarly, the
N form of TDP-43®RM hag also been proposed to unfold via two intermediate states, in a
previous study.'” Due to the potential multi-step nature of both the N=U and the p=U
transitions, we used the mid-point of the unfolding transition as a proxy for the chemical
stability. The mid-point of the unfolding of the N form is 1.9 M of GdmCI, which is very similar
to that observed previously.'> The mid-point of the unfolding of the B form is 3.3 M, indicating
that it is highly resistant to chemical denaturation. Such a high resistance to unfolding reflects
the strong nature of interactions in the 3 form.

It is important to note that both the N=U and the B=U transitions are reversible in
nature (Figure 2.4C and its insets, Figure S2.7). Upon dilution of the denaturant at pH 7, the U
form fully regains the fluorescence spectrum of the N form (top inset: Figure 2.4C). Similarly,
upon dilution of the denaturant at pH 3, the U form completely regains the fluorescence

spectrum (bottom inset: Figure 2.4C) and the far-UV CD spectrum of the B form (Figure S2.7).
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Above results indicate that the § form is highly thermodynamically stable and that the structure

in the B form is held by much stronger interactions compared to the A form and the N form.

2.3.12 The disordered regions acquire ordered B-sheet structure during A= transition

All the variants of the B form appear to have similar 3-sheet content as evident from
their similar far-UV CD spectrum (Figure 2.3A and Figure 2.4A). We observed that the values
of MRE at 216 nm in the B forms are very high compared to the A form and the N form. This
result is highly surprising. The value of MRE at 216 nm for the B-sheet is usually lower than
the a-helix and least for the random coil or the disordered segment.*® Accordingly, if only the
a-helical segments of the A form transform to B—sheet during A=f transition, the 3 form
would have a lesser value of MRE at 216 nm. However, this is not observed to be the case. It
is important to note that a substantial part of the three-dimensional structure of TDP-43RRM
(Figure 2.1A) is disordered.'® The partially disordered nature of the structure of TDP-43RRM
in both the N form and the A form is also evident in the smaller values of the MRE in their
near-UV and far-UV CD spectra (Figure 2.1C and Figure 2.1D) compared to the other
structured a+p proteins.’” 4° TDP-43®®M hag a polyampholyte-like primary sequence that is
rich in both positively and negatively charged amino acid residues. It contains 26 basic residues
(14 lysine, 9 arginine, 3 histidine) and 25 acidic residues (14 aspartic acid and 13 glutamic acid
residues) that accounts for around one-third of the total number of amino acids in its sequence.
Such polyampholyte-like sequences have been theoretically predicted*! and experimentally
observed*? to behave like intrinsically disordered regions (IDRs). If the disordered regions of
TDP-43®®M convert to B-sheet during A=p transition, as during the aggregation of
intrinsically disordered proteins like a—synuclein and amyloid-B,** ** that will dramatically
increase the value of MRE at 216 nm. Hence, our results indicate that the IDRs of TDP-43RRM

have converted to f—sheet in the § forms, in addition to the a-helical segments, if any.

2.3.13 The B form resembles amyloid-like protofibril

The B form of TDP-43"RMstrongly binds to ThT, a dye that is known to bind amyloid-
fibril like structures (Figure 2.3C and Figure 2.3D). It is important to note that the ability of the
oligomers of different variants and fragments of TDP-43 to bind ThT and their resemblance to

amyloids is highly debated.!”- 22545 Aggregates formed by some short peptide fragments of
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TDP-43 have been shown to bind ThT and resemble amyloids, but many other TDP-43
aggregates do not appear to bind to ThT.!!: 24446 In g few cases, for example for the full-
length TDP-43, the aggregates that do not bind ThT, do not appear to contain f—sheet rich
structure as evident from the far-UV CD spectrum.*’ In contrast, in a recent study*®, some
fragments of TDP-43""M have been shown to form cross-p structure similar to amyloids. We
observed that the B forms of TDP-43"®Mstrongly bind to ThT (Figure 2.3C). The ability of the
B forms to bind ThT is strongly dependent on [dye]:[protein] and at least 15 fold excess
concentration of the dye is required for complete binding (Figure 2.3C: inset). The [ forms
have very high B—sheet content (Figure 2.3A and Figure 2.4A). They are oligomeric and much
larger in size than the N form (Figure 2.4B) but are soluble. Soluble oligomers with f—sheet
rich structure often referred to as protofibrils, are observed frequently as the precursor to
amyloid fibrils during their assembly.*** It is possible that the p-forms observed in this study
are similar to amyloid protofibrils. This is an important result because recent studies have
shown that soluble oligomers or protofibrils, rather than insoluble fibrils, may be the toxic
species in protein aggregation related neurodegenerative diseases.’" 3> We observed that the
kinetics of A= transition studied by far-UV CD and ThT fluorescence (Figure 2.3B and
Figure 2.3D) yielded similar rate constants, indicating that the change in the secondary
structure (conformational conversion) and elongation of the protofibrillar structure occur
simultaneously. However, it is likely that the A=} inter-conversion occur in more than one
step. A detailed investigation of the step-wise mechanism of the process is currently underway

in our laboratory.
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Figure 2.5: Effect of DNA binding on the formation of the A form and the p form. (A) Far-UV
CD spectra of TDP-43"™™ pound to single-stranded (TG)s DNA at pH 7, pH 3 and pH 3 + 150
mM KCI. For comparison, far-UV CD spectra of the A form and the salt-induced S form (150
mM KCl) at pH 3 formed in the absence of DNA are shown. (B) Comparison of the extent of
ANS binding of the protein-DNA complex at pH 7, pH 3 with the ANS binding of the A form
formed in the absence of DNA.

2.3.14 The A form and the B-form are not formed for the DNA-bound TDP-43RRM

We examined the effect of DNA-binding on the formation of the A form and the B form
(Figure 2.5). The protein-DNA complex at pH 7 shows a similar far-UV CD spectrum as the
unbound protein (Figure 2.5A and Figure 2.1C). This result indicates that the global secondary
structure of the N form remains similar upon DNA binding. The far-UV CD spectrum of the
protein-DNA complex at pH 3, however, showed a smaller MRE signal compared to that of
the A form (formed in the absence of the DNA), indicating a partially disrupted secondary
structure similar to an MG. Interestingly, the far-UV CD spectrum of the protein-DNA complex
at pH 3 does not change upon addition of as high as 150 mM KCI. These results imply that the
protein-DNA complex does not undergo a disorder-to-order transition as observed for

A= conversion for the free protein (Figure 2.5). Hence, the protein-DNA complex is not

metastable at pH 3 and the 3 form is not formed. We observed that the protein-DNA complex
at pH 7 does not bind ANS (Figure 2.5B), similar to the free protein (Figure S2.3A, Figure
2.2C). In contrast, the ANS binding capacity of the protein-DNA complex at pH 3 is
substantially decreased compared to the A form (Figure 2.5B). The reduced ANS binding of
the protein-DNA complex at pH 3 shows that the A form is not completely formed but the
protein molecules retain the MG character. Combined together, these results indicate that the
A form and the B form are not formed for the DNA-bound TDP-43®RRM,

Above results suggest that the DNA-binding regions of TDP-43'%%M are involved in the
self-assembly of the A form and that the formation of the A form is an important step towards
the formation of the amyloid-like B form. It is possible that RRM1 domain plays a major role
in the formation of the A form because nucleic acids bind strongly to RRM1 domain compared
to the RRM2 domain.'® '8 RRM1 domain is also less stable than RRM2 domain to chemical

and thermal denaturation'> '8

, that might make it more prone to participate in the
oligomerization process. The high efficiency of FRET between tryptophan residues located in
the disordered regions of the RRM1 domain and ANS also suggests that the RRM1 domain is

involved in the formation of the self-assembled A form.
|
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Figure 2.6: Model energy diagram for the coupling of the folding and misfolding energy
landscape of TDP-43"”M The schematic also shows how the changes in environmental
conditions like pH, co-solutes and temperature modulate the energy landscape. Under native-
like conditions at pH 7, the yellow patterned portion of the landscape is operational where the
monomeric N form is the most stable state. It remains in a pH-dependent thermodynamic
equilibrium with a high-energy nanosized 40-meric A form. The protein molecules in the A
form retain the secondary structure of the N form but have loose side-chain packing (brown
bars). The N&A transition is coupled to the protonation of at least one buried ionizable side-
chain residue (green bar) of the protein. The overall structure of the A form is like a micelle
with a loosely packed central hydrophobic core in which the intrinsically disordered and
aggregation-prone regions of the protein are in close proximity. The loosely packed structure
of the A form is held by weak and transient interactions. At pH 3, the protonated A form is
highly stabilized, the N form is destabilized, and the N=A equilibrium shifts to predominantly
populate the A form. Hence, the green portion of the energy landscape becomes operational at
pH 3. The metastable A form readily undergoes an amyloid-like conformational conversion
and amyloidogenic assembly to a [-sheet rich [ form upon partial destabilization (either by
addition of GdmCl or heating) or an increase in the ionic strength of the medium. The IDRs of
the protein acquire ordered [-sheet structure during A=p transition. The structure in the
P form is amyloid-like and appears to be held by strong interactions. The A form thus couples
the folding and aggregation energy landscape of TDP-43%RM,

2.3.15 The metastable A form couples the folding and the misfolding energy landscapes
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One of the most important results of this study is that the A form is the common link
between the energy landscape of folding, misfolding and aggregation of TDP-43"**M (Figure
2.6). The A form is formed by the self-assembly of the monomeric protein without misfolding
into an oligomeric structure consisting of around 40 molecules of TDP-43""®M The protein
molecules in the A form have N-like secondary structure but a disrupted tertiary structure
(Figure 2.1 and Figure 2.2). The A form readily misfolds and aggregates into the f—sheet rich
B form (Figure 2.3 and Figure 2.4) and the formation of the A form is crucial for the formation
of the 3 form (Figure 2.5). Hence, the A form couples the folding and the aggregation energy
landscapes of TDP-43®RRM,

2.3.16 The N=A transition has some similarities to monomer = droplet transition of
proteins

It has been recently reported that proteins containing low complexity IDRs, including
the C-terminal and the N-terminal domain of TDP-43,!%23 begin to misfold by condensation of
protein molecules into nanometer to micrometer-sized protein droplets, akin to the vapour to

liquid phase transition of matter.!% !7-33-3 The 40-meric A form is only 8.5 nm in size, soluble
and not a protein droplet. However, the N=A transition appears to have some similarities to

monomer = droplet transition. For example, like the monomer = droplet transition,” a
thermodynamic equilibrium exists between the monomeric N form and the self-assembled A
form that is highly reversible and dynamic (Figure 2.2 and Figure S2.4). The A form is
metastable and primed to undergo misfolding and aggregation reaction to the amyloid-like 3
form on small environmental perturbation (Figure 2.3 and Figure 2.4), akin to the liquid to
solid phase transition of protein droplets.’ 3”38 The mechanisms and the reasons behind the
formation of protein droplets are poorly understood, but one important determinant is the
multivalency of the protein molecules, in terms of the presence of the positive, negative and
the hydrophobic centers, like Janus particles,> for self-assembly.>® *° The protein molecules in
the A form are protonated and have molten globular structure that can provide multiple charged
and hydrophobic centers required for assembly. This is in line with the recent proposal that
globules (like proteins in theta solvent) can self-assemble to form large structures easily
compared to the fully structured native proteins.’> %" % The self-assembled A form binds to a
single molecule of ANS near the tryptophan residues (Figure 2.2C and its inset) and has a
centrally located loosely packed hydrophobic core similar to a micelle. As tryptophan residues
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are located in the IDRs of the RRM1 (Figure 2.1A), the loosely packed hydrophobic core of
the A form must involve IDRs of the RRM1, in addition to the possible involvement of the
IDRs of RRM2, if any. The IDRs of the A form undergo disorder to order transition during the
A= conversion in the presence of cosolutes like KCI and GdmCIl (Figure 2.4), similar to the
liquid to solid transition of the droplets of other proteins.’” 3% ¢! It appears that the high local
concentration of the protein molecules in the A form brings the aggregation-prone and IDRs
of TDP-43"R®M jp close proximity (Figure 2.6) and makes it prime to undergo misfolding and

aggregation reaction on small environmental perturbations.

2.3.17 pH modulates the N=A transition

The partitioning of TDP-43®*M into the monomeric N form versus oligomeric A form
is highly dependent on the pH of the environment (Figure 2.1 and Figure 2.2). The population
of the A form increases as the pH decreases from 7 to 3 (Figure 2.1 and Figure 2.2). The
midpoint of the N=A transition is at pH 5.6 (Figure 2.1B). The formation of the A form is
coupled to the protonation of at least one buried charged residue (Figure 2.1B). Among the
amino acid residues that could titrate near pH 5.6, one histidine (H166) and three aspartic acids
(D105, D138, D247) are almost fully buried inside the protein structure. It is possible that one
of these residues might have a slightly modified pKa due to the burial and its protonation is
coupled to N=A transition. It is important to note that many diseased related mutations of
TDP-43,%! like in the case of many variants of prions,®? perturb the electrostatic interactions of

the protein.

2.3.18 Crossing of the major unfolding barrier is not required for misfolding

Although the structure of the A form resembles an MG, we do not observe the
population of a monomeric MG during N=A transition. Nevertheless, the MG-like structure
of the protein molecules in the highly amyloidogenic A form suggests that the misfolding and
aggregation of TDP-43®RM coyld begin from the partially unfolded states having N-like
secondary structure and that the complete crossover of the unfolding barrier is not required for
misfolding, as has been proposed for a few proteins, including acylphosphatase, human 32

microglobulin, and human transthyretin.®

2.3.19 Modulation of the folding and the misfolding energy landscapes by stress-like

conditions
|
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The results of the current study only report on the RRM domains of TDP-43 and do not
reveal the structural changes that occur in the N-terminal and the C-terminal domains of the
protein. Previous studies have shown that both the N-terminal and the disordered C-terminal
domains play an important role during the aggregation of TDP-43 and assemble through liquid-
liquid phase separation driven droplet formation.!” 7 A majority of the disease-associated
mutations have also been observed in the C-terminal domain of the protein.?! It is important to
note, however, that the genetic mutations contribute only in ~5% of the ALS cases (including
familial as well as sporadic) and in the rest ~95 % of the cases the disease is caused by
environmental stress.® !” An attractive alternative model of the pathological aggregation of
TDP-43 is that environmental stress induces the reversible association of native TDP-43 into
granules primarily via its TDP-43®R®M region.?® Upon chronic exposure to stress, the stress-
granules associated TDP-43 undergo irreversible aggregation into diseased prone assemblies.>®
64.65 Tt is important to note that some stress-like conditions like starvation and energy depletion
decrease the pH of the cellular environment.?’° It has been reported recently that acidification
of cellular environment by stress leads to the perturbation of electrostatic interactions and
formation of disease-prone large assemblies of proteins like yeast prion Sup353! and poly(A)-
binding protein.*® In the case of stress-granule associated poly(A)-binding protein higher-order
metastable assemblies form via its RRM domain.*® It has also been suggested that at the
molecular level, proteins might sense stress using the protonation-deprotonation of the protein
side-chains.? 3! In the current study, we observed that the monomeric N form of TDP-43RRM
exists in a pH-dependent reversible thermodynamic equilibrium with a metastable molten
globule-like oligomeric A form. The A form is fully populated only below pH 4.5 (Figure
2.1B), in response to the low pH stress-like conditions and transforms to the § form on further
stress elevation. Our results shed light on how stress-like conditions might modulate the energy
landscape of TDP-43R®M ingide the cell. Our data suggests (see the model in Figure 2.6) that
under physiological conditions at neutral pH, the fully folded form of the protein is populated
predominantly. Upon environmental stress that perturbs the electrostatic interactions of the
protein, the protein self-assembles into the aggregation-primed intermediate A form. Upon
prolonged heat or salt stress or in the presence of destabilizing conditions, the equilibrium shifts
to populate the disease-relevant  form. Hence, the results of this study reveal a physico-
chemical and thermodynamic mechanism of coupling and modulation of the folding and the

aggregation energy landscapes of TDP-43®RRM,
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Figure S2.1: Recombinantly purified TDP-43M js pure and monomeric. Panel A shows TDP-
43RM protein as a single band near 20.1 kDa marker (M) in 20% SDS-PAGE. Panel B shows
the electrospray ionization mass spectrum of TDP-43%%M_The average molecular mass of the
protein is 19,429 Da corresponding to the mass of the Hiss tag cleaved TDP-43RfM, Panel C
shows the size exclusion chromatography of the N form on a HiLoad™ 16/600 Superdex 75 pg
gel filtration column. The protein elutes at around 72 mL, the mass corresponding to

approximately 19 kDa.
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Figure S2.2: A form has a lower quantum yield, an N-like solvation and a different molecular
arrangement of aromatic amino acids compared to the N form. Panel A shows the fluorescence
emission spectra of tryptophan residues at different pH: 7.5 (blue), 7.3 (cyan), 6.9 (peach), 6.5
(grey), 5.5 (orange), 4.5 (vellow), 4.1 (green), 3.5 (red). Panel B shows the fluorescence
emission spectra of the N form (blue), the A form (red) and the U form (green) at pH 7. The
fluorescence values at the wavelength of the maximum emission have been normalized to 1 for
comparison. Panel C shows the far-UV CD spectra of the unfolded forms at pH 7 (blue) and
pH 3 (red). In panel D, the blue line shows the difference in the absorbance spectrum of the N
form and the A form. The yellow line shows the difference in the absorbance spectrum of the

unfolded forms at pH 7 and pH 3.

I
Meenakshi Pillai 63



PhD Thesis Chagter 2

1.0
i A
o
c
]
Q 4
]
Q
1
(@]
=
= 0.5
©
5]
1
® ]
£
[ -
o)
=

0.0

T T T I
400 480 560

Wavelength / nm

Figure S2.3. The A form has a loosely packed hydrophobic core and the ANS binding site is
located close to the tryptophan residues. Panel A shows the fluorescence emission spectra of
ANS upon excitation at 380 nm when bound to the A form (red) as compared to the N form
(blue). Panel B shows FRET between the tryptophan residues of TDP-43M gnd ANS bound
to the A form upon excitation at 295 nm. The green line indicates the fluorescence spectrum of
the A form in the absence of ANS. The grey, yellow and red lines show the fluorescence spectra
of the A form (2 uM) in the presence of 10 uM, 20 uM and 80 uM ANS, respectively.
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Figure S2.4. The N=A transition is fast and reversible. The dashed lines represent the
reference fluorescence signal for the N form (blue) and the A form (red). The solid lines
represent the kinetic signal upon transferring the A form to pH 7 (blue) and the N form to pH
3 (red). The circles are equilibrium fluorescence signals of the N form (blue) and the A form
(red) taken after 1 h of incubation.
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Figure S2.5. Calibration curve for the determination of the apparent molecular weight (M,;}'¥

of the N form and the p form from the size exclusion chromatography. Log of molecular weight
of four standard biomolecules is plotted against their respective partition coefficient (Kav). The
Kav for all the standard biomolecules is calculated from their respective elution volumes noted

from the manufacturer provided manual for HiLoad™ 16/600 Superdex 200 pg column using
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equation S2. The dashed line is a linear fit to the data and used to calculate the (M,}'?) of the
N form and the p form in figure 2.4B.
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Figure S2.6. The A =p transition occurs at a very low concentration of chemical denaturant.

The transition is shown between 0 to 15 mM of [GdmCl], as monitored by far-UV CD upon

incubation for 5 days.
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Figure S2.7. The p=U transition is reversible as monitored by far-UV CD. The fluorescence

spectrum of the protein in the U form (5 M GdmCl, pH 3) before (black dashed line) and after
(green solid line) transferring to a buffer containing 1.1 M GdmCl at pH 3, where the [ form

is predominantly populated. The green dashed line represents the fluorescence signal of the

control f form at 1.1 M GdmCl at pH 3.
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Chapter 3

Early metastable assembly during the stress-induced formation of worm-

like amyloid fibrils of nucleic acid binding domains of TDP-43

Reprinted with permission from Pillai, M., and Jha, S.K. (2020). Early metastable assembly during the
stress-induced formation of worm-like amyloid fibrils of nucleic acid binding domains of TDP-43.
Biochemistry, 59, 3, 315-328.
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3.1 Introduction

Amyotrophic lateral sclerosis (ALS) is a lethal disease that leads to progressive
impairment of motor neurons resulting in weakening of muscles, paralysis and eventually death
of the patient.” A defining feature of ALS, in almost all the patients examined till date, is the
presence of abnormal aggregates of the TDP-43 (transactive response element DNA binding
protein of 43 kDa) protein in the cytosol of motor neurons in the central motor cortex and glial
cells.” The intra-neuronal deposits of TDP-43 are also observed in multiple other TDP-43
proteinopathies.” 7 TDP-43 is a highly conserved nucleic acid binding protein that has an
important role in many vital cellular processes like synthesis of RNA and proteins and
processing of mRNA.% It is known that sporadic factors, like chronic environmental stress,”
are responsible for its aggregation in the majority (90-95%) of diseased conditions but the
underlying molecular mechanism of the self-assembly process is poorly understood. It has been
postulated that under stress-like conditions TDP-43 participates in the formation of large
protein assemblies, such as stress-granules.” /° These assemblies are highly dynamic and
metastable and form irreversible aggregates upon chronic stress.” /> /2 However, very little is
known about the nature of initial conformational changes that begin the stress-induced self-
assembly and misfolding of TDP-43.

The formation of stress granules, which are large assemblies consisting majorly of
proteins and translationally stalled mRNA, has been reported in a variety of mortal
environmental stress conditions, such as nutrient starvation,’? osmotic,’? thermal,’”’ and
oxidative stress’? as a mean of stress adaptation. However, the mechanism by which cells detect
stress at the molecular level is not well understood. In one of the models, it has been
hypothesized that some proteins in the cell could function as biosensors and sense stress by
site-specific protein modifications.’* /7 /8 For example, when the cells are exposed to oxidative
insults, the cysteine and the methionine residues of proteins get oxidized.”” A change in
cytosolic pH due to starvation stress is detected by protonation-deprotonation of charged
residues.’> 15 17. 18,20 Thermal stress is detected by the partial unfolding of proteins.’3 /5 /8
These site-specific molecular changes trigger the self-assembly of proteins into reversible
oligomeric structures with largely native-like (N-like) secondary structure.’s /- /8 Tt has been
postulated that coupling of assembly-disassembly of these oligomers with sensitization-
desensitization of environmental stress could be a rapid and energy-efficient method of
regulating stress.’> The initial oligomeric assemblies grow further in size’’ and eventually

demix and phase separate into a variety of structures with distinct morphologies and material
|
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properties (liquids, gels, filaments, colloids, dynamic fibers, etc.), depending upon the stress.’>
1718 Upon persistent stress, these assemblies irreversibly change their structure to form
abnormal solid aggregates,’”” /2 implicated in various neurodegenerative diseases like prion
disease,”” ALS,’> # and FTLD.?” In order to understand the early stages of these
neurodegenerative diseases including ALS, it is critical to understand the nature of initial
conformational changes that allow stress-sensing and formation of N-like oligomers. It is also
essential to understand how the characteristics of the initial assemblies formed under various
stress conditions differ and how they might lead to polymorphism of the diseased condition.
Structurally, TDP-43 protein has four distinct domains (Figure 1). The N-terminal
domain is involved in dimerization,’ has a ubiquitin like fold,?’ and has been recently reported
to be undergoing aggregation without getting misfolded.?® The C-terminal domain is mostly
involved in protein-protein interactions?” and carries a large number of mutations, that are
implicated in the diseased condition.”® However, mutations are responsible for only 5-10% of
the diseased cases’ and thus are marginal contributors towards the diseased state. It is possible
that a large number of mutations occur in the C-terminus because it is intrinsically disordered
and hence mutations could be better tolerated than in the highly conserved N-terminus or the
nucleic acid binding domains. It is important to note that vastly diverse C-terminus sequence
are present across the different species in otherwise highly conserved TDP-43 protein.?® 2 This
also points towards the possibility that mutations may simply be disease modifiers but not the
major causal factor as the same mutation has been shown to have different
pharmacological/pathological effects in different patients.?® TDP-43 also contains two RNA
recognition motif domains (RRM1 and RRM2) in tandem that are linked by a 15-residue
natural linker (called together TDP-43RRM ‘hereafter). TDP-43™®M region is highly conserved
and functionally important and binds to nucleic acids in a sequence-specific manner to perform
a gamut of nucleic acid binding functions in the cell.> 3% 3/ TDP-43®®M forms abnormal

aggregates in various stress-like conditions,’>3#

which is modulated by the presence of nucleic
acids.’*3% TDP-43 co-deposits in the stress-granules with other RNA binding proteins (eg-
PABP, TIA, eIF3)*” 38 possibly via its TDP-43®®M region.?> 3% In this work we show that under

low pH conditions mimicking starvation stress TDP-43®RM

undergoes a partial unfolding
reaction that is linked to the protonation of buried ionizable residues and grows into an
oligomeric assembly (called hereafter the ‘low pH form’ or the ‘L form”) in which the protein
molecules have a unfolded-like (U-like) tertiary structure and solvation environment but an N-
like secondary structure. The L form is extremely metastable and swiftly misfolds into a -

I
Meenakshi Pillai 70



PhD Thesis Chagter 3

sheet rich amyloid-like aggregated state (the f form) upon a minute change in the ionic
strength. The flexible loops of TDP-43™”M gains order during L to B transition. Our results
presented here give a fresh perspective to the initial intermediates formed during the

aggregation of TDP-43RRM,

TDP-43RM
97 += === = === - 261

Figure 3.1: Diagrammatic representation of TDP-43 domains. There are four distinct domains
comprising the human TDP-43. The N-terminal domain, two RNA Recognition Motifs (RRM1
and RRM?2) referred together as TDP-43RfM gnd the C-terminal domain. The letters L and E
represent the nuclear localization signal sequence and nuclear export signal sequence,
respectively. The bottom part of the figure shows the solution structure of TDP-43%fM (97_261
amino acid residues) taken from Protein Data Bank entry 4BS2. The tryptophan residues,
W113 and W172, situated in the RRM1 domain are represented by blue spheres.

3.2 Materials and Methods
Protein expression and purification

The expression and the purification protocol of the TDP-43®RRM (UniProtKB/Swiss-
Prot entry Q13148) have been described previously.?# The pure protein was stored in a buffer
containing 10 mM potassium phosphate, 150 mM KCl, 1 mM DTT at pH 7.2. SDS PAGE
revealed that the protein was highly pure. The molecular weight of the Hiss tag cleaved TDP-

43®RRM protein as determined by electrospray ionization-mass spectrometry was 19,429 Da.

Buffer, solutions and experimental conditions
All the reagents are of highest purity grade procured from Sisco Research Laboratories
(SRL) and Sigma. The buffers used at different pH have been reported previously.’* Molar
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extinction coefficient of 15,470 M! cm™ at 280 nm was used to determine the protein
concentration.

The N form and the L form were prepared by jumping required concentration of protein
from a concentrated stock solution of around 600-800 uM protein which is in the storage buffer.
The buffer used for the N form contained 20 mM MOPS, 1 mM DTT at pH 7.5. The buffer
used for the L form contained 20 mM glycine, | mM DTT at pH 2.5. The unfolding buffer
contained 20 mM MOPS, 6 M guanidinium chloride (GdmCI) and 1 mM DTT at pH 7.5. The
concentration of GdmCl was measured as described earlier.’* #’ Before the usage, all the
buffers were filtered with 0.2 uM filter. The final concentration of residual KCI in all the

experiments was around 3 mM — 5 mM unless otherwise mentioned.

pH-induced equilibrium structural transition monitored by fluorescence

For the pH-induced fluorescence measurements, the protein samples (8 pM) were
equilibrated at different pH at the room temperature before acquiring fluorescence spectrum on
FluoroMax-4® spectrofluorometer (HORIBA Scientific). The excitation wavelength was set
to 295 nm and the emission was collected from 310- 400 nm. The excitation slit width was 1
nm while the emission slit width was 8 nm. Each fluorescence spectrum was averaged over
three scans. The fluorescence spectrum collected after 5 h and 24 h of incubation remained
identical.

The data on the pH dependence of the change in fluorescence of the protein is fitted to
a model in which the structural change from pH 7 to pH 2.5 occurs in two steps (N=A=L)
corresponding to the protonation of at least two ionizable groups, given by a modified
Henderson-Hasselbalch equation:

_ Yy + Y, 10PHmamPH Ty 4y, 10PHPHme
Yoos = =1 0ptimiH 14 10PH-PHmz 1)

where Yobs denotes the observed fluorescence signal for a particular pH value, YN, Ya and YL
are the signals of the N form, the A form (acidic form) and the L form (low pH form),
respectively; pHmi and pHm2, respectively, are the midpoints of the N to A and A to L

transitions.

Dynamic Light Scattering (DLS)
A DynaPro 99 unit (Wyatt) was used for the DLS measurements as reported

previously.’# In brief, all the buffers used for the experiment were filtered three times with a
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0.2 pum filter to remove dust particles. The centrifuge tubes and the tips were rinsed with 0.2
um filtered MilliQ water just before use. The scattering intensity at 90° and the autocorrelation
function were acquired at the same time by illuminating the samples with a laser of wavelength
829.4 nm. The experimental setting used were as reported previously.’ DynalS software
(Wyatt) was used to obtain the mean autocorrelation function by taking an average of 50
acquisitions and resolving into Gaussian distributions of hydrodynamic radii (Ru). The mean
of all the acquisitions from the cumulant analysis was used to calculate the total light scattering

intensity.

Steady-state fluorescence anisotropy measurements

Protein samples (10 uM) were equilibrated in buffers of different pH ranging from pH
7 to pH 2 and steady-state fluorescence anisotropy was measured as reported previously.’# The
tryptophan residues were excited at 280 nm and the emission was collected for 300 s at 340
nm, using an anti-photobleaching setting. The excitation and the emission slit widths were set
to 2 nm and 10 nm, respectively. The integration time was set to 1 s. Steady-state fluorescence

anisotropy () is related to the emission intensity I as follows:

Iyy — IyyG
T 1;;+ ZII:,I;G @)
where the subscript V' (vertical) refers to the position of polarizers in the excitation beam and
the subscript H (horizontal) to the emission beam. G refers to the instrumental correction factor
and is equal to the ratio of /uy to Iun. The measured values of anisotropy remained identical

after 5 h and 24 h of incubation.

Circular Dichroism

A Jasco J-815 spectropolarimeter was used for the circular dichroism (CD)
measurements and experiments were performed using the same parameters as reported
previously.** For far-UV CD and near-UV CD measurements, the spectra were collected in the
wavelength range of 200-250 nm and 250-300 nm using a quartz cuvette of path length 0.1 cm
and 1 cm, respectively. The near-UV CD measurements were carried out at 60 pM (1.1 mg/mL)
protein concentration while 25 pM protein (0.48 mg/mL) was used for far-UV CD

measurements.

8-Anilino-1-naphthalenesulfonic acid (ANS) fluorescence assay
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For the ANS assay, the N form (2 uM) and the L form (2 pM) was incubated for 15
min in dark with different ANS concentration varying from 0 to 100 pM. The ANS binding
was determined by excitation of the dye at 380 nm and acquiring the emission spectrum from
400-600 nm. For FRET measurements, the tryptophan residues were excited at 295 nm and the
emission was monitored from 320-580 nm. The excitation slit was set to 1 nm and the emission
slit was set to 5 nm. The binding affinity of the ANS dye to the L form is determined by fitting
the data in figure 4D and its inset to equation 3:

AF (ANS)
[ANS]

= nAF a0y TANST+ K. 3)
where AF(ANS) is the fluorescence signal change in the presence of varying concentration of
ANS and AF .« is the maximum fluorescence when all of the ANS is bound to the L form. In
the equation, Kp is the dissociation constant and # is the number of binding sites.
The kinetics of formation of the L form was monitored using ANS binding on a Perkin
Elmer fluorescence spectrometer LS 55. After transferring the protein at pH 2.5, at different
times of the formation of the L form, the binding of the ANS to the protein was measured. The
excitation wavelength was set to 295 nm and the emission was measured from 310 to 570 nm.

The excitation slit width was 7 nm and the emission slit width was 6.5 nm, respectively.

Salt induced formation of the p form

For the salt-dependent assay, the protein (10 uM) was incubated with varying salt
concentration ranging from 2.5 mM to 200 mM, for 24 h. Following the incubation, far-UV
CD spectrum of all the samples were collected. All the samples were also analyzed by
Thioflavin T (ThT) fluorescence assay as described below.

For the measurement of the kinetics of formation of the B form, 10 uM of the protein
was jumped into pH 2.5 buffer containing 150 mM KCl at 25°C. The kinetics of conformational
change was monitored by measuring the ellipticity change at 216 nm by CD. The bandwidth
was set to 2 nm and the data integration time to 4 s for all the kinetic experiments. The
elongation kinetics was measured by monitoring the ThT fluorescence change as mentioned

below.

ThT fluorescence assay
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For performing ThT assay, protein sample (1 uM) was added to ThT buffer (50 mM
Tris, pH 8 and 20 uM ThT) and the ThT fluorescence was acquired within one minute. ThT
dye was excited at 440 nm and the emission was collected from 455- 535 nm. The excitation

and the emission slit width was set to 1 nm and 10 nm, respectively. The emission spectra of
the buffer having the dye was measured under similar setting. For the L= [ transition kinetics,
the emission was collected at 482 nm for 20 s. All the data has been subtracted for the

background fluorescence contributed by the free dye.

Size Exclusion Chromatography

Size exclusion chromatography (SEC) was performed for the N form and the B form
using a HiLoad™ 16/600 Superdex 200 pg column on an AKTA Pure M FPLC system (GE
Healthcare). The fractionation range of this column is 10 to 600 kDa and it has a void volume
of 39.8 mL. The column was first equilibrated with buffer of respective pH before loading 25
uM of the protein sample on to the column. The flow rate was set to 0.8 mL/min. The buffers
contained 150 mM KCl to avoid protein sticking to the column. The apparent molecular weight
of the N form and the § form were determined from the known molecular weights of standard

biomolecules as described previously.?#

Transmission electron microscopy (TEM)

The L form and the § form (10 uL of 25 uM) was placed on 300-mesh Formvar carbon-
coated copper grid (Electron Microscopy Science) for 5 minutes. After removing off the excess
solution, 2% uranyl acetate solution was used to negatively stain the grid for 1.5 minutes. The
grid was then washed with filtered MilliQ for a min and allowed to air dry. The samples were
examined with transmission electron microscopy (Technai-T20) at an accelerating voltage of

200 kV.

GdmCl-induced equilibrium unfolding transitions

The protein samples (4 uM) were first equilibrated at room temperature for 3 h with
different concentration of GdmCl. The fluorescence spectrum of tryptophan residues were
measured as described previously,’# with the excitation slit set to 1.2 nm and the emission slit
set to 10 nm. The fluorescence spectrum of the buffer was collected under identical settings.

Buffer subtracted data is plotted at 340 nm as a function of GdmCI concentration.
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3.3 Results

3.3.1 pH- dependent biphasic structural change monitored by fluorescence

Figure 2A displays the variation in the fluorescence spectrum of the protein (Figure
3.1) as a function of pH. The fluorescence intensity of the protein decreases in two discrete
sigmoidal steps upon reducing the pH from 7.5 to 2 (Figure 3.2B). This result implies that the
local tertiary structure around the tryptophan side-chains disrupts in two steps and the protein
undergoes two structural transitions upon decrease in pH, linked to the protonation of at least
two buried ionizable groups (Materials and Methods). The first transition has a midpoint
around pH 5.6 and plateaus between pH 4.5 and pH 3. The product of the first transition is
referred to as the ‘acidic form’ or the ‘A form’ of the protein (Figure 3.2B). The midpoint of
the second transition is assessed to be at pH 2.75 and it plateaus around pH 2.5. The product of
the second transition is referred to as the ‘low pH form’ or the ‘L form’ of the protein (Figure
3.2B). The structural properties of the A form have been described previously.** In this study,
we dissect the structural characteristics of the L form and report its amyloidogenic nature and

metastable behavior.

3.3.2 U-like solvation of the tryptophan in the L form

In addition to the change in the fluorescence intensity, the wavelength of the maximum
fluorescence emission (A$7,.) of the tryptophan residues also changes in two steps during the
N to L transition (Figure 3.2B, inset). The change in the fluorescence Stokes shift reports on
the extent of the polar environment around the fluorophore. We observed that the A5, in the
N form is 348 nm that shifts slightly to the blue to 346 nm in the A form,’* indicating that the
solvation environment of the tryptophan residues in the A form is either similar or slightly
hydrophobic in comparison with the N form. Upon further reducing the pH, the A5%, changes
to 351 nm in the L form reflecting a highly solvated polar environment around the tryptophan
residues in the L form. In contrast, the GAmCI induced U form has A5%, of 356 nm across the
different pH. These results indicate that the L form is not completely unfolded but the local

tryptophan environment remains U-like.
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Figure 3.2: pH-induced monomer to oligomer transition of TDP-43®fM  A) Relative
fluorescence spectrum plotted at pH 7 (blue), pH 4.1 (vellow) and pH 2.5 (red). B) The
fluorescence intensity of TDP-43"®M (black circles) at different pH is plotted at 340 nm. The
black line through the data is a non-linear least square fit to equation 1. The relative
fluorescence of the N, A and L forms are indicated. The inset of panel B displays the A5, of
the tryptophan residues at different pH in the presence (yellow triangles) and absence (red
inverted triangle) of 6 M GdmCI. The red and yellow lines across the data are drawn for visual
guidance. C) Ru distributions of the N form (blue), the A form (vellow) and the L form (red) as
monitored by DLS. D) The value of fluorescence anisotropy (tryptophan residues) at 340 nm
is plotted at different pH (black circles). The black line across the data is shown for visual
guidance.

3.3.3 The N=L transition is a monomer = oligomer transition

The disrupted packing and the U-like solvation environment around the tryptophan
residues suggested a partially folded structure for the L form. However, the hydrodynamic
measurements using DLS revealed that the L form is an oligomer in addition to being partially

folded. The N form is monomeric in nature,* and has a Ru of around 2.3 nm (Figure 3.2C).
L
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The Ru of the L form was observed to be around 12 nm. Intriguingly, the N to L transition is
accompanied with an increase in the width of the distribution that suggests an increased
heterogeneity of the population during the transition. The L form with a mean Ry of 12 nm is
a higher sized species as compared to the A form whose Ru is 8.5 nm.? These results indicate
that the transition from the N form to the L form occurs along with an increased self-association
of partially folded molecules resulting in the formation of an intermediate with a higher

hydrodynamic radius.

3.3.4 Change in the local dynamics of tryptophan side-chains during N = L transition
Interestingly, the local dynamics of the tryptophan residues changes in a two-step
manner during the monomer = oligomer transition. We observed that the mean value of the

steady-state fluorescence anisotropy increases from 0.0767 to 0.0952 as we moved from the N

form to the A form, indicating an increase in the rigidity of the tryptophan residues in the A
form.’* However, the A = L transition shows a very steep decrease in the anisotropy value,

that changes to 0.0674 in the L form. A low value of anisotropy reflects an unfolded-like
flexible environment around the tryptophan residues in the L form,’# which is in line with the
U-like solvation for the tryptophan residues as seen by the A%, (Figure 3.2B, inset). Increased
dynamics might also afford multiple relative orientations to the tryptophan residues, resulting
in lower anisotropy value. These results indicate that TDP-43R®M has a completely different

structural organization in the L form, the A form and the N form.

3.3.5 DLS monitored Kkinetics of formation of the oligomeric L form

The L form is oligomeric in nature and has a larger Ru than the monomeric N form
(Figure 3.2C). Figure 3A shows the temporal evolution of the distribution of Ru of 25 uM
protein at room temperature as obtained from DLS experiments during the formation of the L
form. The mean and the width of the distribution of Ruincreases progressively with time during
the N=L transition. This result indicates that both the size and heterogeneity of the protein
molecules increases during the formation of the L form. Figure 3.3B shows the increase in total
light scattering intensity with time during the formation of the L form. The increase in
scattering intensity occurs in two steps. The increase is slow at the beginning with a prominent
rise around 5 h. The scattering intensity achieves a plateau after 15 h. The solution of the L

form remains considerably clear during the entire transition and we do not see species higher
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than ~30 nm anytime during the formation of the L form (Figure S3.1, Supporting Information

(SD).

3.3.6 The molten globular nature of protein molecules in the L form

A

N form
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Figure 3.3: Kinetics of formation of L form as measured by DLS. (A) The DLS distributions of
the N form and at three different times after transferring the protein at pH 2.5 at the room
temperature, are shown. (B) The change in the intensity of the scattered light (black circles) is
plotted with respect to time during the formation of the L form. The black solid line across the
data is shown for visual guidance. In both the panels, the concentration of the protein and KCI

Scattering Intensity / %
Scattering Intensity / a.u

was 25 uM and 3 mM, respectively.

We next used far-UV and near-UV CD spectroscopy for analyzing the global
secondary and tertiary structure of the protein, respectively. Figure 4A compares the far-UV
CD spectra of the L form, the N form and the U form of the protein. The far-UV CD spectrum
of the L form is very similar to the N form reflecting an intact secondary structure of the protein
molecules in the L form. The mean residue ellipticity (MRE) at 222 nm shows only a small
change across the pH range suggesting a very little change in the secondary structure of the

protein during the N = L conversion (Figure 3.4A, inset). The MRE of the L form at 222 nm
is -4961 * 124 which is comparable to the MRE value of the N form (-4664 + 156). Figure 4B

compares the near-UV CD spectrum of the L form, the N form, and the U form. The N form

I
Meenakshi Pillai 79



PhD Thesis Chagter 3

shows weak but distinct absorbance in the 270 — 285 nm region due to the asymmetric packing
of its three tyrosine (Y123, Y155, and Y214) and two tryptophan residues in the protein
structure. In the U form, the protein shows near-zero absorbance in the near-UV CD spectrum
due to the loss of asymmetric packing of aromatic residues. The near-UV CD spectrum of the
L form is very similar to that of the U form. These results suggests that the global tertiary
structure of the protein molecules in the L form is dramatically disrupted (Figure 4B), but the
secondary structure is intact (Figure 3.4A). Thus the protein molecules that make up the L form

are molten globular in structure.

3.3.7 The L form has exposed hydrophobic patches

The hydrophobic dye, ANS shows a huge increase in the fluorescence upon binding to
the L form, indicating that the L form contains loosely packed solvent-exposed hydrophobic
patch. In contrast, the ANS dye does not show any fluorescence in the presence of the N form,
indicating that the N form fails to bind to ANS (Figure 3.4C). We observed that there is a
transfer of energy from tryptophan residues of the protein to ANS upon photo-excitation of
tryptophan. The inset of figure 4C shows that when the tryptophan is excited at 295 nm in the
presence of ANS, there is a decrease in tryptophan fluorescence emission with a simultaneous
increase in the ANS fluorescence. The result that the tryptophan and ANS act as a FRET pair
indicates that the tryptophan residues are located close to the hydrophobic patch.
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Figure 3.4: The L form is made up of protein molecules that are molten globular in nature with
exposed hydrophobic patches. A) Far-UV CD and, B) Near-UV CD spectra of the N form, the
L form, and the U form. The MRE at 222 nm at different pH is plotted in the inset of panel A.
C) Fluorescence spectrum of the ANS dye in the presence of the N form and the L form. The
tryptophan residues in the L form exhibit FRET with protein-bound ANS. The inset in panel C
displays the fluorescence spectrum of the L form in the absence and presence of ANS after
excitation at 295 nm. The fluorescence of tryptophan is quenched in the presence of ANS but
there is a huge increase in the fluorescence of ANS indicating energy transfer. D) Measurement
of the ANS binding to the N form (blue circles) and the L form (red circles). Upon exciting the
ANS dye at 380 nm, the relative change in the fluorescence intensity is plotted at 480 nm as a
Sfunction of ANS concentration. FRET between tryptophan residues and the bound ANS dye in
the L form is shown in the inset of panel D. The left y-axis shows the tryptophan fluorescence
at 350 nm (inverted red triangles) while the right y-axis shows the ANS fluorescence at 480 nm
(red circles) upon excitation at 295 nm in presence of increasing concentration of ANS. The
solid red lines across the data in panel D and its inset are non-linear least square fits to
equation 3, and the solid blue line across the N form data is shown for visual guidance.

Figure 4D shows the changes in the fluorescence of ANS when the L form and the N

form are incubated with increasing concentration of ANS. The inset of figure 4D shows the
I
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reduction in the fluorescence emission of tryptophan residues and the gain in the emission of
the ANS dye upon excitation at 295 nm in the L form with increasing concentration of ANS.
We estimated the binding affinity of the ANS dye to the L form by fitting the figure 3.4D data
and its inset to a ligand-binding model (Materials and Methods). The value of Kp for the
binding of ANS to the L form is 40 uM. The binding of ANS dye to the L form is weak relative
to the binding of ANS to the A form (Kp =11 uM).># The weak binding capacity of the
hydrophobic dye hints at the possibility of solvation of the hydrophobic patches in the L form.

3.3.8 A conformational opening reaction precedes oligomerization

The results of the DLS data shows that the oligomerization of the protein during the
formation of the L form occurs in two steps (Figure 3.3). In order to understand the nature of
the conformational changes during the formation of the L form, we monitored the L form
kinetics using far-UV CD and ANS binding (Figure 3.5). We observed that the secondary
structure remains native-like during the formation of the L form (Figure 3.5A). We also
examined the kinetics of formation of the L form using ANS binding and observed that the
change during the transition occurs in two steps (Figure 3.5B, 3.5C and 3.5D). The major
decrease in the tryptophan emission and the consequent increase in the ANS fluorescence
occurs very fast during the first step of the formation of the L form (Figure 3.5B, 3.5C and
3.5D). Further, there is a very small change in the fluorescence during the second step of the
formation of the L form on a slower timescale (Figure 3.5B, 3.5C and 3.5D). These experiments
suggest that when the N form is jumped to low pH, it first undergoes a very fast transition into
a partially unfolded conformation in which the hydrophobic patches are exposed but the
secondary structure remains N-like. Combined with the DLS data (Figure 3.3), these results
indicate that the partially unfolded conformation oligomerizes in the second slower step.
Hence, a partial unfolding reaction and exposure of hydrophobic patches precedes the process

of oligomerization during the formation of the L form. The small change in the ANS
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fluorescence in the second slower step might be due to the creation of small amount of

hydrophobic patches during the process of oligomerization.
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Figure 3.5: Kinetics of the formation of the L form as measured by far-UV CD and ANS
binding. The formation of the L form is initiated by transferring the protein at pH 2.5. A) The
far-UV CD spectrum of the protein at different times during the formation of L form. B) The
binding of the ANS to the protein is monitored at different times during the formation of L form
and the panel B shows the fluorescence spectrum upon excitation at 295 nm. As a control,
Sfluorescence spectrum of the L form in absence of ANS is also plotted (black dashed line). C)
The relative change in the tryptophan fluorescence intensity (vellow circles) at 350 nm upon
excitation at 295 nm in the presence of ANS is plotted at different times during the formation
of L form. D) The relative change in the ANS fluorescence intensity (blue circles) at 480 nm
upon excitation at 295 nm is plotted at different times during the formation of L form. In panels
C and D, the red circle indicates the fluorescence emission of tryptophan residues at 350 nm
and ANS emission at 480 nm upon exciting at 295 nm in absence of ANS, respectively, at pH
2.5. The yellow and the blue lines in panel C and D are shown to guide the eye.
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3.3.9 The structural organization of the L form is highly sensitive to the ionic strength of
the solution

Interestingly, we observed that the structure of the L form is very sensitive to the
concentration of salt in the solution. The L form is an oligomer (Figure 3.2C) made up of
protein molecules that have a broken tertiary structure but an intact N-like secondary structure
(Figure 3.4). Figure 3.6A and 3.6B show that the L form retains its N-like secondary structure
only when the concentration of KCl in the solution is below 5-6 mM. The L form also does not
bind to the amyloid-staining dye ThT (Figure 3.6A, inset), indicating it does not contain an
amyloid-like structure. Upon increasing the concentration of salt there is an increase in the
value of MRE in the far-UV CD spectrum accompanied by a switch in the signal maximum to
216 nm (Figure 3.6A). This result indicates that at high salt concentration the L form transforms
to a state that is highly rich in B sheet structure ( form). The structural transformation of the
L form to the B form is complete by 15 mM of KCI, above which the § form is predominantly
populated (Figure 3.6A and 3.6B). The 3 form also binds strongly to ThT dye (Figure 3.6A,
inset and Figure 3.6B) revealing the presence of cross B sheet structure similar to amyloids.
The structural transition of the L form to the  form is quite steep and the mid-point of the
transition, monitored by both far-UV CD and ThT fluorescence, occurs at around 10 mM of
KCI (Figure 3.6B). The structural transformation of the L form in the presence of very low
concentration of salt indicates the weak nature of the force that governs the structure of the L
form. Interestingly, the conformational conversion of the L form to the  form is accompanied
by an increased size, as monitored by DLS (Figure 3.6C). The mean value of Ry for the L form
and the f form is 12 nm and 36 nm, respectively. The width of the DLS distribution is higher
for the B form compared to the L form, indicating that the B form is more heterogeneous than
the L form. These results suggest that the oligomerization status and the structural organization

of the L form is highly sensitive to the ionic strength of the solution.
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Figure 3.6: The L form is extremely metastable that undergoes conformational conversion
coupled with oligomerization in the presence of salt to form amyloid-like misfolded [ form. A)
Far-UV CD spectra of the protein at pH 2.5 in the presence of an increasing concentration of
KCI. The inset of panel A shows ThT fluorescence spectra of corresponding samples when
excited at 440 nm. B) The yellow circles show the change in MRE as a function of salt
concentration (left-hand y-axis) at 216 nm while the red circles show the change in the
fluorescence of ThT at 482 nm (right-hand y-axis). The solid lines across the data in panel B
are shown to guide the eyes. C) DLS distributions of the L form and the f form. D) Size of the
N form and the f form as monitored by SEC. The data for the N form has been taken from a
previous study.’?

3.3.10 The B form is a higher sized species
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We estimated the molecular weight of the B form using SEC. Size exclusion
chromatogram of the L form could not be obtained as the protein sticks to the column at low
salt concentration (less than 5 mM). The N form and the B form were passed through Hil.oad
200pg Superdex 16/600 column. The N form eluted at 92.8 mL while the elution of B form was
found to be at 46.7 mL (Figure 3.6D). A small trail is seen for the § form which implies the
presence of heterogeneous nature of the soluble oligomers. A decrease in the elution volume
for the  form reflects a higher hydrodynamic radii and apparent molecular weight as compared
to the N form. The apparent molecular weight of the N form was calculated to be 18.8 kDa**
(consistent with a monomer) which increased considerably for the B form and was found to be
~530 kDa. The elution volume of the B form (46.7 mL), however, is near to the void volume
(39.8 mL) of the column. Hence, the determined molecular weight is only a lower limit and the
molecular weight of the  form is expected to be higher than 530 kDa, signifying that the 8

form is at least a 25-mer.

3.3.11 The B form has a morphology similar to worm-like amyloid fibrils

We examined the external morphology of the L form and the § form using TEM (Figure
3.7). In the TEM micrograph, the L form appears to be oligomers of roughly ten nanometer in
size (Figure 3.7A). In contrast, upon prolonged incubation, the § form showed twisted worm-
like morphology which are a few hundred nanometers long (Figure 3.7B). The worm-like
appearance of the B form is similar to the worm-like amyloid fibrils seen for multiple proteins

including, amyloid-B,* B2-microglobulin?’ and mouse prion protein.*?
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Figure 3.7: External morphology of the L form and the B form. Transmission electron
microscopy (TEM) image of (A) the L form and (B) the  form (150 mM KCI). The scale bar in
the bottom left corner of the panel A and B is 100 nm.

3.3.12 Kinetics of the L = B transition

We monitored the kinetics of L = [ transition by measuring the change in ThT
fluorescence and far-UV CD signal at 216 nm (Figure 3.8A). ThT is an amyloid staining dye
that has been used to measure the formation and elongation of cross B sheet rich structure.*
The L form does not bind to ThT but the B form effectively binds to ThT (Figure 3.6A, inset).
In the presence of 150 mM KCl where the B form is fully populated (Figure 3.6B), we observed
that the kinetics of elongation of cross B sheet structure during the formation of the  form as
measured by ThT fluorescence is characterized by a single exponential change with a rate
constant of 0.12 min™' (Figure 3.8A). No lag phase is observed in the ThT monitored kinetics.

Interestingly, the kinetics of L = B transition as measured by far-UV CD occurs in two
exponential phases (Figure 3.8A). The rate constant of the fast phase was 0.20 min™' while the
slow phase had a rate constant of 0.032 min™! (in the presence of 150 mM KCl). The 50 % of
the total change in far-UV CD signal occurred in the fast phase and the rest 50 % occurred in
the slow phase of the kinetics. These results imply that the conformational conversion of the
N-like secondary structure of the protein molecules in the L form to the B-sheet rich  form
occurs in multiple steps. No lag phase was observed in far-UV CD monitored kinetics, similar
to the ThT monitored kinetics (Figure 3.8A). The absence of lag phase in the process of
conformational conversion and elongation during L. & f transition implies that the L form acts

as a nucleus in the formation of the  form.
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Figure 3.8: Kinetics of L & p transition. (A) Panel A displays the change in the kinetics
monitored through ThT fluorescence (yellow circles, left-hand y-axis) and far-UV CD (grey
circles, right-hand y-axis) when 10 uM protein was jumped in pH 2.5 buffer containing 150
mM KCI. The yellow line through the ThT data is a fit to a single exponential equation while
the black line through the far-UV CD data is a fit to a double exponential equation. (B) Far-
UV CD spectra of different concentrations of the protein upon incubating at pH 2.5 with 150
mM KCI. The red line indicates the far-UV CD spectrum of the L form. The inset shows ThT
Sfluorescence spectra of the corresponding protein samples.

The kinetics of the L= transition in figure 8A has been monitored at a monomeric
protein concentration of 10 uM. However, we observed that the formation of the B form is
independent of the protein concentration in the concentration range 5 uM to 50 uM, in the
presence of 150 mM KCI (Figure 3.8B). The B forms formed at different protein concentrations
have similar far-UV CD spectra (Figure 3.8B) and they bind to ThT dye to a similar extent
(Figure 3.8B, inset). These results indicate that the B forms formed at different protein

concentrations have a similar structure.
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Figure 3.9: The p form is structurally ordered and stable. A) Steady-state fluorescence
anisotropy (tryptophan residues) in the L form and the p form (150 mM KCI). The top inset
shows the steady-state fluorescence anisotropy (tryptophan residues) in the N form in the
absence and the presence of 150 mM KCI. The bottom inset compares the normalized
fluorescence spectrum of the L form (red line) and the p form (yellow line). B) Change in the
fluorescence of the protein at pH 2.5 (main panel, red circles) and pH 7.5 (inset, blue circles)
with varying concentration of GdmCI. The L form signal is indicated by filled yellow circle.
The solid lines in the main panel and its inset are shown to guide the eyes.

3.3.13 The P form is structurally rigid and highly stable in comparison to the L form and
the N form

The increase in the MRE value in the B form in comparison to the L form (Figure 3.6A)
may be due to the conversion of the disordered structure of the protein (Figure 3.1) into a more
ordered structure in the B form. This random coil to B-sheet transition, however, does not occur
in the N form whose CD structure remains largely unchanged with the increase in ionic strength
of the solution.’* We observed that the L= transition is accompanied by an increased rigidity
of protein side-chains (Figure 3.9A). The tryptophan residues in the L form are located in a
region which has a U-like solvation environment (Figure 3.2B and its inset) and is highly
dynamic as indicated by a low value of steady-state fluorescence anisotropy (Figure 3.2D). The
mean value of steady-state fluorescence anisotropy of tryptophan residues in the L form is
0.057 which increases to 0.099 in the  form (Figure 3.9A). The higher value of anisotropy in

the B form indicates a relatively ordered structure around the tryptophan residues in the B form.
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In contrast, the value of fluorescence anisotropy of tryptophan residues in the N form does not

change in the absence or presence of 150 mM KCI (Figure 3.9A, top inset).

The L= B conversion is also marked by a blue-shift in the 152, of tryptophan residues.

The mean value of A5, in the L form is found to be 351 nm + 1 nm, which shows a

considerable blue shift to 345 nm + 1 nm in the B form (Figure 3.9A, bottom inset). These
results indicate that tryptophan residues are in a more hydrophobic environment in the § form
compared to the L form due to the exclusion of water molecules and formation of ordered
protein structure.

We examined the structural stability of the L form, the § form and the N form using a
denaturant (GdmCI) induced unfolding transitions (Figure 3.9B). We observed that the L form
is extremely metastable and converts to the  form with an addition of as low as 120 mM of
GdmCl (Figure S3.2), as inferred from changes in far-UV CD spectrum (Figure S3.2A),
increase in fluorescence anisotropy of tryptophan residues (Figure S3.2B), and a blue-shift of
~ 6 nm in their 152, (Figure S3.2C), and the elution volume in size exclusion chromatography
(Figure S3.2D). The B form, however, showed an apparently sigmoidal unfolding transition
with the mid-point at 3.6 M of GdmCIl (Figure 3.9B). In comparison, the monomeric N form
also showed an apparently sigmoidal transition but with the mid-point at 1.9 M GdmCl (Figure
3.9B, inset). The observation that the B form has a relatively high resistance to chemical
denaturation attributes to the fact that the protein molecules in the B form are held by strong

interactions.

3.4 Discussion

The aggregation of TDP-43 in the cytosol of neurons is the hallmark of ALS and
multiple other TDP-43 proteinopathies.’ A majority of the cases of ALS (90-95%) are sporadic
in nature’ and chronic environmental stress in the form of osmotic stress, oxidative insults, and
change in pH or temperature has been suggested to cause the disease.” TDP-43 has been
reported to be recruited in the stress granules in response to heat stress, oxidative stress and
chemical stressors and co-deposit with the other stress-granule proteins (eg- PABP, TIA, elF3)
in the diseased brain patients.’% 3 3 Stress granules are dynamic biomolecular condensates
consisting of proteins and nucleic acids that largely retains the native structure of proteins and
protect the cell from environmental stress but under prolonged stress they transform into
abnormal aggregates.’ Starvation stress causes a change in pH of the cytosol from pH 7.4 to

pH 5.5 resulting in approximately 100 fold change in proton ion concentration.’* /° It has been
-
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proposed that some proteins in the cell could function as biosensors and sense stress by site-
specific protein modifications.”? For example, such a drastic change in the concentration of
proton ions is efficiently sequestered by biosensor proteins by protonation of their amino acid
residues. /% 19 The process of protonation triggers the formation of metastable assemblies and
the coupling of protonation-deprotonation equilibria to assembly-disassembly of proteins has
been proposed to be a fast and energy-efficient method to mitigate a decrease in pH of the
cytosol due to starvation stress.”> We, however, very poorly understand how the changes in
proton ion concentration affects the assembly-disassembly equilibria and in turn modulates the
nature of the initial assemblies formed in the case of TDP-43 protein during its aggregation. In
our quest to understand the steps involved in the formation of different initial assemblies of
TDP-43 that could form in response to a change in proton ion concentration, we employ a range
of pH in this study and deduce the conformational change that accompanies the metastable
assembly formation.

In this study, we observed that under low pH conditions, that mimic starvation stress,
TDP-43®RM yndergoes a conformational opening reaction (Figure 3.5) to form a molten
globule-like structure that allows the protonation of the side-chains of buried ionizable groups
(Figure 3.2B). There are three aspartate residues (D105, D138, D247) and one histidine residue
(H166) that are buried in the hydrophobic core of TDP-43®RMand it is possible that the
structural change protonates any of these critical residues. These events trigger the assembly
of protein molecules to form an oligomeric L form (Figure 3.3). In the L form, the protein
molecules possess secondary structure similar to the native protein but the tertiary structure is
disrupted (Figure 3.4A and 3.4B) and the hydrophobic core is wet (Figure 3.4C and 3.4D). The
L form does not show any binding to ThT indicating that amyloidogenic structure is absent in
the L form. At different times of its formation, the protein molecules maintain the native-like
secondary structure (Figure 3.5A). There is no presence of higher sized amorphous aggregate,”
at any time during the oligomeric transition (Figure S3.1).

The L form is highly metastable and upon small changes in ionic strength of the
solution, it further aggregates to a 3 sheet rich form (the B form) (Figure 3.6). As low as 15
mM of KCl is enough to fully convert the L form into the § form, indicating that the L form is
held together by very weak interactions (Figure 3.6B). In contrast, the B form is highly resistant
to chemical unfolding (Figure 3.9B) indicating that the B form is structurally held by very
strong interactions. The TEM experiments revealed that the external morphology of the  form

resembles worm-like amyloid fibrils (Figure 3.7). The B form also binds to ThT dye. In the
|
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literature, there has been a debate on whether the aggregates of TDP-43 and its fragments
resemble amyloids.% #*’ Our results show that TDP-43'"®M forms worm-like amyloid fibril
under starvation stress-like conditions.

The L to P transition measured by far-UV CD (Figure 3.6A) is accompanied by an
increase in the value of MRE, in addition to the shift in maxima to 216 nm. This result suggests
that the unstructured and disordered regions of the L form assemble into ordered 3 sheet during
this conversion. The flexible side-chains of W113 and W172 located in the RRM1 domain
become rigid during L to B transition, as indicated by steady-state fluorescence anisotropy
experiments (Figure 3.9A), indicating that RRM1 domain gains structure in the  form.
Previous studies have also suggested that the RRM1 domain is less stable compared to the
RRM2 domain which might render it more aggregation-prone. /' ° The B form forms in two-
exponential phases (Figure 3.8A), suggesting that the ordering of structure occurs in at least
two distinct steps. In totality, our results indicate that the L to B conversion is a disorder-to-
order transition, akin to the ‘liquid to solid’ transition of stress granules to amyloids.

We observed that under the conditions of mild stress, the oligomeric A form is formed
(Figure 3.2), that has been characterized in detail previously.’® The A form has a different
structural organization than the L form. Contrary to the L form, in the A form tryptophan
residues have restricted mobility** (Figure 3.2D) and are relatively buried in the hydrophobic
protein environment (Figure 2B, inset). It is also smaller in size than the L form (Figure 3.2C).
These results indicate that different metastable assemblies can form under the different stress-
like condition as has been proposed recently for Pub1 protein.’’ This result is important because
TDP-43 forms stable assemblies of discrete densities and morphology under different disease
subtypes.?® 37 It is possible that the alternate forms of disease condition occur due to the
alternate pathological conformations of initial oligomeric assemblies of TDP-43.%/

3®RM region can function

One very important suggestion from our results is that TDP-4
as a stress-sensor as reported for Sup35,% Pabl1,’® and Publ,”’ in addition to performing its
nucleic acid binding functions. The sensing of pH stress begins by initial conformational
change and protonation that allows the protein to oligomerize into the L form. The L form is
structurally held by weak interactions and is metastable. Upon small changes in ionic strength
of the solution, it transforms into amyloid-like p form and disordered regions of TDP-43RRM
gain structure during this conversion. In the oligomeric L form, the local concentration of the

protein will be high that can bring the disordered region of TDP-43RRM

in close proximity
making it highly prone to undergo higher-order assembly upon small fluctuation in the solution
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condition. This behavior of the L form is similar to the behavior of large stress-granule like
assemblies that are held by weak interactions and are metastable and form abnormal, stable,
solid-like aggregates under persistent stress.’ Stress-granules are recently reported to form in
multiple steps with the initial formation of the small soluble oligomeric core’’ and it is possible
that the L form resembles the initial stages of stress-granule like assemblies. In this way, the
results of this study shine new light on the initial stages of the stress-induced aggregation of

TDP-43 and pathogenesis of ALS.
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Figure S3.1. DLS data upto 1000 nm shows absence of higher sized species at anytime during

the formation of the L form. The x-axis is shown in the log scale.
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Figure S3.2. The L form transforms into the [ form in the presence of minute amounts of
GdmCl. A) Far-UV CD spectrum of the L form in the presence of 3 mM KClI (solid red), L form
in the presence of 150 mM KCI (f form) (solid green) and the L form in the presence of 120
mM GdmCl (dash pink). B) Steady-state fluorescence anisotropy of the tryptophan residues of
the protein in the L form in the presence of 3 mM KCI, L form in the presence of 150 mM KCI
(B form) and the L form in the presence of 120 mM GdmCl. C) Normalized fluorescence
spectrum showing the Stokes shift of the tryptophan residues in the L form in the presence of 3
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mM KCI (solid red), L form in the presence of 150 mM KCI (f form) (solid green) and the L
form in the presence of 120 mM GdmCl (dash pink). D) Comparison of the elution volumes of
the N form (solid blue), the KCl induced p form (solid green) and the GdmClI induced [ form

(dash pink) as monitored by size exclusion chromatography.
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Chapter 4

Multi-Step Molecular Mechanism of Amyloid-Like Aggregation of Nucleic

Acid-Binding Domain of TDP-43
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4.1 Introduction

Misfolding of proteins have been the underlying cause of many deadly human
neurodegenerative disorders.” 2 Over 50 different proteins have been studied for their role in
different neurodegenerative diseases.” ? One common feature across all these disease spectrum
is the deposition of intracellular inclusions or extracellular plaques, irrespective of the different
primary sequence of the protein undergoing aggregation.” Intracellular aggregation of TDP-43
is the hallmark feature of 97% of the familial amyotrophic lateral sclerosis (ALS) and 45% of
the frontotemporal lobar degeneration (FTLD) cases.” Inclusion bodies of TDP-43 have been
primarily found to be deposited in the cytoplasm of the neuron and glial cells under the diseased
state.® * However, recent studies have also shown the presence of monomer, heterogeneous
oligomers and fibrils of TDP-43 isolated from the diseased FTD patients.® 7 A similar trend
has also been observed for a-synuclein, tau, prion and amyloid-B-peptide (Ap-42) which has
been shown to populate a variety of intermediates prior to the formation of amyloid fibrils.5/?
The oligomers or intermediates seen across the different diseases have been shown to share
common epitopes, implying the formation of similar types of intermediates.’> /¥ Moreover, the
characteristic cross-p sheet structure is also similar despite the differences in the native fold of
the amyloidogenic protein.”> / Many studies across different neurodegenerative disease
models have shown that the early oligomeric species are toxic while the deposited plaques or
the protein fibrils are usually inert.” // All these characteristic features signify a general
progressive pathogenic disease mechanism that might be common to different
neurodegenerative diseases.’”> /7 18 Unfortunately, not much is known about the structural
characteristics of the different intermediate states and their rate of inter-conversion during the
aggregation process of TDP-43 protein.

TDP-43 is a multi-domain nucleic acid-binding protein, expressed ubiquitously, that
plays a significant role in mRNA and gene regulation.’® 2 The four domains of TDP-43 — N-
terminal, tandem RNA Recognition Motifs (RRM1 and RRM2), and the C-terminal domain
have been predominantly explored independently for their role in aggregation.?’ A considerable
number of studies on the C-terminal domain have emphasized its role in phase separation and
aggregate formation.’>? However, a recent study using ss-NMR on the fibrillation of different
domains of TDP-43 has suggested that the N-terminal domain and the tandem RRM domain
(TDP-43R®M) form the core of the amyloid fibrils while the C-terminal domain contributes
towards the heterogeneity in the structure of the fibril.”> TDP-43R®M hag been proven to

undergo oligomerization under different stress-like conditions such as oxidation,’d pH,?” ?® and
S
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temperature,?’ linking stress to the aggregate formation. Furthermore, mutations within this
domain have also been shown to modulate the aggregation propensity of the protein.’’-3* TDP-
43RRM has been shown to act as a bio-sensor and sense stress.”® Our previous investigation has
illustrated the effect of protonation-deprotonation equilibria and ionic strength on the
assembly-disassembly equilibria, thus allowing the protein molecules to sense and respond to
stress.”® In our earlier study, we have demonstrated the formation of native-like oligomers at
low pH and low salt concentration (~5 mM KCI), showing characteristics of wet molten
globule, while at a moderate salt concentration (20-150 mM KCIl), we observe the formation
of curly amyloid-like assembly known as the p form.?® We observed that by modulating the
ionic strength of the solution at low pH, we could populate molecules with distinct
spectroscopic properties. Preliminary kinetic experiments have shown that the conformational
changes measured by circular dichroism (CD) is biphasic, indicating that the structural changes
occur in multiple steps.?® However, it is still unclear how these species are dynamically related
and how the step-wise conversion of the different species occurs during the aggregation
process. It is thus crucial to understand the structural features of the intermediate species and
study the rate-limiting step that defines the mechanism of the aggregation to design small
therapeutic molecules to target these species.’> 3¢

In the present work, we have studied the step-wise mechanism of the aggregation of
TDP-43RRM by monitoring the evolution of the aggregation process using a range of
spectroscopic probes. Interestingly, we observe that the ThT kinetics follow a mono-
exponential change while the CD and hydrodynamic radius (Ru) follows a bi-exponential
change. Our kinetic data implies four distinct steps during the aggregation process- very fast,
fast, slow and very slow. We show that the aggregation begins with a partial unfolding reaction
in the ‘very fast’ step which is followed by the formation of higher order intermediates (HOI)
of size 10-12 nm in the ‘fast’ step. These HOI’s can bind to the Thioflavin T (ThT) dye and
show some degree of change in its secondary structure as monitored by CD. The HOI’s
assemble and undergo structural rearrangement to form protofibrils which further assemble to
form curly amyloid-like assembly, the f form. The protein concentration dependence of the
kinetics shows additional steps at the early stage of aggregation. The amyloid-like assembly
formed across different protein concentration remain similar and is found to be around 20 nm
in size. The temperature dependence of the aggregation kinetics shows that there are multiple
transition states accompanying the aggregation process. Our data indicate that the aggregation
of TDP-43R®M j5 4 multi-step reaction whereby the protein concentration defines the structural

I
Meenakshi Pillai 102



PhD Thesis Chagter 4

characteristics of the initial species resulting in multiple ways the protein molecules take to

assemble in a B sheet rich amyloid-like assembly.

4.2 Materials and methods
Protein purification

TDP-43®RM protein (UniProtKB/Swiss-Prot entry Q13148) has been expressed and
purified as described previously.?” The purity of the protein was confirmed by SDS-PAGE, and

the mass was determined to be 19,429 Da using electrospray ionization-mass spectrometry.

Aggregation condition

The buffers and reagents used in this study were of high purity grade obtained from
Sigma and HiMedia. The protein was stored in 10 mM KPi buffer containing 150 mM KCl
(pH 7.2). The aggregation was carried out by concentrating the protein up to 600-800 uM and
then transferring it into 20 mM Gly-HCI buffer containing 150 mM KCI (pH 3) at the required
protein concentration. All the buffers contained 1 mM DTT and were filtered through 0.2 um

filter before use.

pH-induced equilibrium experiments
For the pH-induced experiments, buffers used at different pH are described in the

previous work.?” All the equilibrium experiments were carried out as described previously.?’

Circular Dichroism

Far-UV CD measurements were carried out in Jasco J-815 spectropolarimeter. For the
kinetic experiment, the required concentration of protein was transferred to the aggregation
condition in 0.1 cm cuvette, and the ellipticity was measured at 216 nm at regular intervals.
The deadtime for the experiment was calculated by noting the difference in the time between
the protein transfer to aggregation buffer and the first reading measured by the instrument.
Equilibrium spectra were collected in the 200-250 nm range using the following settings - 2

nm, bandwidth; 4 s, DIT, and 20 nm/min scan speed. Each spectrum was averaged over 3 scans.

Thioflavin T assay
For performing ThT kinetics, 1 pM protein sample was transferred from the

aggregation sample at different time points and added to the ThT buffer (50 mM Tris, pH 8)
______________________________________________________________________________
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containing 20 uM ThT. The kinetics was monitored by exciting the dye at 440 nm and
monitoring the emission at 482 nm for 20 s. The spectra were collected between 450- 600 nm
for the equilibrium measurement with a step resolution of 1 nm. The excitation and the
emission slit width were set at 1 nm and 10 nm, respectively. The emission of the buffer
containing the ThT dye alone was captured under similar settings. The emission value for the
kinetic experiment was plotted by calculating the average of all the measurements taken for 20

s and subtracting for the buffer contribution.

Trp Fluorescence and anisotropy

The intrinsic Trp fluorescence was obtained by exciting the Trp residues at 295 nm and
collecting the emission spectra from 310- 400 nm in FluoroMax-4 spectrofluorometer (Horiba
Scientific). The excitation and emission slit width was set to 1 nm and 10 nm, respectively. For
the kinetic experiment, protein from the concentrated stock was transferred to both the N form
and aggregation condition, and the fluorescence was measured at 340 nm, immediately after
the transfer. The dead time was calculated as the time between the protein transfer and the time
when the first signal was recorded.

The Trp anisotropy was measured by exciting the Trp residues at 295 nm and measuring
the anisotropy at 340 nm for 120 s using an anti-photobleaching setting. The excitation slit
width was set to 1 nm, while the emission slit width was set to 10 nm. An integration time of

1 s was used.

Dynamic Light Scattering

DLS was carried out on a DynaPro 99 unit (Wyatt). All the buffers used were filtered
with a 0.2 um filter, and the centrifuge tubes and tips used were also rinsed with 0.2 pum filtered
MilliQ water just before use. The data was collected using a similar setting, as reported
previously.”® An average of 50 acquisitions was used to obtain the mean autocorrelation

function, which was then resolved into Gaussian distributions of hydrodynamic radii.

Size Exclusion Chromatography
SEC was performed for the N form and the B form using a Superdex 75 10/300 GL
column and HiLoad 16/600 Superdex 200 pg column®” on an AKTA Pure M FPLC system (GE

Healthcare). The fractionation range of this column is 3-70 kDa, and it has a void volume of
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7.2 mL. The column was equilibrated with the respective buffer before loading 10 uM of the
protein sample. A flow rate of 0.8 mL/min was used. The apparent molecular weight of the N
form and the B form was determined from the known molecular weights of standard

biomolecules as described previously.?”

Transmission electron microscopy

The sample for TEM was prepared by placing 10 uL of 25 uM for 5 min on a 300-mesh
Formvar carbon-coated copper grid (Electron Microscopy Science). The excess sample was
removed, and the grid was stained negatively using 2% uranyl acetate solution for 1.5 min.
This was followed by washing the grid with filtered MilliQ for a min and allowing it to air dry.
The samples were examined with transmission electron microscopy (Technai-T20) at an

accelerating voltage of 200 kV.

4.3 Results

4.3.1 Formation of B-sheet rich amyloid-like assembly

TDP-43®RM shows a structure rich in a-helix, B-sheet, and the disordered region, as
seen in figure 4.1A. The far-UV CD spectrum of the N form shows signal minima at 208 and
222 nm (Figure 4.1B), which is characteristic of its native structure (Figure 4.1A). When the
N form is transferred to pH 3 containing 150 mM KCI (aggregation buffer), there is a transition
from its native structure to a structure rich in -sheet content, as seen by the shift in the minima
to 216 nm. The transition is also associated with an increase in ellipticity (Figure 4.1B). The
increased ellipticity suggests a gain in the structure as the disordered regions in the protein have
become more ordered, resulting in the formation of a -sheet rich conformation, B form. The
N to P transition, when measured using far-UV CD at 216 nm under equilibrium condition, as
a function of pH, shows an intact secondary structure of the protein between pH 7.5 and pH 5
(Figure 4.1B; inset). However, when the pH is decreased below pH 5, ellipticity increases in a

sigmoidal fashion whose value saturates at around pH 3. The value of mean residue ellipticity

(MRE) at 216 nm when measured at pH 7.5 and pH 3 is -5833 + 180 deg cm? dmol™! and -

12890 + 700 deg cm? dmol™!, respectively (Figure 4.1B; inset).
Interestingly, the B form binds to the ThT dye while the N form does not bind to the
dye (Figure 4.1C), indicating an amyloid-like characteristic to the f form. The N to 3 transition

was also measured using ThT fluorescence at 482 nm under equilibrium conditions as a
|
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function of pH (Figure 4.1C; inset). The protein does not bind to ThT dye between pH 7.5 and
pH 5. However, as the pH is decreased below pH 5, there is an increase in the ThT binding
resulting in the formation of amyloid-like molecules at the low pH. The increase in the ThT
fluorescence occurs concurrently with the secondary structure change, indicating that the

regions undergoing a change in the secondary structure conformation create binding pockets

for the ThT dye.
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Figure 4.1: pH-dependent change in the conformation of TDP-43®fM (4) Cartoon

representation of the nucleic acid-binding domain of TDP-43 (PDB file: 4BS2), termed here
as TDP-43"”M_The protein was transferred into different pH buffers containing 150 mM KCI
and incubated to achieve equilibrium before taking the measurement. In panels B, C, D and F,

the equilibrium signal of the N form at pH 7.5 (solid line), and the  form at pH 3 (dash line)

is plotted. (B) Far-UV CD scan of the N form and the f form. The inset shows the change in
the secondary structure measured at 216 nm as a function of pH. (C) Fluorescence of the ThT
dye upon excitation at 442 nm when it remains unbound to the N form and bound to the f form.

The inset shows the change in the ThT fluorescence plotted at 482 nm as a function of pH. (D)

Hydrodynamic radius (Ru) distributions of the N form and the p form as measured by dynamic
light scattering (DLS). The inset shows the size as measured by size exclusion chromatography
(SEC) adapted from reference 27. (E) Transmission electron microscope (TEM) image of the
p form shows small curly assemblies. The black scale bar on the lower-left corner of the image
represents 50 nm. (F) Relative fluorescence of Trp residues (W113 and W172) in the N form
and the f form upon excitation at 295 nm. The inset shows the change in the fluorescence of
the Trp residues at 340 nm as a function of pH. (G) The anisotropy value of the Trp residues
in the N form and the p form upon excitation at 295 nm. The inset shows the change in the
fluorescence anisotropy of the Trp residues at 340 nm as a function of pH. The data points in

the inset of panels B, C, F, and G are fitted to a sigmoidal curve (black line). (H) The inset of
|
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the panels B, C, F and G were used to calculate the fraction of misfolded molecules as a
Sfunction of pH: CD- blue circles, Trp fluorescence- green triangles represented in the main
panel while ThT- yellow squares, anisotropy- red diamonds are represented in the inset. The
lines through the data points in the main panel and the inset are fit to a sigmoidal curve.

4.3.2 The p form is curly amyloid-like assembly

The formation of the B form is accompanied by an increase in the size of the molecules,
as indicated by the measurement of the Ru of the B form. The mean Ru of the N form is around
2.3 nm,?” while that of the B form is approximately 20 nm (Figure 4.1D). The increase in the
size can also be seen using size exclusion chromatography (SEC) (Figure 4.1D; inset).”” The
N form was estimated to be around 18.9 kDa, while the B form measures around ~485 kDa.
However, the § form elutes near the column's void volume, and hence the calculated molecular
weight is only a lower limit of its size.?” The increase in the size of the p form was also imaged
using a transmission electron microscope (TEM) (Figure 4.1E). The TEM image shows that
the B form appears similar to small curly assemblies measuring around 50 nm in size. These
assemblies are comparable to small worm-like fibrils seen for other proteins such as prion®’,

2 microglobulin®® and amyloid-f.%*
g y

4.3.3 Altered packing in the p form results in rigid movement of Trp residues

There are two Trp residues located at 113 and 172 positions in the RRM1 domain of
TDP-43®’M Upon measuring the fluorescence spectrum by exciting the Trp residues in the N
form and the B form, we observed that the fluorescence is decreased in the  form compared to
the N form. This indicates that the tertiary structure around the Trp residues in the  form is
highly altered (Figure 4.1F). Interestingly, the Amax in the N form is 349 nm, while it is slightly
blue-shifted to 347 nm in the B form. Our data suggest that the solvation environment around
the Trp residues does not change significantly as the N form undergoes a transition to 3 form.
The change in the packing monitored through Trp fluorescence at 340 nm was measured during
N to B transition as a function of pH under equilibrium conditions. Between pH 7.5 and pH 6,
the Trp fluorescence remains similar. However, the Trp fluorescence gradually decreases
beyond pH 6 and shows a sigmoidal change (Figure 4.1F; inset). There is almost a two-fold
relative decrease in the Trp fluorescence during the N to B transition.

Interestingly, the altered packing of the side chain residues results in a very rigid
environment around the Trp residues in the B form, as shown by the higher anisotropy value of

I
Meenakshi Pillai 107



PhD Thesis Chagter 4

the B form compared to the N form (Figure 4.1G). The anisotropy value of the Trp residues in
the N form is around 0.12 and the § form is 0.17 (Figure 4.1G). This increase in the anisotropy
value indicates a rigid environment around the Trp residues in the  form. This rigidity may
stem from the ordered structure of the  form (Figure 4.1B, 4.1D, and 4.1E). The anisotropy
change as a function of N to 3 transition also occurs in a sigmoidal fashion with the increase in
the anisotropy beginning from pH 6 (Figure 4.1G; inset). This gradual increase in the
anisotropy value indicates the gradual change in the packing that accompanies the increase in

the rigidity of the environment around the Trp residues.

4.3.4 Decoupling of the tertiary and the secondary structural changes during the N to
transition at equilibrium

The N to B transition as monitored by far-UV CD, ThT, Trp fluorescence, and
anisotropy was used to calculate the fraction of the misfolded molecules as a function of pH.
The midpoint of the transition for the Trp fluorescence is estimated to be at pH 5, while the
midpoint of the transition for the far-UV CD change is pH 4 (Figure 4.1H). Although the
process of ThT fluorescence and anisotropy shows a difference in the fraction of misfolded
molecules during the transition, they seem to have a similar midpoint of transition estimated to
be around pH 4.5 (Figure 4.1H; inset). The equilibrium misfolding curves of N to  transition
monitored by different probes are non-coincident, suggesting that the protein undergoes a
multi-step structural change in the conformation when exposed to increasing proton ion
concentration and physiological ionic strength (150 mM) solution. The data indicate that the
least stable structural element is the side-chain packing, whose disruption affects the local
dynamics around the Trp residues. In contrast, the secondary structure is the most stable
element whose transformation results in an increase in ThT fluorescence. These results show
that the different structural events accompanying the N to B transition during the pH-induced

aggregation of TDP-43""®M are decoupled under equilibrium conditions.
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4.3.5 Kinetics of the amyloid fibril formation as monitored by different probes

Figure 4.2 shows the kinetics of the formation of the amyloid-like assembly upon
transferring the N form into the aggregation condition. The transition was monitored using far-
UV CD, Trp and ThT fluorescence and DLS. Figure 4.2A shows the change in the secondary
structure monitored at 216 nm as the protein molecules undergo structural transformation. We
observe that the change occurs in two stages, resulting in a biphasic conversion of the N form
to the f form. Upon monitoring the far-UV CD scans at different time points, we noticed a shift
in the signal minima to 216 nm accompanied by an increase in the ellipticity in the first stage
of the transition. In the second stage of the transition, we see a further rise in the ellipticity
giving rise to the second phase of the biphasic transition. Interestingly when we monitored the
N to B transition using ThT fluorescence, we observed that the increase in the ThT fluorescence

occurs in a single step resulting in a monophasic transition (Figure 4.2B).
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Figure 4.2: Kinetics of the formation of the f form upon transferring 10 uM protein to the
aggregation buffer. (A) Kinetics of the secondary structural change at 216 nm. The continuous
line through the data points is a fit to a double exponential equation. (B) ThT fluorescence
monitored kinetics plotted at 482 nm. The continuous line through the data points is a fit to a
single exponential equation. (C) Ru distributions of the protein at six different times during the
aggregation process are shown. (D) Mean Ry -monitored kinetics. The continuous line through
|
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the data points is a fit to a double exponential equation. (E) Fluorescence of the Trp residues
at 340 nm upon transferring the protein to the native buffer (blue trace) and aggregation buffer
(vellow trace). The blue dashed, and yellow dashed lines indicate the equilibrium signals of
the N form and the p form, respectively. (F) Bar graph showing apparent rate constants on a
logarithmic scale as monitored by CD, ThT, DLS, and Trp fluorescence. The error bar
represents the standard deviation observed by three independent experiments. The black-filled
circle in panels A, B, and D represents the signal of the N form before transferring into the
aggregation condition.

Figure 4.2C shows a change in the distribution of the Ry at different times during the
aggregation process. The transition into the B form is accompanied by an increase in the mean
Ru of the population, as indicated by the shift in the peak with time. Upon plotting the mean
Rnas a function of time (Figure 4.2D), we observed that the change in the size of the population
occurs in a biphasic manner, involving a fast step that results in the formation of species of
around 10-12 nm size and a very slow change that further increases the size of the population
to about 20 nm. As the aggregation reaction progressed with time, we also observed an increase
in the heterogeneity of the protein molecules as indicated by the width of the Ru distribution
(Figure 4.2C).

Figure 4.2E shows the fluorescence of Trp residues in the N form and immediately
upon transferring into the aggregation condition. The decrease in the fluorescence occurs
within the dead time of the measurement (~ 14 s) and achieves equilibrium. This very fast
reaction suggests that the first step during the N to B transition is the loosening of side-chain
packing around the Trp residues in the protein, resulting in the transient formation of partially
unfolded molecules. Interestingly, the process of CD and mean Ru monitored kinetics occurs
on a much slower timescale in a biphasic fashion (Figure 4.2A, 4.2D), while the process of
elongation shows a monophasic change (Figure 4.2B). In each of the kinetics, the signal of t=0
coincides with the signal of the N form. No lag phase was observed when monitored using any
of the probes.

The apparent rate constants for the formation of the B form at 10 uM protein
concentration, as monitored by the four structural probes, are plotted in Figure 4.2F. A
minimum rate for the Trp fluorescence was estimated by assuming the dead time of the
experiment as the time when ~99% of the change has occurred. The fastest change that arises
is the change in the Trp fluorescence that is almost 40 fold faster than the ThT and the first
phase of the CD. The change in the conformation of the protein observed in the first phase of

CD and the elongation process monitored by ThT has a similar rate. However, the rate constant
-
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of the first phase of DLS is 2.5 fold slower. Interestingly, we observed a second slow phase
that involves a change in the conformation of the protein molecules monitored by CD, and this
change occurs at a rate that is 10 fold slower than the first phase of the CD process. The slowest
change monitored was the increase in the mean Ru of the population as observed by the DLS.
The rate constant of the slowest phase is approximately 20 fold slower than the first phase of
DLS and 50 fold slower than the first phase of CD and ThT. A significant difference in the
apparent rate constants of all the four structural probes implies that the course of aggregation
and the formation of the f form occurs in a multi-step manner that can be delineated by the

structural probes examined in this study.
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Figure 4.3: Protein concentration dependence of the kinetics of the formation of the f form.
Protein at different concentrations- 3 uM (pink), 5 uM (blue), 10 uM (red), 15 uM (vellow),
20 uM (gray) and 25 uM (green) were transferred to the aggregation buffer, and the kinetics
were measured using three different probes. A representative kinetic for each of the protein
concentrations are shown. (A) Elongation of the protein as monitored by ThT fluorescence at
482 nm. The continuous line through the data points is a fit to a single exponential equation.
(B) Conformational change in the protein monitored using CD at 216 nm. (C) Change in the
mean Ru of the protein as measured by DLS. The continuous line through the data points in
panels B and C are fits to a double exponential equation. The filled black circle in all the panels
is the signal of the N form before transferring the protein into the aggregation condition.

4.3.6 Protein concentration dependence of the Kinetics of the formation of p form

The kinetics of the formation of the B form was studied over a range of protein
concentrations — 3 uM to 25 pM using ThT fluorescence, CD, and DLS (Figure 4.3). The
kinetics of the aggregation process monitored using different probes across all the

concentrations show no lag phase. Across the protein concentration range studied, the ThT
-
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process shows monophasic change (Figure 4.3A), while the CD and DLS monitored kinetics
show a biphasic change (Figure 4.3B and 4.3C). Upon monitoring the rate of change in the
ThT fluorescence, CD and DLS, we observed that the apparent rate constants of the ThT and
the DLS process are highly dependent on the protein concentration, but the CD seems to be
fairly independent of the protein concentration. Interestingly, we observe that the total change
in the signal remains similar across all the protein concentrations in different probes. A similar
final signal indicates a similar type of B form is formed across all the concentration range
studied. The size of the B form monitored by DLS across the protein concentration remains at

around 20 nm. The kinetics of all the probes extrapolate at t=0 to the signal of the N form.
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Figure 4.4: Dependence of the apparent rate constants and relative amplitude of different
phases is plotted as a function of the protein concentration. (A) The apparent rate constants at
different protein concentrations, obtained from figure 3, are plotted on a logarithmic scale for
the different probes. Rate constants of the ThT fluorescence monitored kinetics (blue circles),
the first phase (red triangles) and the second phase (inverted red triangles) of the CD
monitored kinetics and first phase (yellow squares) and the second phase (vellow diamonds)
of the mean Ry monitored kinetics is plotted. The line through the data in panel A is to guide
the eyes. The inset shows a zoomed plot of panel A comparing the protein concentration
dependence of the rate constants of ThT and the first phase of CD. The straight line fit to the
ThT data represents two slopes obtained at low protein concentration (< 10 uM) and high
protein concentration (>15 uM) with a value of 0.076 min'/uM and 0.041 min”'/uM,
respectively. The CD data fits to a straight line with a slope of 0.02 min™'/uM. (B) The relative
amplitude of the first phase (red triangles) and the second phase (inverted red triangles) of CD
and the first phase (vellow squares) and the second phase (vellow diamonds) of DLS are plotted
as a function of the concentration of protein. The inset of panel B shows size exclusion

I
Meenakshi Pillai 112



PhD Thesis Chagter 4

chromatogram of 10 uM protein under native condition (solid grey line) and under
aggregation condition at the end of the first (dashed green line) and the second phase (solid
green line) of the double exponential kinetics. The error bar represents the spread in data
points from two separate experiments.

4.3.7 Dependence of the apparent rate constants and relative amplitudes on the protein
concentration

Figure 4.4A shows the apparent rate constants obtained from ThT-, CD- and Ru-
monitored kinetics plotted against the protein concentration. The process of elongation
monitored by ThT shows maximum dependence on the protein concentration resulting in a 24
fold change in the rate constant when the protein concentration is changed from 1.5 uM to 25
uM (Figure 4.4A). This change in the rate constant as a function of protein concentration shows
two slopes- one at low and one at high protein concentration (Figure 4.4A; inset), indicating
the formation of different transition states at low and high protein concentration. The secondary
structural transformation measured by the first phase of CD depends marginally upon the
protein concentration (Figure 4.4A) and changes only 3 fold in the rate constant when the
protein concentration is changed from 3 uM to 25 uM. We observe that the first phase of CD
occurs faster than ThT at low protein concentration (<10 pM), while at high protein
concentration (>10 uM), the process of ThT precedes the first phase of CD. Therefore, at low
protein concentration, elongation is rate-limiting, while at high protein concentration, the
process of conformational conversion becomes rate-limiting. The second phase of CD seems
to be independent of the change in the protein concentration with negligible change in the rate
constant. The apparent rate constant of the Ru- monitored kinetics shows the first phase to be
changing along with the change in the first phase of CD or ThT monitored kinetics. The slowest
change in the entire process is the second phase of the Ru- monitored kinetics, which occurs
slower than the second phase of the CD. The apparent rate constant of the slow phase of Ru-
monitored kinetics changes 10 fold when the protein concentration is changed from 5 uM to
25 uM. However, the rate of the slow phase of Ru- monitored kinetics seems to saturate at high
protein concentrations.

Interestingly, we observed that the relative amplitude of the first and the second phases
of CD- and Ru- monitored kinetics does not change with the protein concentration (Figure
4.4B). In the CD- monitored kinetics, we observe that the amplitude of the first phase is 60%,
while the amplitude of the second phase is 40%. However, when monitored using DLS, the

amplitude of the first phase is 40%, while that of the second phase is 60%. The amplitude of

I
Meenakshi Pillai 113



PhD Thesis Chagter 4

the CD and DLS remains more or less similar and does not change significantly with the change
in the protein concentration. A similarity in the relative amplitude across the protein
concentration indicates that a common species, termed higher order intermediates (HOI’s), is
formed at the end of the first phase at different protein concentrations, in which 60 % of the
total expected change in CD and 40 % of the total expected change in Ru has occurred. The
ThT monitored kinetics (Figure 4.3A) suggest that 100% of the total expected change has
occurred in the HOI’s formed at the end of the first phase. To characterize the size of the species
formed during the biphasic transition, we performed SEC at the end of the first and the second
phase using 10 uM protein concentration. Interestingly we observed a small peak at the end of
the first phase (~ 18 minutes) whose elution volume corresponded to a size between the N form
(12 mL) and the B form (8 mL). Although the peak seems broad, indicating heterogeneity, we
approximated the size of the protein molecules at the maximum height and found it to
correspond to ~70 kDa. At the end of the second step, we observed a complete shift in the peak

to higher-sized B form eluting near the column's void volume.
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Figure 4.5: Formation of similar type of S form at protein concentrations of 5 uM (blue), 10
uM (red), 15 uM (yellow), 20 uM (gray) and 25 uM (green). (A) The secondary structure of
the f form at different protein concentrations was monitored using the far-UV CD. (B) ThT
fluorescence scan of the 5 forms at different protein concentrations. The inset of panel B shows
the relative amplitude of the ThT signal at 482 nm across different protein concentrations. (C)
Ru distribution of the p forms across different protein concentrations.

4.3.8 p form formed at different protein concentrations are similar

In order to study whether the structure of the  form is similar across the protein

concentration, we monitored the equilibrium structure of the  form using CD, ThT and DLS
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(Figure 4.5). We observed that the final structure of amyloid-like assembly is very similar at
all the protein concentrations with respect to its secondary structure conformation measured
using CD and ThT binding (Figure 4.5A, 4.5B and its inset). The Ru distribution of the § form
across the protein concentration appears comparable. However, the B form is heterogeneous,

as confirmed by the width of the Ru distribution (Figure 4.5C).
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Figure 4.6: Dependence on the temperature of the kinetics of the formation of the f form.
Protein (5 uM) was heated in aggregation buffer at four temperatures — 20°C (teal), 25 °C
(blue), 30 °C (orange), 35 °C (green) to monitor the change in the elongation and
conformational conversion process. (4) Relative change in the elongation monitored by ThT
fluorescence at 482 nm. The inset of panel A shows the relative amplitude of the ThT signal
across the different temperatures. (B) Relative change in the conformation of the protein as
monitored by CD kinetics at 216 nm. The inset of panel B shows the relative change in the CD
signal of the B form across different temperatures. (C) Arrhenius plot: the observed rate
constants k obtained from panels A and B are plotted against 1/T. The linear fit to the data
gives a slope representing the activation energy of the elongation process and the
conformational conversion process. The continuous line through the data points in panel A fits
a single exponential equation, and panel B fits a double exponential equation. The filled circle
in panels A and B is the signal of the N form before transferring the protein into aggregation
condition.

4.3.9 Temperature dependence of the Kkinetics of the formation of § form

Figure 4.6A shows the kinetics of the formation of  form at 5 uM protein concentration
using ThT fluorescence at four different temperatures, ranging from 20°C-35°C. We observed
that at each temperature, the ThT monitored kinetics fits best to a single-exponential equation.
The rate of elongation increases with increasing temperature. The amplitude achieved is similar
across the temperature range, indicating the formation of B forms with similar ThT binding
capacity (Figure 4.6A; inset). The change in the conformation of the protein was also monitored
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through CD kinetics, and we observed that the change in the conformation occurs in a biphasic
manner (Figure 4.6B). The total amplitude at different temperatures, however, remains similar
(Figure 4.6B; inset). The plot of rate constant against 1/T yielded a linear Arrhenius plot (Figure
4.6C) with a slope corresponding to the activation energy of the process being monitored. The
process of elongation has an activation energy of 158 kJ/mol™!. In comparison, the first phase
of conformational conversion has an activation energy of 132 kJ/mol ™! and the second phase
has an activation energy of 220 kJ/mol!. These data suggest that the N to B transformation

involves multiple transition states with different barrier heights.

Pathway |: <10 uM

Fast

Very Fast - Slow
e—~90 —a— &—

N form PUF

Conformationally Higher order
converted molecule intermediates
Protofibrils
Pathway II: >10 uM
Fast
Very Fast Slow
® — @ — @ — -

N form PUF Elongated molecule Higher order

intermediates Protofibrils

Figure 4.7: Mechanism of the transformation of the N form to p form at low and high protein
concentration. The aggregation process occurs in four distinct steps- very fast, fast, slow and
very slow. In the ‘very fast’ step, the N form partially unfolds to form PUF. At low protein
concentration, these molecules undergo a conformational conversion reaction to form
conformationally converted molecules, followed by elongation and oligomerization, resulting
in HOI formation in the ‘fast’ step. However, at high protein concentration, the PUF first
undergoes an elongation process to form elongated molecules, followed by conformational
conversion and oligomerization to form HOI in the ‘fast’ step. The evolution of the molecules
from HOI to protofibrils in the ‘slow’ step and from the protofibrils to the f form in the ‘very
slow’ step remains the same under both low and high protein concentrations.
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4.4 Discussion

In this study, we have employed a range of probes to kinetically map the sequence of
events that characterize the TDP-43"®M amyloidogenesis. We found that the process of TDP-
43RRM ao0regation is a multi-step transition from a monomer to an amyloid-like fibrillar
species. The transition has been monitored by measuring ellipticity at 216 nm, apparent
hydrodynamic radius using DLS, thioflavin T and Trp fluorescence. Monitoring the same
transition using multiple probes helped us to delineate the different steps involved during the

aggregation process as has been characterized for various proteins.’ 4/

Equilibrium experiments reveal a multi-step structural change associated with N to
transition

TDP-43®RM yndergoes a transition from a native monomeric structure to a p sheet-rich
amyloid-like assembly at low pH and physiological ionic strength. When monitored under
equilibrium conditions, the transition curve reveals the stability of the different structural
elements of the protein. As the protein undergoes a structural transition, the very first signal
change is observed in the Trp fluorescence, which decreases as the pH is decreased (Figure
4.1F; inset). The midpoint of the Trp fluorescence transition is around pH 5 (Figure 4.1H). The
decrease in the Trp fluorescence might result from altered side-chain packing coupled with
quenching by nearby charged residues upon protonation. Within 3 A distance from W113, there
are H143, K145, and K114 situated, while from W172, there is an H166 located, whose
protonation might result in quenching of the Trp fluorescence as the pH is decreased.”’ We also
observe a 2 nm blue shift in the Amax of the Trp residues in the B form (Figure 4.1F), indicating
that the Trp residues are not exposed to the polar environment. Additionally, we see an
increased anisotropy in the  form, indicating restricted movement of the Trp residues in the 3
form (Figure 4.1G). These observations suggest that the Trp residues are located in a relatively
hydrophobic environment and may form a part of the core residues in the  form. Although the
change in the anisotropy and the ThT fluorescence shows a similar midpoint of transition (pH
4.5) but the sigmoidal curves representing these processes are non-synchronous in nature
(Figure 4.1H; inset). The N to f transition monitored using CD and Trp fluorescence are also
non-coincident (Figure 4.1H). Between pH 7.5 and pH 5, the protein undergoes a tertiary
structure change resulting in decreased fluorescence and increased anisotropy; however, the
secondary structure remains native-like with no presence of ThT binding pockets (Figure

4.1H). This suggests destabilization of the native state and the formation of partially unfolded-
-
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like structures within the pH range of 7.5 to 5. As we increase the proton concentration further,
the protein undergoes a change in its secondary structure and transitions to form a cross-f3 sheet-
rich structure as indicated by the ThT binding (Figure 4.1C; inset). Different structural elements
of the protein thus have different stability and therefore undergo structural transformation
asynchronously. The non-coincidental sigmoidal curves of the different processes indicate that
the transition occurs in a multiphasic manner under equilibrium conditions. Therefore, it would
be interesting to study the process kinetically and delineate the temporal order of events under

the aggregation condition.

Monomeric to amyloid-like transition occurs in four distinct stages

The aggregation process was monitored kinetically using different probes such as Trp
and ThT fluorescence, CD and DLS (Figure 4.2) at a defined protein concentration (10 uM).
When probed with time, the data reveals that the process of aggregation occurs in four distinct
steps — very fast, fast, slow and very slow step. The very fast step corresponds to the decrease
in the Trp fluorescence that occurs within the dead time of the experimental measurement
(Figure 4.2E). This decrease in the fluorescence due to the formation of the partially unfolded
form (PUF) occurs as a result of the rearrangement of the side-chain residues giving rise to the
first step of the amyloid-like transition (Figure 4.7). Interestingly, we observe that the process
of elongation monitored by ThT fluorescence occurs in single step while the process of
conformational change monitored by CD and mean Ru change monitored by DLS occurs in
two steps (Figure 4.2A, 4.2B, and 4.2D). At 10 uM, the first step of the CD, the change in the
ThT fluorescence and the first step of the DLS occurs at a comparable rate (0.1229 + 0.0414
min!) and therefore can be grouped to account for the fast step of the aggregation kinetics
(Figure 4.2F). Accordingly, the PUF’s undergo a transformation in its secondary structure,
resulting in increased ThT binding and is accompanied by the association of the protein
molecules. This results in the formation of oligomers with higher mean Ru called the HOI’s
(Figure 4.7). Further reorganization of the HOI’s brings about a change in the chirality of the
protein assembly without creating any new ThT binding pockets. These changes contribute to
the slow step of the overall transition resulting in the formation of protofibrils (Figure 4.7). The
slowest step of the aggregation process is the increase in the mean Ru of the protein molecules
without any further change in the chirality of the structure or formation of any new ThT binding
sites (Figure 4.7). This suggests that the slowest step might simply be a lateral association of
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protofibrils leading to a gradual increase in the mean Ru of the protein assembly. This state of
the assembly finally formed as a result of lateral association is called as the  form. The rate of
the slowest step is approximately 2000 fold slower than the fastest step of the aggregation
process (Figure 4.2F). Kinetic analysis thus reveals that the monomeric to amyloid-like
transition can be grouped into four distinct steps helping to build a simple mechanistic model

for the N to P transition (Figure 4.7).

Initial species are different at low and high protein concentration

The dependence of the apparent rate constant as a function of protein concentration
suggested some additional features to the model. The monophasic nature of the ThT kinetics
was maintained across the protein concentration range studied (Figure 4.3A). The rate of the
elongation appeared to be strongly dependent on the protein concentration. When the rate was
plotted as a function of protein concentration, there appeared to be two slopes — one at < 10
uM and the other at > 10 uM (Figure 4.4A; inset). The strong dependence of the rate is
manifested by the steep nature of the two slopes when plotted as a function of the protein
concentration (Figure 4.4A; inset). The two slopes also point out the different transition state
corresponding to the different energy barrier associated with the process.

The conformational change probed by the CD shows biphasic behavior across the
protein concentration range studied (Figure 4.3B). In contrast to the ThT rate, the rates of the
first step of CD show a very weak dependence on the protein concentration. This is reflected
by the shallow nature of the slope (Figure 4.4A; inset). It, therefore, appears that at low protein
concentration, the process of conformational conversion precedes the elongation process
(Figure 4.4A), giving rise to conformationally converted molecules (Figure 4.7). While at high
protein concentration, the process of elongation precedes conformational conversion (Figure
4.4A; inset), giving rise to the elongated molecules (Figure 4.7). Consequently, the elongation
process becomes rate-limiting at low protein concentration, while the process of
conformational conversion becomes rate-limiting at high protein concentration (Figure 4.4A).
Such a strong and a weak dependence of the apparent rate constants of ThT and the first step
of CD, respectively, on the protein concentration, modulates the structural characteristics of
the protein molecules formed at an early stage. Consequently, our data indicate that there are
two pathways to reach the B form and is illustrated in two separate panels of the proposed

model (Figure 4.7).
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Common species- HOI’s, protofibrils and the p form

The relative amplitude of the two phases of the CD and the DLS does not change
significantly with the change in the protein concentration (Figure 4.4B), suggesting that the
spectroscopic properties of the HOI’s formed at the end of the first phase of CD and DLS are
similar. Upon studying the structural characteristics of these species, the size of HOI appears
to be around 10-12 nm (Figure 4.2D and 4.3C). The peak seems broad at the end of the first
phase of DLS (Figure 4.2C), signifying heterogeneity in the size of the species. This
heterogeneity can also be seen in SEC, where the elution of the protein at the end of the first
phase occurs at a volume whose maximum absorbance corresponds to trimer-tetramer species
(~70 kDa) (Figure 4.4B; inset). The size of these species is almost 4-fold higher than the
monomeric N form, which measures around 19 kDa.?” The HOI's further undergo structural
change as monitored by the second phase of CD, giving rise to protofibrils (Figure 4.4A). The
association of protofibrils to form a larger structure termed the B form results in the elution of
the protein assemblies near the void volume in SEC at the end of the second phase (Figure
4.4B; inset). However, the B form has an Ru of around 20 nm when monitored at the end of 8
h using DLS (Figure 4.5C). Although the protein concentration dictates the type of species
formed initially but the structural characteristics of the final fibril, B form, remain similar across
the protein concentration (Figure 4.5). The B form has a similar ThT binding capacity and
secondary structure indicative of a similar structure at the molecular level (Figure 4.5). When

imaged, the  form appears to be small curly amyloid-like assemblies (Figure 4.1E).

Biphasic CD implies a linear structural change

The biphasic nature of the CD invokes an alternative possibility of two different species
undergoing a conformational change in the two phases of 60:40 amplitude. For example, we
can assume that there are two types of protein molecules in PUF following the very fast phase
to begin with — one which undergoes the formation of  form at a fast rate resulting in the first
step of the CD and the other which undergoes the formation of B form at a slow rate resulting
in the second step of the CD. The likelihood of this possibility was considered by passing the
protein through SEC column at the end of the first and the second phase (Figure 4.4B; inset).
If this argument holds, then we should have observed two peaks at the end of the first phase of
the CD- 40% of the population should correspond to a partially unfolded molecule whose size

would be somewhere between the monomeric and the 3 form and 60% of the population should
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correspond to size of the § form. However, we detect only one peak at the end of the first phase,
which completely shifts to the higher volume eluting near the void volume at the end of the
second phase (Figure 4.4B; inset). Consequently, the possibility of the presence of two different
species can be ruled out. The shift in the peak accordingly suggests that the population of the
protein molecules changes in a linear fashion during the biphasic transition. A series of
progressive reactions monitored using different probes thus helps understand the molecular-
level changes that occur in the protein as they form the curly amyloid-like assembly. We have
learned that the assembly reaction occurs in a progressive and linear fashion as has been studied

for other proteins.’% 4/ 43

Different transition states are observed along the reaction co-ordinate

The differences in the rate of the different processes are represented in the form of an
activation barrier calculated for various steps (Figure 4.6). We do not see a significant
difference in the barrier associated with the ThT and first step of the CD process, which sounds
counter-intuitive as the different steps are expected to have different energies. But the initial
steps are quite complex, and the overlapping rates of the initial process give rise to a similar
activation barrier. However, the second phase of CD shows an energy barrier that is almost 100
kJ greater than that of the first phase of the CD. A higher activation barrier for the second step
points to a slower reaction rate and validates the biphasic conversion reaction. These different
energy barriers associated with different steps during the conversion points to a multi-step

reaction process.

The N form transforms into the p form in a linear isodesmic polymerization mechanism
The transformation of N form into the B form does not show the presence of the lag
phase when monitored using different probes (Figure 4.2). The absence of lag phase across the
protein concentration range studied (Figure 4.3) suggests a linear isodesmic polymerization
mechanism.?# > Although many proteins have been shown to undergo a lag in their aggregation
process, signifying high energy barriers in nucleus formation,?*#, we do not see any nucleation
reaction in our process. But protonation of critical residues and enough charge shield in the
form of ionic strength may overcome the high energy barrier and evade the lag phase and,
hence, the nucleus formation. This could mean that the initial partial unfolding reaction (Figure
4.2E) that occurs due to side-chain disruption resulting from the protonation of critical residues
might be enough to overcome the energy barrier and trigger the process of aggregation. In our
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previous study, we have shown how the ionic strength at low pH dictates the structural
characteristics of the protein molecules resulting in the formation of distinct species. We see
that at low pH and low salt concentration (< 5 mM KCI), partial unfolding occurs prior to the
formation of native-like oligomers that show characteristics of wet molten globule.’” %
However, at a moderate salt concentration (~20-150 mM), these native-like oligomers are
unstable and transform into amyloid-like species.?® All these observations suggest that the ionic
strength modulates the thermodynamic barrier of the early reaction and thus dictates the fate of
the protein molecules. In this study, we observe a very fast partial unfolding reaction, but the
presence of 150 mM KCI in the solution does not stabilize the formation of native-like
oligomers and instead shifts the reaction equilibrium to form amyloid-like species in an ordered
progressive manner. Such an isodesmic polymerization mechanism of aggregation formation

has also been studied for other proteins such as f2-microglobulin, transthyretin, and amyloid-
B. 38 45,49

4.5 Conclusion

The present study provides an important insight into the process of formation of
amyloid-like assembly for TDP-43®RM protein. Our model suggests that there are four major
steps characterized by different barrier heights- very fast, fast, slow and very slow. These
different steps correspond to the formation of different species- PUF, HOI, protofibril and the
amyloid-like assembly formed during the aggregation process. We do not observe any lag
phase in any of the probes studied, suggesting that the reaction proceeds in a linear isodesmic
fashion as observed for other proteins. Our experimental data recapitulate some of the vital
characteristic features of different kinds of prefibrillar species formed during the aggregation
process. An in vivo study isolating oligomers and aggregates from diseased brain tissues also
showed the presence of heterogeneous oligomers with sizes ranging from 40-400 nm.® Notably,
similar kinds of oligomers and intermediate species has been observed for various
amyloidogenic proteins such as barstar, amyloid-B, tau, f2-microglobulin, a-synuclein.# 30-3?
A comprehensive kinetic understanding thus reveals the structural and the conformational
evolution of the protein molecules associated with the aggregation process and might facilitate
to develop site-specific molecules to target the disease-relevant assemblies for therapeutic

intervention.
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Chapter 5

Electrostatic Effects of pathological mutation D169G and P112H on the

amyloid-like assembly of nucleic acid binding domain of TDP-43
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5.1 Introduction

Pathogenesis of TDP-43 protein is known to cause many neurodegenerative diseases
such as amyotrophic lateral sclerosis (ALS),” ? frontotemporal lobar degeneration (FTLD),’ 2
and Guam-Parkinsonism dementia,’ Alzheimer’s,’ Parkinson’s and Huntington’s disease.’
Deposition of TDP-43 in many such neurological diseases highlights a highly susceptible
nature of the protein to undergo misfolding and aggregation. Structurally, TDP-43 is a multi-
domain protein containing four major domains- the N-terminal domain, two RNA Recognition
motifs termed together as tethered RRM domain (TDP-43"®™) and a C-terminal domain.® ’
TDP-43 performs vital functions inside the cell such as mRNA splicing, mRNA binding
including auto-regulation of its own mRNA.% ¢ /0 TDP-43"®RM carries out the major function
of binding to nucleic acid through its highly conserved residues.’’ It also regulates the
localization of the protein inside the cell through its nuclear localization signal (NLS) and
nuclear export signal (NES),’? impairment of which has been shown to cause accumulation of
the protein predominantly in the cytoplasm under the diseased condition.’? It is therefore
comprehensible that any change within this domain might affect the overall function and
localization and thus affect the proteostatic equilibrium within the cell. Various environmental
factors such as concentration, crowding agent, pH, temperature, mutation, etc., regulate the
proteostatic equilibrium inside the cell.’# /° In particular, many disease-associated mutations
have been shown to predominantly shift the proteostatic balance, often resulting in aggregation
and plaque formation within the cell.’¢

The TDP-43®®M domain, in particular, harbors important disease-associated point
mutations- D169G and P112H./7 Interestingly, both these mutations are electrostatic in nature.
The D169G mutation has been observed in ALS patients’”, while the P112H mutation has been
found in FTD cases.”® The D169G mutation has been assessed for its role in stress granule
formation.”” Although the crystal structure of D169G-RRM1 does not show a significant
change compared to TDP-43®fM protein?’, a recent study using solution NMR pointed out a
substantial change in the dynamics of the residues clustered around the mutation site.’’ The
mutation has also been shown to affect the ATP-binding capacity of the protein.?’ Additionally,
it has been shown to slightly increase the thermal stability and has been proven to have a higher
propensity to undergo proteolytic cleavage by caspase.?’ Such an increase in thermal stability
has also been observed for P112H mutation, which has been shown to induce local
conformational change at the site of mutation.?” P112H mutation has been shown to affect the

stacking interactions of W113 with nucleic acids, thus impairing the RNA-binding activity of
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the protein.?? Under neutral pH condition, both these mutations have been shown to decrease
the aggregation reaction.’? 23 These studies suggest several factors that may play a key role in
accelerating the disease progression, such as post-translational modifications,? resistance to
degradation due to increased stability,”* or the impaired functional binding capacity of the
protein.’” 2> However it is essential to consider that these mutations are electrostatic in nature
and therefore may contribute to specific electrostatic interactions that may govern the
aggregation kinetics. A comprehensive study exploring the electrostatic effect of these
mutations on the protein is missing. Therefore, in our study, we have modulated the
electrostatic environment of the protein by changing the pH and the ionic strength in order to
explore the role of these electrostatic mutations on the structure and aggregation reaction. In
our previous study,’, we showed how protonation-deprotonation and ionic strength regulate
the assembly-disassembly of TDP-43®M protein molecules, suggesting an essential role of
electrostatics in governing the conformation and the intermolecular interactions (including
amyloid-like assemblies) of the protein molecules. It will thus be interesting to understand the
magnitude of the electrostatic contribution of these mutations on the protein structure and the
aggregation kinetics.

In our study, we found that the mutants D169G and P112H do not cause any global
change in the conformation of the native structure of the protein. However, both the mutants
show higher chemical stability compared to TDP-43"RM Interestingly, we observed that the
mutant P112H shows a higher propensity to undergo aggregation at low pH, suggesting that
the histidine may govern the protonation-deprotonation equilibrium which is linked to the
assembly-disassembly equilibrium of the protein molecules. In contrast, the mutant D169G
shows a comparable kinetic dependency as that of the TDP-43RRM protein. We also observed
that the mutant P112H shows a very weak dependency on the ionic strength, as compared to

D169G and TDP-43"®™M protein molecule.

5.2 Materials and Methods

Protein purification
TDP-43®"RMprotein has been purified using the protocol described in a previous study.?
The purity of the protein was confirmed by SDS-PAGE, and the mass was determined to be

19,429 Da using electrospray ionization-mass spectrometry.

Site-directed mutagenesis
|
Meenakshi Pillai 129



PhD Thesis Chagter 5

Point mutations TDP-43"""M P112H and TDP-43%"®™ D169G were generated using
QuikChange site-directed mutagenesis kit (Qiagen) using wild-type plasmid as the template.
The expression and purification for both the mutants were performed using the same protocol
followed for TDP-43"®M protein.”> Once purified, the mutants were run in SDS-PAGE to
confirm the purity of the sample. A mass of 19,371 Da for D169G and 19,468 Da for P112H

was determined using electrospray ionization-mass spectrometry.

Aggregation condition

Aggregation conditions used were similar to those described in a previous study
(Chapter 4). In brief, the protein was concentrated between 600-800 uM and then transferred
to 20 mM Gly-HCI pH 3 buffer containing 150 mM KCI. A final protein concentration of 10

uM was maintained for all the aggregation reactions.

pH-induced equilibrium experiments
Different buffers were used in different pH ranges as described in previous work
(Chapter 2). All the samples were equilibrated for 24 h to achieve equilibrium before taking

the spectroscopic measurements.

Circular Dichroism

Far-UV CD measurements were performed in a Jasco J-815 spectropolarimeter. Far-
UV CD scan was collected between 200-250 nm using a 0.1 cm cuvette. For the kinetic
experiment, the absorbance was measured at 216 nm at regular time intervals. The deadtime
for the kinetic experiment was calculated by measuring the time difference between the
addition of protein to the aggregation buffer and the very first signal measurement. Following
settings were used for far-UV CD measurements- bandwidth- 2nm, DIT — 4s, and scan speed

— 20 nm/s.

Thioflavin T (ThT) assay

The ThT assay was performed by adding 1 uM protein to the ThT assay buffer
containing 50 mM Tris-HCI and 40 uM ThT dye. For the ThT scans, the sample was excited
at 440 nm, and the emission was collected from 452 nm to 535 nm. For the kinetic experiment,

the sample was excited at 440 nm, and the emission was collected at 482 nm for 20 s. The data
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were then averaged and plotted as a function of time. The background ThT fluorescence

contributed by the buffer was subtracted from all the data.

Trp Fluorescence and anisotropy

Protein samples (~ 10 pM) were incubated in pH 7.5 buffer, and the steady-state
fluorescence was measured by exciting the Trp residues at 295 nm and measuring the
fluorescence from 310 to 400 nm. For steady-state anisotropy measurements, the samples were
excited at 295 nm and the anisotropy was measured at 340 nm for 300s, using an anti-

photobleaching setting. The excitation and emission slit width was 2 nm and 5 nm, respectively.

Guanidinium Chloride (GdmClI) -induced equilibrium unfolding transition monitored by
Trp fluorescence and far-UV CD

For the GdmCl-induced unfolding transition, protein samples (4-5 uM) were incubated
in 20 mM MOPS pH 7.5 buffer containing 150 mM KCI. The samples were incubated
overnight to achieve equilibrium. The Trp fluorescence was monitored by exciting at 295 nm
and measuring the fluorescence at 340 nm. For far-UV CD measurement, the change in the
absorbance was monitored at 222 nm. The concentration of the denaturant was measured using

a refractometer (Abbe type refractometer from Rajdhani Scientific Instrument Co.).

Size Exclusion Chromatography

Size exclusion chromatography was performed for the native form of TDP-43®RM
D169G and P112H protein using GE Superdex 75 10/300 GL high-performance gel filtration
column. The column was pre-equilibrated with 20 mM MOPS pH 7.5 buffer containing 150
mM KCIl. Protein samples (~ 25 uM) were injected, and the sample was run at 0.8 mL/min

flow rate.

Transmission electron microscopy

The amyloid-like assemblies of the mutants were placed on 300-mesh Formvar carbon-
coated grid (Electron Microscopy Science) for 5 min. The excess sample was then removed,
and the grid was then negatively stained using 2% uranyl acetate solution for 1.5 min. After
the staining, the grid was rinsed with Milli-Q for a min and then air-dried before examining

using transmission electron microscopy (Technai-T20) at an accelerating voltage of 200 kV.
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5.3 Results
5.3.1 The native fold of the protein is maintained in D169G and P112H mutants

Site-directed mutagenesis was used to create single point mutations (D169G and
P112H) within the TDP-43®®M protein. Both the mutations are located within the RRM1
domain of TDP-43"®M protein (Figure 5.1).

Figure 5.1: PDB structure of the TDP-43%®M protein (4BS2). The mutant D169G is indicated
by the red sphere, while the mutant P112H is indicated by the yellow sphere.

To understand the effect of these mutations on the native state of the protein, we first
compared the structure and the stability of the mutants to TDP-43RRM ysing local and global
spectroscopic probes (Figure 5.2). The native state of TDP-43®RM hag been structurally
characterized previously and is used as a reference for comparison with the mutants’ here.?
Figure 5.2A shows the normalized fluorescence spectrum of the Trp residues (W113 and
W172) in TDP-43®RM compared to D169G and P112H at a similar protein concentration. We
observe that the local side-chain packing indicated by the Trp fluorescence remains similar
across the three variants. In order to further investigate the solvation environment around the
Trp residue across the three variants, we compared the maximum fluorescence emission, Amax,
of the fluorophore, which is an excellent measurement of the polarity of the surrounding

medium. We observed that the Amax for both the mutants, D169G and P112H, was 350 nm

which is highly comparable to that of TDP-43""®M protein (349 + 0.5 nm), suggesting that the
Trp residues have a similar solvation environment in the mutants as compared to TDP-43RRM
protein. We then compared the anisotropy of the Trp residues across the three variants to

understand the local dynamics of the fluorophore within the protein molecules (Figure 5.2B).
-
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The anisotropy of the Trp residues in D169G is 0.0814, and P112H is 0.0828, which appears
to be marginally higher than TDP-43R®™ ((.0750). This nominal increase in the anisotropy of
the Trp might indicate a small increase in the local rigidity around the fluorophore that does
not affect the solvation around the protein core. Thus, our data indicate that the overall side-

chain packing remains intact, and the solvation of the fluorophore appears similar in the

mutants, D169G and P112H and highly comparable to that of TDP-43"RM protein.
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Figure 5.2: Structure and stability comparison of the mutants, D169G and P112H, with TDP-
43RRM protein. The native structure, size and stability of the mutants D169G (blue color) and
P1I12H (red color) are compared with TDP-43%M protein (cyan color) at pH 7.5. (A)

Normalized fluorescence spectrum of all the mutants is compared with TDP-43%M

protein.
The inset of panel A shows the maximum emission of the Trp residues across the three proteins.
(B) Anisotropy of the Trp fluorophore of the mutants in comparison with TDP-43%M protein.
(C) Comparison of the far-UV CD spectrum of the mutants with TDP-43%®M protein. (D) Size
exclusion chromatogram of the mutants compared with TDP-43%®M protein. Guanidinium
Chloride (GdmCl)-induced equilibrium unfolding transition of the mutants is compared with
TDP-43""M by, monitoring the change in the Trp fluorescence at 340 nm (Panel E) and far-UV
CD at 222 nm (Panel F). The fraction unfolded is plotted as a function of denaturant

concentration in panels E and F. The solid lines in panels E and F are to guide the eye.
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We next compared the global secondary structure of the mutants using the far-UV CD
spectrum (Figure 5.2C). The mean residue ellipticity (MRE) at 222 nm for D169G was
measured to be -5337 mdeg.cm?.dmol! while for P112H was -6347 mdeg.cm?®.dmol!. This
value is highly comparable to that of TDP-43'®"M protein, which shows a similar o and B sheet
content as that of the mutants. Upon comparing the size of the mutants using size exclusion
chromatography, we observed that the mutants elute at the same retention volume as that of
TDP-43®RM protein, whose size corresponds to ~19 kDa (Figure 5.2D). Overall, our data
indicate that the mutants D169G and P112H do not significantly alter the local tertiary and the

global secondary structure of the protein molecule.

5.3.2 The mutants show increased stability as compared to TDP-43®RRM protein

3 tRRM

The native state of the mutants appears similar to TDP-4 protein, but the chemical

3 tRRM

stability of the mutants appears to be different compared to TDP-4 protein (Figures 5.2E

and 5.2F). Denaturant-induced unfolding transition of the mutants and TDP-43RRM yere
monitored by Trp fluorescence at 340 nm (Figure 5.2E) and far-UV CD at 222 nm (Figure
5.2F). We used the midpoint of the unfolding transition as measured by fluorescence and far-
UV CD as a proxy for chemical stability. We observed that the midpoint of unfolding transition,
when measured by Trp fluorescence for TDP-43®fM js 1 9M GdmCl while that for D169G and
P112H are 2.6M GdmCI and 2.8M GdmCl, respectively. The midpoint of unfolding transition
of secondary structure for TDP-43®fM j5 2 3M GdmCl, while for D169G and P112H are 2.7M
GdmCl and 3M GdmCl, respectively. Our data indicates that both secondary and tertiary
structure stability is high for the mutants as compared to TDP-43'"®M A similar result has been

observed for both the mutants using thermal stability, which concluded higher stability for the

mutants as compared to TDP-43RRM protein 22 23
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Figure 5.3: Kinetics of the aggregation of the mutants compared to TDP-43%RM (4)
Elongation process is monitored by the change in the ThT fluorescence at 482 nm as a function
of time. (B) Conformational change was monitored using far-UV CD at 216 nm as a function
of time. The solid lines to panel A are fit to a single exponential equation, while the solid lines
in panel B are fit to a double exponential equation. (C) Comparison of the rate of the elongation
process, and the fast and the slow rate of the conformational change process for all the three
protein variants (black bar- elongation, light gray- fast phase of CD and dark gray- slow phase
of CD).

5.3.3 P112H mutant shows increased rate of misfolding as compared to TDP-43RRM

We had observed in our previous study that TDP-43®RM yndergoes a conformational
change at low pH and physiological ionic strength to form ThT-positive 3 sheet-rich amyloid-
like assemblies in multiple steps.”* % We determined experimentally that TDP-43RRM
undergoes a monophasic elongation reaction and a biphasic conformational change consisting
of a fast and a slow phase (Chapter 4). The transition from the native state to the amyloid-like
assemblies thus occurs in multiple steps (Chapter 4) with electrostatic interactions playing a
mayjor role in the formation of amyloid-like assembly. To understand how the electrostatic point
mutations affect the kinetics of the aggregation reaction and to identify which steps in the
reaction pathway are sensitive to the electrostatic effects, we compared the aggregation reaction
of the mutants with TDP-43"’M ynder low pH and physiological ionic strength conditions.

Upon transferring the protein to the aggregation condition, we observed an increase in
the ThT fluorescence at 482 nm. Kinetic analysis of the ThT fluorescence revealed an
exponential change in the elongation process (Figure 5.3A). Both the mutants, D169G and

P112H, showed an exponential dependence of the elongation process with the rates

corresponding to 0.25 + 0.06 min" and 0.61 +£0.018 min™!, respectively (Figure 5.3C). The rate
of elongation for D169G compares well with the rate observed for TDP-43®R®™ (0,13 + 0.007

min™') in a previous study (Chapter 4). However, the P112H mutant shows an almost 4-fold
-
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increase in the rate of elongation, suggesting a role for the charge mutation in accelerating the
process of elongation.

The process of elongation is also accompanied by a change in the conformation of the
protein molecules. We observed that under aggregation conditions, the protein molecules
undergo conformational change resulting in an increased ellipticity as a function of time
(Figure 5.3B). Kinetic data reveals a bi-exponential change in the conformation of the mutants

as has been observed for TDP-43®RM previously (Chapter 4).% The rate of the fast phase for
D169G is 0.17 min™!, while that for P112H is 0.5 + 0.08 min™' (Figure 5.3C). The rate of the

slow phase for D169G is 0.016 min™"* while that for P112H is 0.036 + 0.002 min™! (Figure
5.3C). The bi-exponential rates for the mutant D169G compare well with TDP-43®RRM (fast
phase- 0.15 + 0.0058 min' and slow phase- 0.017 + 0.0012) rate (Chapter 4). However, the
mutant P112H shows an almost 3-fold higher rate of the fast phase while a 2-fold higher rate
for the slow phase of the CD compared to TDP-43™RM_A]] these data indicate that the removal
of proline 112 and the introduction of the histidine side chain is substantially affecting the

overall rate of the aggregation process.
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Figure 5.4: lonic strength dependency of the aggregation process of the mutants compared to
TDP-43RM protein. (A) ThT fluorescence scan of D169G (blue color) and P112H (red color)
at different ionic strength — 5 mM (dotted), 7 mM (dashed lines) and 150 mM (dot-dot-dash,).
(B) Comparison of the ThT fluorescence at 482 nm at different ionic strengths under
equilibrium conditions for TDP-43%*M (cyan color), D169G (blue color) and P112H (red
color). The solid lines through the data are to guide the eyes.
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We understand that the electrostatic mutants have a different effect on the rate of the
aggregation process. Thus in order to further investigate how the electrostatics modulate the
intermolecular interactions, we exposed the mutants to a solution containing different ionic
strengths at low pH and monitored the ThT fluorescence (Figure 5.4). We found that the native
to amyloid-like transition is highly dependent on the ionic strength of the solution. The ThT
fluorescence scan at 5 mM, 7 mM and 150 mM illustrate the difference in the ThT binding
under equilibrium conditions for D169G and P112H mutant (Figure 5.4A). When monitored
using a gradient of salt, we found that the mutant P112H shows a very weak dependency on
the ionic strength compared to D169G (Figure 5.4B). The ionic strength dependency of D169G
corresponds well with that of TDP-43"®RM data (Figure 5.4B). It appears that at low ionic
strength (< 5SmM), the protein molecules do not bind to ThT dye, suggesting that the secondary
structure remains native-like. Besides, the global secondary structure of TDP-43®RM jp g
previous study was shown to remain native-like at low pH and low ionic strength conditions
(<5 mM). Our data suggests that the ionic strength at low pH plays a crucial role in modulating

the electrostatic interactions within the protein molecules that might prime the protein to

undergo aggregation.
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Figure 5.5: Comparison of the amyloid-like assemblies (dashed lines) of D169G (blue), P112H
(red) and TDP-43%RM (cyan) with their corresponding native structure (solid lines). (A)
Comparison of the global secondary structure of the native form and the amyloid-like
assemblies of D169G, P112H and TDP-43"""M ysing the far-UV CD. (B) ThT fluorescence scan
of the native structure of D169G, P112H and TDP-43""M compared with their corresponding
amyloid-like assemblies.
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The above data suggest that P112H shows a higher rate of aggregation and weak ionic
strength dependency as compared to TDP-43'®®M and D169G mutant. However, we observe
that the final amyloid-like assemblies formed across the mutants and TDP-43®fM are very
similar. We characterized the structural properties of the amyloid-like assemblies by far-UV
CD and ThT fluorescence (Figure 5.5). Figure 5.5A shows the global secondary structure of
the amyloid-like assemblies of the mutants and TDP-43RRM A representative far-UV CD
spectrum of the protein molecule in the native state is shown. The far-UV CD spectrum of the
amyloid-like assemblies shows increased ellipticity and a significant shifting of the overall
peak towards 216 nm, implying the formation of an ordered B-sheet rich structure. The global
secondary structure is almost similar across all the three variants pointing out the similarity in
the overall arrangement of the cross-f sheet structure within the assemblies. Figure 5.5B shows
the ThT fluorescence of the native states of the mutant and the TDP-43®fM compared with the
ThT fluorescence of their corresponding amyloid-like assemblies under aggregation
conditions. The ThT fluorescence of the native forms of all the variants is negligible,
suggesting that the native structure does not bind to the ThT dye and does not have any
amyloid-like characteristics. In contrast, the ThT fluorescence of the amyloid-like assemblies
of the mutants and the TDP-43"fM ig high, suggesting that the dye is able to stack within the
cross-f sheet structure of the amyloid-like assemblies. Interestingly, the ThT fluorescence is
highly comparable between amyloid-like assemblies of TDP-43RM and the mutants,
suggesting a similar internal structure for the assemblies. Although the reaction rate for the
P112H mutant varies considerably compared to TDP-43"®™ and the D169G mutant, the final
amyloid-like assemblies formed at the end of the aggregation reaction seem to achieve a similar

ThT and CD signal.
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Figure 5.6: pH dependence of the mutants, D169G and P112H under equilibrium conditions.
Protein (10uM) was incubated in different pH buffers containing 150 mM KCI and monitored
using Trp fluorescence (panel A), Trp anisotropy (panel B), far-UV CD (panel C) and ThT
Sfluorescence (panel D). The cyan dots indicate TDP-43%M protein; the blue dots indicate
D169G, while the red dots correspond to P112H protein. The solid lines in all the panels are
to guide the eye. The data for the TDP-43""®M has been taken from a previous study.

5.3.4 pH- induced equilibrium transition from native to p sheet structure at 150 mM KCl

The mutants have been shown to undergo structural and conformational changes under
low pH and physiological ionic strength. Thus we identify that pH and salt play a crucial role
in governing the intermolecular interactions that regulate the structure of the mutants. In order
to further investigate the effect of these electrostatic mutations on the pH-dependent misfolding
transition, we monitored the misfolding transition under equilibrium conditions using different
probes such as Trp fluorescence, Trp anisotropy, CD and ThT fluorescence (Figure 5.6). A
previous study?® from our lab suggested that for TDP-43"®M ' the midpoint of misfolding
transition is around pH 4, which can also be seen in the pH-induced misfolding of TDP-43R&M
in figure 5.6. We then compared the pH dependency of the mutants under constant
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physiological ionic strength. We observed a sigmoidal change across the three different protein
variants for all the probes. Between pH 7.5 and pH 5, TDP-43"®"M and the mutant D169G show
a gradual decrease in the Trp fluorescence (Figure 5.6A) with a corresponding increase in the
anisotropy (Figure 5.6B). The CD signal for TDP-43"f D169G and P112H remains native-
like (Figure 5.6C) with a negligible increase in ThT fluorescence (Figure 5.6D). In contrast,
the Trp fluorescence of P112H remains similar between pH 5 and pH 7.5, while the anisotropy
increases in accordance with the TDP-43®R®M and the D169G mutant. The sigmoidal transition
observed for all the probes saturates at around pH 3.5. Between pH 3.5 and pH 2, the protein
molecules show decreased Trp fluorescence (Figure 5.6A), increased anisotropy (Figure 5.6B),
and higher ellipticity value with the ability to bind to ThT dye. This shows that the protein
molecules have now transformed into cross-p sheet rich structure. Our previous study has
shown that TDP-43®®M protein undergoes a transformation into cross-p sheet amyloid-like
structure at low pH.?# This transition from the native state to B sheet rich amyloid-like structure
is also seen for the mutants, D169G and P112H. If this transition occurred due to the
protonation of D169, then replacement with glycine (an amino acid with a neutral side-chain)
would eliminate the transition completely. However, the native to amyloid-like transition
remains similar for the D169G mutant suggesting that the protonation of Asp plays no role in
this misfolding transition. In contrast, for the P112H mutant, we see that the transition has
become very sharp and distinct, suggesting a very critical dependence on the protonation of

histidine in this transition.

5.4 Discussion

Mutations have been studied to show varied effects on the structure, stability and
function of the protein molecules. Some studies exploring the C-terminal domain mutations
within the TDP-43 protein have shown to aggravate the aggregation kinetics of the protein,
thus causing a deleterious effect.?” While other mutations have been shown to have nearly no
effect to even causing a reduction in the aggregation propensity.’> ¢ The effect of mutations
on the protein molecule is thus dependent on many factors such as the charge of the mutated
residue, size of the residue,” sequence in which the mutation occurs which in turn might bring
about various changes in the form of altered dynamics, stabilization or destabilization effect,”
31 change in the hydrophobicity or by simply affecting the transition state of the reaction.’?

Here, in our study, we observed that the pathological mutations D169G and P112H do

not significantly affect the native fold of the protein, as has been noted in a previous study.?*
-
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23 We also observe increased chemical stability which is in line with the increased thermal
stability observed for these mutants in the literature.’> ?* A general accepted hypothesis is that
destabilization of the native state often increases the formation of the partially folded molecules
which are linked to an increased rate of misfolding and aggregation.’? Yet, this is not adequate
to explain the effect of all mutations as they might also exert an effect on the properties of
partially misfolded, oligomeric and aggregation-prone species.” 34 Therefore, it is essential to
clarify the role of mutations in exerting their effect on the distinct steps in the process of
misfolding and aggregation.

Prior study has shown that TDP-43®’M yndergoes the formation of amyloid-like
assemblies under low pH and physiological ionic strength in a multi-step pathway (Chapter 4).
Upon examining the effect of these charged mutations on the distinct steps in the pathway, we
observed an exponential dependence for the elongation and conformational change processes
(Figure 5.3). The P112H mutation shows an almost 4-fold increase in the rate of elongation
and a 3-fold increase in the rate of conformational change (Figure 5.3C), suggesting that the
change in the electrostatics owing to the presence of protonated His brings about critical change
within the electrostatic network of the protein molecules. The synchronized effect of
protonation and salt plays a key role in lowering the activation barrier associated with
elongation and conformational change processes, implying how important the electrostatics are
in determining the transition state of the reaction. For the D169G mutant, the rate of these
processes is highly comparable to that of TDP-43®R®M (Figure 5.3). The glycine present at 169
position with a neutral side chain does not undergo any protonation reaction and hence behave
similar to TDP-43™RM protein. Additionally, we can also point out that the removal of Asp at
169 position doesn’t abate the native to amyloid-like transition suggesting that the role of Asp
in controlling the electrostatics of the amyloid-like interactions is inconsequential.

In our previous work we showed how the protonation of key residues within the TDP-
43®RRM protein causes destabilization of the protein molecules resulting in loosening of the side-
chain packing and formation of partially unfolded molecules.’ At low pH, TDP-43RRM shows
a sigmoidal dependency on the ionic strength (Figure 5.4).? Under the low salt condition, we
initially observed the formation of molten globule-like (MG-like) species. With time, these
MG-like species associate through weak interactions to form native-like oligomers. These
weak interactions govern the metastable nature of the native-like oligomers. Presence of high
salt (>15 mM KCI) however disrupts these weak interactions and favors the formation of highly
structured cross-f sheet rich amyloid-like assemblies. The ionic strength dependency at low
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pH thus regulates the size, conformation and the amyloidogenicity of the protein assemblies.
Remarkably, we noted a similar dependency on the ionic strength for the D169G mutant as that
of TDP-43"”M (Figure 5.4). The glycine present at 169 position with a neutral side chain does
not bring about any significant change in the electrostatic network within the protein molecule
and hence shows a similar ionic strength dependency. In contrast, the P112H mutant shows a
very weak dependency on the ionic strength (Figure 5.4). This can be linked to the presence of
protonated His at the 112 position whose electrostatic interactions with other charged residues
such as D169, R171, E117, Q118 and D119 in the spatial proximity might favor the formation
of amyloid-like interactions in the protein molecules. Additionally, the protonation of His
might also weaken the unfavorable interactions that govern the initial structure and
conformation of the protein, resulting in less amount of salt required to break those interactions
and allowing the protein molecules to come together to form amyloid-like assemblies. This
suggests that ionic strength plays a critical role in governing the intermolecular interactions
between the protein molecules, thereby dictating the structure and the conformation of the
protein molecules. The altered electrostatic effect manifested through an increased rate of
aggregation at low pH suggests that the protonation of His at 112 position coupled with salt
effect plays a critical role in regulating the amyloid-like interactions around this residue. Our
data thus allows us to imply that the critical interactions that initiate the amyloid-like assembly
in TDP-43™"M Ji¢ in the vicinity of P112 residue and are strongly influenced by the electrostatic
environment around the residue.

Broadly, many pathogenic mutations in aggregation-prone proteins such as prion,3” ¢
B2 microglobulin, a-synuclein’” and AB42° involve charge reversal or substitution of charge
residue with uncharged residues, implying the significance of the electrostatic effect in the
aggregation process. In this study, we tried to understand the consequence of charge mutations
on the structure and aggregation kinetics of the protein molecules. By identifying the critical
dependency of the charge and protonation state of the mutations we can fine tune the overall

electrostatic interactions to modulate the aggregation timescale.
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Chapter 6

Electrostatic modulation of the intramolecular and the intermolecular

interactions during the formation of an amyloid-like assembly
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6.1 Introduction

Aggregation of proteins to form amyloid fibrils and amorphous aggregates is a common

I Many debilitating diseases such as

characteristic of all neurodegenerative diseases.
amyotrophic lateral sclerosis, frontotemporal lobar degeneration, Alzheimer’s and Parkinson’s
show deposition of the amyloid fibrils.” Specifically, the deposition of TDP-43 protein has
been observed in a multitude of neurodegenerative diseases.”? TDP-43 is a multi-domain
protein consisting of an N-terminal domain, two RNA Recognition Motif domains tethered by
a linker (termed here as TDP-43®fM) and a C-terminal domain.’’ Functionally, the nucleic
acid-binding domain of TDP-43 (TDP-43"RM) performs vital functions inside the cell, such as
mRNA splicing, mRNA transcription and translation and autoregulation of its own mRNA.//
2 Apart from performing critical functions, TDP-43 and its variant, have been shown to form
different assemblies under destabilizing and misfolding conditions.”>/ While previous studies
have shown that protonation of the buried residue coupled with the salt plays a key role in
regulating different kinds of assemblies’” /% formed for TDP-43®R®M we do not yet clearly
understand how the electrostatic modulates the conformational transitions between the protein
molecules.

The aggregation proclivity of a particular protein is influenced by two major
determinants— its primary sequence which includes the distribution of residues that are
hydrophobic, charged, polar or aromatic and their propensity to form B sheet content.”’ The
other factor that significantly influences the aggregation propensity is the various physiological
stresses that the cell experiences in its lifetime. These can be thermal fluctuations, starvation
stress, and oxidative stress, which functions by bringing about change in the solvation condition
of the cellular milieu, often initiating misfolding of proteins. Both intrinsic and extrinsic factors
critically regulate the thermodynamics and the kinetics of the aggregation process. In
particular, pH and salt are well-known modulators of the electrostatic interactions and have
been shown to affect the protein molecules by bringing about changes in structure,
conformation, hydrophobicity and the oligomeric nature of the protein molecules. The effect
of electrostatics on the protein, in general, involves competition between many phenomena
such as repulsion or attraction between charged residues, local dipolar interactions and
desolvation penalties of ionizable residues.’”? Moreover, the contribution and balance of both
electrostatic and hydrophobic interactions determine the rate and the equilibrium properties of
protein species populated. In the context of age-associated diseases involving

neurodegeneration, the accumulation of highly charged proteins in the cell is held to be a
|
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significant source of protein destabilization.’’ This is majorly due to the change in the net
charge brought about by oxidative damage to the cell under the aging condition.?’-?? In this
context, it is vital to understand how the changes in the solvation condition modulate the

electrostatic network in TDP-43 proteins. In particular, TDP-43RkM

protein has been shown to
undergo complex multi-step aggregation reactions in the presence of physiological ionic
strength at low pH (Chapter 4). Depending on the ionic strength of the solution, the protein
populates into dry molten globule (no salt), native-like oligomers (< 5 mM KCI) and ThT-
positive amyloid-like assemblies (>15 mM KCl).”8 However, it is not clear how the changes in
the electrostatic network affects the structural conformation of the protein molecules and
populate different types of species. Therefore in this work, we wanted to systematically dissect
the effect of pH and ionic strength on the intra- and the intermolecular interactions governing
the protein molecules. To understand the magnitude of this dependency and characterize the
electrostatic effect on the protein, we studied both thermodynamic and kinetic dependency of
the observed rate constants by varying the pH and salt concentration. We observed that the
enthalpic destabilization caused by the protonation of buried ionizable residue is coupled to the
structural opening of the protein molecules to form partially unfolded molecules. The pH-
induced structural changes create an intra-molecular destabilizing effect which acts as the key
structural requirement for initiating the aggregation process. In the presence of salt, the protein
molecules undergo significant conformational changes to re-arrange their backbone-backbone
interactions to form ordered amyloid-like assemblies. Salt, however, affects the aggregation
process in two steps represented by the two transition states of the aggregation reaction. The
salt majorly functions by binding specifically to the charged side-chains of the protein

molecules to exert its effect, thus following electroselectivity series of anion binding.

6.2 Materials and methods
Protein purification

The purification of TDP-43"®M protein was performed using a protocol followed in a
previous study (Chapter 2). The purity of the protein was confirmed by both SDS-PAGE and

electrospray ionization mass spectrometry.

Buffers, solutions and experimental conditions
All the chemicals used are of the highest purity grade from Sigma and Sisco research

laboratories (SRL). Buffers at different pH were as reported previously (Chapter 2). For the
______________________________________________________________________________
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pH-induced experiment, the protein was incubated in different pH buffers, one set containing
<5 mM KCl and the other set of the sample containing 150 mM KCl in the solution. Once the
sample achieved equilibrium, the far-UV CD was measured at 216 nm. The protein

concentration used in all the experiments is kept constant at 10 pM.

Circular Dichroism

Jasco-J815 spectropolarimeter was used to measure the far-UV CD spectrum using the
same parameters as described previously (Chapter 2). For equilibrium spectrum measurement,
the absorbance spectra was collected between 250-200 nm using the following parameters- 2
nm, bandwidth; 1s D.I.T; 20 nm/min, scan speed. The pH-induced equilibrium data was plotted

at 216 nm as a function of different pH.

Thioflavin T assay

Thioflavin T assay was performed by transferring 1 uM of protein sample in ThT assay
buffer containing 40 uM ThT dye. The dye was excited at 440 nm, and the emission spectra
were collected between 452 to 535 nm using excitation and emission slit widths of 2.5 nm and
2.5 nm, respectively. For kinetic measurements, the emission was collected at 482 nm for 20 s
and the average of all the measurements was plotted as a function of time. Buffer spectrum was

collected using the same parameter and subtracted from the sample data.

6.3 Results

6.3.1 Concentration of salt determines the fate of the protein at low pH

The effect of electrostatics on TDP-43""®M wag analyzed by monitoring the secondary
structure of the protein across the different pH ranges and under different salt conditions. Figure
6.1A shows the far-UV CD spectrum of the protein molecules at two extreme pH and ionic
strength. The protein molecules at pH 7.5 remain native-like in the presence of low (< 5 mM
KCl) or physiological salt (150 mM KCI) concentration. The protein shows a secondary
structure rich in a and B sheet as described in a previous study.’” When the protein is transferred
to pH 3 buffer, in the presence of low salt (< 5 mM KCI), the molecules maintain an intact
native-like secondary structure; however, in the presence of 150 mM KCI, the molecules
undergo a disorder-to-order transformation seen by increased ellipticity. Additionally, the
spectrum shows a maxima around 216 nm, characteristic of a § sheet rich structure, called here

as amyloid-like assemblies.
I
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Figure 6.1: Effect of pH and ionic strength on the equilibrium transition from native to the
amyloid-like state of TDP-43"*’M protein. (4) Far-UV CD spectrum of the protein incubated at
pH 7.5 and pH 3 under two different salt conditions (< 5 mM and 150 mM KCI). (B) Mean
residue ellipticity of the protein molecules when incubated under different pH solutions
containing < 5 mM KCI (unfilled circles) and 150 mM KCI (filled circles) at 216 nm. (C)
Transmission electron microscopy images of the protein molecules at pH 3 in the presence of
< 5mM and 150 mM KCI are shown.

In order to understand the pH and ionic strength dependency on the structural
conformation of the protein, we transferred the protein molecules to different pH buffers, one
set of which contained low salt concentration (< 5 mM KCI) and the other contained
physiological salt concentration (150 mM KCI) (Figure 6.1B). We next measured the far-UV
CD absorbance of these samples and plotted the absorbance at 216 nm as a function of pH. We
observed that in the presence of low salt concentration, the mean residue ellipticity (MRE)
remains native-like across the pH range. However, in the presence of physiological salt
concentration, we observed a sigmoidal dependency on pH, saturating around pH 3. The MRE
increases from — 6000 mdeg. cm?. dmol! under native-like conditions (between pH 7.5 and pH
5) to around — 14000 mdeg. cm?. dmol™! under low pH (less than pH 3). Previous studies have
characterized these species formed under low pH, and high salt concentration and were found
to be ThT-positive amyloid-like assemblies.” Our data thus suggests that under low pH
conditions, salts play a significant role in bringing about structural transformation from a
native-like secondary structure to a structure rich in cross-f sheets.

The TEM images in Figure 6.1C depict the appearance of the protein molecules at pH
3 under low salt and physiological salt concentration. The protein molecules appear as small
diffused structures in the presence of low salt concentration; however, in the presence of high

salt, the protein molecules appear as small curly worm-like assemblies.
-
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6.3.2 Dependence of the Kinetics of the formation of amyloid-like assembly on pH

In presence of 150 mM KCIl, we studied the kinetics of the native to amyloid-like
assembly transition as a function of pH using ThT fluorescence (Figure 6.2). ThT dye is a
widely used probe to study the evolution of the aggregation reaction, as it is known to stack
within the protein molecules during elongation and fluoresce.’* ?4. We observed that at pH 7.5
and pH 5, the protein molecules do not bind to ThT and hence do not show any change in the
ThT fluorescence. At pH 4.5, the protein molecules show some change in the ThT fluorescence,
but the rate of the increase in the ThT fluorescence is relatively slow. Between pH 4 and pH
2.5, we see an exponential increase in the ThT fluorescence, suggesting that the protein

molecules assemble together rapidly to form amyloid-like assemblies.
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Figure 6.2: pH-dependent kinetics of the amyloid-like assemblies at physiological salt
concentration. (4) Aggregation kinetics monitored by ThT fluorescence at 482 nm in different
pH buffers containing 150 mM KCI - pH 7.5 (orange), pH 5 (pink), pH 4.5 (blue), pH 4 (cyan),
pH 3.5 (vellow), pH 3 (gray) and pH 2.5 (red). All the data except pH 7.5 and pH 5 in panel A
fits best to a single exponential equation. For pH 7.5 and pH 5, a linear fit was used. (B) The
apparent rate constant is plotted as a function of pH. (C) The relative amplitude of the
aggregates is plotted as a function of pH. The maximum ThT fluorescence at low pH was used
to calculate the relative amplitude across all the data. The solid lines in panels B and C are to
guide the eyes.

The apparent rate constant derived by fitting the data to a single exponential equation
from figure 3A displays a sigmoidal dependency on the pH (Figure 6.2B). Since there is no
increase in the ThT fluorescence at pH 7.5 and pH 5, and there is no formation of any amyloid-
like assemblies, we assumed a nominal rate constant value of 0. The sigmoidal transition, which
reflects the transformation from native to amyloid-like assemblies, has a midpoint of around

pH 4.2. The apparent rate constant at pH 4 appears on the transition zone, while the rate
-
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constant appears to have saturated beyond pH 3.5. Between pH 3.5 and pH 2.5, the apparent
rate constant has become highly comparable.

Figure 6.2C shows the relative amplitude of the aggregation reaction plotted as a
function of pH. The change in the final ThT fluorescence signal shows a sigmoidal transition
with a change in the pH. The ThT fluorescence at pH 7.5 and pH 5 did not change, and hence
we have assumed a negligible value of 0 as the amplitude. The ThT fluorescence at pH 4.5 has
only achieved 40% of the total signal suggesting that around 40% of the population may be
undergoing an amyloid-like conformational change reaction. The relative amplitude saturates

beyond pH 4, and the value remains similar up to pH 2.5.

6.3.3 Ionic strength dependency of the aggregation reaction as a function of pH

We incubated the protein at different pH containing different concentrations of salt and
measured its ThT fluorescence under equilibrium conditions (Figure 6.3). We monitored the
ionic strength dependency by a 100-fold change in the salt concentration across the different
pH. The protein molecules show varied dependency on the ionic strength at different pH
(Figure 6.3A). The protein molecules at pH 5 show no change in the ThT fluorescence upon
changing the salt concentration from 1.5 mM to 150 mM. However, we observe a sigmoidal
dependency on the ionic strength between pH 4 to pH 2.5. The slope of this sigmoidal
dependency is, however, shallow at pH 4 and pH 3.5, while it is quite steep at pH 3 and pH
2.5. The extent of the change in the ThT fluorescence was monitored by calculating the salt
concentration at which 50% of the ThT signal is achieved as compared to the maximum
fluorescence (Figure 6.3B). Our data imply that at low pH, where the tertiary structure is
disrupted completely, the effect of salt is more pronounced (Figure 6.3B).

I
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Figure 6.3: Influence of the ionic strength on amyloid-like conformational transition of the
protein molecules as a function of pH. The protein was transferred into different pH buffers
containing different KCI concentrations and incubated overnight- pH 5 (pink), pH 4 (cyan),
pH 3.5 (vellow), pH 3 (gray) and pH 2.5 (red). The ThT fluorescence of the equilibrated sample
was measured at 482 nm. (A) Relative ThT fluorescence of the protein at different pH & ionic
strength solution is plotted as a function of KCI concentration. All the data in panel A except
PpH 5 data fits best to the sigmoidal equation. The pH 5 data is fit to a linear equation. (B) The
midpoint of the sigmoidal transition obtained from panel A is plotted as a function of pH.

Around 25-30 mM of salt concentration is required to achieve 50% of the change in the
ThT fluorescence at pH 4 and pH 3.5. In contrast, only around 12 mM and 7 mM of salt
concentration are required to achieve a similar change at pH 3 and pH 2.5, respectively. It
appears that beyond 50 mM of salt concentration, the ThT fluorescence saturates across the
different pHs except for pH 5. Even at 150 mM, we do not observe any change in the ThT
fluorescence at pH 5. Our data suggest that the weakening of the native-like interactions
brought about by protonation is coupled with the conformational change in the protein

molecules induced by the salt.

I
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Figure 6.4: lonic strength dependency of the kinetics of aggregation. (A) Aggregation kinetics
monitored by ThT fluorescence of the protein molecules as it undergoes aggregation in the
presence of different ionic strengths of KCIl under fixed pH (pH 3) —5 mM (green), 10 mM (red),
15 mM (blue), 25 mM (dark blue), 60 mM (vellow), 90 mM (light green) and 120 mM (pink).
(B) The apparent rate constant obtained from panel A is plotted on a logarithmic scale as a
function of the ionic strength. (C) The relative change in the signal of the ThT fluorescence
calculated by dividing the final ThT fluorescence by the saturating signal of the ThT
fluorescence at higher ionic strength (90- 120 mM). All the data in panel A is a fit to a single
exponential equation. The data in panel B is a fit to the sigmoidal equation. The fit in panel C
is a guide to the eye. The error bar represents the spread in the data from two independent

experiments.

6.3.4 Dependence of the kinetics of the amyloid-like aggregation on ionic strength

We observed that ionic strength plays a crucial role in dictating the structural
conformation of the protein molecules. In order to quantitatively dissect the contribution of the
ionic strength on the transition state of the aggregation reaction, we studied the kinetics by
systematically varying the concentration of the ionic strength at fixed pH (pH 3). We changed
the ionic strength from 5 mM to 150 mM and monitored the ThT fluorescence with time (Figure
6.4A). At the low salt concentration of 5 mM, the ThT fluorescence increases very slowly.
With a further increase in the ionic strength of the solution, we noted an increase in not just the
rate of ThT fluorescence but also the amplitude of the ThT signal. The increase in the ThT
fluorescence follows an exponential dependence, and we do not observe any lag phase even at
the lowest salt concentration. At the lowest salt concentration, although the rate and the
amplitude are very low, we still observe a marginal increase in the ThT signal. The apparent
rate constant of the aggregation kinetics across the different ionic strengths was obtained by
fitting the data in figure 6.4A to a single exponential equation except for 5 mM data, whose

signal increases at a very nominal rate. A semi-log plot of the apparent rate constant on the
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ionic strength shows two different slopes, indicating two transition states associated with the
aggregation reaction. Between 10 mM to 50 mM, the apparent rate constant is highly dependent
on the ionic strength, as seen by the steep slope. However, beyond 60 mM, the dependency of
the apparent rate on the ionic strength seems to have diminished.

The amplitude of the aggregation reaction also shows a sigmoidal dependence on the
ionic strength of the solution at low pH (Figure 6.4C). At 5 mM salt concentration, only 25-
30% of the ThT signal is achieved relative to the ThT signal at the highest salt concentration.
With a further increase in the salt concentration to 10 mM, we observe that 50% of the total
ThT signal has been achieved. We observe that beyond 15 mM of salt concentration, the ThT
signal saturates, suggesting that all of the protein molecules have undergone an amyloid-like
transition and no further increase in the ThT fluorescence occurs. It is interesting to observe
that although the rate of the aggregation kinetics only saturates at 80 mM of salt concentration,

the amplitude of the ThT signal saturates well before 20 mM of salt concentration.

6.3.5 An electroselectivity series governs the intermolecular interactions
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Figure 6.5: Modulation of the TDP-43"®"M qggregation at a fixed pH by different anions. The
formation of amyloid-like fibrils was monitored by ThT fluorescence at 482 nm as a function
of the ionic strength of different salts- KCI (blue), KNOs (green), KI (yellow) and K250 (red).
The fit to all the data is a guide to the eye. The error bar represents the spread in the data from
two independent experiments.

The aggregation of TDP-43R®M yag carried out in the presence of different salt at a
fixed pH condition (pH 3) - KCI, KNO3, KI and K2SO4. The extent of aggregate formation was
monitored by measuring the change in the ThT fluorescence under each aggregation condition.
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The amplitude of the fluorescence signal appears to be dependent upon both the nature and the
concentration of the anion (Figure 6.5). The degree of the effect of the salt on the TDP-43RRM
aggregation was determined by salt concentration at which half the ThT signal (50%) is
achieved as compared to the maximum ThT signal. The efficacy of the salt on TDP-43RM
aggregation was found to be: SO42 > I> NO*> CI.The minimum salt concentration at which
maximum amyloid fibril formation obtained are 6 mM, 10 mM and 25 mM for KI, KNO3 and
KCl, respectively. For K2SOas, we observed that even at the lowest salt concentration of 1.5

mM maximum ThT fluorescence signal was reached. Therefore we could not estimate the

lowest K2SO4 concentration required to bring about the amyloid formation.

6.4 Discussion
The structural opening reaction is the critical event in initiating the aggregation reaction

TDP-43®RM exists in multiple conformations under different solvation conditions. In
neutral pH (in presence of low or physiological salt concentration) the protein molecules
remain as a monomeric native conformer. At low pH in the presence of low salt, the protein
molecules show an intact secondary structure (Figure 6.1). However, it has been shown in a
previous study that the intramolecular tertiary packing is highly disrupted under low pH
conditions. The opening/closing reaction that the protein molecules experience in the form of
conformational breathing might allow the buried ionizable residue? in the protein molecule to
undergo protonation under low pH conditions. This pH dependent transition observed for TDP-
43®RRM (Figure 6.1B) is due to the differential pKa of the buried ionizable side-chain in the
folded and the unfolded states. The protonation of the buried ionizable residue is coupled to
the structural opening of the protein molecules that exposes the hydrophobic patches which
was earlier buried inside the core, thereby, populating partially unfolded molecules (PUF).’® In
order to compensate for this enthalpic destabilization, the partially unfolded molecules come
together to form an oligomer with an intact native-like secondary structure at low pH and low
salt concentration (Figure 6.1A and 6.1B). In the presence of physiological salt concentration,
the protein molecules undergo dramatic change in the conformation, resulting in both intra-
and the intermolecular structural re-arrangement to form amyloid-like assemblies (Figure 6.1
and 6.2). This initial pH-induced structural opening occurring early in the reaction is thus an
important event that marks the beginning of the aggregation reaction. This observation is also

in line with the conformational change hypothesis that strongly suggests that changes in the
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tertiary structure of the protein molecules under partially denaturing conditions promote the
formation of alternative conformations that self-assemble to form amyloid fibrils.?

At physiological salt concentration, we observed that the kinetics of the formation of
the amyloid-like assemblies is also dependent on pH (Figure 6.2A). This dependence of the
kinetics of aggregation on pH suggests that large scale structural opening occurs in the
transition state of the reaction. Interestingly, the midpoint of the transition of the apparent rate
constant, amplitude of the pH-dependent kinetics (Figure 6.2B and 6.2C) and the equilibrium
of the conformational transition seen by CD (Figure 6.1B) is around pH 4.0. These data suggest
that both the kinetics and the equilibrium transition depends on the protonation of similar
buried ionizable residue which drives the misfolding reaction. Between pH 5 to pH 7.5, we do
not observe ionization of any buried residue, and hence no opening reaction occurs. Thus, we
do not observe formation of any amyloid-like assemblies up to pH 5 (Figures 6.1 and 6.2).
Below pH 5, the protonation results in structural opening that might expose the “aggregation-
prone” regions in the protein. The salt present in the solution might modulate the electrostatic
interactions within this region to bring about crucial structural rearrangement to form amyloid-
like assemblies. The amount of salt required to bring about the amyloid-like interactions in the
protein molecules is highly dependent on the extent of destabilization caused by pH-induced
structural changes (Figure 6.3). Thus our data unambiguously suggest that electrostatics play a

critical role in dictating the different structural conformers of TDP-43RRM protein.

Salt modulates the activation barrier

The presence of salt plays a significant role in modulating the conformation of the
protein molecules. Salt affects both the rate and the amplitude of the aggregation reaction
(Figure 6.4). However, we observed that salt affects the aggregation reaction in two steps
characterized by the two transition states (Figure 6.4B). The aggregation reaction at lower salt
concentration is sharply dependent on the ionic strength indicated by the steep slope that
represents the dependency of the aggregation rate on the salt concentration in the solution. Our
data suggest that salt modulates key interactions within the transition state to promote favorable
amyloid-like interactions. In contrast, the narrow slope observed at higher salt concentrations
(beyond 60 mM) does not show a substantial dependence of the rate on the ionic strength. This
indicates that there is second transition state occurring at higher salt concentrations whose
barrier height is weakly affected by the electrostatic interactions. Based on these data, we can
conclude that the charge interactions brought about by salt play a crucial role in determining
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the first free energy barrier while the second barrier seems to be limited by the structural
opening reaction brought about by pH. Nonetheless, our data suggest once the protein is
destabilized due to pH-induced structural changes, salt functions to bring about conformational
changes in the protein molecules such that the main chain —main chain hydrogen bonding is
promoted to create amyloid-like interactions within the protein molecules. Additionally, the
presence of salt may modulate the salt bridge networks within the protein molecules or give
rise to cation-pi interactions. Overall, the cooperative nature of the electrostatic interactions

gives rise to amyloid-like assemblies.

Specific ion binding drives the protein molecules towards aggregation reaction

Our data suggest that salt plays a significant role in governing the intermolecular
interactions of the protein molecules at low pH. However, we do not understand how salt brings
about these changes. There are several ways in which salt can modulate the interactions of the
protein molecules. The simplest is the Debye-Huckel screening which suggests that salt can
exert its effect by screening the repulsive charges on the protein molecules, thereby allowing
them to interact to form assemblies. There are other ways in which salt can exert its effect-

either by directly binding to the protein molecules (Electroselectivity effect) 27-??

or by affecting
the structure of the water molecule surrounding the protein molecules (Hofmeister effect).?’-*
If salts had been acting only by screening the charges, then the extent of fibril formation for 5
mM KI and 5 mM KCl would have been the same. However, we observe from our data that
the extent of fibril formation is relatively less in KCl as compared to KI. This suggests that

3 tRRM

ionic strength alone cannot be responsible for the aggregation of TDP-4 under low pH.

Moreover, screening of charges requires high salt concentration, and we observe that amyloid-

3RRM ccurs at a minimal salt concentration. If the salts had

like assembly formation for TDP-4
been perturbing the water structure around the protein molecules, then it would have followed
the Hofmeister series, in which case the dependency of ions should be: SO42 > Cl">NO*> T,
However, in our study, ions that promote the fibril formation do not follow the above series,
and hence we can rule out the effect of salt in modulating the water structure around the protein
molecules and causing aggregation. We observed the following dependency in our study: SO4
2> > NO*> CI" (Figure 6), which is well in line with the electroselectivity series of ions. The
electroselectivity series implies the role of anions in specifically binding to the positive charges
on the protein and modulating the amyloid-like fibril formation. A minimal amount of anions
(~15 mM KCl) is required to bring about the amyloid-fibril formation, suggesting that specific
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binding of the anions to the positively charged side-chains at low pH is essential to bring about
structural re-arrangement and promote extensive hydrogen-bonding to form amyloid-like
assemblies.

Many aggregation-prone proteins such as prion, a-synuclein,®* p2-microglobulin and
AP (1-40) have been shown to be influenced by the anions.?” 3 Anions act in a diverse way to
affect the aggregation reaction; e.g., in the case of the mouse prion protein, the anions function
by binding to the protein specifically, following electroselectivity series of anion binding.*’ In
contrast, the a-synuclein and the yeast prion protein Sup35 show formation of amyloid-fibril

through the Hofmeister effect of anion binding.’ 3¢
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Chapter 7

Site-specific mapping of the core of the amyloid-like aggregates of the
nucleic acid binding domain of TDP-43 using hydrogen-deuterium

exchange coupled to mass spectrometry
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7.1 Introduction

Deposition of fibrils is the universal feature among the spectrum of neurodegenerative
diseases such as Alzheimer’s,’ Parkinson’s,’ Amyotrophic lateral sclerosis (ALS),* # Fronto-
temporal lobar degeneration (FTLD),” Huntington’s® and Guam-Parkinsonism.” In the case of
ALS & FTLD, proteinaceous inclusions consisting of TDP-43 protein are the major
pathological hallmark of the diseased condition.® # TDP-43 consists of the N-terminal domain,
tandem RNA Recognition Motif domains and the C-terminal domain.® ? Distinct pathological
oligomers and aggregates have been observed in the tissues of the diseased patient and under
invitro condition, although it still remains to be debated if these aggregates resemble amyloid
fibrils or not.”’”> Such distinct aggregates may contribute towards heterogeneity and result in
phenotypic diversity in the symptoms of the disease.’s /7 Consistent with these findings, many
invitro studies have tried to characterize the aggregates formed for different regions of TDP-
43 protein.’®? High-level conformational information on the structures of the amyloid fibrils
for a number of different proteins is available in the literature.?”~? However, similar studies in
TDP-43 protein is only limited to the low complexity domain (LCD) domain of the protein and
therefore does not completely shed light on the role of other domains in the fibril formation.3’-
33 Multiple studies have shown RRM domains of TDP-43 (TDP-43®fM) form aggregates or
fibrils under stress-like condition.’> 3#3% But we have very few high-level structural
information on the type of fibrils or aggregates adopted by this domain.’ In order to bridge
this critical gap, we have adopted hydrogen-deuterium exchange (HDX) coupled to mass
spectrometry to decode the core and the dynamic behavior of the secondary structural segments
within the assemblies.

In our previous work, we had gained mechanistic evidence on the multistep pathway of
aggregation of TDP-43"fM ynder destabilizing conditions. Our data suggested that multiple
transient oligomeric species are populated along the aggregation pathway (Chapter 4). The
amyloid-like assemblies formed at the end of the aggregation reaction seemed to be around 20-
30 nm in its hydrodynamic radius, suggesting a certain level of heterogeneity in the overall size
of the amyloid-like assemblies.?” It thus becomes interesting to characterize and understand the
dynamicity and understand how this gives rise to the heterogeneity observed within the
aggregates. Hydrogen-deuterium exchange (HDX) provides substantial information on the
structure and the dynamics of the amyloid fibrils. HDX measures the exchange of the amide
hydrogen and thus can distinguish between the solvent accessibility of the exposed amide

hydrogen and the ones involved in the core of the structure.”” 4/ Significant structural re-
|
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arrangement occurs when the native protein undergoes a conformational transition to form
ordered amyloid-like assembly. The core of the ordered amyloid-like assembly involves
extensive network of hydrogen bonds; therefore, using HDX becomes an effective tool for
monitoring the core of the aggregates. In the current study, we attempt to probe the site-specific
behavior of individual structural segments within the protein assemblies.

In this study, we mapped the structural core and the dynamics of the different secondary
structural segment within the amyloid-like aggregate of TDP-43'®®™  Upon analyzing the
hydrogen exchange of the backbone amide of the aggregate, we found that the sequences 124-
131 and 248-255 do not exchange with the deuterium in the solvent, suggesting that these
regions are buried deep inside the aggregates and forms the core of the supramolecular
assembly. The boundaries of the core offer a certain level of protection to the nearby secondary
structure segments, such that almost 48% of the segment 132-148 remain unexchanged.
Interestingly, we observed bimodal isotope distribution patterns for specific segments (107-
122, 156-200, 220-231, 235-243), suggesting the existence of heterogeneity within the
assemblies. Mapping the core and the surface secondary segments gives a snapshot of the
critical residues involved in the aggregate conformation and, therefore, can be used to develop

biomarkers or therapeutic molecules.

7.2 Materials and methods

Protein purification

TDP-43RRM yag expressed and purified following the protocol described in a previous
study (Chapter 2). The purified protein was stored in storage buffer — 20 mM Sodium phosphate
buffer containing 150 mM KCI (pH 7.2) with 1 mM DTT. The purity of the protein was
confirmed using SDS-PAGE and ESI-MS analysis.

Buffers, solutions and experimental conditions

All the buffers used for the mass spectrometry experiment are of the highest purity
grade from Sigma unless otherwise mentioned. The buffer for amyloid formation (aggregation
buffer) consisted of 20 mM Glycine-HC] with 150 mM KCI (pH 3). The amyloid-like
assemblies were prepared by jumping the required volume of the protein from the storage
solution to the aggregation buffer such that the final concentration of the protein is around 100
uM. The protein was incubated in aggregation buffer for 2 h before performing any experiment.

For the hydrogen-deuterium exchange, buffers were prepared in deuterium oxide (D20)
-
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solution, and the pH of the solution was adjusted using deuterium chloride (DCI) and sodium
deuteroxide (NaOD). The pH of the buffer was corrected for the isotopic effect by adding a
factor of 0.4 to the pH meter reading to get the final pH of the deuterated buffer. For solutions
containing guanidinium hydrochloride (GdmCl), the concentration of GdmCI was determined

using the refractive index. The buffer solutions were filtered using 0.2 pum filters before use.

Peptide Mapping

To generate a peptide map for TDP-43R®M we followed a previously established
protocol (Acharya, N; Thesis, 2020). In brief, TDP-43"*"M was first desalted in Gly-HCI pH
3.0 buffer, and then an online pepsin digestion was carried out on an immobilized pepsin
column (Applied Biosystems) by passing 0.05% formic acid at a flow rate of 50 uL/min on a
nanoAquity UPLC system (Waters). The digested peptides were collected on a trap column (C18
reversed-phase chromatography column, Waters), where excess salts were removed and finally
eluted on an analytical C18 reversed-phase chromatography column (Waters). The elution of the
peptides was done using multiple gradients of acetonitrile (3-20% in 2 min, 20-65% in 4 min, 65-
95% in 2 min, 95-3% in 1 min) with 0.1% formic acid at a flow rate of 40 pL/min for efficient
elution. All the columns were placed in an HDX module with temperature maintained at 4°C. The
eluted peptides were detected using a Synapt G2 HD mass spectrometer (Waters). The following
parameters were used for mass detection: desolvation gas 600 L/hr, source temperature 50°C,
desolvation temperature 100°C and capillary voltage 3 kV. The peptides were sequenced using the

MSE method and then analyzed using ProteinLynx Global Server (Waters) and manual inspection.

Table 7.1: Peptide sequence and their corresponding secondary structure element.

(Loops/Disordered regions - L, B-sheets - B and a-helix - o)

S. No. Peptide sequence Secondary structural content
1 97-106 L1

2 107-122 Biloaut

3 124-131 L3

4 132-148 B2L4B3

5 156-174 o2LeP4L7PBs
6 175-200 LsBsLo

7 211-219 azL10f7

8 220-231 L

9 235-243 Li2o4

10 248-255 BoL14PB10
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Hydrogen-deuterium exchange experiment

Amyloid assemblies were first formed by transferring the required volume of protein
into aggregation buffer from a concentrated stock solution such that the final concentration of
protein was around 250-300 uM and incubated for 2 h. The exchange was initiated by diluting the
protein 20-fold into the exchange buffer at pH 3 at 25°C. At different time points of exchange, an
aliquot of the sample (25uL) was withdrawn, and the exchange reaction was quenched by mixing
with 175 pL of ice-cold 7.5 M GdmCI under quenching conditions (100 mM glycine-HCI, pH 2.5)
for 1 min. The salt was then desalted using a G-25 spin trap desalting column in an ice-cold 100
mM Gly-HCl buffer (pH 2.5). The samples were injected at a flow rate of 50 uL/min (0.05% formic
acid in water) into the HDX module coupled with UPLC for online pepsin digestion. The peptides
eluted from the C18 trap column were washed to remove any salt. The peptides were then passed
through C18 RPC analytical column and eluted using acetonitrile gradients (3-20% in 2 min, 20-
65% in 4 min, 65-95% in 2 min, 95-3% in 1min) with 0.1% formic acid. A flow rate of 40 uL/min
was used. In order to account for any back exchange and forward exchange, control experiments
were carried out using protein unfolded in D20 containing GdmCI. Using same experimental setup,
the unfolded protein sample was processed to obtain the peptide mass of 95% labeled sample for
each peptide.

At each time point of exchange, the peptide masses were calculated from the centroid
of the isotopic envelope using MassLynx software. The extent of deuterium incorporation was
calculated using the following equation-

m(t) — m(0%)

= x 100
m(95%) — m(0%)

where, m(t) and m(0%) denotes the centroid mass of the peptide at different time points and
the undeuterated sample, respectively, while m(95%) is the centroid mass of the fully

deuterated peptide (in 95% D20).

7.3 Results
7.3.1 TDP-43"RRM forms ordered B-sheet rich amyloid-like assembly

The native form of TDP-43®R®M protein is a monomeric molecule with an intact
secondary structure that transforms in a multiphasic manner to form amyloid-like assemblies
(Figure 7.1A). The far-UV CD scan of the native protein shows a structure rich in a-helix and
B-sheet (Figure 7.1B). However, in the presence of the stress-like condition, the protein

molecules undergo a drastic conformational change associated with global secondary structure
- -~
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change that results in increased ellipticity and shift in the signal maxima to 216 nm, indicative
of a structure rich in B-sheets (Figure 7.1B). A global structural analysis of the protein thus
suggests that TDP-43RRM might form extensive H-bonding networks to give rise to an ordered
B sheet-rich structure, as seen in the far-UV CD spectra. With the help of transmission electron
microscopy (TEM) images, we can clearly observe small worm-like assemblies (Figure 7.1C)
formed under the aggregation condition. The above data provide global-level information on
the structural changes in the protein molecules as they form aggregate. In order to acquire more

sequence-specific information, we used HDX-MS.
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Figure 7.1: Structural transformation of the protein molecule to an ordered worm-like fibril.
(A) Schematic representation of the transformation of the native monomeric protein to an
ordered assembly. (B) Far-UV CD spectra of the native form (solid line) of the protein and the
amyloid-like assembly (dashed line). (C) Transmission Electron Microscope (TEM) image of
the worm-like amyloid fibrils.

7.3.2 Peptide mapping of TDP-43RRM

In HDX-MS, we obtain information on the solvent accessibility of the main-chain
amide hydrogen sites of the different segments of the protein by proteolytically cleaving them
at low pH. We first generated the peptide map of TDP-43RRM by controlled proteolysis using
pepsin as described in the ‘Material and Methods’ section. A total of 10 segments were obtained
upon cleavage, which is diagrammatically represented below, along with the missing gaps in

the peptide.
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Figure 7.2: Peptide map of TDP-43%M Schematic representation of a-helix (blue ribbon), f3-
sheet (yellow arrow) and the loop regions (grey line) of TDP-43M_The amino acid sequence
corresponding to the different secondary structure elements is shown. The ‘missing gap’ of the
peptide is shown in the black box.

7.3.3 HDX-MS characterization of the amyloid-like assemblies

124-131 oo 132-148 o0 211-219 %0 248-255 a8

o — tmin P — Tmin

_JLA_A _JUUUJ

—— 10min —— 10min —— 10 min —— 10 min

LS el N

—— 1500 min —— 1500 min ——— 1500 min ——— 1500 min

E

e el Mol o DU ]

T T T T T T ' : J
899 900 801 902 903 904 805 621 622 623 624 625 1060 1062 1064 1066 1068 1070 942 843 as 845 046
miz

miz

Figure 7.3: Mass spectra of selected fragments of the aggregates at different time points of
exchange reaction are compared with the undeuterated (0% D) control.
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The change in the mass for a few sequence segments of the aggregates at different times
of HDX is summarized in Figure 7.3. Mass spectra for four secondary structural segments and
their respective controls (0% D) are shown. The mass spectra show unimodal isotope
distribution patterns for the segments- 124-131, 132-148, 211-219 and 248-255, implying that
these fragments exist primarily in a single conformation. Each of these fragments shows a
different extent of deuterium incorporation, suggesting that they differ in the protection they
afford against the exchange. The secondary structure segments (132-148 and 211-219) show
an increase in the mass with time. In contrast, for the segments- 124-131 and 248-255, we do
not observe any change in the mass even at the highest time point. Our data suggest that the
regions 124-131 and 248-255 show the least deuterium incorporation and thus correspond to
the most protected segments of the aggregate.
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Figure 7.4: The extent of deuterium incorporation in different segments of TDP-43%M_ The
grey bar graph represents the deuterium incorporation by the different segments when the
protein molecule is in its native state. This image has been adopted from the thesis of Acharya,
N.; 2020 (unpublished data). The blue bar graph represents the deuterium incorporation by
different secondary structure segments of the amyloid-like aggregates.
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The extent of deuterium incorporation in the monomer native form and the aggregates
across the different segments of the protein are shown in Figure 7.4. All the segments under
the native condition show maximum deuterium incorporation (Figure 7.4). For the amyloid-
like aggregates, we observe a varied extent of deuterium uptake for different fragments. For
the four fragments (97-106, 107-122, 220-231 and 235-243), we observe nearly 85-95%
deuterium incorporation, suggesting that these segments are part of the aggregates with similar
structural protection as observed in the native state. In contrast, the segments (124-131 and
248-255) show the least deuterium uptake in the aggregates, but the same segments in the native
form show full deuterium incorporation. Our data imply that this secondary structure segment
is protected in the aggregates but remains unprotected in the native state (Figure 7.4). For the
segments (132-148, 156-174, 175-200 and 211-219), deuterium incorporation varied between
55-75%, suggesting that these regions form part of the aggregates which remains partially

accessible to the solvent and the exchange reaction (Figure 7.4).
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Figure 7.5: Conformational heterogeneity in the amyloid form. Mass spectra of selected
fragments are shown at a different time of exchange reaction and compared with 0%

deuterated control.

7.3.4 Conformational heterogeneity observed in the aggregates
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We observed bimodal isotope distribution patterns for six segments of the aggregates-
97-106, 107-122, 156-174, 175-200, 220-231 and 235-243 (Figure 7.5). A bimodal distribution
implies that there exist at least two different populations that are significantly different in their
protection against the exchange. Out of the two conformations, one remains highly protected
and does not show any exchange reaction, while the other is weakly protected and undergoes
an exchange reaction. Our data suggest that these structural segments may form the core in
atleast some population of the aggregates. Such a multimodal distribution pattern has also been

observed in oligomers and amyloid fibrils of other proteins.?% 4> 43
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Figure 7.6: Kinetics of hydrogen-deuterium exchange. Percent deuterium incorporation in
different segments of the aggregates at different time periods of exchange at pH 3 and 25°C is
shown. The continuous lines through all the kinetic profiles fit either mono- or bi-exponential
equation except for segments 124-131 and 248-255, where no change is observed. In the inset
of each panel, cartoon representations of the secondary structural segments are shown in
different colors- yellow (B-sheet), blue (a-helix) and red (loop). The error bar represents data
from two independent experiments.

7.3.5 Structural dynamics of the aggregates of TDP-43RRM

The kinetics for the deuterium uptake in different secondary structural segments of the
aggregates were monitored at pH 3 (Figure 7.6). At pH 3, the intrinsic HDX rate is at its
minimum, which allows the exchange of all the amide protons (spread across the secondary
structure region) to be monitored. The percent deuterium incorporation profiles fit either to
mono- or biexponential equation. The segments 124-131 and 248-255 do not show any
deuterium incorporation suggesting that the secondary structural segment is highly buried in

the inner core of the aggregates. Except for segments 132-148 and 156-174, all other segments
|
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show a monoexponential change in deuterium incorporation. Additionally, we observed 20%
missing burst phase for the segment 211-219, indicating very fast deuterium incorporation for
around 20% of the population (Table 7.2). Previous data has shown that all the segments
undergo an EX2 exchange reaction (Acharya, N.; 2020, Thesis). Hence, using the observed
rate constant from the fit, we calculated the protection factor for each of the segments (Table
7.2). The protection factor (Py) was calculated by first determining the intrinsic exchange rate

constant for each of the fragments and then dividing this by the observed rate constant obtained

by the fits of the deuterium incorporation.

Sequence | kin/min! | Kobs/min! (Yoamp) Py Extent of Protection
97-106 0.17 ND (8%) Burst phase Unprotected
0.14 (92%) 1.22 Unprotected
107-122 0.15 0.05 (87%) 3 Unprotected
ND (13%) Very slow Protected
124-131 1.3 ND (100%) >10° Protected
132-148 0.27 0.36 (16%) 0.75 Unprotected
0.0022 (39%) 125 Moderately protected
ND (45%) Very slow Protected
156-174 0.56 0.211 (28%) 2.7 Unprotected
0.0107 (24%) 52.6 Weakly protected
ND (48%) Very slow Protected
175-200 0.67 ND (5%) Burst phase Unprotected
0.1076 (57%) 6.25 Unprotected
ND (38%) Very slow Protected
211-219 0.98 ND (19%) Burst phase Unprotected
0.0153 (48%) 64 Weakly protected
ND (33%) Very slow Protected
220-231 0.23 0.0290 (85%) 7.93 Unprotected
ND (15%) Very slow Protected
235-243 2.2 0.02 (92%) 111.11 Moderately protected
ND (8%) Very slow Protected
248-255 | 0.1 ND (100%) >10° Protected

ND: Not determined
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Table 7.2: H/D exchange kinetics parameters for the amyloid form at pH 3.0. The values of
the intrinsic exchange rate constant (kin) and observed rate constants (kobs) With respective
percent amplitudes (% amp) and protection factors (Py along with % amplitude of the burst
and very slow phase are shown.

Native form

10° 102 104 109

Figure 7.7: Comparison of the heat map of the aggregate with the native form. Heat-map of
the aggregate is compared with that of the native form (adapted from Acharya, N.; 2020,
Thesis). Heat-map is designed using the protection factor values derived from the HDX kinetics
of the aggregates. Prvalue of 10°-10'is shown by blue color, 10'-1(7 is indicated by teal color,
10°-10° is shown by green color and values >10° is displayed by red color. Secondary
structural segments with amplitude nearly 50% or greater (with Py > 10°) are shown in red
color. The missing fragments have been colored in gray.

A comparison of the protection factors across the different segments of the aggregates
implies significant differences in the kinetics of the deuterium uptake. The values of the Pywere
divided into four different categories- highly protected (Py>10°), moderately protected (Pr=
102- 10°), weakly protected (P/> 10! - 10?), and unprotected (P;< 10') (Table 7.2). The highest
protection factor is shown by two segments 124-131 and 248-255, which correspond to the L3
region and BoL14B10 region, respectively. This highest protection level observed corresponds to
the highly protected core region of the aggregates. The loop region thus gets protected in the
aggregates and may contribute to the disorder-to-order transition observed as the protein
molecules transform from the native to the aggregate state. The segments 132-148 and 156-
174 corresponding to B2L4f3 and az2LeP4L7Bs shows almost 45-48% of the secondary structural

I
Meenakshi Pillai 173



PhD Thesis Chagter 7

region remaining unexchanged, indicating a high level of protection. Interestingly, the segment
132-148 is near the highly protected region 124-131 and hence may form the boundary of the
structural core region. While the structural segments 97-106, 107-122, 220-231 corresponding
to L1, Bil2ou and Lii remain unprotected. Nearly 16% and 28% of the population of the
aggregate conformers belonging to the segments 132-148 and 156-174, respectively, remain
unprotected. A heat map generated using protection factor values helps to visually dissect the
solvent accessibility and the dynamics of different segments of protein molecules within the

aggregates.

7.4 Discussion

In this study, we have performed a high-level structural characterization of the amyloid-
like aggregates formed by TDP-43™*M QOur data suggest that the core of the aggregates
encompasses the regions 124-131 and 248-255 (Figure 7.3). Interestingly, the core of the
aggregates is divided into discontinuous stretches, as has been observed for the prion protein.?’
While the boundary of the core region comprising the segment 132-148 shows some degree of
protection (48% protection) while no such protection is observed in the segment 235-243,
which is also present near the core region 248-255 of the protein (Figure 7.6, Table 7.2). The
protected regions of the structure segments, which form the core of the aggregates, contain a
significant portion of the loop region (Table 7.2). It is observed in the global secondary
structure that as the protein molecules transform from a native state to an aggregate state, the
loop regions become more structured, consequently giving rise to a disorder-to-order transition
(Figure 7.1B). So, therefore, we can speculate that the protected segments that form the core
may be responsible for the disorder-to-order transition.

Previous data on the HDX of the native form indicated that the secondary structural
segments of the native form show nearly 95% deuterium uptake after 24 h but for the same
segments we do not observe complete protection in the amyloid-like aggregates suggesting that
the aggregate structure is relatively protected as compared to the native form (Figure 7.4).
Under the aggregation condition, we examined two segments 124-131 and 248-255 showing
complete protection while other segments (132-148 and 156-174) showing nearly 50%
deuterium incorporation, suggesting that the amyloid-like aggregates are much more ordered.
Our data also indicates that the secondary structural segments belonging to the RRM1 domain
(aa 102-177) are relatively more protected than those belonging to the RRM2 domain (aa 192-

261), although the segment 248-255 in RRM2 remains protected. We can propose that the
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RRM1 domain is relatively more ordered as compared to RRM2 domain within the
arrangement of the aggregate structure. Overall, the HDX of the aggregates show a remarkable
difference in the protection that each segment affords as a result of its structure and
conformation within the aggregates (Figure 7.4).

It has been known that along the energy landscape, the formation of amyloid-like
assemblies are thermodynamically most stable state,”” but there exists heterogeneity and
plasticity within the structural conformations of the aggregates. This might be due to the lack
of any evolutionary pressure in defining the structure of the amyloid fibril.¥ Although the
external morphology of the aggregates, as observed by the TEM image, does not seem to be
polymorphic (Figure 7.1C), we observe bimodal isotopic distribution for certain secondary
structural segments that may point to the presence of heterogeneity. Upon analysis of the mass
spectra, we noticed that six structural elements showed a bimodal exchange pattern in the
deuterium uptake (Figure 7.5) which can be co-related to the difference in the solvent-exposed
area of the sequence segment. Therefore, we can speculate the co-existence of at least two
different aggregate conformers under the equilibrium condition. While measuring the kinetics
of the deuterium uptake (Figure 7.6), we observed the presence of both mono- and
biexponential kinetics for the segments undergoing exchange at pH 3 under the EX2 regime.
In particular, the biexponential kinetics seen for the structural segments— 132-148 and 156-174
may be due to the differences in the secondary structure elements in the protein that affords a
different level of protection against HDX. However, there can also be a possibility that the
same segment may have different levels of protection due to the co-existence of two different
types of aggregates as noted under equilibrium condition. Subtle changes in the conformations
without much change in the size or the morphological appearance of the amyloid-like
assemblies in TEM (Figure 7.1C) demonstrate the importance of HDX as a powerful tool to
map the polymorphism that exists within the amyloid structure. The structural plasticity
observed within the amyloid-like assemblies thus contributes to the growing concept of
polymorphism that exists in the field. Many structural studies have identified the presence of
polymorphic structures among the aggregates formed using the low complexity domain of
TDP-43.3% 3! Consistent with the above findings, our study is an attempt to understand the
structural dynamics and polymorphism of the assemblies formed by TDP-43"RM ynder stress-

like condition.
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Chapter 8

Conclusion and Future directions
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This chapter reviews the most important findings of the thesis and discuss some future

directions of the current work.

8.1 Summary

A detailed understanding on stress-detection by proteins and the subsequent molecular

and structural level changes remains an evolving area of research. The central focus of research

in this study have been to decode the structural and conformational changes to the protein

molecules as it detects changes in the solvation environment. We briefly discuss the specific

aims and conclusion of the study:

a)

b)

Chapter 2 & 3: In these two chapters, we explored the early molecular events that
occurs as TDP-43®RRM detects change in the solvation environment. Under the stress-
like condition, the protonation-deprotonation equilibrium is linked to the assembly-
disassembly equilibrium. Upon low pH stress, we observe that protonation of buried
ionisable residue is coupled to the conformational opening reaction, resulting in the
formation of partially unfolded molecules. These molecules have exposed
hydrophobic patches which allows the protein molecules to assemble through weak
intermolecular interactions forming metastable assemblies. The type of assemblies
formed depends upon the type of solvation environment around the protein molecule.
We characterized two different assemblies A form and L form at pH 3 and pH 2.5,
respectively. The structural organization of the A form is different as compared to
the L form, the tryptophan residue have restricted mobility and relatively buried in
the A form as compared to the L form. With persistent stress, these metastable
assemblies form amyloid-like aggregates. Thus, we conclude that TDP-43RRM cap

act as stress-sensor and respond to stress by undergoing reversible structural changes.

Chapter 4: Under prolong stress-like condition, we observed that the monomeric
native form of TDP-43™RM yndergoes dramatic change in its conformation to form
B-sheet rich amyloid-like assemblies. In this study, we used a range of spectroscopic
probe to target different structural events during the protein aggregation process. We
kinetically mapped the process to establish four distinct steps in the aggregation
reaction — very fast, fast, slow and very slow. The very fast phase corresponds to the
formation of ‘partially unfolded molecules’ that undergo elongation and

conformational conversion to form ‘higher order intermediates’ in fast step. The
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d)

temporal order of elongation and conformation conversion process depends upon the
protein concentration. We observed that the HOI further undergo structural re-
arrangement to form protofibrils in the slow step of the reaction. Further, the
assembly of protofibrils results in the formation of amyloid-like assembly. We do not
observe lag phase in any of the probes across all the protein concentration range
studied, suggesting that the aggregation reaction follows an isodesmic
polymerization mechanism. Our results conveyed that the process of TDP-43®RkM

aggregation follows a multi-step reaction pathway, forming different types of

intermediates with distinct spectroscopic properties.

Chapter 5: The TDP-43®RRM consist of two disease associated mutations, P112H and
D169G, which are electrostatic in nature. We wanted to address the role of these
electrostatic point mutations on the aggregation kinetics of TDP-43R®M We observed
that under low pH, both the mutants undergo aggregation. However, the P112H
mutation showed substantial increase rate of aggregation as compared to D169G
which was highly comparable to the TDP-43R®M Additionally, we also observed a
weak ionic strength dependency of P112H as compared to D169G and TDP-43RRM,
Overall our data proves that the mutant P112H contributes significantly to the
aggregation process. We propose in additional to other protonated residues, the
histidine at 112 position might also undergo protonation. The synchronized effect of
this protonation and salt might lower the activation barrier associated with the
aggregation reaction. Our data thus suggest an important role of electrostatic

interactions in determining the transition state of the reaction.

Chapter 6: We understand that electrostatic mutations play a critical role in
governing the interactions during the aggregation formation. In order to further
explore the role of electrostatics, we systematically investigated the thermodynamic
and kinetic dependency of the protein aggregation by varying pH and salt, which are
important modulators of electrostatics. The pH-induced structural changes results in
intra-molecular destabilization effect which is a critical requirement for initiating the
protein aggregation process. Salt affects the aggregation kinetics in two steps through

two transition state. Overall our data suggests that electrostatics play a co-operative
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role in promoting favourable intra- and intermolecular interactions to gives rise to

amyloid-like aggregates.

Chapter 7: In the above chapters, we showed that under low pH and physiological
ionic strength, we observe a dramatic change in the backbone conformation from the
native structure consisting of a-helix, B-sheet and loop regions to a structure rich in
cross-f sheet in the amyloid-like aggregate. In the final chapter, we have deduced the
structural core, dynamics and the heterogeneity among the secondary structural
segments of the aggregate at the site-specific level using hydrogen-deuterium
exchange coupled to mass spectrometry. We observed a significant level of structural
protection in the aggregates as compared to the native form. The two secondary
structural elements 124-131 and 248-255 forms the core of the aggregates. While
monitoring the deuterium uptake, we observed that the RRM1 region remains

significantly more protected relative to the RRM2 region.

8.2 Contributions to the field:

Our study has made following important contributions to the field:

a)

b)

d)

We have shown how TDP-43R®M can act as biosensor and detect environmental
stress by undergoing metastable assembly formation with weak intermolecular
interactions. Our data supports the evolving hypothesis suggesting some proteins can
act as stress-sensor and respond to stress quickly by metastable assembly formation.
Along the aggregation energy landscape of TDP-43'R®M we observe multiple species
which are linked kinetically through isodesmic polymerization mechanism. The
kinetic pathway mapping the aggregation reaction showed multiple species with
distinct spectroscopic characteristics.

Disease-associated electrostatic point mutation P112H shows increased rate of
aggregation. The kinetic barriers of the aggregation reaction is highly sensitive to the
electrostatic interactions.

The core of the amyloid-like aggregate of TDP-43®RM consists of secondary
structural segments spanning 124-131 and 248-255, which are discontinuous regions.
We observed heterogeneity within the amyloid-like aggregates supporting the current

notion that there exists polymorphism within the amyloid-like conformations.
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8.3 Future Directions:

a)

b)

We observe disorder-to-order transition during the native to amyloid-like transition.
We know through experimental data that the loop regions in the protein turn into -
sheet rich structure, but we do not clearly understand the role of a-helix in this
transition. In order to address this, we can use site-specific FRET pairs within the a-
helix and monitor the change in the distance as the helix unfolds and re-arranges to

form sheet like structure.

Our current study deduces the internal core of the amyloid-like aggregate, but we do
not yet understand how during the kinetic conversion from the native to amyloid-like
aggregate, the changes in the secondary structural elements occur as a function of
kinetic reaction. In order to address this, we can use pulse HDX coupled to mass
spectrometry. We can use deuterium pulse to label the protein molecule at different
time point of the aggregation reaction. We have experimental rate constant of the
aggregation reaction, using the rate constant we can decide the pulse label time and

understand the structural changes during the aggregation reaction.

The single point mutation P112H shows a drastic increase in the chemical stability of
the protein molecule. Using HDX coupled to mass spectrometry, we can point out
the secondary structural elements that contribute towards increased stability by
calculating their opening and closing rates. This information can be further used to
calculate the stability of the individual segments which can further be co-related to

the global stability of the protein.
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Title of the thesis: Mapping the energy landscape of amyloid-like aggregation of the nucleic acid
binding domain of TDP-43

Stress-induced misfolding and aggregation have been the underlying cause of many neurodegenerative
diseases. Multiple studies have shown the effect of stresses on TDP-43 protein, implicated in ALS and
FTLD but what remains to be understood is how the functional form of the protein can detect stress and
undergo subsequent molecular level changes upon stress detection. In this thesis, we have probed the
early structural changes that occur due to stress detection in the functional RRM domain of TDP-43
(TDP-43™*") 'We observed that during low pH stress, protonation of buried ionizable residue is linked
to a conformational opening reaction to form partially unfolded molecules which further assemble in a
time-dependent manner to form metastable assemblies. These assemblies were highly sensitive to the
solvation condition and could further undergo a conformational transition to form an ordered [ sheet-
rich structure. Interestingly, different stresses result in the formation of different kinds of metastable
assemblies. We further kinetically mapped the structural events to show that the transition from native
to ordered B sheet-rich amyloid-like aggregates occurs in four distinct steps following an isodesmic
polymerization mechanism. The temporal sequence of elongation and conformational conversion were
dependent on the protein concentration, which suggested the presence of two pathways under low and
high protein concentrations. We further dissected the role of disease-relevant electrostatic mutations,
P112H and D169G, on the distinct steps of the aggregation pathway. P112H mutation showed a
substantial increase in the aggregation rate, while the mutant D169G behaved similarly to TDP-43%®%M
protein. Moreover, P112H also showed a weak ionic strength dependency compared to D169G and
TDP-43""M helping us examine the role of targeted electrostatic mutations on the misfolding and
aggregation of the protein. In order to further explore the role of electrostatics, we systematically
investigated the effect of pH and salt on the thermodynamic and kinetic dependency of aggregation. We
observed that the kinetics is modulated in two steps through two transition states during the aggregate
formation. Finally, we deduced the internal core, dynamics and structural heterogeneity within the
amyloid-like aggregates using hydrogen-deuterium exchange coupled to mass spectrometry. Our study
provides strong evidence to support the hypothesis that proteins can act as biosensors and undergo
multiple structural changes to form metastable assemblies that can act as precursor for amyloid-like

aggregates.
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An amyloidogenic native-like molten globule intermediate during the pH induced transition

of TDP-43

Amyotrophic lateral sclerosis is a type of neurodegenerative disease characterized by accumulation of
intracellular inclusion of TDP-43 in the neurons of central nervous system. TDP-43 is primarily a
nuclear protein involved in many normal physiological functions that renders this protein as absolutely
essential for normal growth and development. RNA Recognition Motif (RRM) forms the functional
domain of TDP-43 (TDP-43""™) Under pH and salt stress, we observed that TDP-43"* yndergoes a
transition to form an intermediate that has substantial secondary structure and a disordered tertiary
structure, called the A form. Here we describe the characteristics of the A form as monitored by
fluorescence spectroscopy, size exclusion chromatography, circular dichroism spectroscopy,
anisotropy, Thioflavin T and 8-anilino-I-napthalenesulfonate (ANS). The A form with exposed
hydrophobic patch undergoes amyloid-like conformational change in presence of salt, denaturant or
thermal fluctuation as measured by increase in ThT binding and a change in CD signal at 216 nm. The
A form is reversible when the pH stress is removed suggesting that the metastable intermediate acts as
a link between folding and aggregation energy landscape. The results suggest that accessibility of

amyloidogenic state can occur from a local, partially unfolded state.

2. Presented poster at “Biophysics Paschim” at IIT, Bombay, India. August 2019.
Early metastable intermediate during the stress-induced transition of nucleic acid binding domain

of TDP-43
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Stress-induced misfolding and intraneuronal aggregation of the highly conserved nucleic acid
binding protein TDP-43 and its fragments have been implicated in amyotrophic lateral sclerosis and
multiple other neurodegenerative diseases. However, the physico-chemical mechanism of its misfolding
from the functional folded state is poorly understood. We show that under low pH conditions, TDP-
43t%M yndergoes a conformational opening reaction that is coupled to the protonation of buried
charged residues which further assembles to form a metastable structure termed as the L form. The
structure of the L form is held by weak interactions and therefore it shows a steep dependence on the
ionic strength of the solution. Under persistent stress, the L form undergoes a conformational change
to form B-sheet rich ‘8 form’ in at least two distinct step. Moreover, the structure of the L form and the
previously studied A form shows considerable difference suggesting that different stresses can result

3{’RRM

in different kinds of assembly formation. Overall our data indicates that TDP-4 can act as stress-

sensor and undergo transition to form metastable assemblies under stress-like condition.
3. Presented poster on National Science Day at CSIR-NCL, India. February 2021.

A step-wise mechanism of the misfolding and the aggregation of the nucleic acid binding

domain of TDP-43

Stress-induced aggregation of TDP-43 has been implicated in the neurodegeneration of ALS and
various other TDP-43 proteinopathies. However we do not understand the temporal order of events
upon stress detection. In this study we delineate the step-wise mechanism of the aggregation of TDP-
43"fM The formation of the B form occurs in multiple steps and has been kinetically mapped using a
set of probes such a fluorescence, Thioflavin T, CD and DLS targeting different steps during the
aggregation process. The very first and the fast step is the formation of MG-like species monitored
through a decrease in the fluorescence. At low protein concentration, we observed that the process of
conformational conversion precedes the elongation and oligomerization process, resulting in formation
of conformationally converted molecules. However at high protein concentration, the process of
elongation occurs faster, resulting in formation of elongated molecules. This is followed by
conformational conversion and increase in the hydrodynamic radius, leading to formation of higher
order species of size around 10 nm. Interestingly, we observed that there is further association of these
higher order species to form [ form. This association of higher order species to f§ form results in both
change in the conformation and the hydrodynamic radius of the protein molecules. For all the probes,
we observed that there is no lag phase across different protein concentration, indicating that the process
follows isodesmic polymerization mechanism. Overall, our study indicates that the process of formation

of B form occurs in multiple step and the pathway is dictated by the protein concentration.
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ABSTRACT: Stress-induced misfolding and intraneuronal aggregation of the
highly conserved nucleic acid binding protein TDP-43 (transactive response
DNA binding protein 43 kDa) and its fragments have been implicated in
amyotrophic lateral sclerosis and several other neurodegenerative diseases.
However, the physicochemical mechanism of its misfolding from the
functional folded state is poorly understood. TDP-43 is a four-domain
protein and performs the essential nucleic acid binding function with the help
of its two tandem RNA recognition motif domains naturally tethered by a
linker (called here the tethered RRM domain of TDP-43 or TDP-43%RFM),
Here, we show that the monomeric native form of TDP-43™M remains in a
pH-dependent and reversible thermodynamic equilibrium with a protonated,
nanosized, 40-meric form (the A form). Under the stress-like low-pH
condition, the A form becomes predominantly populated. In the A form,
protein molecules have restricted dynamics of surface side-chain residues but
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native-like secondary structure. This self-assembled form possesses a loosely packed core in which the intrinsically disordered
and aggregation-prone regions are in the proximity. The A form is metastable and swiftly aggregates into a highly stable
amyloid-like protofibrillar form (ff form) mediated by the disorder-to-order transition of intrinsically disordered regions upon
small environmental perturbations. Interestingly, the A form and the f form are not formed when TDP-43"*™ is bound to
DNA, indicating that the nucleic acid binding regions of the protein participate in their formation. Our results reveal how the
energy landscapes of folding and aggregation of TDP-43"*" are coupled by a metastable molten-globule like oligomeric form

and modulated by stress-like conditions.

TDP-43 (transactive response DNA binding protein 43 kDa)
is a highly conserved and ubiquitously expressed nucleic acid
binding protein that participates in vital cellular processes in
the nucleus and the cytoplasm, including gene transcription,
translation, and mRNA processing.l’2 Misfolding and prion-like
aggregation of TDP-43 and its fragments in neurons into a
toxic conformation, primarily induced by chronic stress, have
been implicated in the pathology of a wide spectrum of fatal
neurodegenerative diseases, including amyotrophic lateral
sclerosis (ALS), frontotemporal lobar degeneration (FTLD),
Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
and Guam-Parkinsonism dementia, collectively known as
TDP-43 proteinopathies.””~> Most importantly, in the case
of the incurable motor neuron disease ALS, ~97% of the
patients show deposition of TDP-43 and its fragments in
motor neurons in the brain and spinal cord.® Despite its central
role in multiple neurodegenerative diseases, the molecular
mechanism of misfolding and aggregation of TDP-43 from its
functional native form is very poorly understood. In particular,
we do not understand how the protein begins to misfold. It is
important to understand the nature and structure of early
intermediates during the misfolding process because for many
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neurodegenerative diseases the oligomeric intermediates en
route to aggregation have been shown to be much more toxic
than the final fibrillar state, and hence, early oligomeric
intermediates are important targets for therapeutic interven-
tion.””

TDP-43 is a 414-amino acid residue protein consisting of
four different domains (Figure 1A). The two tandem RNA
recognition motifs, RRM1 and RRM2, of the protein are
naturally tethered by a 1S-residue linker [called hereafter the
tethered RRM domain of TDP-43 or TDP-43"*™ (Figure
1A)] and are flanked by an N-terminal domain and a C-
terminal domain (UniProtKB/Swiss-Prot entry Q13148). The
N-terminal domain has a structural fold similar to that of the
axin 1 protein,” and the C-terminal domain is largely
disordered.'’ The aggregation-prone regions of TDP-43 are
primarily located in the TDP-43™*M and the C-terminal
domain.''™'> However, the mechanistic role and contribution
of different regions of the protein to the aggregation process
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Figure 1. pH-induced formation of the A form of TDP-43™*M that
has N-like hydration and secondary structure but a disrupted tertiary
structure. (A) Schematic representation of different domains of
human TDP-43 (top). Abbreviations: NTD, N-terminal domain;
RRM1 and RRM2, two tandem RNA recognition motifs (TDP-
43REM). CTD, C-terminal domain. The nuclear localization sequence
(L) in NTD and the nuclear export sequence (E) in the RRM2
domain are also shown. TDP-43™™ (amino acid residues 97—261) is
studied in this work, and its solution structure (Protein Data Bank
entry 4BS2) is shown at the bottom. The side chains of the two
tryptophan  residues, W113 and W172, of TDP-43"*™ that are
located in the RRM1 domain are shown as blue spheres. (B) Change
in the fluorescence emission of the protein at 340 nm plotted as a
function of pH. The solid blue line through the data is a nonlinear
least-squares fit to eq 3. The inset of panel B shows the A, of the
tryptophan residues as a function of pH, when incubated in the
absence (blue inverted triangles) and presence of 6 M GdmCl (green
hexagons). (C) Far-UV CD and (D) near-UV CD spectra of TDP-
43RM £6r the N form, the A form, and the U form at pH 7. The inset
of panel C shows the change in mean residue ellipticity (MRE) at 222
nm as a function of pH. The inset of panel D shows the protein was
incubated at pH 7 and 3 in the absence and presence of 6 M GdmCl,
and the difference in the UV absorbance spectrum between the two
conditions at pH 7 and 3 is shown.

have remained elusive. TDP-43F®* i the principal functional

region of TDP-43 that performs the essential nucleic acid
binding functions of the protein.”~'® The binding of nucleic
acids to the TDP-43""™ region increases the solubility and
thermodynamic stablhtg of the protein and reduces the level of
protein aggregation. 20 TDP-43"RM als0 contains two
disease-associated mutations,”* P112H and D169G, and
multiple disease-relevant caspase and calpain cleavage sites.””
The highly conserved mutation in ALS, D169G, has been
shown to increase the thermodynamic stability of both apo and
DNA-bound TDP-43"*."* Surprisingly, very little is known
about the initial structural events and the nature of
aggregation-primed early intermediates that couple the folding
and aggregation energy landscape of TDP-43"™". For
example, we do not understand whether the aggregation of
TDP-43"" begins with the formation of protein droplet-like
intermediates as has been observed for the N-terminal domain
and the C-terminal domain of TDP-43.""** 1t is also not
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understood when and how the conformation of the protein
molecule changes from the a+f-containing structure to the
predominantly B-sheet rich toxic assembly and whether the
aggregated state resembles amyloids.'”***

One of the prime reasons for pathological assembly of TDP-
43 is environmental stress.'”>° In one of the models of its
pathological aggregation, during stress, native TDP-43
reversibly associates to form stress granules primarily via the
TDP-43™"™ region, which could undergo irreversible
aggregation upon prolonged stress.”® It has been shown
recently that some stress-like conditions like starvation acidify
the cytoplasm,”’~*’ which could perturb the electrostatic
interactions and promote disease-prone self-assembly of
proteins.*”*" In this study, using an array of spectroscopic
methods and tools of thermodynamics and kinetics, we show
for the first time that TDP-43"™™ remains in a pH-dependent
reversible equilibrium with an oligomeric state in which
protein molecules have native-like secondary structure but a
disrupted tertiary structure that is fully populated at pH 3
(termed the acidic or A form hereafter). The A form is highly
metastable and readily undergoes an amyloid-like misfolding to
a predominantly f-sheet rich aggregated state upon small
environmental perturbations. Our results shed important light
on the earliest step of misfolding of TDP-43™*™ from its
folded state.

B MATERIALS AND METHODS

Protein Expression and Purification. The pGEX-6pl
plasmid containing the gene for the human TDP-43%M
(amino acid residues 97—261 from TDP-43, which is
UniProtKB/Swiss- Prot entry Q13148) was a generous gift
from J. A. Zitzewitz."> The details of the plasmid are described
elsewhere."”” The gene contains a Hisg tag and a PreScission
protease cleavage site for the removal of the Hiss tag. The
plasmid was transformed into BL21(DE3) Escherichia coli cells.
The cells were grown to an ODgq, of 0.8 in Luria-Bertani (LB)
broth containing 100 pg/mL ampicillin. Then, the cells were
induced with 1 mM isopropyl p-p-1-thiogalactopyranoside
(IPTG) at 20 °C for 24 h to overexpress the protein. The cells
were lysed by sonication in lysis buffer [20 mM NaP; (pH 7.4),
300 mM NaCl, 30 mM imidazole, and DNasel]. After pelleting
the cell debris, we passed the supernatant through Ni
Sepharose 6-Fast Flow beads (GE Healthcare) pre-equilibrated
with lysis buffer. The beads were washed with lysis buffer, and
the protein was eluted with elution buffer containing 300 mM
imidazole. The eluted protein was buffer exchanged in protease
cleavage buffer [SO mM Tris buffer (pH 8.0) and 1 mM
dithiothreitol (DTT)] using a HiPrep 26/10 desalting column
(GE Healthcare) followed by overnight cleavage of the Hisg
tag at 15 °C using PreScission protease. Anion exchange
chromatography using a HiPrep Q FF 16/10 column (GE
Healthcare) was performed to obtain pure Hisg tag-cleaved
protein. The pure protein was buffer exchanged in storage
buffer [10 mM KP; (pH 7.2), 150 mM KCl, and 1 mM DTT].
The protein was >98% pure as determined by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE)
(Figure S1A). Electrospray ionization mass spectrometry
showed the presence of a single protein species with a
molecular weight of 19429 Da corresponding to the mass of
the His tag-cleaved TDP-43"*™ protein (Figure S1B).

Buffer, Solutions, and Experimental Conditions. All of
the chemicals used are of the highest purity grade obtained
from Sigma and Sisco Research Laboratories (SRL). The
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following buffers were used at different pHs: 20 mM glycine
for pH 2.9-3.5, 20 mM sodium acetate for pH 3.7-5.3, 20
mM 2-(N-morpholino)ethanesulfonic acid (MES) for pH 5.5—
6.7, and 20 mM 3-(N-morpholino)propanesulfonic acid
(MOPS) for pH 6.9—7.5. All of the buffers contained 1 mM
DTT. All of the buffers and solutions were filtered with a 0.2
um filter before use. The protein concentration was
determined by measuring the absorbance at 280 nm using a
molar extinction coefficient of 15470 M~ ecm™.

The buffer for the N form consisted of 20 mM MOPS and 1
mM DTT (pH 7). The buffer for the A form consisted of 20
mM glycine and 1 mM DTT (pH 3). The N form and the A
form were equilibrated for 3 h at room temperature before any
spectroscopic measurement was performed. The unfolding
buffer at pH 7 (pH 7U) consisted of 20 mM MOPS, 6 M
guanidinium chloride (GdmCl), and 1 mM DTT (pH 7). The
unfolding buffer at pH 3 (pH 3U) consisted of 20 mM glycine,
6 M GdmCl, and 1 mM DTT (pH 3). The concentration of
GdmCl was determined by measuring the refractive index on
an Abbe type refractometer from Rajdhani Scientific Instru-
ments Co. (model RSR-2).

pH-Induced Equilibrium Structural Transition Monitored
by Fluorescence. All of the fluorescence measurements were
taken on a FluoroMax-4 spectrofluorometer (HORIBA
Scientific). The protein samples (8 uM) at different pHs
were equilibrated for 4—5 h at room temperature before the
fluorescence measurements were taken. The fluorescence
spectrum of each sample was acquired by exciting the
tryptophan residues at 295 nm and collecting the emission
from 310 to 400 nm. The excitation and emission slit widths
were set to 1 and 8 nm, respectively. Data were averaged over
three acquisitions. The fluorescence spectra of the native and
GdmCl-unfolded protein were also acquired with the
excitation and emission slit widths set to 1.5 and 3 nm,
respectively. The wavelength of maximum fluorescence
emission (A,,) in the native (350 nm) and unfolded (357
nm) forms remains invariant with respect to the slit width
settings.

Circular Dichroism. Circular dichroism (CD) measure-
ments were taken on a Jasco J-815 spectropolarimeter. The
spectra were collected using a data pitch of 1 nm, a data
integration time of 4 s, a bandwidth of 2 nm, and a scan speed
of 20 nm/min. Each CD spectrum was the average of three
scans. For the far-ultraviolet (far-UV) CD measurements, the
spectra were collected in the wavelength range of 200—250 nm
using a quartz cuvette with a path length of 0.1 cm. For the
near-UV CD measurements, the range was set to 250—300 nm
and the measurements were taken using 1 cm path length
cuvette. The concentration of the protein used for the far-UV
CD measurements was 25 yM and for the near-UV CD
measurements was 60 yM. The CD spectrum of the buffer was
subtracted from the CD spectrum of each sample.

Difference UV Absorbance Spectroscopy. A double-
beam UV-—visible spectrophotometer (UV 3200) from
LABINDIA analytical was used to measure the absorbance of
all of the protein samples. Initially, a stock solution of protein
(600 uM) was prepared in pH 7 buffer. From this stock, an
equal amount of protein sample was added to the following
four buffers [pH 3, pH 3U, pH 7, and pH 7U (see above)], so
that the final concentration of the protein remains the same in
all of the samples (15 yM). The absorbance of all of the
samples was measured over a wavelength range of 250—320
nm in a 1 cm quartz cuvette. Each sample was blanked with its
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respective buffer. The absorbance values were divided by the
protein concentration to obtain a spectrum of the molar
extinction coeflicient for each sample. The difference
absorbance spectrum at pH 3 was obtained by subtracting
the extinction coefficient spectrum of pH 3U from that of the
pH 3 protein sample. A similar spectrum at pH 7 was obtained
by subtracting the extinction coefficient spectrum of pH 7U
from that of the pH 7 protein sample.

Steady-State Fluorescence Anisotropy Measure-
ments. Steady-state fluorescence anisotropy was measured
on a FluoroMax-4 spectrofluorometer (HORIBA Scientific)
that is coupled to an FM4-Pol polarization accessory in the L-
format configuration. Protein samples (10 uM) at different pH
values varying from pH 3 to 7 were equilibrated at room
temperature for 4—5 h. The anisotropy data were collected by
exciting the tryptophan residues at 280 nm and collecting
emission at 340 nm for 300 s, using the anti-photobleaching
setting. The excitation and emission slit width were set to 2
and 10 nm, respectively, while an integration time of 1 s was
used. The steady-state fluorescence anisotropy (r) is related to
emission intensity I as follows:

Ly — KyG

Iy + 2L,4G 1)
where the subscripts V (vertical) and H (horizontal) refer to
the position of polarizers in the excitation beam (first
subscript) and the emission beam (second subscript) for
every measurement. The instrumental correction factor, G, is
equal to the Ijyy/Iyy ratio.

Dynamic Light Scattering (DLS). The DLS measure-
ments were taken in a DynaPro 99 unit (Wyatt). The buffers
used for DLS were filtered thrice with a 0.2 um filter. All of the
tips and centrifuge tubes were washed with 0.2 ym filtered
MilliQ water. The N form (25 uM) and the A form (25 uM)
were centrifuged at 14000 rpm for 15 min just before the DLS
measurement. The protein sample was placed in a 60 uL
cuvette maintained at 25 °C inside the sample chamber of the
instrument. The sample was illuminated with a laser with a
wavelength of 829.4 nm, and the scattering intensity at 90° and
the autocorrelation function were measured simultaneously.
The following settings were used: acquisition time, 3 s; signal-
to-noise threshold, 2.5; and sensitivity, 90%. The mean
autocorrelation function was obtained by averaging over 70
acquisitions and used to obtain the distribution of hydro-
dynamic radii (Ry;) using DynaLS$ software (Wyatt).

Size Measurement Using a High-Molecular Weight
Cutoff Centrifugal Concentrator. The N form (S yM) and
the A form (5 pM) were spun in a Vivaspin 20 (100 kDa
molecular weight cutoff) centrifugal concentrator from GE
Healthcare. The protein sample was centrifuged at 1000 rpm
for S min, and the absorbance values of the inside and outside
fractions were measured over a wavelength range of 250—300
nm.
8-Anilino-1-naphthalenesulfonic Acid (ANS) Fluores-
cence Assay. A stock solution of 10 mM ANS was prepared
in dimethyl sulfoxide (DMSO). The concentration of ANS was
determined by measuring the absorbance at 350 nm and using
an extinction coefficient of 5000 M~! cm™'.** The N form (2
M) and the A form (2 uM) were incubated with varying
concentrations of ANS, ranging from 0 to 100 yM, for 15 min.
After incubation, the fluorescence spectrum of each sample was
measured by excitation at 380 nm and monitoring the emission
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from 400 to 600 nm. The excitation and emission slit widths
were 1 and S nm, respectively. For fluorescence resonance
energy transfer (FRET) measurements, the protein was excited
at 295 nm and the emission was monitored from 320 to 580
nm.
Reversibility of the N = A Transition. The A form (40
UM) was prepared from the N form by a pH jump from 7 to 3.
Following this, the A form was diluted 10-fold into pH 7 buffer
and pH 3 buffer (A form control) by manual mixing (dead
time of ~15 s), and the temporal change in fluorescence was
monitored for each sample immediately after mixing. A sample
of 40 uM N form was also diluted 10-fold into pH 3 buffer and
pH 7 buffer (N form control) by manual mixing, and the
temporal change in fluorescence was monitored for each
sample immediately after mixing. The intrinsic tryptophan
fluorescence of each sample was recorded by exciting at 295
nm and monitoring the emission from 310 to 400 nm. The
excitation and emission slit widths were set to 1.1 and 10 nm,
respectively. The final protein concentration in all of the
samples was 4 yM. Each sample was also equilibrated at the
room temperature for 2 h, and the fluorescence signal, ANS
binding, and steady-state fluorescence anisotropy were
measured.

Characterization of the A = f Transition. The A form
(25 uM) transforms into a f-sheet rich oligomeric form (8
form) upon being heated in pH 3 buffer for 2 h at 40 °C or by
being incubated in pH 3 buffer containing KCI or GdmCl. The
A = p transition was characterized spectroscopically using far-
UV CD and thioflavin T (ThT) fluorescence. The far-UV CD
spectrum of the f form was measured as described above. To
monitor the kinetics of formation of the f form, the
equilibrated A form was heated in a 0.1 cm cuvette in a
PTC-424S/15 Peltier system attached to the CD instrument.
The change in ellipticity at 216 nm was measured at different
times during the structural transition. For the kinetic
experiment, a bandwidth of 2 nm and a data integration
time of 4 s were used.

ThT Fluorescence Assay. The ThT fluorescence assay
was performed in SO mM Tris buffer (pH 8). In the assay
solution, the protein concentration was 2 uM and the ThT
concentration was 40 yM. The required amount of protein was
withdrawn from the heated protein sample (25 uM) and
cooled to 25 °C before being added to assay buffer. The ThT
fluorescence was measured within 1 min of protein addition.
The following experimental settings were used: excitation
wavelength, 440 nm; emission wavelength, 482 nm; excitation
slit, 1 nm; and emission slit, 10 nm. An identical setting was
used to measure the fluorescence of the buffer containing the
free dye. All of the data have been adjusted for the background
fluorescence contributed by the free dye.

Size Exclusion Chromatography. The hydrodynamic
properties of the N form and the salt-induced f form were
studied using size exclusion chromatography (SEC) on an
AKTA Pure M FPLC system (GE Healthcare). SEC was
performed on a HiLoad 16/600 Superdex 200 pg column
having a fractionation range of 10—600 kDa and a void volume
of 39.8 mL. SEC was performed by loading a 25 uM protein
sample onto the column, pre-equilibrated at the respective pH.
All of the buffers used for SEC contained 150 mM KCl. A flow
rate of 0.8 mL/min was used. SEC was also performed for the
N form on a HiLoad 16/600 Superdex 7S pg column (Figure
S1C).

611

For the determination of the apparent molecular weight
(M2PP) of the N form and the salt-induced f§ form, we first
created a calibration curve between the partition coefficient
(K,,) of four standard biomolecules (myoglobin, ovalbumin,
albumin, and IgG) and their respective molecular weights, as
described in the GE Healthcare manual. The value of K, was
calculated from the following equation:

VY
av T
Vi % )

where V, is the elution volume of the protein, Vj is the void
volume of the column, and V, is the bed volume. The values of
V, and V, were taken from the column specification sheet,
while the values for V, for all of the known standard
biomolecules were taken from the manufacturer-provided
manual of the HiLoad Superdex 16/600 200 pg gel filtration
column. We used the experimentally measured elution volumes
of the N form and the salt-induced f form to calculate their
partition coefficient and in turn determined their apparent
molecular weight from the calibration curve.

GdmCl-Induced Equilibrium Unfolding Transitions.
For the equilibrium unfolding transition, protein samples (4
M) were incubated with varying concentrations of GdmCl at
room temperature for 3 h. The unfolding transition was
measured by exciting the tryptophan residues at 295 nm and
recording the fluorescence spectrum from 310 to 400 nm.
Buffer-corrected data were plotted at 340 nm as a function of
GdmCl concentration. It is important to note that the A form
transforms itself into a f# form even with a minute amount of
GdmCl. Hence, for pH 3, the equilibrium unfolding transition
represents the f = U transition.

Experiments with DNA-Bound TDP-43'%RfM  TDPp.
43" yras incubated in the presence of (TG)g single-stranded
DNA for 2 h at pH 7.5 to allow the formation of the protein—
DNA complex. To check the effect of DNA binding on the
formation of the A form, pH 3 buffer was added to the
protein—DNA complex. Additionally, 150 mM KCI was added
in the pH 3 sample to examine the formation of the # form.
The samples were analyzed using far-UV CD and the ANS
binding assay as described above. The final concentrations of
protein and DNA in the far-UV CD experiments were 15 and
18 uM and in the ANS binding assay were 2 and S uM,
respectively.

B RESULTS AND DISCUSSION

pH-Induced Structural Transition of TDP-43%RfM e
recombinantly expressed and purified human TDP-43RfM
from E. coli (Materials and Methods). Under physiological
conditions at pH 7, TDP-43"™* js monomeric as determined
by size exclusion chromatography (Figure SI1C) and is
hereafter termed the native (N) form. To understand the
coupling of the thermodynamic energy landscape of folding,
misfolding, and aggregation, we perturbed the electrostatic
interactions of TDP-43"™ by modulating the pH of the
protein environment. TDP-43""™ contains two tryptophan
residues, W113 and W172, which are located in the RRM1
domain (Figure 1A). We observed that the intrinsic tryptophan
fluorescence of TDP-43""™ decreases in a sigmoidal fashion
when the pH of the environment is decreased from 7.5 to 2.9
(Figure S2A and Figure 1B). We fitted the pH-dependent
fluorescence data to a model in which the structural transition
from the N form to the A form is coupled to the protonation of
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a single ionizable group, given by a transformed Henderson—
Hasselbalch equation®

Y, + Yy x 10P7 P
T4 1P,

(3)

where Y, denotes the observed fluorescence signal for a given
pH value, Y, and Yy are the signals of the protonated A form
and the deprotonated N form, respectively, and pH,, is the
midpoint of the transition. The value of pH,, was determined
to be 5.6. The observation that a structural change is required
for protonation suggests that the ionizable group is buried
inside the protein structure.

Tryptophan Residues in the A Form Have N-like
Solvation. We observed that the solvation environment of the
two tryptophan residues remains N-like during the N = A
transition, as measured by the fluorescence Stokes shift (Figure
S2B and Figure 1B, inset). The 4, in the N form is 350 nm,
which shifts to 357 nm upon unfolding of the protein in 6 M
guanidinium chloride (GdmCl) at pH 7 (U form) (Figure S2B
and Figure 1B, inset). We observed that there is no pH-
dependent change in the A, of the tryptophan residues
between pH 7 and 3, in the absence or presence of 6 M
GdmCl. The 4, in the A form is 350 nm and in the GdmCI-
unfolded U form at pH 3 is 357 nm (Figure 1B, inset). In
addition to the similar A,,,,, the unfolded forms at pH 7 and 3
also have nearly identical far-UV CD spectra (Figure S2C).
Together, these results suggest that tryptophan residues have
similar solvation in the N form and the A form and that the
unfolded forms at pH 7 and 3 are similar.

The Protein Molecules in the A Form Resemble a
Molten Globule. We measured the global secondary and
tertiary structure of the N form and the A form using far-UV
and near-UV CD spectroscopy (Figure 1C,D). The mean
residue ellipticity (MRE) at 222 nm, which is a measure of the
total content of the secondary structure (a-helix + S-sheet) of
proteins, in the N form is —4559 + 403 deg cm” dmol ™' and in
the U form is —548 + 239 deg cm” dmol ™. In comparison, the
MRE at 222 nm in the A form is —5063 + 437 deg cm’
dmol ™", which is very similar to the value in the N form. There
is almost no pH-dependent change in the secondary structure
during the N = A transition (Figure 1C, inset). In contrast, we
observed that the A form has a highly disrupted tertiary
structure compared to that of the N form. The near-UV CD
spectrum of TDP-43"*™ is dominated by the chirality of its
thirteen phenylalanine (wiggles in the spectrum in the 255—
270 nm region), three tyrosine, and two tryptophan residues
(giving rise to a broad band around 278 nm). The MRE at 278
nm in the N form is —40 deg cm” dmol ™' and in the U form is
—5 deg cm?® dmol™". The MRE at 278 nm in the A form is —16
deg cm® dmol™!, which is very similar to the MRE in the U
form. These results indicate that in the A form, the asymmetric
packing of the hydrophobic residues in the core is disrupted
but the secondary structure remains N-like. Hence, the
structure of the protein molecules in the A form is similar to
a molten globule (MG).

Differential Molecular Arrangement of the Aromatic
Amino Acid Residues in the N Form and the A Form.
The change in the UV absorbance spectrum of buried aromatic
residues upon unfolding is a sensitive indicator of their
molecular environment. The exposure of aromatic residues to
the polar aqueous solvent upon partial or complete unfolding
leads to a blue shift in the absorbance wavelength and overall

612

changes in the intensity.* The spectral shift manifests itself in
the difference spectrum between the folded and unfolded
forms as peaks in 285—288 nm region for tyrosine residues and
around 291—294 nm for tryptophan residues.”* We measured
the difference in the UV absorbance spectrum of the N form
and the U form at pH 7 and the A form and the U form at pH
3 (Figure 1D, inset). The difference spectrum at pH 7 has very
small peaks at 279, 286, and 292 nm, while in contrast, intense
peaks are observed for the same wavelengths at pH 3. These
results indicate that there is a large change in the extinction
coefficient of the tyrosine and tryptophan residues upon
unfolding of the A form, compared to that upon unfolding of
the N form. We observed that this difference in the extinction
coefficient is primarily due to the different molecular
arrangement of aromatic amino acids in the A form compared
to the N form and not due to the change in the polarity of the
solvent. The difference in the UV absorbance spectrum of the
unfolded forms at pH 3 and 7 is a good measure of the change
in the absorbance spectrum due to the change in the polarity of
the solvent. We observed that the difference in the absorbance
spectrum of the unfolded forms at pH 3 and 7 has small and
broad peaks (Figure S2D). In contrast, the difference in the
absorbance spectrum of the N form and the A form has sharp
and highly intense peaks at 284 nm (with a shoulder at 276
nm) and 292 nm (Figure S2D). The highly intense peaks
compared to the small and broad peaks of the difference
spectrum of the unfolded forms indicate that the difference in
the molar extinction coefficient during the unfolding of the N
form and the A form is not due to the changes in the polarity
of the solvent but mostly due to the different molecular
environments of the tyrosine and tryptophan residues in the N
form and the A form.

Tryptophan Residues Have Restricted Mobility in the
A Form. Surprisingly, we observed that the local dynamics of
the two tryptophan residues is highly restricted in the A form
compared to the N form (Figure 2A). We measured the pH-
dependent changes in the steady-state fluorescence anisotropy
of the tryptophan residues to understand the changes in their
local dynamics during the N = A transition. The mean value
of the steady-state anisotropy at 340 nm in the N form is 0.079
+ 0.002, which increases in an apparently sigmoidal fashion as
a function of pH, to the value of 0.095 + 0.002 in the A form.
To rule out the possibility that the increase in anisotropy in the
A form is not due to the decrease in the quantum yield of the
tryptophan residues (Figure 1B and Figure S2A), we measured
their steady-state anisotropy in the U form. Although the
quantum yield of the U form is smaller than that of the N form,
the steady-state anisotropy remains considerably smaller
(Figure 2A, inset) because of the higher degree of flexibility
accessible to the tryptophan side chain in the U form. This
result indicates that the anisotropy experiment is primarily
reporting on the flexibility of the fluorophore. Hence, the
increase in anisotropy during the N = A transition is due to
the restricted dynamics of the tryptophan residues in the A
form compared to that of those in the N form.

The A Form Is Oligomeric. The near-UV CD and
absorbance experiments suggest that the packing in the core of
the A form is disrupted and hence the side-chain residues are
expected to be more flexible and dynamic in the A form, but
the steady-state anisotropy experiments suggest that the side
chains of the tryptophan residues are dynamically restricted.
The two tryptophan residues of TDP-43™*™ are located very
close to the surface of the protein (Figure 1A). We explored
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Figure 2. The A form has restricted motion of tryptophan side chains,
is larger, has a single ANS binding site, and forms reversibly from the
N form. (A) Change in fluorescence anisotropy of tryptophan
residues at 340 nm as a function of pH (yellow circles). The solid
yellow line through the data is drawn to guide the eyes. The red and
blue circles represent the signal of the A form before and after,
respectively, its transfer to the native condition at pH 7. The inset of
panel A shows a comparison of the fluorescence anisotropy of
tryptophan residues in the N form and U form. The error bar
represents the spread in the data from three independent experiments.
(B) Distributions of Ry as monitored by DLS. The inset of panel B
shows the N form (blue line) and the A form (red line) when spun in
a Vivaspin 20 centrifugal filter (molecular weight cutoff of 100 kDa).
The UV absorbance spectrum of the solution inside (solid line) and
outside (dashed line) the centrifugal filter is shown when the volume
of the solution remaining inside the filter was one-fifth of the original
volume. (C) Comparison of the binding of the ANS dye with the N
form and the A form. The relative change in the intensity of the ANS
fluorescence at 480 nm upon excitation at 380 nm is plotted vs the
varying concentrations of ANS. The inset of panel C shows the FRET
between the tryptophan residues of TDP-43"* and the protein-
bound ANS dye in the A form. The changes in the fluorescence
intensity of tryptophan residues at 350 nm (red square) and the ANS
dye at 480 nm (red triangle) upon excitation at 295 nm are plotted vs
the concentration of ANS, according to the left and right y-axes,
respectively. The solid red lines through the data in panel C and its
inset are nonlinear least-squares fits to eq 4, and the solid blue line
through the N form data in panel C is drawn to guide the eyes. (D)
Reversibility of the N = A transition. Fluorescence spectrum of the N
form (blue solid line), formed after a jump from pH 3 to 7. The red
solid line indicates the fluorescence spectrum of the A form formed
after a jump from pH 7 to 3. As a control, the blue and red dashed
lines represent the fluorescence spectra of the N form and the A form,
respectively. In the inset of panel D, the red and blue lines show the
ANS binding of the A form before and after, respectively, its transfer
to the native condition at pH 7. The fluorescence emission spectra of
ANS are shown after excitation at 380 nm.

whether the restriction in the dynamics of the surface residues
in the A form is due to the self-assembly of the protein into an
oligomeric structure. We measured the Ry of the N form and
the A form using DLS (Figure 2B). We observed that the mean
Ry of the A form is 8.5 nm, which is significantly larger than
the mean Ry of the N form (2.3 nm). The width of the
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distribution of Ry is larger in the A form than in the N form,
indicating that the formation of the A form is accompanied by
an increase in heterogeneity in the size of the population of
protein molecules. These results indicate that the A form is
oligomeric in nature.

In previous studies, data on the correlation among the
molecular weight (M,,), the radius of gyration, and the Ry; have
been tabulated on a very large number of globular proteins.>*°
We constructed a calibration curve using these previously
reported data to estimate the M,, of the N form and the A form
from their mean Ry values. The estimated M,, of the N form
was around 20 kDa, which is very similar to the mass measured
using mass spectrometry (Figure S1B). The M,, of the A form
was estimated to be around 800 kDa. These results indicate
that the A form is roughly a 40-mer.

We also confirmed the larger size of the A form compared to
the N form by passing them through a 100 kDa molecular
weight cutoff centrifugal filter. The inset of Figure 2B shows
the absorbance of the protein retained and passed by the filter
in the N form and the A form. We observed that the N form
passed through the filter almost completely. In contrast, no
protein molecule passed through the filter in the A form and
almost all of the protein molecule is retained by the filter.
These results indicate that almost the entire population of the
protein molecules has formed the oligomeric A form at pH 3.

The A Form Has a Loosely Packed Hydrophobic Core.
We observed that the A form binds to ANS, a dye that is
known to bind the loosely packed hydrophobic core of MG.”’
The N form does not bind to ANS, but the fluorescence
intensity of ANS increases dramatically in the presence of the
A form (Figure S3A). We measured the binding of ANS with
the A form and the N form as a function of ANS
concentration. The N form does not bind to ANS even
when the ANS concentration is as high as 100 M (Figure
2C). In contrast, the binding of the A form increases
hyperbolically with an increase in the ANS concentration
(Figure 2C). To further characterize the binding of ANS to the
A form, we performed FRET experiments (Figure 2C, inset).
The absorbance spectrum of ANS overlaps with the
fluorescence emission spectrum of tryptophan, and they form
a FRET pair.”” We observed that when the tryptophan residues
of TDP-43"™M in the A form are excited at 295 nm, their
fluorescence emission intensity decreases with an increase in
the ANS concentration, which is accompanied by a
concomitant increase in ANS fluorescence (Figure 2C,
inset). These results suggest that ANS is binding to the A
form near the tryptophan residues. We analyzed the binding of
ANS with the A form using the following ligand binding
equation:37

(L]

AF(L) = nAE, ———
[L] + Kp

(4)
where AF(L) is the change in fluorescence upon addition of
ANS at a concentration [L], n is the number of identical, non-
interacting binding sites for ANS, AF,_, is the change in
fluorescence when all of the molecules of the A form are bound
to ANS, and Kj, is the dissociation constant for the binding of
ANS to the A form. All of the data in Figure 2C and its inset
fitted well to eq 4. The mean values of n and Kj, obtained from
fits are 1.1 and 11 uM, respectively. These results indicate that
the A form has a loosely packed hydrophobic core where ANS
binds with a dissociation constant of around 11 M. The
observation that the 40-meric A form has only one binding site
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for ANS indicates that the A form has a symmetrical and
spherical micelle-like structure with a centrally located
hydrophobic core, as has been observed previously for the
low-pH intermediate of a small protein barstar.*®

The N = A Transition Is Reversible. Although the A
form is significantly distinct from the N form with respect to its
side-chain packing, local dynamics, and size, it is interesting to
note that the N = A transition is fully reversible. The
fluorescence intensity of the tryptophan residues of TDP-
43™M g significantly quenched upon formation of the A form
from the N form. We observed that the fluorescence intensity
of tryptophan residues is fully recovered and becomes similar
in value to that of the N form when the A form is transferred to
the native conditions at pH 7 (Figure 2D). The reversible
change in fluorescence during the N = A transition (during
both the forward and the reverse reactions) occurs within the
dead time (~15 s) of the manual-mixing experiment (Figure
S4). Upon being transferred to the native condition at pH 7,
the A form also loses its ability to bind ANS (Figure 2D, inset)
and regain the flexible local dynamics of the tryptophan
residues (Figure 2A), like the N form. These results suggest
that the N = A transition is fast and completely reversible in
nature.

The A Form Is an Aggregation-Primed Intermediate
and Is Highly Amyloidogenic. Intriguingly, we observed
that the A form is amyloidogenic in nature. The far-UV CD
spectrum of the A form is almost identical to that of the N
form (Figure 1C) and shows minima at 209 and 222 nm, a
characteristic signature of a+f protein structure (Figure 1A).
We observed that upon heating the A form at 40 °C for 2 b, it
undergoes a structural change to an amyloid-like conformation
that contains predominantly f-sheet rich structure (8 form),
which is evident from the huge dip in the far-UV CD spectrum
at 216 nm (Figure 3A). The MRE at 216 nm increases from
—564S5 + 611 to —10365 + 815 deg cm” dmol™" during this
structural change. Interestingly, the N form does not transform
to the f# form upon heating for 2 h at 40 °C (Figure 3A, inset).
There is only a marginal change in the far-UV CD signal at 210
nm upon heating, which might be due to the partial unfolding
of the protein as 40 °C being very close to the beginning of its
thermal unfolding transition.'* Figure 3B compares the kinetics
of formation of the ff form from the A form and the N form at
40 °C as determined by the measurement of the change in
MRE at 216 nm. The transformation in the secondary
structure during the A = f transition occurred in a single-
exponential phase with a mean time constant of 26 min
(Figure 3B). There is no observable lag phase. In contrast, for
the N form, the MRE at 216 nm remains almost constant as a
function of heating time.

The f form binds to the amyloid staining dye ThT*” but not
the A form or the N form (Figure 3C). The A, of the free
ThT dye (in the absence of any protein) is 440 nm, which
shifts to 482 nm in the presence of the # form (Figure 3C).
The shift in 4,,, was also accompanied by a dramatic increase
in the fluorescence emission intensity. These results indicate
that the f form strongly binds to ThT. In contrast, the A form
and the N form do not show any binding to ThT, indicating
the absence of any amyloid-like ordered f-sheet structure. In
combination with the results of the far-UV CD experiments
(Figure 3A,B), these findings strongly indicate that ordered f-
sheet structure, akin to what has been observed in amyloids or
soluble precursor protofibrils, is present in the  form but not
in the A form or the N form.
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Figure 3. The A form is metastable and amyloidogenic and undergoes
an amyloid-like misfolding to a f-sheet rich f form upon being
heated. (A) Far-UV CD spectra of 25 yM A form before and after
heating (f form) at 40 °C for 2 h. The inset shows the far-UV CD
spectra of 25 uM N form before (solid blue line) and after heating
(dashed blue line) at 40 °C for 2 h. (B) Comparison of the kinetics of
the conformational change of 25 uM TDP-43"" at pH 7 and 3 at 40
°C, as monitored by the change in mean residue ellipticity at 216 nm.
(C) Changes in the fluorescence emission spectra of the ThT dye
upon binding to the N form, the A form, and the S form. The
excitation wavelength in the case of the free dye was 340 nm, and in
all other cases, it was 440 nm. The inset shows the change in the
fluorescence intensity of ThT measured at 482 nm in the presence of
the f form (2 uM) as a function of ThT concentration. (D)
Comparison of the kinetics of the conformational change of 25 yM
TDP-43"*™ at pH 7 and 3 at 40 °C, as monitored by the change in
ThT fluorescence at 482 nm. In panels C and D, all of the data have
been normalized to unity to the value of the ThT signal of the f form
at 482 nm. In all of the panels, the  form is formed after heating 25
UM A form at 40 °C for 2 h. In panels B and D, the solid red lines
through the data are fits to a single-exponential equation and the solid
blue lines are drawn to guide the eye.

We observed that the fluorescence intensity of ThT depends
upon the [dye]:[protein] ratio in the assay solution (Figure
3C, inset). The inset in Figure 3C shows the variation of ThT
emission intensity as a function of ThT concentration when
the concentration of the ff form was kept fixed at 2 gM. When
the dye concentration is 10 uM (5:1 [dye]:[protein]), the ThT
signal is only 50% of the highest saturating signal, indicating
that only half of the available binding sites are occupied by
ThT. The ThT emission intensity did not increase and
remained constant when the ThT concentration was >30 yM
(Figure 3C, inset), indicating that all of the available binding
sites are occupied by ThT when the [dye]:[protein] ratio is
>15:1. In all of the ThT experiments in this study, the
concentration of ThT (40 uM) was 20-fold greater than the
protein concentration (2 uM) in the assay solution.

We monitored the kinetics of formation of the f form from
the A form at 40 °C using the change in ThT fluorescence
intensity (Figure 3D). ThT fluorescence measures the
elongation of the ordered f-sheet structure during the process
of amyloid-like assembly.”” We observed that the increase in
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Figure 4. An increase in the ionic strength or partial destabilization of the A form leads to the formation of the large and highly stable misfolded j
form. (A) The main panel and its inset show the far-UV CD spectra of TDP-43"*™ at pH 3 and 7 in the absence and the presence of KCl and
GdmCl. (B) Size exclusion chromatography of the N form and the f§ form. The inset shows a comparison of the M:f? values of the N form and the
p form. (C) GdmCl-induced equilibrium unfolding transitions of the N form (blue circles) and the f§ form (green circles) monitored by the change
in tryptophan fluorescence at 340 nm. The filled red circle represents the signal of the A form. The solid lines through the data in panel C are drawn
to guide the eye. The gray and black triangles represent the signal of the U form [at S M GdmCl (pH 7)] before and after, respectively, its transfer
to a buffer containing 1.1 M GdmCl (pH 7). The gray and cyan hexagons denote the signal of the U form [at S M GdmCl (pH 3)] before and after,
respectively, its transfer to a buffer containing 1.1 M GdmCl (pH 3). The insets shows the N = U and # = U transitions are reversible. The top
inset shows the fluorescence spectrum of the protein in the U form [at S M GdmCl (pH 7)] before (gray dashed line) and after (black solid line)
its transfer to a buffer containing 1.1 M GdmCl (pH 7), where the N form is predominantly populated. The bottom inset shows the fluorescence
spectrum of the protein in the U form [at S M GdmCl (pH 3)] before (gray dashed line) and after (cyan solid line) its transfer to a buffer
containing 1.1 M GdmCl (pH 3), where the f§ form is predominantly populated.

ThT fluorescence occurred in a single-exponential phase with a
mean time constant of 31 min, without any lag phase (Figure
3D). The kinetics and the rate constants of formation of the f
form are similar when monitored by ThT fluorescence and far-
UV CD (panels D and B of Figure 3, respectively). The
absence of the initial lag phase during the formation of the
form suggests that the A form is an aggregation-primed
intermediate. No change in ThT fluorescence signal was
observed when the N form was heated at 40 °C for 2 h,
indicating the absence of formation of the ordered f-sheet-
containing structure.

The A Form Is Metastable. Apart from the temperature
perturbation, the f form is also formed from the A form upon
partial destabilization in the presence of a small amount of
denaturant or an increase in the ionic strength of the solution.
Figure 4A shows the far-UV CD spectra of the A form in the
presence of two different concentrations of the denaturant,
GdmClI (50 mM and 1.5 M), and two different concentrations
of the salt, KCI (50 and 150 mM). The N-like far-UV CD
spectrum of the A form changes dramatically in the presence of
GdmCl or KCI, with the disappearance of two minima at 209
and 222 nm and the appearance of a huge minimum at 216
nm, indicating the formation of the $-sheet rich structure. The
far-UV CD spectra under all four conditions appear to be very
similar to each other and to those of the heat-induced f form
(Figure 3A). The MRE at 216 nm, under all four conditions, is
around —10000 deg cm? dmol ™}, which is similar to the value
of the heat-induced f# form. These results suggest that the j
form formed in the presence of GdmCI or KClI is similar in
structure to the heat-induced f form. In contrast, no changes
in the far-UV CD spectrum of the N form were observed in the
presence of 1.5 M GdmCl or 150 mM KCl (Figure 44, inset).
The result that the A form is transformed to the f form in the
presence of a minute amount of salt or destabilizing agent
suggests that the A form is highly metastable.

The Misfolded $ Form Is Large and More Resistant to
Chemical Denaturation. We compared the M? of the f
form to that of the N form using size exclusion chromatog-
raphy on a HiLoad 16/600 Superdex 200 pg gel filtration
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column (Figure 4B and Materials and Methods). The column
has a fractionation range of 10—600 kDa and a void volume of
39.8 mL. We observed that the elution volume for the N form
is 92.7 mL and for the f form is 48 mL (Figure 4B). Using the
data on elution volumes, we determined the M* (Figure 4B,
inset) of the N form and the § form. We first constructed a
calibration curve between the known elution volumes and M}?
values of a few standard biomolecules (Figure SS and Materials
and Methods). Using the calibration curve (Figure SS5), we
determined the M;FP of the N form to be 18.9 kDa and for the
p form to be 485 kDa. The M:¥P of the N form as determined
from size exclusion chromatography is similar to the mass
measured using mass spectrometry (Figure S1B). However, the
P form elutes at the low-resolution regime of the column
(Figure SS), and the calculated mass is only a lower limit of its
size. Nevertheless, these results indicate that the 3 form is a -
sheet-containing soluble protein aggregate that is much larger
than the N form.

The A form is highly metastable and transforms to the f
form upon either heating or addition of minute amounts of a
chemical denaturant (Figures 3A and 4A). The A = f
transition occurs at a GdmCI concentration as low as 2 mM,
and the midpoint of the transition is 3.5 mM (Figure S6). The
steep dependence at such a low concentration of GdmCl
reflects the weak and transient nature of interactions that
govern the self-assembled A form. In contrast, we observed
that the f form is highly stable. Figure 4C compares the
chemical stability of the  form and the N form. We observed
that the fluorescence intensity of the tryptophan residues in the
N form and the  form changes in a sigmoidal fashion, in an
apparently two-state manner, as a function of GdmCl
concentration. It is unlikely that as the § form is oligomeric
in nature, all of the elements of its structure will unfold in a
single step. Similarly, the N form of TDP-43"*™ has also been
proposed to unfold via two intermediate states in a previous
study.® Because of the potential multistep nature of both the
N = U and the § = U transitions, we used the midpoint of
the unfolding transition as a proxy for chemical stability. The
midpoint of the unfolding of the N form is 1.9 M GdmCl],
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which is very similar to that observed previously.'> The
midpoint of the unfolding of the f§ form is 3.3 M, indicating
that it is highly resistant to chemical denaturation. Such a high
resistance to unfolding reflects the strong nature of interactions
in the f form.

It is important to note that both the N = Uand the f = U
transitions are reversible in nature (Figure 4C and its insets
and Figure S7). Upon dilution of the denaturant at pH 7, the U
form fully regains the fluorescence spectrum of the N form
(Figure 4C, top inset). Similarly, upon dilution of the
denaturant at pH 3, the U form completely regains the
fluorescence spectrum (Figure 4C, bottom inset) and the far-
UV CD spectrum of the §§ form (Figure S7). These results
indicate that the  form is highly thermodynamically stable and
that the structure in the f form is held by much stronger
interactions compared to the A form and the N form.

The Disordered Regions Acquire Ordered f-Sheet
Structure during the A = f Transition. All of the variants
of the /3 form appear to have similar f-sheet contents, which is
evident from their similar far-UV CD spectra (Figures 3A and
4A). We observed that the MREs at 216 nm in the f forms are
very high compared to those of the A form and the N form.
This result is highly surprising. The MRE at 216 nm for the f-
sheet is usually lower than that of the a-helix and lowest for the
random coil or the disordered segment.*’ Accordingly, if only
the o-helical segments of the A form transform to f-sheet
during the A = f transition, the f form would have a lower
MRE at 216 nm. However, this is not observed to be the case.
It is important to note that a substantial part of the three-
dimensional structure of TDP-43""™ (Figure 1A) is
disordered.” The partially disordered nature of the structure
of TDP-43"*™ in both the N form and the A form is also
evident in the smaller MREs in their near-UV and far-UV CD
spectra (Figure 1C,D) compared to those of the other
structured a+f proteins.””*" TDP-43""™ has a polyampho-
Iyte-like primary sequence that is rich in both positively and
negatively charged amino acid residues. It contains 26 basic
residues (14 lysines, 9 arginines, and 3 histidines) and 25
acidic residues (14 aspartic acids and 13 glutamic acids) that
accounts for around one-third of the total number of amino
acids in its sequence. Such polyampholyte-like sequences have
been theoretically predicted*' and experimentally observed*”
to behave like intrinsically disordered regions (IDRs). If the
disordered regions of TDP-43™* convert to f-sheet during
the A = f transition, as during the aggregation of intrinsically
disordered proteins like a-synuclein and amyloid-B,*>** that
will dramatically increase the MRE at 216 nm. Hence, our
results indicate that the IDRs of TDP-43™* have converted
to f-sheet in the f§ forms, in addition to the a-helical segments,
if any.

The  Form Resembles an Amyloid-like Protofibril.
The /3 form of TDP-43™"™ strongly binds to ThT, a dye that is
known to bind amyloid fibril-like structures (Figure 3C,D). It
is important to note that the ability of the oligomers of
different variants and fragments of TDP-43 to bind ThT and
their resemblance to amyloids are strongly debated.'”***>*
Aggregates formed by some short peptide fragments of TDP-
43 have been shown to bind ThT and resemble amyloids, but
many other TDP-43 aggregates do not appear to bind to
ThT."">**5% In a few cases, for example for full length TDP-
43, the aggregates that do not bind ThT do not appear to
contain f-sheet rich structure, which is evident from the far-
UV CD spectrum.47 In contrast, in a recent study,48 some
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fragments of TDP-43™"™ have been shown to form cross-f8
structure similar to that of amyloids. We observed that the f
forms of TDP-43"* strongly bind to ThT (Figure 3C). The
ability of the f# forms to bind ThT is strongly dependent on the
[dye]:[protein] ratio, and an at least 15-fold excess
concentration of the dye is required for complete binding
(Figure 3C, inset). The f forms have very high p-sheet
contents (Figures 3A and 4A). They are oligomeric and much
larger than the N form (Figure 4B) but are soluble. Soluble
oligomers with B-sheet rich structure often termed protofibrils
are observed frequently as the precursor to amyloid fibrils
during their assembly.””** It is possible that the f forms
observed in this study are similar to amyloid protofibrils. This
is an important result because recent studies have shown that
soluble oligomers or protofibrils, rather than insoluble fibrils,
may be the toxic species in protein aggregation-related
neurodegenerative diseases.”*> We observed that the kinetics
of the A = p transition studied by far-UV CD and ThT
fluorescence (Figure 3B,D) yielded similar rate constants,
indicating that the change in the secondary structure
(conformational conversion) and elongation of the proto-
fibrillar structure occur simultaneously. However, it is likely
that the A = f interconversion occurs in more than one step.
A detailed investigation of the stepwise mechanism of the
process is currently underway in our laboratory.

The A Form and the § Form Are Not Formed for DNA-
Bound TDP-43""M, We examined the effect of DNA binding
on the formation of the A form and the f form (Figure 5). The

-
°
L

B —— pH7

pH3
— A

&
3
|

—— pH7
pH3
pH 3 + salt
—A
B

-100

MRE / 10 deg .cm? .dmol”
Relative ANS fluorescence
o
o

e
o

210 230 250 400 500 600

Wavelength / nm Wavelength / nm

Figure S. Effect of DNA binding on the formation of the A form and
the f§ form. (A) Far-UV CD spectra of TDP-43™* bound to single-
stranded (TG)s DNA at pH 7, pH 3, and pH 3 with 150 mM KCL
For comparison, far-UV CD spectra of the A form and the salt-
induced f form (150 mM KCl) at pH 3 formed in the absence of
DNA are shown. (B) Comparison of the extent of ANS binding of the
protein—DNA complex at pH 7 and 3 with the extent of ANS binding
of the A form formed in the absence of DNA.

protein—DNA complex at pH 7 shows a far-UV CD spectrum
similar to that of the unbound protein (Figures 1C and SA).
This result indicates that the global secondary structure of the
N form remains similar upon DNA binding. The far-UV CD
spectrum of the protein—DNA complex at pH 3, however,
showed a smaller MRE compared to that of the A form
(formed in the absence of the DNA), indicating a partially
disrupted secondary structure similar to an MG. Interestingly,
the far-UV CD spectrum of the protein—DNA complex at pH
3 does not change upon addition of as high as 150 mM KCI.
These results imply that the protein—DNA complex does not
undergo a disorder-to-order transition as observed for the A =
f conversion for the free protein (Figure 5). Hence, the
protein—DNA complex is not metastable at pH 3 and the
form is not formed. We observed that the protein—DNA
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complex at pH 7 does not bind ANS (Figure SB), similar to
the free protein (Figure S3A and Figure 2C). In contrast, the
ANS binding capacity of the protein—DNA complex at pH 3 is
substantially decreased compared to that of the A form (Figure
SB). The weakened ANS binding of the protein—DNA
complex at pH 3 shows that the A form is not completely
formed but the protein molecules retain the MG character.
Combined, these results indicate that the A form and the f
form are not formed for DNA-bound TDP-43""M,

The results presented above suggest that the DNA binding
regions of TDP-43™%M are involved in the self-assembly of the
A form and that the formation of the A form is an important
step toward the formation of the amyloid-like # form. It is
possible that RRMI1 domain plays a major role in the
formation of the A form because nucleic acids bind stron§ly
to the RRM1 domain compared to the RRM2 domain.'”"®
The RRM1 domain is also less stable than the RRM2 domain
to chemical and thermal denaturation,'>'® which might make
it more prone to participate in the oligomerization process.
The high efficiency of FRET between tryptophan residues
located in the disordered regions of the RRM1 domain and
ANS also suggests that the RRM1 domain is involved in the
formation of the self-assembled A form.

The Metastable A Form Couples the Folding and
Misfolding Energy Landscapes. One of the most important
results of this study is that the A form is the common link
among the energy landscapes of folding, misfolding, and
aggregation of TDP-43"*™ (Figure 6). The A form is formed
by the self-assembly of the monomeric protein without
misfolding into an oligomeric structure consisting of ~40
molecules of TDP-43™"™, The protein molecules in the A
form have N-like secondary structure but a disrupted tertiary
structure (Figures 1 and 2). The A form readily misfolds and
aggregates into the ff-sheet rich ff form (Figures 3 and 4), and
the formation of the A form is crucial for the formation of the
p form (Figure S5). Hence, the A form couples the folding and
the aggregation energy landscapes of TDP-43""M,

The N = A Transition Has Some Similarities to the
Monomer = Droplet Transition of Proteins. It has
recently been reported that proteins containing low-complexity
IDRs, including the C-terminal domain and the N-terminal
domain of TDP-43,'*® begin to misfold by condensation of
protein molecules into nanometer- to micrometer-sized
protein droplets, akin to the vapor-to-liquid phase transition
of matter.'”"”**7%° The 40-meric A form is only 8.5 nm in
size, soluble, and not a protein droplet. However, the N = A
transition appears to have some similarities to the monomer =
droplet transition. For example, like the monomer = droplet
transition,” a thermodynamic equilibrium exists between the
monomeric N form and the self-assembled A form that is
highly reversible and dynamic (Figure 2 and Figure S4). The A
form is metastable and primed to undergo misfolding and
aggregation reaction to the amyloid-like § form upon small
environmental perturbations (Figures 3 and 4), akin to the
liquid-to-solid phase transition of protein droplets.””*® The
mechanisms and the reasons behind the formation of protein
droplets are poorly understood, but one important determi-
nant is the multivalency of the protein molecules, in terms of
the presence of the positive, negative, and hydrophobic
centers, like Janus particles,”> for self-assembly.””® The
protein molecules in the A form are protonated and have a
molten globular structure that can provide multiple charged
and hydrophobic centers required for assembly. This is in line
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Figure 6. Model energy diagram for the coupling of the folding and
misfolding energy landscapes of TDP-43"*™, The schematic also
shows how the changes in environmental conditions like pH, co-
solutes, and temperature modulate the energy landscape. Under
native-like conditions at pH 7, the yellow patterned portion of the
landscape is operational where the monomeric N form is the most
stable state. It remains in a pH-dependent thermodynamic
equilibrium with a high-energy nanosized 40-meric A form. The
protein molecules in the A form retain the secondary structure of the
N form but have loose side-chain packing (brown bars). The N = A
transition is coupled to the protonation of at least one buried
ionizable side-chain residue (green bar) of the protein. The overall
structure of the A form is like a micelle with a loosely packed central
hydrophobic core in which the intrinsically disordered and
aggregation-prone regions of the protein are in the proximity. The
loosely packed structure of the A form is held by weak and transient
interactions. At pH 3, the protonated A form is highly stabilized, the
N form is destabilized, and the N = A equilibrium shifts to
predominantly populate the A form. Hence, the green portion of the
energy landscape becomes operational at pH 3. The metastable A
form readily undergoes an amyloid-like conformational conversion
and amyloidogenic assembly to a f-sheet rich f form upon partial
destabilization (by addition of GdmCI or heating) or an increase in
the ionic strength of the medium. The IDRs of the protein acquire
ordered f-sheet structure during the A = f transition. The structure
in the f form is amyloid-like and appears to be held by strong
interactions. The A form thus couples the folding and aggregation
energy landscapes of TDP-43%%M,

with the recent proposal that globules (like proteins in a 0
solvent) can self-assemble to form large structures easily
compared to the fully structured native proteins.’>*”*° The
self-assembled A form binds to a single molecule of ANS near
the tryptophan residues (Figure 2C and its inset) and has a
centrally located loosely packed hydrophobic core similar to a
micelle. As tryptophan residues are located in the IDRs of the
RRM1 (Figure 1A), the loosely packed hydrophobic core of
the A form must involve IDRs of the RRM1, in addition to the
possible involvement of the IDRs of RRM2, if any. The IDRs
of the A form undergo a disorder-to-order transition during the
A = B conversion in the presence of co-solutes like KCI and
GdmCl (Figure 4), similar to the liquid-to-solid transition of
the droplets of other proteins.””**" It appears that the high
local concentration of the protein molecules in the A form
brings the aggregation-prone and IDRs of TDP-43"*™ into the
proximity of each other (Figure 6) and makes it prime to
undergo misfolding and aggregation reaction upon small
environmental perturbations.
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pH Modulates the N = A Transition. The partitioning of
TDP-43""™ into the monomeric N form versus the oligomeric
A form is highly dependent on the pH of the environment
(Figures 1 and 2). The population of the A form increases as
the pH decreases from 7 to 3 (Figures 1 and 2). The midpoint
of the N = A transition is at pH 5.6 (Figure 1B). The
formation of the A form is coupled to the protonation of at
least one buried charged residue (Figure 1B). Among the
amino acid residues that could titrate near pH 5.6, one
histidine (H166) and three aspartic acids (D10S, D138, and
D247) are almost fully buried inside the protein structure. It is
possible that one of these residues might have a slightly
modified pK, due to the burial, and its protonation is coupled
to the N = A transition. It is important to note that many
disease-related mutations of TDP-43,”" like in the case of many
variants of prions,” perturb the electrostatic interactions of the
protein.

Crossing of the Major Unfolding Barrier Is Not
Required for Misfolding. Although the structure of the A
form resembles an MG, we do not observe the population of a
monomeric MG during the N = A transition. Nevertheless,
the MG-like structure of the protein molecules in the highly
amyloidogenic A form suggests that the misfolding and
aggregation of TDP-43"™™ could begin from the partially
unfolded states having N-like secondary structure and that the
complete crossover of the unfolding barrier is not required for
misfolding, as has been proposed for a few proteins, including
acylphosghatase, human 2 microglobulin, and human trans-
thyretin.”?

Modulation of the Folding and Misfolding Energy
Landscapes by Stress-like Conditions. The results of this
study report on only the RRM domains of TDP-43 and do not
reveal the structural changes that occur in the N-terminal and
C-terminal domains of the protein. Previous studies have
shown that both the N-terminal and the disordered C-terminal
domains play an important role in the aggregation of TDP-43
and assemble through liquid—liquid phase separation-driven
droplet formation.'”'” A majority of the disease-associated
mutations have also been observed in the C-terminal domain
of the protein.”’ It is important to note, however, that the
genetic mutations contribute in only ~5% of the ALS cases
(including familial as well as sporadic), and in the remaining
~95% of the cases, the disease is caused by environmental
stress.”'” An attractive alternative model of the pathological
aggregation of TDP-43 is that environmental stress induces the
reversible association of native TDP-43 into granules primarily
via its TDP-43RRM region.26 Upon chronic exposure to stress,
TDP-43 associated with the stress granules undergo irrever-
sible aggregation into disease-prone assemblies.””*** Tt is
important to note that some stress-like conditions like
starvation and energy depletion decrease the pH of the cellular
environment.”’~*” Tt has been reported recently that acid-
ification of a cellular environment by stress leads to the
perturbation of electrostatic interactions and formation of
disease-Iprone large assemblies of proteins like yeast prion
Sup35°" and poly(A) binding protein.’® In the case of stress
granule-associated poly(A) binding protein, higher-order
metastable assemblies form via its RRM domain.”® It has
also been suggested that at the molecular level, proteins might
sense stress using the protonation—deprotonation of the
protein side chains.””*' In the current study, we observed
that the monomeric N form of TDP-43""™ exists in a pH-
dependent reversible thermodynamic equilibrium with a
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metastable molten globule-like oligomeric A form. The A
form is fully populated only below pH 4.5 (Figure 1B), in
response to the low-pH stress-like conditions, and transforms
to the f form with a further increase in the level of stress. Our
results shed light on how stress-like conditions might modulate
the energy landscape of TDP-43"" inside the cell. Our data
suggest (see the model in Figure 6) that under physiological
conditions at neutral pH, the fully folded form of the protein is
populated predominantly. Upon environmental stress that
perturbs the electrostatic interactions of the protein, the
protein self-assembles into the aggregation-primed intermedi-
ate A form. Upon prolonged heat or salt stress or in the
presence of destabilizing conditions, the equilibrium shifts to
populate the disease-relevant  form. Hence, the results of this
study reveal a physicochemical and thermodynamic mecha-
nism of coupling and modulation of the folding and the
aggregation energy landscapes of TDP-43%*M,
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ABSTRACT: TDP-43 protein travels between the cytosol and the nucleus FHEIES

to perform its nucleic acid binding functions through its two tandem RNA KN,
recognition motif domains (TDP-43*™). When exposed to various salt
environmental stresses, it forms abnormal aggregates in the cytosol of AN
neurons, which are the hallmarks of amyotrophic lateral sclerosis and other

TDP-43 proteinopathies. However, the nature of early structural changes
upon stress sensing and the consequent steps during the course of
aggregation are not well understood. In this study, we show that under low-
pH conditions, mimicking starvation stress, TDP-43™* undergoes a
conformational opening reaction linked to the protonation of buried ionizable residues and grows into a metastable oligomeric
assembly (called the “low-pH form” or the “L form”). In the L form, the protein molecules have disrupted tertiary structure, solvent-
exposed hydrophobic patches, and mobile side chains but the native-like secondary structure remains intact. The L form structure is
held by weak interactions and has a steep dependence on ionic strength. In the presence of as little as 15 mM KClI, it fully misfolds
and further oligomerizes to form a f-sheet rich “f form” in at least two distinct steps. The f form has an ordered, stable structure
that resembles worm-like amyloid fibrils. The unstructured regions of the protein gain structure during L = f conversion. Our
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results suggest that TDP-43RM

could function as a stress sensor and support a recent model in which stress sensing during

neurodegeneration occurs by assembly of proteins into metastable assemblies that are precursors to the solid aggregates.

myotrophic lateral sclerosis (ALS) is a lethal disease that

leads to progressive impairment of motor neurons
resulting in weakening of muscles, paralysis, and eventually
death.! A defining feature of ALS, in almost all of the patients
examined to date, is the presence of abnormal aggregates of the
TDP-43 (transactive response element DNA binding protein
of 43 kDa) protein in the cytosol of motor neurons in the
central motor cortex and glial cells.”™ The intraneuronal
deposits of TDP-43 are also observed in multiple other TDP-
43 proteinopathies.”” TDP-43 is a highly conserved nucleic
acid binding protein that has an important role in many vital
cellular processes like the synthesis of RNA and proteins and
the processing of mRNA.® It is known that sporadic factors,
like chronic environmental stress,” are responsible for its
aggregation in a majority (90—95%) of disease conditions, but
the underlying molecular mechanism of the self-assembly
process is poorly understood. It has been postulated that under
stress-like conditions TDP-43 participates in the formation of
large protein assemblies, such as stress granules.”'® These
assemblies are highly dynamic and metastable and form
irreversible aggregates under chronic stress.”' b2 However,
very little is known about the nature of the initial conforma-
tional changes that begin the stress-induced self-assembly and
misfolding of TDP-43.
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The formation of stress granules, which are large assemblies
consisting primarily of proteins and translationally stalled
mRNA, has been reported under a variety of mortal
environmental stress conditions, such as nutrient starvation'®
and osmotic,'* thermal,'® and oxidative stress'® as a mean of
stress adaptation. However, the mechanism by which cells
detect stress at the molecular level is not well understood. In
one of the models, it has been hypothesized that some proteins
in the cell could function as biosensors and sense stress by site-
specific protein modifications.”'”'® For example, when the
cells are exposed to oxidative insults, the cysteine and
methionine residues of proteins become oxidized.'” A change
in cytosolic pH due to starvation stress is detected by
protonation and/or deprotonation of charged resi-
dues.'>'>'7!%2% Thermal stress is detected by the partial
unfolding of proteins.'”'>'® These site-specific molecular
changes trigger the self-assembly of proteins into reversible
oligomeric structures with largely native-like (N-like) secon-
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dary structure.'”'”'® It has been postulated that coupling of
assembly and disassembly of these oligomers with sensitization
and desensitization of environmental stress could be a rapid
and energy-efficient method of rezgulating stress.”” The initial
oligomeric assemblies grow larger” and eventually demix and
phase separate into a variety of structures with distinct
morphologies and material properties (liquids, gels, filaments,
colloids, dynamic fibers, etc.), depending upon the
stress.''”'® Upon persistent stress, these assemblies irrever-
sibly chan%e their structure to form abnormal solid
aggregates,' "'> which have been implicated in various
neurodegenerative diseases like prion disease,”® ALS,**** and
FTLD.” To understand the early stages of these neuro-
degenerative diseases, including ALS, it is critical to understand
the nature of the initial conformational changes that allow
stress sensing and formation of N-like oligomers. It is also
essential to understand how the characteristics of the initial
assemblies formed under various stress conditions differ and
how they might lead to polymorphism of the diseased
condition.

Structurally, TDP-43 protein has four distinct domains
(Figure 1). The N-terminal domain is involved in dimeriza-

TDP-43tRaM

N-terminal

C-terminal ]

Figure 1. Diagrammatic representation of TDP-43 domains. There
are four distinct domains comprising human TDP-43: the N-terminal
domain, two RNA recognition motifs (RRM1 and RRM2) together
termed TDP-43"™™ and the C-terminal domain. The letters L and E
represent the nuclear localization signal sequence and nuclear export
signal sequence, respectively. The bottom part of the figure shows the
solution structure of TDP-43™™ (amino acid residues 97—261)
taken from Protein Data Bank entry 4BS2. The tryptophan residues,
W113 and W172, situated in the RRM1 domain are represented by
blue spheres.

tion,”* has a ubiquitin-like fold,”® and has been recently
reported to be undergoing aggregation without becoming
misfolded.”® The C-terminal domain is mostly involved in
protein—protein interactions’’ and carries a large number of
mutations, which have been implicated in the diseased
condition.”® However, mutations are responsible for only 5—
10% of the diseased cases’ and thus are marginal contributors
to the diseased state. It is possible that a large number of
mutations occur in the C-terminus because it is intrinsically
disordered and hence mutations could be better tolerated than
in the highly conserved N-terminus or the nucleic acid binding
domains. It is important to note that vastly diverse C-terminal
sequences are present across the different sgecies in the
otherwise highly conserved TDP-43 protein.”””’ This also
points toward the possibility that mutations may simply be
disease modifiers but not the major causal factor as the same
mutation has been shown to have different gharmacological/
pathological effects in different patients.”® TDP-43 also

contains two RNA recognition motif domains (RRM1 and
RRM2) in tandem that are linked by a 15-residue natural linker
(called together TDP-43™" hereafter). The TDP-43%*M
region is highly conserved and functionally important and
binds to nucleic acids in a sequence-specific manner to perform
a gamut of nucleic acid binding functions in the cell****'
TDP-43""™ forms abnormal aggregates in various stress-like
conditions,”*** which is modulated by the presence of nucleic
acids.>7*° TDP-43 is co-deposited in the stress granules with
other RNA binding proteins (e.g,, PABP, TIA, and elF3)*”**
possibly via its TDP-43"™ region.”>* In this work, we show
that under low-pH conditions mimicking starvation stress
TDP-43™"™ undergoes a partial unfolding reaction that is
linked to the protonation of buried ionizable residues and
grows into an oligomeric assembly (called hereafter the “low-
pH form” or the “L form”) in which the protein molecules
have an unfolded-like (U-like) tertiary structure and solvation
environment but an N-like secondary structure. The L form is
extremely metastable and swiftly misfolds into a f-sheet rich
amyloid-like aggregated state (the f form) upon a minute
change in the ionic strength. The flexible loops of TDP-43®"M
become more ordered during the L to f transition. The results
presented here give a fresh perspective on the initial
intermediates formed during the aggregation of TDP-43%M,

B MATERIALS AND METHODS

Protein Expression and Purification. The expression
and the purification protocol of TDP-43"*™ (UniProtKB/
Swiss-Prot entry Q13148) have been described previously.”*
The pure protein was stored in a buffer containing 10 mM
potassium phosphate, 150 mM KCl, and 1 mM dithiothreitol
(DTT) (pH 7.2). Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis revealed that the protein was highly pure. The
molecular weight of the Hisq tag-cleaved TDP-43"* protein
as determined by electrospray ionization mass spectrometry
was 19429 Da.

Buffer, Solutions, and Experimental Conditions. All of
the reagents are of the highest purity grade procured from
Sisco Research Laboratories (SRL) and Sigma. The buffers
used at different pH values have been reported previously.”* A
molar extinction coefficient of 15470 M~' cm™" at 280 nm was
used to determine the protein concentration.

The N form and the L form were prepared by transferring
the required volume of protein from a concentrated stock
solution of around 600—800 uM protein, which is in the
storage buffer. The buffer used for the N form contained 20
mM MOPS and 1 mM DTT (pH 7.5). The buffer used for the
L form contained 20 mM glycine and 1 mM DTT (pH 2.5).
The unfolding buffer contained 20 mM MOPS, 6 M
guanidinium chloride (GdmCl), and 1 mM DTT (pH 7.5).
The concentration of GdmCl was measured as described
previously.”* Before their use, all of the buffers were filtered
with a 0.2 ym filter. The final concentration of residual KCl in
all of the experiments was around 3—5 mM unless otherwise
mentioned.

pH-Induced Equilibrium Structural Transition Moni-
tored by Fluorescence. For the pH-induced fluorescence
measurements, the protein samples (8 yM) were equilibrated
at different pH values at room temperature before the
fluorescence spectrum was recorded on a FluoroMax-4
spectrofluorometer (HORIBA Scientific). The excitation
wavelength was set to 295 nm, and the emission was collected
from 310 to 400 nm. The excitation slit width was 1 nm, while
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the emission slit width was 8 nm. Each fluorescence spectrum
was averaged over three scans. The fluorescence spectra
recorded after incubation for 5 and 24 h remained identical.

The data on the pH dependence of the change in
fluorescence of the protein are fitted to a model in which
the structural change from pH 7 to 2.5 occurs in two steps (N
= A = L) corresponding to the protonation of at least two
ionizable groups, given by a modified Henderson—Hasselbalch
equation:

Yy + Y, X 10PHmPH
obs ™ 1+ lopHml_PH

Y, + Y, x 10PH7PHm
1 + 10PHPHm

(1)

where Y, denotes the observed fluorescence signal for a
particular pH value, Yy, Y,, and Y} are the signals of the N
form, the A form (acidic form), and the L form (low pH form),
respectively, and pH,; and pH,, are the midpoints of the N to
A and A to L transitions, respectively.

Dynamic Light Scattering (DLS). A DynaPro 99 unit
(Wyatt) was used for the DLS measurements as reported
previously.”* In brief, all of the buffers used for the experiment
were filtered three times with a 0.2 ym filter to remove dust
particles. The centrifuge tubes and the tips were rinsed with 0.2
um filtered Milli-Q water just before use. The scattering
intensity at 90° and the autocorrelation function were acquired
at the same time by illuminating the samples with a 829.4 nm
laser. The experimental settings were as reported previously.”*
DynalS software (Wyatt) was used to obtain the mean
autocorrelation function by taking an average of 50
acquisitions and resolving them into Gaussian distributions
of hydrodynamic radii (Ry). The mean of all of the
acquisitions from the cumulant analysis was used to calculate
the total light scattering intensity.

Steady-State Fluorescence Anisotropy Measure-
ments. Protein samples (10 M) were equilibrated in buffers
of different pHs from 7 to 2, and steady-state fluorescence
anisotropy was measured as reported previously.”® The
tryptophan residues were excited at 280 nm, and the emission
was collected for 300 s at 340 nm, using an antiphotobleaching
setting. The excitation and emission slit widths were set to 2
and 10 nm, respectively. The integration time was set to 1 s.
The steady-state fluorescence anisotropy (r) is related to
emission intensity I as follows:

Ly — LiyG

Ly + 2,G )

where subscript V (vertical) refers to the position of polarizers
in the excitation beam and the subscript H (horizontal) to the
emission beam. G refers to the instrumental correction factor
and is equal to the ratio of Ijjy to Iy, The measured values of
anisotropy remained identical after incubation for S and 24 h.

Circular Dichroism (CD). A Jasco J-815 spectropolarim-
eter was used for the CD measurements, and experiments were
performed using the same parameters as reported previously.”*
For far-ultraviolet (far-UV) CD and near-UV CD measure-
ments, the spectra were collected in the wavelength ranges of
200—250 and 250—300 nm using quartz cuvettes with path
lengths of 0.1 and 1 cm, respectively. The near-UV CD
measurements were carried out at a protein concentration of
60 uM (1.1 mg/mL), while 25 yM protein (0.48 mg/mL) was
used for far-UV CD measurements.

8-Anilino-1-naphthalenesulfonic Acid (ANS) Fluores-
cence Assay. For the ANS assay, the N form (2 uM) and the
L form (2 uM) were incubated for 15 min in the dark with
different ANS concentrations varying from 0 to 100 yuM. ANS
binding was assessed by excitation of the dye at 380 nm and
acquisition of the emission spectrum from 400 to 600 nm. For
FRET measurements, the tryptophan residues were excited at
295 nm and the emission was monitored from 320 to 580 nm.
The excitation slit was set to 1 nm, and the emission slit was
set to S nm. The binding affinity of the ANS dye for the L form
is determined by fitting the data in Figure 4D and its inset to
eq 3:

[ANS]

AF(ANS) = nAF,, ————
[ANS] + K 3)

where AF(ANS) is the change in the fluorescence signal in the
presence of varying concentrations of ANS and AF,,, is the
maximum fluorescence when all of the ANS is bound to the L
form. In the equation, Ky, is the dissociation constant and 7 is
the number of binding sites.

The kinetics of formation of the L form was monitored using
ANS binding on a PerkinElmer fluorescence spectrometer (LS
SS). After the protein had been transferred at pH 2.5, at
different times of the formation of the L form, the binding of
the ANS to the protein was measured. The excitation
wavelength was set to 295 nm, and the emission was measured
from 310 to 570 nm. The excitation slit width was 7 nm, and
the emission slit width was 6.5 nm.

Salt-Induced Formation of the § Form. For the salt-
dependent assay, the protein (10 M) was incubated with
varying salt concentrations ranging from 2.5 to 200 mM, for 24
h. Following the incubation, far-UV CD spectra of all of the
samples were collected. All of the samples were also analyzed
by the thioflavin T (ThT) fluorescence assay as described
below.

For the measurement of the kinetics of formation of the
form, 10 yM protein was transferred in pH 2.5 buffer
containing 150 mM KCI at 25 °C. The kinetics of the
conformational change was monitored by measuring the
change in ellipticity at 216 nm by CD. The bandwidth was
set to 2 nm, and the data integration time was set to 4 s for all
of the kinetic experiments. The elongation kinetics was
measured by monitoring the change in ThT fluorescence as
described below.

ThT Fluorescence Assay. To perform the ThT assay, the
protein sample (1 uM) was added to ThT buffer [SO mM Tris
(pH 8) and 20 uM ThT] and the ThT fluorescence was
acquired within 1 min. The ThT dye was excited at 440 nm,
and the emission was collected from 455 to 535 nm. The
excitation and emission slit widths were set to 1 and 10 nm,
respectively. The emission spectra of the buffer having the dye
were recorded under similar settings. For the L = f transition
kinetics, the emission was collected at 482 nm for 20 s. The
background fluorescence contributed by the free dye was
subtracted from all of the data.

Size Exclusion Chromatography. Size exclusion chro-
matography (SEC) was performed for the N form and the 8
form using a HiLoad 16/600 Superdex 200 pg column on an
AKTA Pure M FPLC system (GE Healthcare). The
fractionation range of this column is 10—600 kDa, and it has
a void volume of 39.8 mL. The column was first equilibrated
with buffer at the respective pH before 25 M protein was
loaded onto the column. The flow rate was set to 0.8 mL/min.

https://dx.doi.org/10.1021/acs.biochem.9b00780
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Figure 2. pH-induced monomer to oligomer transition of TDP-43"%™, (A) Relative fluorescence spectrum plotted at pH 7 (blue), pH 4.1
(yellow), and pH 2.5 (red). (B) Fluorescence intensity of TDP-43*™ (O) at different pH values plotted at 340 nm. The black line through the
data is a nonlinear least-squares fit to eq 1. The relative fluorescence values of the N, A, and L forms are indicated. The inset of panel B displays the
Agm of the tryptophan residues at different pH values in the presence (yellow triangles) and absence (red inverted triangles) of 6 M GdmCl. The

ax

red and yellow lines across the data are drawn to guide the eye. (C) Ry distributions of the N form (blue), the A form (yellow), and the L form
(red) as monitored by DLS. (D) Fluorescence anisotropy (tryptophan residues) at 340 nm plotted at different pH values (O). The black line across

the data is shown to guide the eye.

The buffers contained 150 mM KCI to prevent the protein
from sticking to the column. The apparent molecular weights
of the N form and the f form were determined from the
known molecular weights of standard biomolecules as
described previously.**

Transmission Electron Microscopy (TEM). The L form
and the f form (10 uL of a 25 uM solution) were placed on a
300-mesh Formvar carbon-coated copper grid (Electron
Microscopy Science) for S min. After the excess solution had
been removed, a 2% uranyl acetate solution was used to
negatively stain the grid for 1.5 min. The grid was then washed
with filtered Milli-Q water for a min and allowed to air-dry.
The samples were examined via transmission electron
microscopy (Technai-T20) at an accelerating voltage of 200
kv.

GdmCl-Induced Equilibrium Unfolding Transitions.
The protein samples (4 yM) were first equilibrated at room
temperature for 3 h with different concentrations of GdmCL
The fluorescence spectra of tryftophan residues were
measured as described previously,”™ with the excitation slit
set to 1.2 nm and the emission slit set to 10 nm. The
fluorescence spectrum of the buffer was collected under
identical settings. Buffer-subtracted data are plotted at 340 nm
as a function of GdmCl concentration.

B RESULTS

pH-Dependent Biphasic Structural Change Moni-
tored by Fluorescence. Figure 2A displays the variation in
the fluorescence spectrum of the protein (Figure 1) as a
function of pH. The fluorescence intensity of the protein

https://dx.doi.org/10.1021/acs.biochem.9b00780
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and KCI were 25 uM and 3 mM, respectively.

decreases in two discrete sigmoidal steps with a decrease in pH
from 7.5 to 2 (Figure 2B). This result implies that the local
tertiary structure around the tryptophan side chains is
disrupted in two steps and the protein undergoes two
structural transitions with a decrease in pH, linked to the
protonation of at least two buried ionizable groups (Materials
and Methods). The first transition has a midpoint around pH
5.6 and plateaus between pH 4.5 and 3. The product of the
first transition is termed the “acidic form” or the “A form” of
the protein (Figure 2B). The midpoint of the second transition
is assessed to be at pH 2.75, and it plateaus around pH 2.5.
The product of the second transition is termed the “low-pH
form” or the “L form” of the protein (Figure 2B). The
structural properties of the A form have been described
previously.”* In this study, we dissect the structural character-
istics of the L form and report its amyloidogenic nature and
metastable behavior.

U-like Solvation of the Tryptophan in the L Form. In
addition to the change in the fluorescence intensity, the
wavelength of the maximum fluorescence emission (A%m,) of
the tryptophan residues also changes in two steps during the N
to L transition (Figure 2B, inset). The change in the
fluorescence Stokes shift reports on the extent of the polar
environment around the fluorophore. We observed that the
Ama in the N form is 348 nm that shifts slightly to the blue to
346 nm in the A form,** indicating that the solvation
environment of the tryptophan residues in the A form is
either similar or slightly hydrophobic in comparison with that
of the N form. With a further decrease in pH, the A5, changes
to 351 nm in the L form, reflecting a highly solvated polar
environment around the tryptophan residues in the L form. In
contrast, the GdmCl-induced U form has a A, of 356 nm
across a range of different pH values. These results indicate
that the L form is not completely unfolded but the local
tryptophan environment remains U-like.

—_
~

The N = L Transition Is a Monomer Oligomer
Transition. The disrupted packing and the U-like solvation
environment around the tryptophan residues suggested a
partially folded structure for the L form. However, the
hydrodynamic measurements using DLS revealed that the L
form is an oligomer in addition to being partially folded. The N
form is monomeric in nature’” and has an Ry of ~2.3 nm
(Figure 2C). The Ry of the L form was observed to be ~12
nm. Intriguingly, the N to L transition is accompanied by an
increase in the width of the distribution that suggests an
increased heterogeneity of the population during the transition.
The L form with a mean Ry of 12 nm is a larger species
compared to the A form, whose Ry is 8.5 nm.** These results
indicate that the transition from the N form to the L form
occurs along with an increased level of self-association of
partially folded molecules, resulting in the formation of an
intermediate with a larger hydrodynamic radius.

Change in the Local Dynamics of Tryptophan Side
Chains during the N = L Transition. Interestingly, the
local dynamics of the tryptophan residues changes in a two-
step manner during the monomer = oligomer transition. We
observed that the mean value of the steady-state fluorescence
anisotropy increased from 0.0767 to 0.0952 as we moved from
the N form to the A form, indicating an increase in the rigidity
of the tryptophan residues in the A form.”* However, the A =
L transition shows a very steep decrease in the anisotropy
value, which changes to 0.0674 in the L form. A low value of
anisotropy reflects an unfolded-like flexible environment
around the tryptophan residues in the L form,”* which is in
line with the U-like solvation for the tryptophan residues as
seen by the AS%, (Figure 2B, inset). Increased dynamics might
also afford multiple relative orientations to the tryptophan
residues, resulting in a lower anisotropy value. These results
indicate that TDP-43™"™ has a completely different structural
organization in the L form, the A form, and the N form.

https://dx.doi.org/10.1021/acs.biochem.9b00780
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Figure 4. L form that consists of protein molecules that are molten globular in nature with exposed hydrophobic patches. (A) Far-UV CD and (B)
near-UV CD spectra of the N form, the L form, and the U form. The MRE at 222 nm at different pH values is plotted in the inset of panel A. (C)
Fluorescence spectrum of the ANS dye in the presence of the N form and the L form. The tryptophan residues in the L form exhibit FRET with
protein-bound ANS. The inset in panel C displays the fluorescence spectrum of the L form in the absence and presence of ANS after excitation at
295 nm. The fluorescence of tryptophan is quenched in the presence of ANS, but there is a huge increase in the fluorescence of ANS indicating
energy transfer. (D) Measurement of the binding of ANS to the N form (blue circles) and the L form (red circles). Upon excitation of the ANS dye
at 380 nm, the relative change in the fluorescence intensity is plotted at 480 nm as a function of ANS concentration. FRET between tryptophan
residues and the bound ANS dye in the L form is shown in the inset of panel D. The left y-axis shows the tryptophan fluorescence at 350 nm
(inverted red triangles), while the right y-axis shows the ANS fluorescence at 480 nm (red circles) upon excitation at 295 nm in the presence of
increasing concentrations of ANS. The solid red lines across the data in panel D and its inset are nonlinear least-squares fits to eq 3, and the solid
blue line across the N form data is shown to guide the eye.

DLS-Monitored Kinetics of Formation of the Oligo-
meric L Form. The L form is oligomeric in nature, and its Ry

result indicates that both the size and heterogeneity of the
protein molecules increase during the formation of the L form.

is larger than that of the monomeric N form (Figure 2C).
Figure 3A shows the temporal evolution of the distribution of
Ry of 25 uM protein at room temperature as obtained from
DLS experiments during the formation of the L form. The
mean and the width of the distribution of Ry increase
progressively with time during the N = L transition. This

Figure 3B shows the increase in total light scattering intensity
with time during the formation of the L form. The increase in
scattering intensity occurs in two steps. The increase is slow at
the beginning with a prominent rise around 5 h. The scattering
intensity achieves a plateau after 15 h. The solution of the L
form remains considerably clear during the entire transition,

https://dx.doi.org/10.1021/acs.biochem.9b00780
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Figure S. Kinetics of the formation of the L form as measured by far-UV CD and ANS binding. The formation of the L form is initiated by
transferring the protein at pH 2.5. (A) Far-UV CD spectrum of the protein at different times during the formation of the L form. (B) Binding of
ANS to the protein monitored at different times during the formation of the L form. Panel B shows the fluorescence spectrum upon excitation at
295 nm. As a control, the fluorescence spectrum of the L form in the absence of ANS is also plotted (black dashed line). (C) Relative change in
tryptophan fluorescence intensity (yellow circles) at 350 nm upon excitation at 295 nm in the presence of ANS plotted at different times during the
formation of the L form. (D) Relative change in ANS fluorescence intensity (blue circles) at 480 nm upon excitation at 295 nm plotted at different
times during the formation of the L form. In panels C and D, the red circle indicates the fluorescence emission of tryptophan residues at 350 nm
and ANS emission at 480 nm upon excitation at 295 nm in the absence of ANS, respectively, at pH 2.5. The yellow and blue lines in panels C and

D are shown to guide the eye.

and we do not see species higher than ~30 nm at any time
during the formation of the L form (Figure S1).

Molten Globular Nature of Protein Molecules in the L
Form. We next used far-UV and near-UV CD spectroscopy to
analyze the global secondary and tertiary structure of the
protein, respectively. Figure 4A compares the far-UV CD
spectra of the L form, the N form, and the U form of the
protein. The far-UV CD spectrum of the L form is very similar
to that of the N form, reflecting an intact secondary structure
of the protein molecules in the L form. The mean residue
ellipticity (MRE) at 222 nm shows only a small change across
the pH range, suggesting very little change in the secondary
structure of the protein during the N = L conversion (Figure

4A, inset). The MRE of the L form at 222 nm is —4961 + 124,
which is comparable to the MRE of the N form (—4664 +
156). Figure 4B compares the near-UV CD spectrum of the L
form, the N form, and the U form. The N form shows weak
but distinct absorbance in the range of 270—285 nm due to the
asymmetric packing of its three tyrosine (Y123, Y1SS, and
Y214) and two tryptophan residues in the protein structure. In
the U form, the protein shows near-zero absorbance in the
near-UV CD spectrum due to the loss of asymmetric packing
of aromatic residues. The near-UV CD spectrum of the L form
is very similar to that of the U form. These results suggest that
the global tertiary structure of the protein molecules in the L
form is dramatically disrupted (Figure 4B), but the secondary

https://dx.doi.org/10.1021/acs.biochem.9b00780
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Figure 6. Extremely metastable L form that undergoes conformational conversion coupled with oligomerization in the presence of salt to form the
amyloid-like misfolded f§ form. (A) Far-UV CD spectra of the protein at pH 2.5 in the presence of an increasing concentration of KCl. The inset of
panel A shows ThT fluorescence spectra of corresponding samples upon excitation at 440 nm. (B) The yellow circles show the change in MRE as a
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y-axis). The solid lines across the data in panel B are shown to guide the eye. (C) DLS distributions of the L form and the f form. (D) Size of the N
form and the f form as monitored by SEC. The data for the N form were taken from a previous study.>*

structure is intact (Figure 4A). Thus, the protein molecules
that make up the L form are molten globular in structure.

The L Form Has Exposed Hydrophobic Patches. The
hydrophobic dye ANS shows a huge increase in fluorescence
upon binding to the L form, indicating that the L form
contains a loosely packed solvent-exposed hydrophobic patch.
In contrast, the ANS dye does not show any fluorescence in
the presence of the N form, indicating that the N form fails to
bind to ANS (Figure 4C). We observed that there is a transfer
of energy from tryptophan residues of the protein to ANS
upon photoexcitation of tryptophan. The inset of Figure 4C
shows that when the tryptophan is excited at 295 nm in the
presence of ANS, there is a decrease in tryptophan
fluorescence emission with a simultaneous increase in ANS
fluorescence. The result that the tryptophan and ANS act as a
FRET pair indicates that the tryptophan residues are located
close to the hydrophobic patch.

Figure 4D shows the changes in the fluorescence of ANS
when the L form and the N form are incubated with increasing

concentrations of ANS. The inset of Figure 4D shows the
decrease in the fluorescence emission of tryptophan residues
and the increase in the emission of the ANS dye upon
excitation at 295 nm in the L form with increasing
concentrations of ANS. We estimated the binding affinity of
the ANS dye for the L form by fitting the Figure 4D data and
its inset to a ligand binding model (Materials and Methods).
The K, value for the binding of ANS to the L form is 40 uM.
The binding of ANS dye to the L form is weak relative to the
binding of ANS to the A form (Kp = 11 yM).”* The weak
binding capacity of the hydrophobic dye hints at the possibility
of solvation of the hydrophobic patches in the L form.

A Conformational Opening Reaction Precedes
Oligomerization. The results of the DLS data show that
the oligomerization of the protein during the formation of the
L form occurs in two steps (Figure 3). To understand the
nature of the conformational changes during the formation of
the L form, we monitored the L form kinetics using far-UV CD
and ANS binding (Figure S). We observed that the secondary

https://dx.doi.org/10.1021/acs.biochem.9b00780
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structure remains native-like during the formation of the L
form (Figure SA). We also examined the kinetics of formation
of the L form using ANS binding and observed that the change
during the transition occurs in two steps (Figure SB—D). The
major decrease in the tryptophan emission and the consequent
increase in the ANS fluorescence occur very fast during the
first step of the formation of the L form (Figure SB—D). In
addition, there is a very small change in the fluorescence
during the second step of the formation of the L form on a
slower time scale (Figure SB—D). These experiments suggest
that when the N form is subjected to low pH, it first undergoes
a very fast transition into a partially unfolded conformation in
which the hydrophobic patches are exposed but the secondary
structure remains N-like. Combined with the DLS data (Figure
3), these results indicate that the partially unfolded
conformation oligomerizes in the second slower step. Hence,
a partial unfolding reaction and exposure of hydrophobic
patches precede the process of oligomerization during the
formation of the L form. The small change in the ANS
fluorescence in the second slower step might be due to the
creation of a small number of hydrophobic patches during the
process of oligomerization.

The Structural Organization of the L Form Is Highly
Sensitive to the lonic Strength of the Solution.
Interestingly, we observed that the structure of the L form is
very sensitive to the concentration of salt in the solution. The
L form is an oligomer (Figure 2C) that consists of protein
molecules that have a broken tertiary structure but an intact N-
like secondary structure (Figure 4). Panels A and B of Figure 6
show that the L form retains its N-like secondary structure only
when the concentration of KCI in the solution is below 5—6
mM. The L form also does not bind to the amyloid-staining
dye ThT (Figure 64, inset), indicating it does not contain an
amyloid-like structure. With an increase in the concentration of
salt, there is an increase in the value of MRE in the far-UV CD
spectrum accompanied by a switch in the signal maximum to
216 nm (Figure 6A). This result indicates that at high salt
concentrations the L form is transformed into a state that is
highly rich in f-sheet structure (f form). The structural
transformation of the L form to the # form is complete by 15
mM KCl, above which the § form is predominantly populated
(Figure 6A,B). The f form also binds strongly to the ThT dye
(Figure 6A, inset, and Figure 6B), revealing the presence of
cross f-sheet structure similar to that of amyloids. The
structural transition of the L form to the f form is quite steep,
and the midpoint of the transition, monitored by both far-UV
CD and ThT fluorescence, occurs at ~10 mM KCl (Figure
6B). The structural transformation of the L form in the
presence of a very low concentration of salt indicates the weak
nature of the force that governs the structure of the L form.
Interestingly, the conformational conversion of the L form to
the f form is accompanied by an increased size, as monitored
by DLS (Figure 6C). The mean values of Ry for the L form
and the f form are 12 and 36 nm, respectively. The width of
the DLS distribution is larger for the f# form than for the L
form, indicating that the f form is more heterogeneous than
the L form. These results suggest that the oligomerization
status and the structural organization of the L form are highly
sensitive to the ionic strength of the solution.

The f Form Is a Larger Species. We estimated the
molecular weight of the  form using SEC. A size exclusion
chromatogram of the L form could not be obtained as the
protein sticks to the column at low salt concentrations (<$

mM). The N form and the  form were passed through a
HiLoad 200 pg Superdex 16/600 column. The N form eluted
at 92.8 mL, while the elution of the f form was found to occur
at 46.7 mL (Figure 6D). A small trail is seen for the f form,
which implies the heterogeneous nature of the soluble
oligomers. A decrease in the elution volume for the f form
reflects a larger hydrodynamic radius and a higher apparent
molecular weight compared to those of the N form. The
apparent molecular weight of the N form was calculated to be
18.8 kDa®* (consistent with a monomer), which increased
considerably for the  form and was found to be ~530 kDa.
The elution volume of the f# form (46.7 mL), however, is near
the void volume (39.8 mL) of the column. Hence, the
determined molecular weight is only a lower limit, and the
molecular weight of the f form is expected to be >530 kDa,
signifying that the f form is at least a 25-mer.

The f Form Has a Morphology Similar to That of
Worm-like Amyloid Fibrils. We examined the external
morphology of the L form and the f§ form using TEM (Figure
7). In the TEM micrograph, the L form appears to be ~10 nm

Figure 7. External morphology of the L form and the B form.
Transmission electron microscopy (TEM) images of (A) the L form
and (B) the f# form (150 mM KCI). The scale bars in the bottom left
corners are 100 nm.

oligomers (Figure 7A). In contrast, upon prolonged
incubation, the f form showed a twisted worm-like
morphology that was a few hundred nanometers in length
(Figure 7B). The worm-like appearance of the f§ form is similar
to the worm-like amyloid fibrils seen for multiple proteins,
includin§ amyloid-g,*! ﬂz—microglobulin,42 and mouse prion
protein. ?

Kinetics of the L = f Transition. We monitored the
kinetics of the L = f transition by measuring the change in the
ThT fluorescence and far-UV CD signal at 216 nm (Figure
8A). ThT is an amyloid-staining dye that has been used to
measure the formation and elongation of cross f-sheet rich
structure.”* The L form does not bind to ThT, but the 8 form
effectively binds to ThT (Figure 64, inset). In the presence of
150 mM KCl where the f§ form is fully populated (Figure 6B),
we observed that the kinetics of elongation of cross S-sheet
structure during the formation of the f form as measured by
ThT fluorescence is characterized by a single-exponential
change with a rate constant of 0.12 min~" (Figure 8A). No lag
phase is observed in the ThT-monitored kinetics.

Interestingly, the kinetics of the L = f transition as
measured by far-UV CD occurs in two exponential phases
(Figure 8A). The rate constant of the fast phase was 0.20
min ™!, while the slow phase had a rate constant of 0.032 min™"
(in the presence of 150 mM KCl). Fifty percent of the total
change in the far-UV CD signal occurred in the fast phase, and
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the remaining 50% occurred in the slow phase of the kinetics.
These results imply that the conformational conversion of the
N-like secondary structure of the protein molecules in the L
form to the B-sheet rich  form occurs in multiple steps. No lag
phase was observed in far-UV CD-monitored kinetics, similar
to the ThT-monitored kinetics (Figure 8A). The absence of a
lag phase in the process of conformational conversion and
elongation during the L = f transition implies that the L form
acts as a nucleus in the formation of the f form.

The kinetics of the L = f transition in Figure 8A has been
monitored at a monomeric protein concentration of 10 M.
However, we observed that the formation of the f form is
independent of the protein concentration in the concentration
range of 5—50 uM, in the presence of 150 mM KCl (Figure
8B). The f forms formed at different protein concentrations
have similar far-UV CD spectra (Figure 8B), and they bind to
the ThT dye to similar extents (Figure 8B, inset). These results
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indicate that the f forms formed at different protein
concentrations have a similar structure.

The § Form Is Structurally Rigid and Highly Stable in
Comparison to the L Form and the N Form. The increase
in the MRE value in the f form in comparison to the L form
(Figure 6A) may be due to the conversion of the disordered
structure of the protein (Figure 1) into a more ordered
structure in the f form. This random coil to f$-sheet transition,
however, does not occur in the N form whose CD structure
remains largely unchanged with the increase in the ionic
strength of the solution.”* We observed that the L = f
transition is accompanied by an increased rigidity of protein
side chains (Figure 9A). The tryptophan residues in the L form
are located in a region that has a U-like solvation environment
(Figure 2B and its inset) and is highly dynamic as indicated by
the low steady-state fluorescence anisotropy (Figure 2D). The
mean value of the steady-state fluorescence anisotropy of
tryptophan residues in the L form is 0.057, which increases to
0.099 in the  form (Figure 9A). The higher anisotropy in the
p form indicates a relatively ordered structure around the
tryptophan residues in the f form. In contrast, the fluorescence
anisotropy of tryptophan residues in the N form does not
change in the absence or presence of 150 mM KCl (Figure 94,
top inset).

The L = f conversion is also marked by a blue shift in the
Amax Of tryptophan residues. The mean value of A7} in the L
form is found to be 351 + 1 nm, which shows a considerable
blue shift to 345 = 1 nm in the f§ form (Figure 9A, bottom
inset). These results indicate that tryptophan residues are in a
more hydrophobic environment in the # form than in the L
form due to the exclusion of water molecules and the
formation of ordered protein structure.

We examined the structural stability of the L form, the
form, and the N form using a denaturant (GdmCl)-induced
unfolding transition (Figure 9B). We observed that the L form
is extremely metastable and converts to the S form upon
addition of as little as 120 mM GdmCl (Figure S2), as inferred
from changes in the far-UV CD spectrum (Figure S2A), an
increase in the fluorescence anisotropy of tryptophan residues
(Figure S2B), a blue shift of ~6 nm in their A%, values (Figure
S2C), and the elution volume determined via size exclusion
chromatography (Figure S2D). The f form, however, showed
an apparently sigmoidal unfolding transition with the midpoint
at 3.6 M GdmCl (Figure 9B). In comparison, the monomeric
N form also showed an apparently sigmoidal transition but
with the midpoint at 1.9 M GdmCl (Figure 9B, inset). The
observation that the f form has a relatively high resistance to
chemical denaturation can be attributed to the fact that the
protein molecules in the  form are held by strong interactions.

B DISCUSSION

The aggregation of TDP-43 in the cytosol of neurons is the
hallmark of ALS and multiple other TDP-43 proteinopathies.’
A majority of the cases of ALS (90—95%) are sporadic in
nature,’ and chronic environmental stress in the form of
osmotic stress, oxidative insults, and changes in ng or
temperature has been suggested to cause the disease.” TDP-
43 has been reported to be recruited in the stress granules in
response to heat stress, oxidative stress, and chemical stressors
and to co-deposit with the other stress granule proteins (e.g.,
PABP, TIA, and eIF3) in the diseased brain.'*** Stress
granules are dynamic biomolecular condensates consisting of
proteins and nucleic acids that largely retain the native

structure of proteins and protect the cell from environmental
stress, but under prolonged stress, they transform into
abnormal aggregates.” Starvation stress decreases the pH of
the cytosol from 7.4 to 5.5, resulting in an ~100-fold change in
proton ion concentration.'”"® It has been proposed that some
proteins in the cell could function as biosensors and sense
stress by site-specific protein modifications.'” For example,
such a drastic change in the concentration of proton ions is
efficiently sequestered by biosensor proteins by protonation of
their amino acid residues."”"® The process of protonation
triggers the formation of metastable assemblies, and the
coupling of protonation—deprotonation equilibria to assembly
and disassembly of proteins has been proposed to be a fast and
energy-efficient method for mitigating a decrease in the pH of
the cytosol due to starvation stress.'> We, however, very poorly
understand how the changes in proton ion concentration affect
the assembly—disassembly equilibria and in turn modulate the
nature of the initial assemblies formed in the case of TDP-43
protein during its aggregation. In our quest to understand the
steps involved in the formation of different initial assemblies of
TDP-43 that could form in response to a change in proton ion
concentration, we employ a range of pH values in this study
and deduce the conformational change that accompanies
metastable assembly formation.

In this study, we observed that under low-pH conditions,
which mimic starvation stress, TDP-43%fM undergoes a
conformational opening reaction (Figure S) to form a molten
globule-like structure that allows the protonation of the side
chains of buried ionizable groups (Figure 2B). There are three
aspartate residues (D10S, D138, and D247) and one histidine
residue (H166) that are buried in the hydrophobic core of
TDP-43""™ and it is possible that the structural change
protonates any of these critical residues. These events trigger
the assembly of protein molecules to form an oligomeric L
form (Figure 3). In the L form, the protein molecules possess
secondary structure similar to that of the native protein but the
tertiary structure is disrupted (Figure 4A,B) and the hydro-
phobic core is wet (Figure 4C,D). The L form does not show
any binding to ThT, indicating that amyloidogenic structure is
absent in the L form. At different times of its formation, the
protein molecules maintain the native-like secondary structure
(Figure SA). There is no larger amorphous aggregate™ at any
time during the oligomeric transition (Figure S1).

The L form is highly metastable, and upon small changes in
the ionic strength of the solution, it further aggregates to a -
sheet rich form (the f form) (Figure 6). As little as 15 mM
KCl is enough to fully convert the L form into the f form,
indicating that the L form is held together by very weak
interactions (Figure 6B). In contrast, the f form is highly
resistant to chemical unfolding (Figure 9B), indicating that the
P form is structurally held by very strong interactions. The
TEM experiments revealed that the external morphology of the
S form resembles worm-like amyloid fibrils (Figure 7). The f
form also binds to the ThT dye. In the literature, there has
been a debate about whether the ag§regates of TDP-43 and its
fragments resemble amyloids.”**~"" Our results show that
TDP-43"™ forms worm-like amyloid fibrils under starvation
stress-like conditions.

The L to f§ transition measured by far-UV CD (Figure 6A) is
accompanied by an increase in the value of MRE, in addition
to the shift in maxima to 216 nm. This result suggests that the
unstructured and disordered regions of the L form assemble
into ordered f-sheet during this conversion. The flexible side

https://dx.doi.org/10.1021/acs.biochem.9b00780
Biochemistry XXXX, XXX, XXX—XXX



Biochemistry

pubs.acs.org/biochemistry

chains of W113 and W172 located in the RRMI1 domain
become rigid during the L to f transition, as indicated by
steady-state fluorescence anisotropy experiments (Figure 9A),
indicating that the RRMI1 domain gains structure in the
form. Previous studies have also suggested that the RRMI1
domain is less stable than the RRM2 domain, which might
render it more prone to aggregation.’*’ The /3 form forms in
two-exponential phases (Figure 8A), suggesting that the
ordering of structure occurs in at least two distinct steps. In
totality, our results indicate that the L to f conversion is a
disorder-to-order transition, akin to the “liquid-to-solid”
transition of stress granules to amyloids.

We observed that under mild stress conditions, the
oligomeric A form is formed (Figure 2), which has been
characterized in detail previously.”* The A form has a
structural organization that is different from that of the L
form. Contrary to the L form, in the A form tryptophan
residues have restricted mobility’* (Figure 2D) and are
relatively buried in the hydrophobic protein environment
(Figure 2B, inset). It is also smaller than the L form (Figure
2C). These results indicate that different metastable assemblies
can form under the different stress-like conditions as has been
proposed recently for Publ protein.® This result is important
because TDP-43 forms stable assemblies of discrete densities
and morphologies under different disease subtypes.”*”" It is
possible that the alternate forms of disease occur due to the
alternate pathological conformations of initial oligomeric
assemblies of TDP-43.>"

One very important suggestion from our results is that the
TDP-43"" region can function as a stress sensor as reported
for Sup35,” Pab1,'® and Publ," in addition to performing its
nucleic acid binding functions. The sensing of pH stress begins
via an initial conformational change and protonation that
allows the protein to oligomerize into the L form. The L form
is structurally held by weak interactions and is metastable.
With small changes in the ionic strength of the solution, it
transforms into the amyloid-like  form and disordered regions
of TDP-43""™ gain structure during this conversion. In the
oligomeric L form, the local concentration of the protein will
be high, which can bring the disordered region of TDP-43M
into the proximity, making it highly prone to undergoing
higher-order assembly with a small fluctuation in the solution
conditions. This behavior of the L form is similar to the
behavior of large stress granule-like assemblies that are held by
weak interactions, are metastable, and form abnormal, stable,
solid-like aggregates under persistent stress.” Stress granules
have recently been reported to form in multiple steps with the
initial formation of the small soluble oligomeric core,”! and it is
possible that the L form resembles the initial stages of stress
granule-like assemblies. In this way, the results of this study
shine new light on the initial stages of the stress-induced
aggregation of TDP-43 and the pathogenesis of ALS.
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