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Synopsis Report

Introduction

Dysregulation and aggregation of TAR DNA binding protein (TDP-43) under various
cellular stresses is the key feature of TDP-43-associated proteinopathies.’ The two most common
neurodegenerative disorders associated with the TDP-43 include amyotrophic lateral sclerosis
(ALS) and frontotemporal lobar degeneration (FTLD).* It has been depicted that 90% of the
disease conditions arise as a result of various stresses experienced by the cells during their lifetime.
In contrast, only 10% of the disease happens due to familial inheritance.® This suggests that
environmental stress plays an important role in the aggregation of TDP-43. Different studies have
studied the role of different domains of TDP-43 in aggregation.>° RRM domains of TDP-43 have
been shown to sense various stresses and undergo amyloid-like aggregation.’®? Since RRM
domains are the primary functional domains of TDP-43, it is crucial to understand how alterations
in this crucial structural and functional domain lead to aggregation. Moreover, recent solid-state
NMR and X-ray studies on the aggregates of TDP-43 have highlighted the crucial role of RRM
domains in the formation of the aggregates.’®®® It thus becomes interesting to understand the
thermodynamic and molecular basis behind the stress sensing by the RRM domains of TDP-43
(a.a. 97-261; called TDP-43"RRM nhereafter) and the concomitant formation of aggregates.
Advancement in understanding the aggregation mechanism will translate into the deduction of new
factors which help in its regulation. This knowledge could also be used to deduce therapeutic

strategies which could be exploited to curb the aggregation.
Statement of problem

The presence of misfolded protein assemblies has been a hallmark across
neurodegenerative diseases. One such set of disorders is TDP-43 proteinopathies. Lack of
understanding of the thermodynamic and molecular basis behind protein aggregation involved in
ineluctably fatal TDP-43 proteinopathies has been a daunting reality of biomedical research. This
knowledge gap has proven a bane for the development of efficient inhibition strategies for these
neurodegenerative disorders. Recent studies postulate the simultaneous involvement of different
mechanisms for the disease onset under different stress conditions. The different mechanism forms

different noxious species, which demands the development of inhibition strategies targeting
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different aspects of aggregation. In this regard, a thorough and improved understanding of
aggregation and its regulation is crucial for the development of effective drugs against TDP-43

proteinopathies.
Objectives
The following questions have been attempted in the present thesis:

1. How does TDP-43"RM sense starvation stress at the molecular level? How can it be
regulated?

2. Are the folding and aggregation energy landscape coupled?

3. What is the thermodynamic basis behind the amyloid-like aggregation of TDP-43RRM?

4. How does the thermodynamic destabilization of TDP-43"R*M drive their amyloid-like
aggregation?

5. How does the natural ligand binding partner modulate the energy landscape of folding and
aggregation?

6. What are the mechanistic pathways/strategies employed by the natural ligand-binding
partner? What are the end products of their interaction with proteins?

7. Can natural ligands divert the flux to more native-like species instead of amyloid-like

aggregates?
Methodology

The TDP-43"RM js shown to undergo aggregation under different stress conditions.
However, the molecular and thermodynamic basis of stress sensing by the protein is not known.
To study this, we exposed TDP-43"R®M to Jow pH stress conditions. We have probed the structural
and thermodynamical characteristics of TDP-43"R®M under various pH conditions using a battery
of spectroscopic tools like fluorescence spectroscopy and circular dichroism. We performed
systematic mutations on TDP-43""R"M and characterized the final conformations to identify the
critical amino acid residue responsible for the aggregation trigger. We also studied the impact of
ss(TG)s on the stability of TDP-43"RM under various pH conditions. Further, we employed
microscopic techniques to study the coacervates formed under different concentrations of protein
and ss(DNA) and tuned environmental conditions to study the interactions important for

coacervation. This helped us understand the aggregation trigger and its regulation by employing
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different factors like mutations and nucleic acid binding. We also understood that the TDP-43RRM

could achieve different fates under different solution conditions.
Conclusions
The results of the working chapters are discussed as follows:

Chapter 2: In this chapter, using a range of spectroscopic probes, we demonstrated that TDP-
43RM senses the low pH stress and undergoes a pH-dependent transition from the native state to
B-sheet rich form ( form). The  form has disrupted tertiary structure and is oligomeric in nature.
ThT assay and TEM image suggested that the 3 form possesses an amyloid-like protofibrillar
structure. The midpoint of transition had a pKa value of ~4.0, which suggested that the ionization
(protonation) of a buried amino acid residue with a similar pKa value might be the gatekeeping
factor in stress sensing. We systematically mutated three amino acids (D105, H166, and H256)
with pKa values in the targeted range to neutral amino acids (D105A, H166Q, and H256Q) to
inhibit the protonation of the residues. We observed that H166Q abolishes the aggregation of TDP-
43RRMpy forming a molten globule evident by the intact native-like secondary structure but broken
tertiary structure under low pH stress conditions. Therefore the protonation-deprotonation switch
of histidine 166 of the TDP-43"R"M s coupled to aggregation.

Chapter 3: In this chapter, by employing thermodynamic stability measurements, we argue that
TDP-43RRM experiences pH-dependent changes in its stability. It remains maximally stable in the
pH range of 6.5-8.0, below which stability decreases becoming minimum at pH 5.0.
Destabilization of the TDP-43"RRM at pH 5.0 also disrupts its tertiary structure. The destabilization
makes TDP-43"R"Mprone to aggregation, as evidenced by the increased misfolding to B form below
pH 5.0. We investigated the effect of the ss(TG)s binding partner on the thermodynamic stability
of TDP-43"RRMand observed that binding to ss(TG)e stabilizes TDP-43"RRMunder all pH conditions
tested. We further observed that the ss(TG)s binding does not allow TDP-43"""M to access the
aggregation energy landscape under low pH stress and instead keeps the secondary and tertiary

structure of the TDP-43RRM intact, thereby regulating its aggregation.

Chapter 4: In the final working chapter, we noticed that the ss(TG)s can direct the flux of TDP-
43RRM o various states depending on its concentration. We observed ss(TG)e-TDP-43RRM ¢can

undergo complex coacervation to protein-rich dense phase and soluble and monomeric light phase
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under low pH stress conditions. In contrast, free TDP-43 "M yndergoes aggregation to misfolded
B form. The two phases were found to be in equilibrium with one another. The onset of
coacervation depends on the concentration of the ss(TG)s and TDP-43"RRM as well as their ratio.
Furthermore, the coacervates appeared spherical (1 um — 5 pm) under the DIC microscope. FRAP
analysis suggests that the dynamics of the coacervates are rigid as they fail to exchange the TDP-
43RM with the solution under the studied time range. We also observed that environmental
conditions like temperature, pH, and salt could tune the equilibrium between the dense and the
light phase. We observed that the hydrophobic and charge-charge interactions are crucial for the
formation of coacervates, as evident upon tuning the environmental conditions. Nevertheless, we
report an essential observation that competition exists between aggregation to  form and complex
coacervation under low pH stress conditions. In the presence of its specific binding partner, TDP-
43"RRM senses pH stress and undergo coacervation, preventing its irreversible aggregation to B

form. We suggest that the complex coacervation could be an adaptive strategy against starvation

stress to direct the flux from misfolded states.
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PhD Thesis Chapter 1

Chapter 1

Molecular basis of TAR-DNA binding protein
(TDP-43) misfolding in TDP-43 proteinopathies:

An energy landscape perspective
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PhD Thesis Chapter 1

1.1 Introduction

Dysregulation and aggregation of TAR DNA binding protein (TDP-43) is the critical feature
of TDP-43-associated proteinopathies.*®> The most common proteinopathies comprise of
amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD).* ALS is a
detrimental, progressive neurodegenerative disorder characterized by the loss of the upper and
lower motor neurons, leading to muscle weakness.> 90% of cases of ALS occur spontaneously due
to environmental factors.%” FTLD is a common form of dementia characterized by personality,
behavior, language, and emotional changes.®*? Similarly, different TDP-43 proteinopathies,
including Parkinson's, Huntington's, and some forms of Alzheimer's disease, have different clinical
manifestations. The difference in the clinical manifestation of these disorders could be assigned to
the different morphologies of the assemblies and their characteristic distribution pattern throughout
the central nervous system (CNS).**'5 The different morphologies of TDP-43 suggest that the
assembly formation depends on environmental conditions, which are different in the different brain
and spinal cord regions. Despite the difference, a common link between the TDP-43
proteinopathies is the nuclear clearance and cytoplasmic accumulation of insoluble TDP-43-
positive inclusions.>3816-19 However, despite intense research, there is ambiguity about what

triggers the mislocalization and aggregation of TDP-43 and how it could be regulated.

The majority of the studies have focussed on the role of the C-terminal region in the
aggregation of TDP-43. 25-35 kDa fragments of C-terminal are eminent species in ALS-affected
brains.?? Recently, a cryo-EM study showed the presence of C-terminal fragments in the
aggregates derived from ALS patients.?? On the other hand, Shodai et al. claimed that the RNA
recognition motifs (RRM) of TDP-43 play essential roles in the initial onset of aggregate formation
under stress conditions.?*?* In addition, X-ray and solid-state NMR studies on the aggregates of
TDP-43 suggested the crucial role of RRMs in the formation of the aggregates.?>2® Therefore, it
suggests that different domains of TDP-43 are involved in pathomechanism and concomitant
formation of the aggregates. These observations raise several important questions. Why is TDP-
43 susceptible to stress conditions? How and why do the different domains of TDP-43 sense stress?
What are the impacts of various stresses on the structure of TDP-43? What is the role of the
different domains of TDP-43 in the aggregation? Do they respond differently to stress? What is
the thermodynamic basis of the aggregation? What are its different accessible fates or
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conformations under different stress conditions? How are folding and aggregation energy
landscape coupled? Can we use the current insights to sculpt the energy landscape in diseased
conditions to populate non-pathogenic conformers? As the majority of the disease cases occur due
to environmental stress, it would be interesting to understand how the energy landscape of protein

folding, misfolding, and function are interrelated and modulated by microenvironmental factors.

Dependence on environmental factors suggests that elucidating the link between these factors
and aggregation is essential for a complete understanding of the protein aggregation process.
Advancement in understanding different aggregation steps will reflect in the generation of efficient
therapeutics. This review explains the role of TDP-43 in various TDP-43 proteinopathies. We
discuss the protein folding and aggregation energy landscape, highlight their coupling, and employ
our knowledge to discuss the thermodynamic basis of aggregation from an energy landscape
perspective. We consolidate the insights that suggest modulation of the energy landscape of TDP-
43 by environmental factors. Finally, we discuss various non-native conformers which could result
in aggregation, followed by an extensive discussion on how the modulation of the folding energy
landscape of protein could help treat protein-misfolding diseases by facilitating folding.
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D I

Figure 1.1 Model of full-length TDP-43 (FLTDP-43) after being refined from the SAXS data.?’
The model shows various domains of TDP-43, including NTD: N-terminal domain, tRRM: RRM1
and RRM2, CTD: C-terminal domain. The model represents the first low-resolution X-ray image
of the FLTDP-43. The model has been adapted from reference no. 27.

1.2 TDP-43 structure and function

TAR DNA binding protein (TDP-43) was discovered as a repressor of the HIV-I gene
expression in 1995 that binds to the transactive response element (TAR) DNA of the viral
genome.?® It is a ubiquitously expressed nucleic acid binding protein coded by the TARDBP gene
(1p36.22) belonging to the hnRNP family of proteins.?® TDP-43 is predominately present in the
nucleus but often shuttles to the cytoplasm by active and passive processes to perform some of its
functions, including mRNA stability and translation.®® It consists of 414 amino acids divided
among four domains (Figure 1.1). The N-terminal domain (NTD-1-102)% is involved in the
formation of functional homodimers.®? The nuclear localization sequence (NLS-82-98) present
within the N-terminal domain is involved in the import of the TDP-43 back to the nucleus.®? Two
RNA recognition motifs, RRM1 (106-177) and RRM2 (192-259), the primary functional

domain of TDP-43, carry out essential functions related to mRNAs, like splicing, transcription,
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and stability. The C-terminal domain (CTD-274-414) encompasses four different regions;** a Gly,
Aromatic, Ser-rich region (274-317),% a hydrophobic region, prion-like glutamine/asparagine-rich
(Q/N) region (341-366),%® and a second glycine-rich region (366-414).%° CTD is a site involved
in protein-protein interactions with proteins such as UBQLN2 and FMRP.%"3 TDP-43 is also

associated with the mitochondria and is involved in the respiratory chain pathways.°

1.2.1 N-terminal domain

The NTD of TDP-43 is composed of a well-folded and a disordered region. The residues 1-77
fold to resemble CTD of Axin protein structurally, while the remaining residues 78-102 are chiefly
disordered and bind to DNA oligos.®® NTD facilitates dimer and higher-order oligomer
formation.324%-42 Accumulating evidence suggests that the TDP-43 is natively dimeric or remains
in a monomer-dimer equilibrium.*4® Along with association, the NTD is also involved in crucial
functions such as splicing.3? Removal of the first few residues of NTD annihilates the splicing and
aggregation propensity of the TDP-43.% The NTD also contributes to phase separation. A single
critical residue (S48) in NTD aids in the phase separation of TDP-43.444> NTD is also reported to
enhance the liquid-liquid phase separation of TDP-43.4¢

Interestingly, NTD is also involved in modulating the aggregation of TDP-43. The
dimerization/oligomerization of TDP-43 abolishes the formation of cytoplasmic inclusion of the
TDP-43.3247 Moreover, NTD harbors NLS, a positively charged region between NTD and RRM.
Since NLS is involved in transferring TDP-43 back into the nucleus, any disruption in the NLS
could lead to the accumulation of the TDP-43 in cytoplasm and trigger the formation of the
cytoplasmic aggregates. For instance, the removal of NLS upon cleavage at the caspase cleavage
site at Asp 89 could generate TDP-35 fragments capable of forming more cytoplasmic
aggregates.*® NLS can also be disrupted by initiation at an alternate site at residue 85.° These
studies are supported by mice studies that have demonstrated that the expression of the AC-
terminal TDP-43 impairs the concentration of notchl mRNA and thereby induces age-dependent
motor dysfunction.®® The presented research highlights the dual role played by NTD in the
functioning and pathology of TDP-43.

. _________________________________________________________________________________________________|
DIVYA PATNI 5



PhD Thesis Chapter 1

1.2.2 RNA recognition motifs

RRM is one of the most abundant domains present in eukaryotes.®! These are the primary
functional motifs of the protein and are involved in various functions involving RNA, for example,
mRNA splicing, stability, and transport.>> TDP-43 contains two RRMs separated by 14 amino acid
long linkers.® They associate explicitly with the UG or TG-rich nucleic acids.>*°¢ The RRMs of
TDP-43 (TDP-43"RM) hind to RNA in a reverse manner to allow the linker region to participate
more extensively with the nucleic acid.>®* RRM1 majorly binds to the nucleic acids, while tethering
to RRM2 enhances the binding affinity.>® Many nucleic acid-binding proteins are involved in
neurodegenerative diseases,>’ suggesting a crucial role of the RRM in the aggregation of proteins.
Several studies from our and other labs have now suggested the role of these domains in amyloid-
like aggregation in stress-like conditions.?324°8-60 Also, the RRMs have been shown to determine
the final architectural structure of the amyloid-like aggregates.?® Two regions (166-1732* and 246-
2552%) in the RRMs have been identified as critical aggregation players. These regions are sensitive
to various modifications. These events are discussed later in the manuscript. Interestingly, RRM1
and RRM2 can also independently undergo aggregation, as depicted by MD simulations and in-
vitro experiments.?>6! Five disease-linked disease mutations have been identified in the RRM
domain of TDP-43, which include P112H, D169G, K181E, N259S, and K263E.%2% These
mutations trigger the aggregation cascade driven by various factors. Interestingly, the RRMs also
contain caspase cleavage sites. The cleavage at these sites generates toxic fragments. For instance,
the cleavage at Arg 208, Asp 219, and Asp 247 can generate CTF-25.67:88

In addition to being drivers of aggregation, TDP-43"RRM can also regulate aggregation. Binding
to its natural ligands has been shown to increase the solubility and hence decrease the aggregation
of the TDP-43.7°

1.2.2 C-terminal domain

The CTD of TDP-43 is required for it to function as a splicing inhibitor at some targets and
act as a transcriptional insulator for the mouse sp-10 gene.”®2 It is a highly disordered region rich
in glycine residues.® It is also enriched in uncharged polar amino acids, mostly aspargine and
glutamine (N/Q).%® In this way, the CTD of TDP-43 resembles the prion-like domain of other

proteins.”® It is the most studied domain of TDP-43. One of the prime reasons is its known
I ——
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aggregation-prone nature in-vitro,’* yeast cells, and in cultured mammalian cells,?:%" which is
essential in the pathogenesis of various neurodegenerative diseases. CTD harbors the majority of
the ALS-linked mutations and phosphorylation sites and is the prime constituent of the inclusion
bodies.”® As a reason, its presence in the inclusions is often considered the hallmark of
neurodegeneration.2’""® Various studies across the globe have highlighted the role of different
regions in aggregation. Jiang et al. showed that residues 318-343 are crucial for aggregation.” In
addition, the amino acids 311-360 of CTD can efficiently form amyloid fibrils, which can act as
seeds for the aggregation of the soluble TDP-43.898 Saini et al. suggested that two different
peptides (311-320 and 346-355) of CTD are the core aggregation sequences.®? The mutations
(TDP-43M337V and TDP-434%15T) serve as cleavage sites for calcium-dependent calpain enzymes.®
In addition to aggregation, CTD is also reported to undergo phase separation to liquid droplets,3
which can function as hotspots for the initiation of self-assembly of protein molecules giving rise

to solid amyloid-like aggregates.

Figure 1.2 TDP-43 plaques in different proteinopathies. (A) TDP-43 in the anterior horn of the
lumbar spinal cord of ALS patients.® (B) TDP-43 deposition in FTLD-TDP.2 (C) TDP-43 positive

DIVYA PATNI 7



PhD Thesis Chapter 1

inclusions in the frontal cortex of Alzheimer’s patient.®® (D) coiled worm-like plaques of TDP-43
in the white matter of the frontal lobe in Guam parkinsonism—dementia complex brains.}” The
images have been adapted with permission, from reference no. 2,3,85, and 17, respectively.

1.3 TDP-43 in neurodegeneration

Two exciting discoveries related to TDP-43 triggered the era of research. Those findings
include 1) the discovery that mutation of TARDBP can cause familial ALS and FTLD’® and 2) the
presence of TDP-43 as a major component of the ubiquitinated inclusion bodies present in the
cortical neuron in FTD and motor neurons of the ALS cases.?® After these exciting findings, the
role of TDP-43 pathology has also been implicated in various other neurodegenerative diseases,
including Parkinson's disease,® a subset of Alzheimer's disease,'® Huntington's disease,®’ primary
lateral sclerosis,® progressive muscular atrophy,®® Guam Parkinson's dementia complex,’°
Parkinson's with and without dementia® and most recently, limbic-predominant age-related TDP-
43 encephalopathy (LATE).*® These diseases together are termed TDP-43 proteinopathies.
Proteinopathies refers to a group of diseases caused by the accumulation of a specific protein. The
protein accumulation occurs in the central nervous system (CNS) in neurodegenerative
proteinopathies. The cell type and cellular localization of the accumulation differ in different
diseases.®! In TDP-43 proteinopathies, the deposition of the full-length or fragmented TDP-43 in
the ubiquitinated and hyperphosphorylated inclusions in the neuronal cytoplasm is the marker of

the transformation of the protein (Figure 1.2).23

1.3.1 Amyotrophic lateral sclerosis (ALS)

ALS is a progressive neurodegenerative disease caused by the degeneration of the upper and
lower motor neurons.® The early symptoms include the weakening of the muscles. The muscle
progressively weakens further, ultimately wasting away. The aggressive degeneration proves fatal,
leading to paralysis, respiratory failure, and ultimately death within 2-5 years of disease onset.®®
Moreover, recent research has also demonstrated alterations in language, social cognition, and
apathy as prominent symptoms of ALS.** Approximately 90% of ALS cases are sporadic, arising

spontaneously with no familial history.
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Interestingly, 97% of cases of ALS-affected brains showed the presence of the TDP-43 positive
inclusions bodies (Figure 1.2A), making TDP-43 accumulation a prime hallmark of ALS.%®
Postmortem studies from the brain of ALS patients also showed the presence of smaller fragments
of TDP-43 along with the FLTDP-43 in the detergent-resistant inclusions.>% FLTDP-43 and its
C-terminal fragments have been detected in the exosomes of patients suffering from ALS and
FTLD.%*8 Till date, more than 50 different mutations in TDP-43 have been reported as a cause
behind ALS, most of which are located in the CTD.%749%-192 Recent accumulating pieces of
evidence have listed five disease-associated mutations in the TDP-43"RRM,

1.3.2 Frontotemporal lobar degeneration (FTLD)

FTLD is one of the most common forms of dementia after Alzheimer's.'% It is a progressive
neurodegenerative disorder marked by changes in behavior or language. As the name suggests, the
disease impacts the frontal and anterior temporal lobes of the brain.’% It is caused due to the
degeneration of the fork cells and von Economo neurons within the frontoinsular and anterior
cingulate cortices.'®1% Figure 1.2B shows the inclusions present in the FTLD-TDP. FTLD is
characterized into three subtypes depending on the type of protein present in the inclusion
bodies.% The three subtypes are FTLD-tau, FTLD-FUS, and FTLD-TDP-43.1” TDP-43 positive
inclusions are present in 50% of the FTLD cases.'® FTLD-TDP-43 is further subdivided into four
subtypes based on the type of TDP-43 positive structure and its distribution. Type A consists of
crescentic or oval-shaped neuronal cytoplasmic inclusions (NClIs) and numerous short dystrophic
neurites (DNSs). Type B is characterized by the NCls spread throughout the cortical layer and very
few DNs. Type C is marked by the presence of elongated DNs and very few NCIs in the upper
cortical layer, while Type D consists of numerous short DNs and frequent lentiform intranuclear
inclusions (N11s).1%° Recently, one more subtype has been included in the classification, Type E,

which shows the presence of granulofilamentous nuclear inclusions and abundant grains.*°

1.3.3 Parkinson's Disease

Parkinson's disease is also a neurodegenerative disease marked by the degeneration of the
dopaminergic neurons in the substantia nigra. The degeneration of the neurons disrupts the

dopamine level in the body.!** The association of TDP-43 with Parkinson’s disease is coming to
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light with the presence of TDP-43 in Parkinson’s cases.'® In addition, a mutation in the TARDBP

gene (N267S) has been associated with Parkinson's disease.!

1.3.4 Huntington's Disease

Huntington's disease is a progressive neurodegenerative disease caused due to the
expression of the extended polyglutamine tract in the huntingtin protein.'*®* Huntington's disease
is primarily caused due to the accumulation of the huntingtin protein in the medium spiny neurons
of the striatum. TDP-43 is found to mislocalize to the cytoplasm in the superior frontal cortex of
the HD brain.!** Sampedro et al. demonstrated that the apathy was exacerbated in the presence of
TDP-43 along with cortical thinning and microstructural degeneration.*®

1.3.5 Alzheimer's Disease

Alzheimer's is a leading cause of dementia and is caused by the extracellular aggregates of
the B-amyloid and intraneuronal tangles of the tau protein.*® In addition to the plaques and tangles,
TDP-43 aggregates have also been studied to contribute to Alzheimer's pathology (Figure 1.2C).
Involvement of the TDP-43 is observed in 18-70% of Alzheimer's cases.!®712 |nterestingly,
TDP-43 fragments of 25 kDa have also been found in the inclusions present in the brain of AD
patients.'® The involvement of TDP-43 leads to an increase in the risk of dementia, and it is known
that TDP-43-associated AD pathology increases muscular atrophy and more significant memory
loss in patients suffering from AD.!® The deposition of TDP-43 is subtype-specific, with the
highest frequency present in the limbic predominant subtype.? Interestingly, almost all the AD
brain samples showed the presence of TDP-43 positive inclusions in the later stages of the disease,

implying the debilitating role played by TDP-43.11°
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Figure 1.3 Coupled folding and aggregation landscape of the protein. The folding energy
landscape (green) shows the progression of the protein from its initial unfolded state (U) to
intermediate states and ultimately to its native folded conformation. The folding energy landscape
also shows certain different stable conformers like DNA-bound molten globules and coacervates,
which are accessed by the protein in different environmental conditions. The formation of partially
unfolded forms (PUFs) allows the protein to access the aggregation energy landscape (red), leading
to the formation of various misfolded species, for example, oligomers, amyloid fibrils, and
amorphous aggregates. The various energy minima on the landscape represent the possibility of
formation of different intermediates and their respective stability.

1.4 Understanding proteinopathies onset from energy landscape model of protein folding

and aggregation

The previous sections have dealt with how protein misfolding is linked to neurodegenerative
disorders. However, misfolded conformation is one of the many conformations a protein can
acquire during its lifetime. All the accessible conformations are described by the energy landscape
model (Figure 1.3). The energy landscape model suggests that the native conformation is achieved

. _________________________________________________________________________________________________|
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by an unfolded peptide by following a funnel-shaped energy landscape.'?#'?® The native
conformation is generally the most stable, with minimum conformational entropy.'?¢!?” The
landscape of the model is unique for a polypeptide under a specific set of conditions. Longer
polypeptides (a.a~100) fold through a rougher (rugged) energy landscape.?® The rugged model
postulates that the native conformation is achieved via a series of partially folded intermediates. If
the intermediates assist in achieving the native conformation, they are called on-pathway
intermediates. On the contrary, off-pathway intermediates trap the polypeptide, thereby not
allowing it to access native conformation without significant reorganization.? Noteworthily, it is
not necessary for the natively folded protein to remain in its folded state. It instead experiences
fluctuations in various degrees and timescales. These dynamics are crucial for protein, allowing it
to access alternate functional conformers by partial unfolding. However, the partial unfolding can
expose aggregation-prone regions, creating a risk of the formation of non-native interactions,
which could form oligomers or larger particles which trigger the amyloid cascade.>® In addition,
environmental factors can also trigger a wide array of structural changes.*?® Under physiological
conditions, the fully folded conformers are favored, while environmental stress conditions shift
the equilibrium towards the partially unfolded forms (PUFs) or fully unfolded state. The PUFs
have exposed hydrophobic patches, which make them aggregation-prone. The energy landscape
under such conditions will be rough, depicting the presence of certain energy minima which a

protein can access depending on its immediate microenvironment.?°

1.4.1 Modulation of the energy landscape

Figure 1.3 shows a 2D coupled folding and aggregation energy landscape of a typical protein
describing various accessible conformers (energy minima) in a set of specific conditions. The
depth of the energy minima describes the thermodynamic stability, while the height of the energy
barrier separating various energy minima describes the Kinetic stability of a protein. Both
thermodynamic and Kinetic stabilities may be correlated.’*® The thermodynamic and kinetic
stabilities determine how easily a polypeptide can access different conformations.?® The energy
landscape model suggests that the interplay of the thermodynamic and the kinetic stability of a
conformer determines its population under a set of conditions.*?® The thermodynamic and kinetic

stabilities are sensitive to various genetic and environmental parameters like pH, temperature, ions,
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post-translational modifications, mutations etc., which could challenge the balance between the
native, misfolded, and intermediate states.!3132 If the native state is destabilized relative to
unfolded (U) or PUFs, it will result in a shift in the equilibrium towards non-native U-state and
PUFs. Also, if the transition state is not destabilized, it will increase the kinetic accessibility of the
U and PUFs. The equilibrium shift from native conformers to non-native conformers has
debilitating effects and marks the onset of protein misfolding diseases. For instance, a couple of
reports studied the decrease in the thermodynamic stability of the natively folded protein (AGru)

is associated with aggregation promotion and, ultimately, disease.*31133-13¢

A B C
I\
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Alternate | 1 PUF  Thermodynamic PUF  Kinetic
N’ conformer \ 7 Destabilization Destabilization
, N
N N N B N N

PUF

Figure 1.4 Changes in the native energy well of protein. (A) changes in the native conformations.
(B) destabilization of the native state. (C) decrease in the kinetic barrier.

1.5 Environmental factors modulating the energy landscape

Some obvious question remains: Which factors cause TDP-43 to divert to a pathological
pathway? Which conformers are toxic and non-toxic? What confers the aggressiveness to TDP-43
proteinopathies? It is, therefore, crucial to study different mechanisms by which TDP-43 can

aggregate to design suitable drugs against their aggregation.

Approximately 90% of the disease cases are caused due to environmental stresses experienced
by the cells during their lifetime.®” These factors modulate the energy landscape such that
aggregation-prone species get populated, which promotes aggregation. The aggregation could be
triggered by the formation of alternate aggregation-prone conformers, destabilization of the native
states, or by providing the energy required for navigation through the energy landscape (Figure
1.4). As a result, the conformation equilibrium shifts towards misfolded states, increasing the

danger of aggregation.

. _________________________________________________________________________________________________|
DIVYA PATNI 13




PhD Thesis Chapter 1

The majority of the disease-linked proteins that can sense environmental stress are marginally
soluble in the cytosol. These proteins are termed supersaturated proteins. They remain highly
sensitive to environmental conditions and can undergo misfolding with mild fluctuations in
environmental conditions. TDP-43 has also been studied to be affected by various environmental
stresses like oxidation, low pH, temperature etc. The various stresses encountered by the TDP-43

and their effects are listed below:

1.5.1 Post-translational modifications (PTMs)

PTMs are covalent chemical adducts to the primary structure of proteins that changes their
chemical composition.3” Various PTMs have been observed in the case of ALS and FTLD-TDP,
including acetylation, phosphorylation, ubiquitination, and SUMOylation.?31%813 pTMs are the
one important environmental change that can modulate the energy landscape,'®!4! thereby
bringing conformational changes in the protein molecules.**! PTMs are generally involved in the
regulation of protein functions, and their dysregulation is implicated in various diseases.*? The
most common types of PTMs of TDP-43 are ubiquitination and phosphorylation.23143.144

Phosphorylation is involved in many aspects of cells, including the splicing function, nuclear
localization, aggregation, and neurotoxicity of TDP-43.83145-148 Ejther casein kinases mediate the
phosphorylation (CK1/2)}* or glycogen synthase kinase (GSK). Importantly, phosphorylation
introduces a -2 charge on the protein molecule under physiological conditions, which could
introduce electrostatic perturbation, thereby affecting the free energy landscape of proteins. 149150
The modulation triggers conformational changes in the protein, which may or may not be more
stable than the unmodified state. It is speculated that the phosphorylated TDP-43 becomes more
prone to aggregation, directly impacting the disease onset (Figure 1.7). There are 64 potential
phosphorylation targets in the TDP-43, out of which phosphorylation of S379, S403/404, and
S409/410 have been shown to occur in brain samples of patients who have ALS and
FTLD.143’144’151

Another important PTM modulating the energy landscape is ubiquitination. The E3 ubiquitin
ligase is shown to ubiquitinate TDP-43 via the ubiquitin lysines K48 and K63. This facilitates the
cytoplasmic accumulation of TDP-43. RRML1 contains four different ubiquitination sites (K102,
K114, K145, and K181), which could assist in the self-assembly of TDP-43.1%2 Moreover,
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mutation of these sites is shown to decrease the cytoplasmic accumulation of the TDP-43 thereby
implicating ubiquitination in modulating TDP-43 aggregation.® Protein destabilization due to
site-specific ubiquitination has been studied to dictate protein degradation.** Interestingly, Hagai
and Levy presented that the effect on the thermodynamic stability of the protein depends on the

type of ubiquitin moiety and the modification site.'*

1.5.2 Oxidative stress

Oxidative stress is a phenomenon caused as a result of excessive reactive oxygen species
formed during physiological and pathological processes.® Studies suggest that oxidative stress is
a prime factor in ALS disease progression and pathogenesis.*>® Environmental stress like smoking,
physical stress, chronic brain injury, and agricultural chemicals generates oxidative stress at the
cellular level !> Oxidative stress mediates pathology by various routes. The prime targets of
oxidative stress are the thiol group of cysteine residues. For instance, oxidative stress promotes
disulfide bond linkage of the cysteine residues, which promotes aggregation.’® Cohen et al.
showed that C173- C175, and C198-C244 are involved in the formation of disulfide-linked
aggregates.’™’ It is speculated that oxidation might stabilize the partially unfolded intermediates
exposing the aggregation-prone region (166-173 in RRM1 and 246-255 in RRM2) leading to
aggregation.'® Oxidative stress also favors the SG formation of TDP-43.1* Neuronal studies
confirm that induced depletion of glutathione (mimic of oxidative stress) triggers phosphorylation
of TDP-43 at Ser 403/404 and Ser 409/410. Furthermore, it increased the fragmentation of TDP-
43 to 25 kDa fragments with enhanced cytoplasmic mislocalization.*>® Fragments of 35 kDa were
also formed due to caspase activation due to oxidation stress.'®® Furthermore, TDP-43 aggregation
and global mitochondrial imbalance trigger a cascade that enhances TDP-43 aggregation.t! These
results signify that oxidative stress modulates the equilibrium between native and alternate

conformers and triggers aggregation.
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1.5.3. Thermal stress

An increase in the temperature is known to accelerate the protein unfolding.%? The energy
landscape evolves with temperature change. The temperature fluctuations modulate the strength
of the hydrogen bond and the hydrophobic interactions.'®1* Moreover, the temperature increase
destabilizes the low-energy ensembles and populates the high-energy states.'®® TDP-43 is studied
to undergo reversible nuclear aggregation upon experiencing heat shock mediated by its C-
terminal domain. The aggregated protein loses its ability to interact with its binding partner,
therefore impacting its function.’®® In addition, RRM domains of TDP-43 are also shown to

undergo amyloid-like aggregation in the presence of thermal stress.®” Increased misfolding at

elevated temperatures also increases the burden on protein quality control, resulting in the
168

accumulation of misfolded protein molecules.

Figure 1.5 The coupling of the ionization of a buried ionizable amino acid residue with the folding
/ unfolding cycle of proteins. The orange lines in the figure represent the protein backbone. A-H
is the protonated acidic ionizable residue in its neutral form buried inside the core (white patch) of
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the fully folded protein and exposed in its unfolded counterpart. A" refers to the deprotonated /
charged state of the acidic residue. N” and UP, respectively, refer to the folded and unfolded state
of protein when the ionizable amino acid is protonated and KX is the equilibrium constant
between them. NP and UP are, respectively, the folded and unfolded conformations of the protein
when the ionizable amino acid is deprotonated / charged and K& refers to their equilibrium
constant. KY is the equilibrium acid dissociation constant between the charged and neutral states
of the native protein. Similarly, the acid dissociation constant for the equilibrium between the
charged and the neutral states of the unfolded protein is represented by KY. The image has been
adapted from reference no. 169.
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Figure 1.6 Free energy landscape model of TDP-43"R*Mn (A) native conditions (pH 7.5), (B) low
pH stress conditions, and (C) ss(TG)s bound in native and stress conditions. The image has been
adapted from reference no. 170.

1.5.4 pH stress

pH stress modulates the electrostatics of the protein molecule.*®® A buried ionizable residue
can titrate differently in the folded and unfolded conformation and, therefore can affect the
thermodynamic stability of the folded and unfolded protein differently, giving rise to pH-
dependent stability (Figure 1.5). The pH modulation destabilizes the native state of the protein,
allowing it to access the aggregation energy landscape (Figure 1.6 A,B).1"® Very recently, Slek et

al. showed pH decrease (acidosis) in the cellular model of TDP-43 proteinopathy and fibroblasts
I ——
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of the ALS patients, which increased the aggregation and cytoplasmic localization of TDP-43.17
A previous in-vitro study from our lab established that the TDP-43"RRM senses pH-stress and
triggers the protonation of a critical amino acid residue (H166). The amyloid-like aggregation of
TDP-43"RRM follows this event.®

1.5.5 Mutations

Approximately 50 mutations have been studied in the TARDBP gene,'

majorities of which
lie in the CTD,’® which could play a role in the pathogenesis of TDP-43. The mutations could
affect different pathways, which could trigger pathogenesis (Figure 1.7). Kabashi et al. identified
eight different mutations in the TARDBP gene, out of which five were found to increase the
phosphorylation tendency of the protein.5® Interestingly, Barmada et al. suggested increased
cytoplasmic mislocalization as a cause of increased toxicity due to mutations.!” A single point
mutation in the NLS (A90V) disturbs the nucleocytoplasmic shuttling of TDP-43 and has been
shown to be mislocalized to the cytoplasm.™ Another study claimed enhanced neurotoxicity as a
result of a single mutation (A315T).1"> M337V mutation is reported to increase the fragmentation

of TDP-43, leading to cytotoxicity.%

Thermodynamically, mutations to the protein sequence have been notoriously known to affect
protein folding, stability, and dynamics. Research on the NTD of TDP-43 and its associated
mutations (L27A, L28A, and V31R) suggested that the mutations disrupt the conformational
stability and dynamics of the NTD and populate the unstable metastable states. The predominance
of unstable states results in the early unfolding of mutants.'’® Conversely, point mutations in the
prion-like domain or CTD of TDP-43 (TDP43%2%5 TDP4333!K and TDP43M33V') increase the
stability of the mutant variants.!’” In addition, disease mutations in RRM domains (D169G and
K263E) also have higher stability than the wild-type variant.1’®1° D169G is also more prone to
caspase3 cleavage, resulting in the formation of 35 kDa fragments. The aberrant increase in
stability allows the protein to skip the degradation pathway and accumulate as aggregates in the
cell. Interestingly, in one of our previous studies, we established that the mutation of a critical
ionizable amino acid residue, histidine located at 166 position to a neutral amino acid glutamine,
prevents the amyloid-like aggregation of TDP-43RRM 60 \we propose that the protonation of the
histidine residue upon the partial unfolding of the protein triggers the amyloid cascade. We observe

. _________________________________________________________________________________________________|
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that the glutamine mutation forms an alternate conformer (native-like molten globule) that does
not aggregate under stress conditions. We speculate that the changes in the conformation increase

the kinetic barrier and inhibit aggregation.

In addition, ALS-associated mutations have been reportedly shown to increase mitochondrial
localization of TDP-43.3%1 The impairment causes mitochondrial dysfunction and hence

neurodegeneration.3®

1.5.6 Nucleic acids

TDP-43 is a nucleic-acid binding protein and is involved in many essential functions in the cell.
The most widely accepted model of ligand binding suggests that the ligand interacts with the protein
conformer to form an energetically favorable complex (ligand-protein complex), shifting the
population towards the favored conformer.181-18 The increased stabilization prevents the misfolding
of the protein molecule. We have quantitatively shown that the thermodynamic stabilization of the
native state of TDP-43"RRM in both native and stress-like conditions by natural binding partners
prevents its amyloid-like aggregation (Figure 5).1° The protein-DNA complex formed is even
more stable than the native state and does not allow the formation of the partially unfolded forms
in both native and stress-like conditions, thereby preventing TDP-43"RRM from accessing the
aggregation energy landscape. Therefore, stabilization of the native state holds immense potential

in therapeutics.

However, in the cases of failed ligand binding, the bound conformer is not favored, which might
populate the aggregation-prone species under stress conditions, which could trigger the aggregation
(Figure 1.7). Mutations that could hamper the nucleic-acid binding could lead to the accumulation
of TDP-43 in the nucleus and the cytoplasm. One such residue identified by Chen et al. is K181E,
located in the RRM1 domain. The positively charged lysine residue binds to the negatively charged
guanine nucleotide, assisting in RNA binding. Substitution by negatively charged glutamate residue
increases electrostatic repulsion between RNA and TDP-43, thereby decreasing the affinity of TDP-
43 and RNA. Acetylation of K181 is also reported to decrease nucleic-acid binding. Additionally,
K181E and K263E have a higher tendency to phosphorylate and form intra-nuclear aggregates.
Moreover, K181E aggregates were able to recruit WT-TDP-43 interfering with RNA processing.

These results suggest the fatal role played by the mutations in proteinopathies.®?
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1.6 Toxic conformers related to pathogenesis

TDP-43 forms heterogeneous assemblies in diseased neurons. Electron microscopy images
suggest that the aggregates are either filamentous®4* or granulo-filamentous with diameters of
10-15 nm. On the other hand, a separate study observed heterogeneous spheroidal or elongated
and coiled, short proteinaceous filaments of TDP-43 which were 5-8 nm thick and 30-50 nm
long.* In addition, TDP-43 is also observed to form non-fibrillar aggregates inside the affected
brain tissue of FTLD-TDP patients.'8

Generally, the aggregates of protein are classified into amyloid and amorphous.'® Amyloid
aggregates are elongated aggregates of protein characterized by ordered, cross S-rich structures.
They bind to thioflavin T (ThT) dye and showcase specific optical behavior.'® The amorphous
aggregates are non-ordered and do not bind to ThT dye.'® Preliminary studies suggested that the
aggregates of TDP-43 are non-amyloid (amorphous) in nature.’*8 Following studies suggest that
the aggregates present in the spinal cord and not in the brain of ALS patients are ThS positive,
confirming their amyloid-like nature.*®® However, a recent study on the aggregates harvested from
the brain samples of the patients presents the amyloid nature of the aggregates,?>® where TDP-
43 forms a double spiral-shaped fold.?? In vitro studies on CTD and RRMs also demonstrated the
ability to form amyloid fibrils in vitro.2%26:58-60167.190 The amyloid fibrils formed from the CTD
were able to seed aggregation of the WT TDP-43 in cells.?®* The difference in the consensus on
the nature of aggregates depends on how the aggregates are analyzed in the study. The different

morphologies of the aggregates suggest that various factors determine aggregation.®?

The following section deals with various assemblies implicated in pathology associated with

TDP-43 proteinopathies.

1.6.1 Cytoplasmic inclusions

Insoluble cytoplasmic inclusions of TDP-43 have been a unifying feature of various TDP-43
proteinopathies.? The inclusions in the affected cells suggest that these inclusions could act as an
end product of the disease. The cytoplasmic inclusions are higher-order assemblies of various

TDP-43 species, forming large, insoluble structures. For example, TDP-35 can form cytoplasmic
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inclusions and can also sequester TDP-43 with the help of RNA.1% The presence of different

species makes it unclear as to which species is responsible for toxicity.

The exact role of TDP-43 cytoplasmic inclusions in toxicity is debated. Various studies exist
which confirm the toxic nature of the TDP-43 inclusions. Nonaka et al. reported that when cells
transfected with WT TDP-43 are treated with inclusions from ALS and FTLD patients, they show
an increase in cell death.® Transfection studies of the pre-formed TDP-43 inclusions in the murine
neuroblastoma cells showed increased reactive oxygen species and apoptotic caspase-3
activation.!® Similarly, the TDP-43 extracts from the FTLD-TDP patients triggered the pathology
in the CNS of the infected mice.'*>!% However, some studies suggest that the mislocalization of
the TDP-43 to cytoplasm rather than inclusion formation causes toxicity.'”® Another study
demonstrated that the deposition of the inclusions in the cytoplasm instead acts as the protective

mechanism employed by the cells to store the inert species.!*’

1.6.2 TDP-43 oligomers

Oligomers refer to the soluble intermediate state between the dimeric protein and the
multimers, which can provide a scaffold for further protein aggregation.'®” In addition to acting as
a template for aggregation, oligomerization might also interfere with the RNA/DNA binding
function of the TDP-43, which may affect its normal function.!® Montalbano et al. have
demonstrated the presence of the TDP-43 oligomers in the brain samples of ALS, FTLD, and
Alzheimer's patients, signifying their presence in the diseased conditions.®® Fang et al. have also
demonstrated the presence of the TDP-43 oligomers in FTLD-TDP patients.'%

TDP-43 oligomers purified from the spinal cord extracts induced cytotoxicity, specifically in
the human motor neurons.?®® TDP-43 oligomers have also been repeatedly shown capable of
seeding and worsening the aggregation of other disease-associated proteins. For example, injection
of oligomeric TDP-43 in the brains of APP/PS1AE9 mice showed inflammation and increased Af
associated phenotype.?® TDP-43 also promotes cross-association of TDP-43 oligomers with [3-
amyloid and tau oligomers in-vitro.!®® In another research, full-length TDP-43 was shown to
undergo oligomerization which could further seed the oligomerization of AB.*% The hippocampal

injection of the oligomeric TDP-43 led to neuronal loss in the mouse cells.*®® TDP-43 oligomers

DIVYA PATNI 21



PhD Thesis Chapter 1

have been demonstrated to showcase seeding activity and intercellular spreading of oligomers.?%?

These results collectively suggest that the TDP-43 oligomers could play a role in proteinopathies,
and targeting them in therapeutics could lead to the discovery of potent drugs. However, care
should be taken not to clear TDP-43 oligomers entirely. The oligomers are functionally important

physiologically.?® Therefore, their removal might hamper their normal functioning.

1.6.3 Intranuclear inclusions

Intranuclear inclusions are a rare kind of species, predominately associated with FTLD-U.2%
Nuclear aggregates could result from stress like heat shock,!®® overexpression of TDP-43
fragments,?® or disruption of localization of TDP-43.2% In addition, mutations in the progranulin
(GRN) and VCP gene have been associated with TDP-43 positive intranuclear inclusions in the
FTLD-TDP.109204.207208 K nockout of the VCP gene leads to disruption of the protein degradation
pathway culminating in the aggregation of TDP-43, setting a mechanistic link between the VCP
gene and TDP-43 aggregation.?®21% The toxicity of neuronal aggregates is associated with the

loss of function upon aggregation in the nucleus.

Interestingly, the intraneuronal aggregates can exist as both granular and fibrillar structures,
with the length of fibrils extending to a mean value of 18 nm.?!! The nuclear aggregates formed
from the over-expression of TDP-43 fragments are reported to form punctuate structures ranging

from 4 pm to 7 pm.?%

Apart from the nucleus, aggregation of TDP-43 has been shown in adjacent structures. The
exciting finding showing the formation of the TDP-43 inclusions in association with the LeuR
domain of the endogenous RGNEF in the micronuclei suggests a mechanism of aggregation in the

presence of metabolic stress.?*2

1.6.4 Stress granules

Postmortem tissues of TDP-43 or phosphorylated TDP-43 have been reported to co-localize
with SG makers TIA-1/PABP-1/elF3 in ALS and FTLD patients.?3216 In addition, the formation
of SGs might also be responsible for diseases in cellular and animal models of ALS and FTLD.?"~

219 Stress granules (SGs) are primarily transient structures formed as a result of the inhibition of
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translation initiation due to drugs or stress response.??® SGs are formed due to liquid-liquid phase
separation driven by either one molecule (simple coacervation) or interactions between two
oppositely charged molecules (complex coacervation).??! Based on the proteome analysis, ~50%
of the components of SGs are a subset of RNA-binding proteins.??2 Generally, these granules have
liquid-like dynamics and dissolve upon stress removal. However, aberrations such as mutations,
continued stress, and disruption of granules removal impair the dynamics of the globules, making
them crucibles with high protein concentrations.??® The slowed dynamics trigger fibrillization,
which is hypothesized as one of the pathways for protein aggregation. Several studies have
suggested the indispensable role of the RRMs and C-terminal domain, more specifically, residues
216-315%%* or 268-3241°, for the recruitment of TDP-43 into SGs. Interesting studies on the low-
complexity domain CTD of TDP-43 report that phase separation paves the path for amyloid-like
aggregates.?2>22" The droplets were shown to accelerate the amyloid-like aggregation of
fragments.??822° Zhang et al. presented the repetitive formation of stress granules capable of
forming aggregates, providing a mechanistic link between the granules and aggregation.?*° Ding
et al. claimed that the SG containing mutant TDP-43 does not disassemble after 24 hours of stress
removal, thereby acting as a seed for aggregation.?®* Recent work on full-length TDP-43 also

showed the maturation of the previously liquid globules upon persistent stress.??

1.7 The dual role of stress granules

Stress granules are generally formed in response to cellular stress, thereby employing a
protective role.?®2-2% These granules store the untranslated MRNA and associated proteins to save
the energy demand of the cell.232237-239 Conventionally, the SGs are entirely reversible and can
occur physiologically in the nucleus or by induced stress in the cytoplasm. However, these
structures could have a range of dynamics, from fast dynamics in the case of the liquid-like interior
to slow dynamics in the solid-like interior.2*®-24* The pathogenic nature of SGs is a result of the
altered dynamics. It is suspected that the mutations and aging of neurons disrupt the dynamics of

the stress granules leading to their reduced disassembly .24

However, in contrast to the established literature, we demonstrated that the phase separation
of TDP-43"R"M in the presence of ss(DNA) inhibits its amyloid-like aggregation, emphasizing its

protective role (Chapter 4). By multiparametric analysis, we demonstrated that the phase
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separation of TDP-43RRM in the presence of ss(DNA) is driven by electrostatic and hydrophobic
interactions. Another study from Staderini et al. reported a similar observation, where full-length
TDP-43 was studied to undergo phase separation to less dynamic globules inhibiting amyloid-like
aggregation.?*® The observation emphasizes the protective role played by the assemblies in

inhibiting aggregation.
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Figure 1.7 Graphical representation of the pathomechanism (left) and the therapeutic strategies
(right).

1.8 Therapeutic strategies

Preventing protein aggregation is of paramount importance for treating fatal protein misfolding
diseases.?*’ Despite decades of extensive research, therapeutic options for TDP-43 proteinopathies
are in their infancy.?*® The energy landscape view of protein folding, function, and misfolding has
various practical applications in drug discovery. Enhanced exploration of the accessible
conformational space of the protein under diseased conditions could prove fruitful in developing
the therapeutic strategy (Figure 1.7). We argue that the consideration of the modulation of the
energy landscape while optimizing drugs could be helpful in the development of more potent
therapeutics. Since TDP-43 proteinopathies are caused due to aggregation of TDP-43, strategies

that either target and remove the misfolded/aggregated TDP-43 or prevent their formation hold
I ——
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immense potential in therapeutic intervention. In this section, we present a few promising

strategies which could be considered in therapeutics.

1.8.1 Protein stabilization strategy

One of the strategies that could be considered for treating protein aggregation is the
stabilization of the native functional state or other non-pathogenic forms. Protein destabilization
has been linked to their aberrant misfolding.'3313424%-252 A conceptual advantage of the protein
stabilization strategy is that stabilizing the native protein conformations prevent the formation of

all the non-native conformations, thereby having a mass effect on disease control (Figure 1.7).

The motivation behind the development of this approach comes from human genetic evidence
related to the Transthyretin (TTR) protein with the T119M mutation.?®® The monomeric form of
TTR is aggregation-prone. However, these T119M subunits get included in the tetramer, thereby
increasing the kinetic barrier of the tetramer dissociation.?>>-2* The stabilization of the tetramer
due to the inclusion of the T119M monomer reduced the number of TTR capable of dissociation,
preventing disease onset.?>® Therefore, screening the small molecules that could stabilize the native
tetramer by selectively binding to it led to the discovery of tafamidis, which could efficiently delay
the tetramer dissociation. Tafamidis was approved in 2011 by the FDA and EMA as a treatment

for stage 1 polyneuropathy.?’

1.8.2 Modulation of phosphorylation

Insoluble inclusions of the phosphorylated TDP-43 are a hallmark of different
proteinopathies.>®> Neumann et al. have established that the phosphorylation of S409/410 is a
common feature of all TDP-43-associated proteinopathies.'*® Different kinases have been studied
that phosphorylate TDP-43. The best-studied kinases include protein casein kinase-1 (CK-1),2°®

tau tubulin kinase 1 (TTBK1),%*° and cell division cycle kinase 7 (CDC7).2%

The role of phosphorylation in disease control has always been hotly debated. However,
recently Gonzalez et al. have identified that selective inhibition of the CK-15 could reduce

phosphorylation of the TDP-43 in both mouse and human models, thereby increasing the nuclear
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presence of the TDP-43.261 On a similar line, inhibitors of TTBK1 have also been identified

recently, which manage to restore the nucleocytoplasmic level of the TDP-43.262

Nonetheless, the discovery of inhibitors remains in a very primitive stage, and further trials are

required to confirm their efficacy as drugs.

1.8.3 Tuning stress granules

TDP-43 can associate with the SGs however, prolonged exposure to stress may lead to the
formation of toxic conformations inside the SGs, leading to neurodegeneration.?®324 ALS spinal
cord tissue has been shown to be enriched with the TDP-43 localized with cytosolic SG markers.
Therefore, strategies that could promote SG disassembly or inhibit their assembly could be used
in therapeutics. As mentioned earlier, the formation of the SGs is mediated by the phosphorylation
of different kinases, for example, c-Jun N-terminal kinase (JNK).'*® One such molecule whose
phosphorylation has been associated with SG formation is elF2a..2%52%" Interestingly, the small
molecule N, N'-trans-(cyclohexane-1,4-diyl)-bis-(2-(4-chlorophenoxy)acetamide (ISRIB) has been
reported to prevent translational inhibition by elF2a and is also shown to reduce SG formation in
the diseased mice infected with prion.2%2%° |t would be great to check the effect of ISRIB on TDP-
43 proteinopathies (Figure 1.7). In addition, inhibition of the extracellular signal-regulated kinase
(ERK) prevents the formation of the paraquat-induced SG formation.*>® Parker et al. demonstrated
that the copper complexes have an inhibitory role in SG formation as they reduce the accumulation
of TDP-43 into early SGs in the neuronal cells.?”

These studies are in their nascent stages; however, they hold promise in developing effective

drugs against neurodegeneration.

1.8.4 Gene therapy

Introduction of functional genetic material to the cells, which mitigates the effects of the
defective gene is called gene therapy Gene therapy works by replacing the defective gene,
silencing the mutant allele, gene editing, or introducing a disease-modifying gene.?’*2"® One of
the most prominent examples of gene therapy is the administration of the functional SMN1 gene
for the treatment of spinal muscular atrophy.?’*2™ Alternatively, gene editing comprises of adding,

. _________________________________________________________________________________________________|
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removing, or altering DNA sequences in a specific manner. Gene editing could prove helpful in
removing or adding point mutations to the gene. Gene editing makes use of the endogenous repair
pathway, which can be triggered by directed double-strand breaks in DNA (DSBs). The break can
be repaired by non-homologous end joining (NHEJ) or native homology-dependent repair
(HDJ).?’® Precise DNA DSBs can be introduced by employing engineered nucleases. The most
common nuclease is the RNA guide clustered regulatory interspaced short palindromic repeats
(CRISPR) and CRISPR-associated system 9 (Cas9) (CRISPR/Cas9).2® CRISPR/Cas9 has already
proved beneficial in the reduction of amyloid B level (implicated in AD) in human fibroblasts.?”’
The G4C2 repeat in the cC9orf2 (implicated in ALS) gene was successfully deleted in the
transfection of patient-derived iPSc cells.?”® In the case of HD, mutant Huntingtin and its
aggregates were permanently suppressed in the HD. The gene therapy could prove specifically
applicable Q-knock in mice.?’® A similar strategy can be employed for reducing the aggregation
of TDP-43. CRISPR/Cas9 holds immense potential, but significant challenges must be overcome

for its release in the market.

Another gene therapy strategy that could be employed for the reduction, restoration, or
modification of protein expression is by employing antisense oligonucleotides (ASOs). These are
synthetic and short single-stranded nucleic acids about 20-25 bases long, which specifically bind
to the complementary mRNA.2° Once bound to ASO, the mRNA-DNA hybrid becomes the
substrate for the enzyme RNase H resulting in its degradation.?8! Several studies have shown the
efficacy of the ASOs in the reduction of the targeted transcripts, but none have been approved for

disease treatment.

Gene therapy is in its initial stage, yet it holds promise to change the world of therapeutics in

the coming years.

1.8.5 Induction of protein degradation pathway

Targeting the accumulated TDP-43 species, when coupled with other therapeutic strategies,
hold the potential to treat neurodegeneration even at later stages of the disease. From a therapeutic
point of view, targeting the Ubiquitin proteasome system will remove small misfolded peptides,
while targeting autophagy will work on removing large misfolded inclusions.?®? However,

targeting both pathways might prove better in removing the toxic misfolded species (Figure 1.7).
I ——
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Since prolonged induction of autophagy could hamper mitochondrial respiratory function, a

balance between autophagy induction and mitochondrial function should be considered.
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Figure 1.8 The coupled folding and aggregation energy landscape of TDP-43"*M in low pH stress
conditions (gray line). Energy minima suggest that amyloid-like p form, the most stable state,
populates in stress conditions. The yellow dashed line in A, B, and C represents the modulated
energy landscape as a result of mutation (A: Dashed yellow line) and DNA (B, C: Dashed yellow
line). These factors promote native-like conformers, which are either kinetically (A) or
thermodynamically stable (B) than the native TDP-43"RM DNA can also direct the flux towards
a phase-separated conformer (C), which prevents TDP-43"RRM aggregation.

1.9 Conclusions

TDP-43®RRMjs known to sense stress and undergo amyloid-like aggregation. However, we do
not understand the thermodynamic basis of stress sensing by the protein. How does stress modulate
the free energy landscape of protein? What are the initial molecular and thermodynamic changes
a protein experiences upon stress sensing? How the modulation of energy landscape directs the
flux towards amyloid-like aggregation? What role do mutations and nucleic acid binding
molecules have on the energy landscape? Can protein access different energy minima which are
native-like? How can they be used to redesign the energy landscape of proteins? Can a potent
aggregation inhibitor be designed based on this knowledge? This thesis aims to answer some of
these exciting questions (Figure 1.8). In this cumulative study, we have tried to study the
modulation of the energy landscape of TDP-43"RRM jn different solution conditions. We emphasize

the conformers that could populate due to the change. We quantitatively propose that
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destabilization of TDP-43"RRM  as it experiences low pH stress, results in its partial misfolding,
which exposes a critical amino acid residue, H166. The coupling of protonation-deprotonation of
H166 is linked to the amyloid-like aggregation of TDP-43RR”M We further studied the role of
mutation and DNA on the energy landscape of TDP-43""M The mutant (H166Q) forms a molten
globule that remains resistant to misfolding (Figure 1.8A). Additionally, we report that the DNA
binding inhibits the amyloid-like aggregation of TDP-43"R®M by forming a more stable soluble
monomeric native-like DNA-protein complex even in low-pH stress conditions which resists
aggregation (Figure 1.8B). Furthermore, we report that under a particular specific set of conditions,
TDP-43"RRM yndergoes complex coacervation in the presence of DNA to soluble native-like light
phase and an insoluble protein-DNA rich dense phase (coacervates) (Figure 1.8C). The

phenomenon prevents the aggregation of TDP-43RRM,
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Protonation-deprotonation switch controls the amyloid-like

misfolding of nucleic acid binding domains of TDP-43

Reprinted with permission from Patni D., and Jha S.K. (2021). Protonation-deprotonation switch
controls the amyloid-like misfolding of nucleic acid binding domains of TDP-43. J. Phy. Chem.
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2.1 Introduction

The misfolding of TDP-43 (transactive response DNA binding protein 43 kDa) into pathogenic
aggregates has been linked to two fatal neurodegenerative diseases, Amyotrophic lateral sclerosis
(ALS) and Frontotemporal lobar degeneration (FTLD).%2 ALS is a progressive neurodegenerative
disease causing damage to neurons in brain and spinal cord®# and FTLD is marked by progressive
decrease in language and behavior.>® In addition to the above two diseases, aberrant aggregates
of TDP-43 have also been reported in various other neurodegenerative diseases, together referred
to as TDP-43 proteinopathies.®*? The hallmark of these proteinopathies is the depletion of TDP-
43 from the nucleus and its subsequent aggregation into the cytosol of neurons and glia cells.® In
particular in ALS, around 97% of the patients examined till date have been reported to contain
inclusions of TDP-43 in the affected areas.™!* It has been shown that under stress like conditions,
TDP-43 form protein assemblies referred to as stress granules.’®>* These assemblies can form
disease associated aggregates in persistent chronic stress.*® Not surprisingly, almost 90% of the
cases of ALS occur due to sporadic factors, and chronic environmental stress is believed to play a
major role in the aggregation of TDP-43.41220 However, the molecular mechanism of how
different types of stress are detected by protein molecules and how they trigger protein misfolding
remains very poorly understood.

TDP-43 belongs to a family of highly conserved nuclear RNA binding proteins known as
heterogeneous nuclear ribonucleoprotein (hnRNP).2-2 It is a 43 kDa protein composed of 414
amino acids and is divided into four domains (Figure 2.1): N-terminal, two RNA binding domains
RRM1 and RRM2 connected with a 15 amino acid long linker (called TDP-43"R”M hereafter) and
a glycine-rich, prion-like C-terminal domain.?*2® (UniProtKB/Swiss-Prot entry Q13148). The N-
terminal contains a nuclear localization sequence (NLS) and TDP-43"R®M contains a nuclear export
sequence (NES). N-terminal is required for dimerization.?” Low complexity C-terminal is required
for the protein-protein interaction.?® NLS and NES are responsible for the shuttling of TDP-43 into
and out of the nucleus.?® TDP-43RRM js the principal functional domain and is responsible for
binding to pyrimidine rich nucleic acids.*2?>3%3! |t performs various crucial functions in the cells
like MRNA stability, mRNA splicing etc.3?° under physiological conditions but has been recently

reported to form disease associated aggregates in stress-like destabilizing conditions.***

DIVYA PATNI 60


https://q13148/

PhD Thesis Chapter 2

Figure 2.1 Schematic depiction of the four domains of the TDP-43. NTD: N-terminal domain;
RRM1, RRM2: two RNA Recognition Motifs (collectively called TDP-43"R*M in this chapter);
CTD: C-terminal domain. The letters L and E correspond to the nuclear localization and nuclear
export sequence, respectively. Structural representation of TDP-43"RRM (amino acid residues 97-
261) is shown below. The locations of the side-chains of the amino acid residues D105, H166 and
H256 are highlighted. The side chains of D105, H166 and H256 are buried to the extents of 97%,
93%, and 91.5%, respectively. The image is produced using PyMOL with the PDB file 4BS2.

Cells experience a variety of stress-like conditions and each stress changes the physiochemical
and solvation environment inside the cells in a different manner.**4" In particular, nutrient
starvation stress acidifies the cytosol and increases the cytosolic proton ion concentration due to
the reduced efficiency of ATP proton pump.*8-2° Some proteins or protein domains inside the cells
can function as biosensors.*474%51 |t has been proposed that cells sense starvation stress at the
molecular level by protonating the side-chains of biosensor protein molecules that triggers their
inter-molecular assembly.*"#° Cells are believed to mitigate the starvation stress by coupling the
protonation-deprotonation of proteins with their assembly-disassembly reaction, but under
persistent stress these large protein assemblies lead to the formation of disease-associated amyloid-
like aggregates.t>44-474951 |n line with this hypothesis, we observed in a previous study that TDP-
43"RM coyld function as a biosensor and sense pH stress but undergoes misfolding to form B-sheet
rich amyloid-like fibrils on prolonged stress*'#* in the presence of salt. However, the identity of

. _________________________________________________________________________________________________|
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protein side-chains whose protonation is coupled to misfolding and aggregation of TDP-43RRM
remains unknown. The side-chains of the ionizable amino acid residues buried inside the protein
structure have differential pKa in the folded and unfolded states,? and can protonate or deprotonate
only upon partial or complete unfolding. They are promising candidates to function as gatekeeper
residues for protein aggregation as it often begin with partial unfolding of the protein. It has been
also shown recently that pathogenicity in case of multiple disease-related proteins are more
frequently associated with the buried amino acid residues.® In this study, we have systematically
mutated the three buried ionizable amino acids to neutral amino acids whose side-chains cannot
undergo protonation-deprotonation reaction (D105A, H166Q and H256Q). We compared the
aggregation behavior of the mutant proteins to that of the TDP-43"RRM \We observed that while the
mutant protein variants D105A and H256Q show the misfolding behavior similar to the TDP-
43"RRM 'H166Q retains the native-like (N-like) secondary structure under low pH conditions and
does not misfold to the B-sheet rich,  form. Instead, H166Q predominantly forms a molten globule
that binds to ANS. Our results shed important light on how site-specific modification of proteins
under stress-like conditions could trigger the misfolding into amyloid-like forms in

neurodegenerative diseases.

2.2 Materials and Methods

Buffers and chemicals

All the chemicals used are of highest purity grade and were obtained from the Sigma and Sisco
Research Laboratories (SRL). For the pH dependent experimental studies, the following buffers
for different pH range are used: 20 mM glycine-HCI (pH 1.5-3.5), 20 mM sodium acetate (pH 3.8-
5.0), 20 mM 2-(N-Morpholino) ethanesulfonic acid (MES) (pH 5.5-6.0), 20 mM 3-(N-
Morpholino) propanesulfonic acid (MOPS) (pH 7.0, 7.5) and 20 mM Tris (pH 8.0). All the buffers
contained 150 mM KCI and 1 mM DTT (dithiothreitol). The buffers were filtered with 0.2 um

filter before use.

Expression and purification of TDP-43RRM

TDP-43"RRM was purified as described previously*! and stored in the storage buffer (10 mM

potassium phosphate, 150 mM KCI, 1 mM DTT and 5% glycerol at pH 7.2). The protein was
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highly pure as checked by SDS-PAGE (sodium dodecyl sulfate—polyacrylamide gel
electrophoresis). The concentration of the protein was determined by measuring the absorbance at

280 nm using the extinction coefficient of 15,470 Mt cm™.>

Site-directed mutagenesis

Primers containing the desired mutations were constructed with the help of QuikChange primer

design program (https://www.agilent.com/store/primerDesignProgram.jsp). The designed primers

were procured from IDT Technologies. QuikChange lightning kit from Agilent was used to
generate the single site mutants of TDP-43™R”M ysing the protocol provided with it. The mutations
were confirmed by the DNA sequencing. The three mutant variants studied are D105A, H166Q
and H256Q. The mutant proteins D105A and H256Q were purified using the same protocol as that
of TDP-43"RRM_Both of the proteins were highly pure as checked by SDS-PAGE.

Purification of H166Q

H166Q showed a different expression profile and was found in inclusion bodies and hence was
extracted from the cell pellet. The BL21 cells were transformed with the mutation containing
plasmid, and grown in Luria Bertani (LB) agar containing 100 pg/mL of ampicillin. Single cell
colony was used to grow primary culture in LB media containing 100 pg/mL of ampicillin. The
primary culture was then used to inoculate secondary culture, where cells were allowed to grow
till the ODeoo reached 0.7 in LB media. To overexpress the protein, the cells were induced by 1
mM isopropyl B-D-1-thiogalactopyranoside (IPTG) and spun at 20 °C for 24 h. The cells were
pelleted at 4500 rpm for 30 minutes at 4 °C and then lysed by sonication in lysis buffer (20 mM
sodium phosphate, 300 mM NaCl, 30 mM imidazole, DNasel at pH 7.4). The lysed cells were
centrifuged to separate them from the supernatant at 14,000 rpm for 45 minutes. The cell pellets
were dissolved in urea containing lysis buffer (7.2 M urea, 20 mM sodium phosphate, 300 mM
NaCl, 30 mM imidazole, DNasel at pH 7.4) for 30 minutes. The cell debris was separated from
the supernatant by centrifugation at 14,000 rpm for 45 minutes. The supernatant was filtered
through 0.2 um filter. Filtered supernatant was passed through Ni Sepharose™ 6-Fast Flow beads
(GE Healthcare) pre-equilibrated with the urea containing lysis buffer. The bound mutant protein
was eluted in the elution buffer (7.2 M urea, 20 mM sodium phosphate, 300 mM NaCl, 300 mM
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imidazole at pH 7.4). The eluted protein was further desalted using a HiPrep™ 26/10 desalting
column (GE Healthcare) into 7.2 M urea, 20 mM sodium phosphate buffer followed by anion
exchange chromatography on a HiPrep™ Q FF 16/10 column (GE Healthcare). Finally, the protein
was buffer exchanged in the storage buffer (10 mM potassium phosphate, 7.2 M urea, 1 mM DTT
at pH 7.2) by passing the protein through a PD10 desalting column. 5% glycerol was further added
to the protein solution. The purity of the purified protein was checked by SDS-PAGE and found
to be highly pure. The protein was refolded in the desired buffer just before performing the
experiments. The concentration of the protein was determined by measuring the absorbance at 280

nm, using an extinction coefficient of 15,470 Mt cm™.

pH-induced formation of the B form

The buffers used at different pH are described above. For the pH-induced formation of the 8
form, the proteins were incubated in the desired buffer for at least 4 h at the room temperature

before taking any measurement.

Circular dichroism

All the circular dichroism (CD) measurements were performed on Jasco J-815
spectropolarimeter. The instrument setting used for collecting spectra are as follows: data
integration time of 4 s, bandwidth of 2 nm, data pitch of 1 nm and scan speed of 20 nm/min. Each
CD spectrum collected was an average of 2 accumulations. For far-UV CD spectra, the data were
collected in the wavelength range 205-250 nm and cuvette of path length 0.1 cm was used. For all
the equilibrium and kinetics measurements the concentration of the protein used was in the range
of 8-20 uM. The buffer spectra were taken under similar settings and were subtracted from the
acquired CD spectra. The signals obtained from CD were used to calculate fraction misfolded for

all the mutant variants using the equation:

Fraction misfolded = SX=5¢ (2.1)
SN—Sm

where, Sy is the signal of native protein, So is the observed signal and Swm refers to the signal

of misfolded protein.
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8-anilino-1-naphthalenesulfonic acid (ANS) fluorescence assay

A stock solution of 10 mM ANS was prepared in Dimethyl Sulfoxide (DMSQO). The
concentration of ANS was measured by monitoring the absorbance at 350 nm and using an
extinction coefficient of 5000 Mt cm™.%° TDP-43R®M (2 uM) was incubated with ANS (60 uM)
for 15 minutes. The experiments were carried out on FluoroMax-4® spectrofluorometer (Horiba
Scientific). The fluorescence spectrum for each sample was measured by exciting ANS at 380 nm
and acquiring emission from 400-600 nm. The slits used were 1 nm and 8 nm for the excitation
and the emission, respectively. Some of the ANS experiments were also performed on Perkin
Elmer Fluorescence spectrometer LS55. For those experiments, the slits used were 8 nm for the
excitation and 9 nm for the emission, respectively.

Analysis of the pH dependence of the N= B transition

Kinetic experiments in the previous studies** have shown that the pH dependent N=
B transition occurs in multiple steps. However, at equilibrium, the N= f3 transition monitored by
CD signal at 216 nm and ANS fluorescence signal at 469 nm for TDP-43"RM D105A and H256Q
showed an apparently two-state sigmoidal change as a function of pH. This result suggests that
only the N form or the B are stable enough to be populated at equilibrium under the experimental
conditions used in this study (in the presence of 150 mM KCI). In view of this result, we fitted the
pH dependent equilibrium data to a simplified apparently two-state model in which the formation
of the misfolded 3 form was coupled to the protonation of a single critical residue of the N form,
with a dissociation constant of Ka, as shown in the following scheme:

N+H"2NH" =28 (Scheme 2.1)

It is assumed in the model that only NH™ is competent to transform into the § form. In that

case, the pH dependence is that of the protonation of N, and is given by a transformation of the

Henderson-Hasselbalch equation:

v Y+ +Yn10PH-PKa)
obs — 1+10(PH-PKa)

(2.2)

where, Y, corresponds to the observed spectroscopic signal at a particular pH value; Yy and
Yyy+ correspond to the signals of the N form and the protonated NH* form, respectively. It is

assumed that under the experimental conditions and the protein concentrations used in this study,
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NH* 2 B equilibrium completely favors the p form and hence, the amount of NH" is equal to the

amount of the 3 form.
The fraction of the protonated NH* form, i.e., the fraction of protein protonated at the critical

titrating residue, as a function pH will be given by:

1

; + =
Fraction of NH" = —— s

(2.3)

Estimation of solvent accessibility of acidic amino acid residues

The absolute solvent accessible surface area (ASA) of each amino acid residue was calculated
using DSSP program.®® The relative solvent accessible surface area (RSA) was calculated by

dividing absolute solvent accessible surface area by total surface area of the amino acid residue.>"*8

Size exclusion chromatography

Size exclusion chromatography (SEC) was performed on a Superdex™ 75 10/300 GL column
having fractionation range from 3 kDa to 70 kDa with a void volume of 7.2 mL and bed volume
of 23.5 mL. For the SEC experiments, an AKTA Pure M FPLC system (GE Healthcare) was used.
SEC experiment on the N form was performed at pH 7.5. The concentration of the protein used
was 20 uM. SEC experiment on the misfolded 3 form was performed at pH 3.0. The concentration
of the protein used was 15 puM. The flow rate used was 0.8 mL/min. All the experiments were
performed at 4 °C.

In order to determine the apparent molecular weight (Mf,'&’p) of the N form, we first created a
calibration curve (Figure 2.S1) between the partition coefficient (Kay) of the five standard
biomolecules (bovine serum albumin (BSA), ovalbumin, ribonuclease A, aprotonin and vitamin
B12) and their respective molecular weights, as described in the GE Healthcare manual. The value

of Kav was calculated by using the below mentioned equation:

_Ve_Vo
Kav - Vi—V
t o

(2.4)

where, V, refers to the elution volume of the protein molecule, V, refers to the void volume of
the column and V; refers to the to the total bed volume of the column. The value of V, and V; were
taken from the column specifications provided in the manual for Superdex™ 75 10/300 GL

column. V, and molecular weight of different standards were also taken from the instruction
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manual provided along with the column. We used the experimentally measured elution volumes
of the N form to calculate the partition coefficient and in turn determined its Mg;” from the

calibration curve.

Transmission electron microscopy (TEM)

TEM was used to visualize the morphology of the p form. The p form (10 pL of 1 uM
concentration) was loaded onto the 300-mesh carbon coated grid (Electron Microscopy Science)
and allowed to get absorbed for 5 minutes. Excess sample was removed. Uranyl acetate (2%) was
used for 1.5 minutes to negatively stain the samples. Excess stain was removed. This was followed
by a wash by milliQ water for 1 minute to wash off any extra stain stuck on the grid. The sample
was then covered and allowed to dry overnight and imaged under transmission electron microscope

(Technai-T20) at an accelerating voltage of 200 kV.

Guanidinium chloride (GdmCI) induced equilibrium unfolding experiments

All the equilibrium unfolding experiments were performed at pH 7.5. Proteins (4 uM) were
equilibrated in the presence of different concentration of GAmCI. The samples were excited at 280
nm and the emission was collected from 295 to 400 nm. The slit width of 1 nm was used for
excitation and 8-12 nm for emission. Buffer spectra were acquired under similar settings and were
subtracted from the protein spectra. The data were converted to fraction unfolded as a function of

[GdmCI] and analyzed using a N=U two-state model, as described previously.*

Thioflavin T (ThT) fluorescence assay

The ThT assay was performed on the N form and the  form of all the proteins. The N form or
the B form was added to the ThT buffer (50 mM Tris, pH 8.0) so that the final concentration of the
protein and ThT were 2 uM and 40 uM, respectively. The ThT fluorescence was acquired within
one minute of mixing. The experiments were performed on a Perkin Elmer Fluorescence
spectrometer LS55. The slit width used for excitation was 8 nm and for emission was 11 nm,

respectively. Excitation was carried out at 440 nm and emission spectra was monitored from 460
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nm to 600 nm. Buffer spectra were acquired under the similar settings and were subtracted from

the protein spectra.

2.3 Results
2.3.1 TDP-43"RRM yndergoes pH dependent misfolding

We monitored the changes in the secondary structure content of TDP-43"RM as a function of
pH using far-UV CD (Figure 2.2A). At pH 8.0, the far-UV CD spectrum displayed minima at 208
and 222 nm. The mean value of mean residue ellipticity (MRE) at 222 nm was -4700 deg. cm?.
dmol. The secondary structure of TDP-43™RRM contains a-helices, B-sheets and disordered loops
(Figure 2.1) and the far-UV CD spectrum at pH 8.0 is characteristic of TDP-43"RRM in jts native
state.*! We observed that the far-UV CD spectra of TDP-43"™RM remains highly identical to the
spectrum of the native protein in the pH range 8.0 — 5.0 (Figure 2.2A). As the pH is decreased
below 5.0, the far-UV CD spectra gradually shifts to a spectrum of a 3-sheet with a minima at 216
nm. This result indicates that at low pH and physiological concentration of salt (150 mM KCI),
TDP-43®RRMtransitions into an alternative misfolded conformation that is rich in B-sheet (B form).
Interestingly, both native and urea-unfolded TDP-43"RRM form almost identical B form when
transferred to low pH (Figure 2.S2), indicating that the B form is thermodynamically the most
stable form at low pH. At pH 3.0, the value of MRE at 216 nm is -12645 deg. cm?. dmol™. Such
an increase in the value of MRE at the low pH is indicative of a disorder to order transition in the

protein molecules.*

. _________________________________________________________________________________________________|
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Figure 2.2 TDP-43"”M undergoes pH dependent misfolding and aggregation. (A) Far-UV CD
spectra of TDP-43RRM as a function of pH. (B) Changes in the fluorescence spectrum of ANS in
the presence of TDP-43RR"M as a function of pH. (C) Elution profile of TDP-43"RRM jn SEC, in the
N form (pH 7.5) and in the 3 form (pH 3.0). (D) TEM image of the 3 form.

The N= B transition is also accompanied by a large change in the tertiary structure of the
protein molecules, in addition to the secondary structure. Figure 2.2B shows the changes in the
tertiary structure of TDP-43"RM as a function of pH as probed by the ANS binding assay. ANS is
a dye that binds to the exposed hydrophobic patches of the protein resulting in its increased
fluorescence signal. We observed that in the pH range 8.0-5.0, ANS does not bind to TDP-43RRM
as indicated by a near zero fluorescence signal (Figure 2.2B). In contrast, the fluorescence of ANS
increases dramatically as the pH is decreased in the range of 5.0-3.0. These results indicate that

the misfolded 3 form has exposed hydrophobic patches.
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2.3.2 B form is an amyloid-like protein assembly

In order to understand, if the misfolding is accompanied by inter-molecular self-assembly, we
performed SEC of TDP-43"RM at different pH on a Superdex™ 75 10/300 GL column (Figure
2.2C). TDP-43"RRM ynder native conditions at pH 7.5 elutes at 12.5 mL, corresponding to a
molecular weight of 19952 Da (see Materials and Methods section), which suggests it to be a
monomer. However, at pH 3.0, the elution of the TDP-43"RRM occurs at 8.6 mL which is near to
void volume (7.2 mL) of the column. These results indicate that the misfolded 3 form is a large
size protein assembly.

We examined the external morphology of the B form using TEM (Figure 2.2D). In the TEM
micrograph, the p form appears to be curly amyloid-like protein assembly which are around
hundred nanometers long, as observed in a previous study.* These results indicate that the B form

has amyloid-like ordered morphology.

. _________________________________________________________________________________________________|
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Figure 2.3 pH dependence of the misfolding transition. Changes in values of (A) MRE at 216 nm
obtained by far-UV CD and (B) ANS fluorescence emission at 469 nm as a function of pH. In both
the panels, the solid line through the data is a least square fit to equation 2.2. The error bars in both
the panels are standard deviation in values of the data points from three independent experiments.

2.3.3 pH dependence of the N= B transition

Above results show that when the monomeric N form of TDP-43"R"M s subjected to low pH
in the presence of 150 mM KClI, it transforms into an amyloid-like protein assembly, B form, which
is rich in 3 sheet and has exposed hydrophobic patches. Figure 2.3A shows the pH dependence of
the change in CD signal at 216 nm during the N= f transition. Figure 2.3B does likewise for the

change in the signal of ANS fluorescence at 469 nm. We observed that in both the cases the signal
_____________________________________________________________________________________________________________|
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changes in an apparently sigmoidal manner as a function of pH. These results suggest that the
structural changes in the protein molecules during the N= 3 transition, is coupled to the ionization
of at least one ionizable residue. The results of the ANS experiments (Figure 2.2B and 3B) show
that the disruption of side-chain packing in the hydrophobic core is required for ionization. This
result suggests that the ionizing side-chain residue is buried in the protein core. We fitted the data
on pH dependence of misfolding (Figure 2.3) to a model in which the formation of the misfolded
3 form was coupled to the protonation of at least one critical residue of the N form (see Materials
and Methods). A fit of the data in Figure 2.3 to equation 2.2, yielded the pKa of the critical titrating
residue to be ~4.0. This result suggests that the titration of a buried aspartate, glutamate or a
histidine residue with a perturbed pKa might be coupled to the formation of the 3 form. There are
12 glutamate, 13 aspartate and 3 histidine residues in the primary sequence of TDP-43"R*M_Qut of
these, only one aspartate (D105) and two histidine (H166 and H256) residues are almost
completely buried in the protein structure (Figure 2.1, Table 2.S1). We targeted these three
residues to check whether the ionization of any one of them is coupled to the formation of the
3 form. We mutated them to a neutral amino acid, one at a time, by site-directed mutagenesis to
abolish the protonation-deprotonation equilibrium of their side-chains in the acidic pH. Aspartate
was mutated to alanine and both the histidine residues were mutated to the glutamine because of
their similar size. The three mutant protein variants are named D105A, H256Q and H166Q.
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Figure 2.4 The mutant protein variants and TDP-43"R*M have similar structure and thermodynamic
stability. (A) Far-UV CD spectra, and (B) Fluorescence spectra of TDP-43"R*M (pink lines),
D105A (yellow lines), H166Q (green lines) and H256Q (blue lines), in the N form (dotted lines)
and the GdmCI unfolded U form (6.2 M GdmCI) (solid lines) at pH 7.5. (C) Fraction unfolded as
a function of [GdmCI] obtained from GdmCI induced equilibrium unfolding at pH 7.5 is plotted
for TDP-43"RM (filled pink circles), D105A (filled yellow circles), H166Q (empty green circles)
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and H256Q (empty blue circles). The solid lines through the data are fits to a two-state, N=U
model.>%50

2.3.4 The single-site mutant variants have similar structure and thermodynamic stability

It was important to first check whether the single-site mutations affect the structure and
stability of the N form. Figure 2.4A compares the far-UV CD spectra of D105A, H256Q and
H166Q to that of the TDP-43R"Min the N form and the GdmCI unfolded U form. The far-UV CD
spectra of all the mutant variants are very similar to the TDP-43"R®M poth in the N form and the U
form. These results indicate that the mutant variants have a very similar secondary structure to that
of the TDP-43"RR"M and that they are completely and similarly unfolded in 6.2 M GdmCl.

Figure 2.4B compares the maximum wavelength of fluorescence emission (Amax) of the D105A,
H256Q and H166Q, to that of the TDP-43""M protein in the N form and the U form. There are
two tryptophan residues, W113 and W172, in the three dimensional structure of TDP-43"RRM,
Solvent accessibility calculations (Materials and Methods) suggest that W113 is 52% exposed and
W172 is 41% exposed to the solvent. We observed that all the proteins in the N form showed
similar Amax Of ~347 nm (Figure 2.4B), indicating that the side-chains of tryptophan residues are
buried to a similar extent in the mutant variants and in the TDP-43"R"M 44 Similarly, in the U form
all the proteins show similar Amax 0f ~357 nm (Figure 2.4B), indicating that in the U form of all
the proteins, tryptophan residues are completely exposed to solvent.

We measured the thermodynamic stabilities of the proteins using GdmCI induced equilibrium
unfolding experiments. Figure 2.4C shows that all the three mutant variants display an apparent
two-state unfolding behavior. The free energy of unfolding of TDP-43"RRM D105A, H256Q and
H166Q is 4.6 kcal mol™, 5.2 kcal mol?, 4.4 kcal mol™?, and 5.2 kcal mol™, respectively (Table
2.S2). These results suggest that the effect of mutations on protein stability is very minimal. These
results conclude that all the mutant variants have similar secondary and tertiary structure (Figure
2.4A and 2.4B) and thermodynamic stability (Figure 2.4C) to that of the TDP-43"R"M, Hence, the
mutations do not alter the overall structure and stability of TDP-43"RM and all the variants can be

directly compared to each other.
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Figure 2.5 Effect of site-specific mutations on the N= transition. Changes in the far-Uv CD
spectra of (A) D105A, (B) H256Q and (C) H166Q, as a function of pH. In panels (A) to (C) the
different colors of the dotted lines denote different pH, as indicated in panel A. The insets in panels
(A) to (C) show the changes in values of MRE at 216 nm as a function of pH, for the corresponding
protein. The solid yellow line through the data in the insets of panel (A) and (B) is a fit to equation
2.2. The solid yellow line through the data in the inset of panel (C) is drawn to guide the eye. The
error bars are the spread in values of the data points from two independent experiments. (D)
Fraction of the misfolded protein as a function of pH is compared for TDP-43RRM (pink triangles),
D105A (yellow circles), H256Q (blue squares) and H166Q (green diamonds). The solid black line
through the data for TDP-43"R"”RM D105A and H256Q is a global fit to equation 2.3. The solid black
line through the data for H166Q is drawn to guide the eye.

2.3.5 D105A and H256Q shows pH dependent misfolding similar to TDP-43tRRM

Figure 2.5A and Figure 2.5B displays the changes in far-UV CD spectra of D105A and H256Q,
respectively, as a function of pH. The pH-dependent changes in secondary structure is strikingly
similar to that of the TDP-43RRM (Figure 2.2A), for both the mutant variants. The far-UV CD

spectra of the N form gradually shifts to the spectrum of a  sheet, with a minima at 216 nm, as

. _________________________________________________________________________________________________|
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the pH is decreased from 7.5 to 3.0. Both the mutant variants display an apparently sigmoidal
change in CD signal at 216 nm with mid-point of transition at pH 4.0 (inset: Figure 2.5A and 2.5B),
similar to the TDP-43"RRM (Figure 2.3A). These results indicate that D105A and H256Q undergo
N=p transition, akin to TDP-43"™RM, Hence, the ionization of D105 and H256 is not coupled to
the misfolding of TDP-43RRM,

2.3.6 H166Q does not show pH dependent misfolding

Interestingly, we observed that in contrast to D105A, H256Q and TDP-43RRM  the mutant
variant H166Q does not undergo pH dependent misfolding. Figure 2.5C shows the changes in the
far-UV CD spectra of H166Q, as a function of pH. The far-UV CD spectrum of H166Q in the N
form, does not change to a spectrum of 3 sheet as the pH is decreased from 7.5 to 3.0. Instead, the
far-UV CD spectrum remains N-like throughout the range of pH, indicating that HL66Q maintains
N-like secondary structure in the pH range 7.5 to 3.0. The mean value of MRE at 216 nm does not
show a sigmoidal behavior as a function of pH (inset: Figure 2.5C) and remains roughly the same
across the pH range (7.5 to 3.0). The average of the mean value of MRE across the pH range is -
4571 deg. cm?. dmol™ and the standard deviation is -1028 deg. cm?. dmol™. These results indicate
that H166Q does not undergo N= transition. Hence, the pH dependent ionization of H166Q is
coupled to the misfolding of TDP-43"”M and is a key trigger for the formation of amyloid-like B
form.

We calculated the fraction of misfolded B form, formed by each protein, as a function of pH
from the changes in value of MRE at 216 nm (see Materials and Methods). Figure 2.5D compares
the fraction misfolded as a function of pH, for all the four proteins. Remarkably, the change in the
fraction of the misfolded B form during N=p transition of D105A and H256Q is highly
comparable to that of TDP-43"R*M with midpoint of transition near ~4.0. In contrast, the fraction

of misfolded B form for H166Q is almost near zero in the pH range 7.5 to 3.0.

2.3.7 D105A and H256Q show similar kinetics of misfolding as TDP-43tRRM

Figure 2.6A shows the kinetics of misfolding of TDP-43""M to the B form at pH 7.5 and pH
3.0 as measured by the change in far-UV CD signal at 216 nm. At pH 7.5, the far-UV CD signal

remains constant at the value of MRE of the N form as a function of time, indicating that the N-
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like structure is maintained and that the rate of misfolding is negligible under N-like conditions.
Upon transferring the protein under aggregation condition at pH 3.0, there appears to be a fast
change in the MRE signal during the dead-time of mixing (~20-30 s), in which ~10-15% of the
total expected amplitude of the MRE signal is lost. This is followed by a double exponential change
in the MRE signal with time. Both the observable phases have roughly equal amplitudes. These
results indicate that TDP-43"RRMmisfolds in at least three steps during the formation of the B form.
The time constant of the two observable steps were estimated to be ~6.3 minutes and ~65 minutes
at pH 3.0.

The mutant variants, D105A (Figure 2.6B), and H256Q (Figure 2.6C) show strikingly similar
pH-dependent kinetics of misfolding at pH 3.0 as TDP-43"RRM (Figure 2.6A). For both the proteins,
there is a fast change in the MRE signal at 216 nm within the dead-time of mixing in which ~15-
25 % of the total expected change in MRE signal is lost. This is followed by a double exponential
change in the MRE signal with time with roughly equal amplitudes. The time-constant of the two
observable phases at pH 3.0 was estimated to be ~7.1 minutes and 60 minutes for D105A and ~4.5
minutes and ~50 minutes for H256Q. At pH 7.5, for both the proteins the far-UV CD signal
remains constant at the value of MRE of the N form, indicating that both the proteins maintain
their native structure for a long time in N-like conditions. These results indicate that D105A and
H256Q display similar pH-dependent kinetics of misfolding as TDP-43RRM,
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Figure 2.6 Comparison of the pH-dependent kinetics of misfolding of TDP-43"™RM and the three
mutant protein variants. The change in far-UV CD MRE signal at 216 nm with time is shown for
(A) TDP-43"R"M (B) D105A, (C) H256Q, and (D) H166Q when each of the protein variant is
transferred to pH 7.5 (green line) and pH 3.0 (red line). In panels (A), (B) and (C) the dotted red
lines through the data for pH 3.0 are fits to a double exponential equation. In all the panels, the
dotted green line through the data for pH 7.5 is shown to guide the eye.

2.3.8 H166Q does not show pH dependent kinetics of misfolding

In contrast to TDP-43"RR"M D105A and H256Q, the N form of H166Q does not transition to
the misfolded  form when transferred to pH 3.0 (Figure 2.6D). The far-UV CD signal of H166Q
remains constant at the value of MRE of the N form at both pH 7.5 and pH 3.0. These results
indicate that H166Q does not undergo a change in its secondary structure and retains its N-like
secondary structure even at low pH, for a long time. Hence, the process of pH-dependent

misfolding is highly arrested for HL66Q mutant protein.
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2.3.9 The low pH form of H166Q shows very little binding to amyloid staining dye ThT but

has disrupted side-chain packing

H166Q maintains its N-like secondary structure under pH stress and does not misfold to form
amyloid-like misfolded B form as shown by far-UV CD experiments (Figure 2.5C, Figure 2.5D
and Figure 2.6D). We further probed the nature of the structure formed by H166Q at the
physiological and low pH by measuring its ability to bind ThT and ANS dyes. ThT dye binds
strongly to amyloid-like cross-B structure®! and upon binding, gives an increased fluorescence at
482 nm. ThT dye has also been shown to bind weakly to non-amyloid N-like oligomers of some
variants of TDP-43% and amorphous aggregates of other proteins.®® Figure 2.7A and its inset
compares the ThT binding efficiency of the species populated at pH 3.0 and pH 7.5 for H166Q
with that of TDP-43"RRM D105A and H256Q. For all the four proteins, no ThT fluorescence was
observed for the N form at pH 7.5, indicating that no amyloidogenic structures are present under
N-like conditions. For the misfolded p forms formed by TDP-43""M D105A and H256Q at pH
3.0, a huge and similar increase in ThT fluorescence was observed, indicating the presence of
amyloid like B-sheet rich structure. In contrast, the N-like species formed by H166Q at pH 3.0,
showed very minimal binding to the ThT dye (~20 %). As the low pH form of H166Q does not
contain amyloid like B-sheet rich structure as indicated by far-UV CD experiments (Figure 2.5C,
2.5D and Figure 2.6D), the small binding to the ThT dye might be due to the association of a small
fraction of TDP-43"R"M in N-like oligomers as shown previously**%? or amorphous aggregates®?

via its strand regions.
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Figure 2.7 Comparison of the binding of ThT and ANS dyes to TDP-43""M and the three mutant
protein variants. TDP-43"RRM (pink), D105A (yellow), H166Q (green) and H256Q (blue) were
transferred to pH 7.5 (dotted lines) and pH 3.0 (solid lines) and (A) ThT fluorescence and (B) ANS
fluorescence spectra were obtained for the species populated at both the pH. The inset in panel (A)
compares the ThT fluorescence emission at 482 nm for all the proteins for the species populated
at pH 7.5 (green circles) and pH 3.0 (red circles). The inset in panel (B) compares the ANS
fluorescence emission at 469 nm for all the proteins for the species populated at pH 7.5 (green
circles) and pH 3.0 (red circles). The error bars in the insets are the spread in values of the data
points from two independent experiments.

ANS assay was performed to compare the tertiary structure and packing of hydrophobic core
of H166Q in the N form and the low pH form to that of TDP-43""RM D105A and H256Q. Figure

2.7B and its inset compares the binding efficiency of the ANS dye to the species populated at pH
I ——
DIVYA PATNI 80



PhD Thesis Chapter 2

3.0 and pH 7.5 for H166Q with that of TDP-43"RRM D105A and H256Q. For all the four proteins,
near zero fluorescence was observed for the N form at pH 7.5, indicating that the hydrophobic core
is tightly packed in the N form of all the proteins. For the misfolded  forms formed by TDP-
43"RM D105A and H256Q at pH 3.0, a huge and similar increase in ANS fluorescence was
observed, indicating that the 3 forms of all the proteins have similar but large amount of exposed
hydrophobic patches. The N-like species formed by H166Q at pH 3.0 also binds to the ANS dye
but the ANS fluorescence in this case is only about 50-60% to that of the 3 form of the other three
proteins. This result indicates that the N-like species formed by H166Q at pH 3.0 have disrupted
side-chain packing and exposed hydrophaobic patches. The intact secondary structure and disrupted
tertiary structure suggests that H166Q forms a molten globular structure at low pH.

The ANS binding signal of the molten globular structure formed by H166Q at low pH is around
50-60 % of the amyloid-like B forms formed for other three proteins. This is because the amyloid-
like B forms have a sheeted structure and likely to have more exposed hydrophobic surface and

ANS binding sites compared to a molten globule.

2.4 Discussion and Conclusions

For the proper functioning of the cells, neutral pH is required. For maintaining the neutral
cytosolic pH, cells employ hydrolysis of ATP and proton pumps to export protons into the
extracellular space.*” However, during nutrient starvation stress, the ATP level decreases thereby
affecting the proton pump which fails to export protons out of the cell.®® These events lead to
increase in the concentration of protons and acidification of the cytosol.*>#74%50 |t has been
suggested that one of the energy efficient ways cells employ to negate the effect of starvation stress
and increased concentration of protons is the formation of large reversible protein assemblies, like
stress granules.*6474%51 According to this hypothesis, certain biosensors proteins in the cell (for
example, Pab1,*® Pub1* and Sup 35, etc.) sense and mitigate starvation stress at the molecular
level by coupling the protonation-deprotonation equilibrium of their side-chains with their
assembly-disassembly reaction.*”4°5! These assemblies are metastable and aggregation prone and
could misfold to form amyloid-like aggregates under persistent stress. However, the experimental

evidence for this hypothesis remains limited.**#"5 In particular, it is critical to identify the side-
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chain residues whose protonation is important for formation of large assemblies and trigger
misfolding.

TDP-43 is known to associate with stress granule proteins and nucleic acids via its TDP-43R*M
and C-terminal regions under stress-like conditions!®®®®7 and misfold to form aberrant
aggregates.’ In this chapter, we showed that the monomeric N form of TDP-43"®M forms a
misfolded amyloid-like protein assembly, B form, in a pH-dependent manner (Figure 2.2 and
Figure 2.3). The change in secondary structure to 3 sheet during N to [ transition occurs
concomitantly with the disruption of the side-chain packing in the hydrophobic core (Figure 2.3).
Both the events follow the same pH dependence with pKa around 4.0. These results suggest that
ionization of a protein side-chain buried in the protein structure might be coupled to the formation
of the misfolded § form. An examination of the protein structure revealed that out of all the amino
acid residues whose side-chain could titrate in the acidic pH range, only D105, H166 and H256
are almost completely buried in the protein structure (Figure 2.1). We systematically mutated these
residues, one at a time, to neutral amino acids to block the pH-dependent protonation-
deprotonation titration of their side-chain and studied their effect on the N to B transition. All the
four proteins have similar structure and thermodynamic stability under native conditions (Figure
2.4). We observed that D105A and H256Q resembled TDP-43"RM (Figure 2.2A and 3A) in their
pH-dependent misfolding behavior, both in the equilibrium (Figure 2.5A, 2.5B and 2.5D) and the
kinetic experiments (Figure 2.6A, 2.6B and 2.6C). However, in the case of H166Q, the pH-
dependent misfolding of the N form to the  form is highly arrested (Figure 2.5C, 2.5D and 2.6D).
These results indicate that H166 is the critical side-chain residue whose protonation triggers the
misfolding of TDP-43"""M to the B form.

The observation that the protonation of a histidine residue triggers the misfolding of TDP-
43RRM at low pH is surprising. Histidine residues usually have a pKa near 6.5 and their
protonation-deprotonation is known to play important roles in protein function.%®-"° However, the
pKa of the H166 in TDP-43"RM js near ~4.0 (Figure 2.3). H166 is around 93% buried in the protein
structure (Figure 2.1). A positively charged arginine residue, R165, is just next to H166 in the
primary sequence and it has spatial proximity with the side-chains of Q164, C173 and C175. It
appears that these residues create a complex microenvironment around H166 that results in the

decrease of its pKa. It is important to note that out of the other two histidine residues of TDP-
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43RM 1143 participates in DNA binding® at the near-neutral physiological pH whereas H256
does not participate in either the function or the misfolding. Hence, decreasing the pKa of the sole
histidine residue, H166, whose protonation triggers the misfolding might be nature’s way of
protecting the protein from aggregation under mild starvation stress. The protonation of a single
histidine residue near pH 4.0 has also been shown recently to partially control the misfolding of
the mouse prion protein at low pH."

We observed that H166Q forms a molten globule at low pH and a small fraction of the protein
forms N-like oligomers (Figure 2.5C and Figure 2.7). We have shown earlier that TDP-43"""M can
sense pH stress and form reversible metastable assemblies,**** that form amyloid-like aggregate
upon persistent stress. We observed that at low pH in the presence of small amount of salt (~5 mM
KCI), TDP-43"RM partially unfolds to form a molten globule that slowly transforms into
metastable N-like oligomers.** Upon increasing the concentration of salt to more than 20 mM, the
N-like oligomers transform to the misfolded B form.** At 150 mM KCI, B form is the
predominantly populated form of the protein.** In the case of H166Q, under these conditions only
molten globule form is predominantly populated with a small amount of N-like oligomers (Figure
2.5C, Figure 2.6D and Figure 2.7), but not the  form. These results indicate that the protonation
of H166 functions as a critical trigger switch that controls the amyloid-like misfolding of TDP-
43"RM ynon pH stress sensing. It appears that the protonation of H166 results in proximal or distal
conformational changes that initiate the misfolding of the protein. The result of this study that
protonation-deprotonation of a single side-chain residue controls the misfolding is an important
step for understanding how the stress-induced misfolding of proteins can begin from site-specific
triggers***47 and the design of site-specific therapeutics. The results of this study also hold
significance for misfolding of prion proteins and prion diseases where the misfolding of protein

begins in the low pH conditions encountered in the endocytic pathways.”> "
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2.6 Supporting figures

- N
0.6 N

0.4 - N

BSA N
Ovalubumin N
Ribonuclease A N O
Aprotinin N
Vitamin B12 N

Kav

0.2

@000e

I Y I ! I
3.5 4.0 4.5

Log My, / kDa

Figure 2.S1 Calibration curve for the determination of the apparent molecular weight (M5PP) of
the N form from the size exclusion chromatography. Log of molecular weight of five standard
biomolecules is plotted against their respective partition coefficient (Kay). The Kay for all the
standard biomolecules is calculated from their respective elution volumes noted from the
manufacturer provided manual for Superdex™ 75 10/300 GL column using equation 2.4.The
dashed line is a linear fit to the data and used to calculate the M5Pof the N form in figure 2.2C

(main text).
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Figure 2.52 Both native and urea unfolded TDP-43"RM form almost identical p form when
transferred to low pH. Far-UV CD spectra acquired after native TDP-43"R*M was transferred to pH
7.0 (solid green line) and pH 3.0 (solid red line) buffer. Far-UV CD spectra acquired after urea
unfolded TDP-43"™RM(in 8.2 M urea, pH 7.5) was transferred to pH 7.0 (dashed green) and pH 3.0
(dashed red line) buffer. All the buffers contain 150 mM KCl and 1 mM DTT.
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Table 2.51 Table of relative solvent accessibility of acidic residues of TDP-43RRM

Residues ASA (DSSP)! Total surface | % relative % surface buried
(A? area® (A?) surface
accessible area
(% RSA)
D105 6 193 3.1 96.9
D119 46 193 23.8 76.2
D138 33 193 17.1 82.9
D169 105 193 54.4 45.6
D174 84 193 43.5 56.5
D185 141 193 73.1 26.9
D201 92 193 47.7 52.3
D205 117 193 60.6 39.4
D216 104 193 53.9 46.1
D219 97 193 50.3 49.7
D236 58 193 30.1 69.9
D237 90 193 46.6 53.4
D247 4 193 2.1 97.9
E117 63 223 28.2 717
E122 111 223 49.8 50.2
E129 116 223 52.0 48.0
E154 86 223 38.6 61.4
E156 80 223 35.9 64.1
E186 152 223 68.2 31.8
E200 161 223 72.2 27.8
E204 66 223 29.6 70.4
E206 69 223 30.9 69.1
E209 139 223 62.3 374
E246 112 223 50.2 49.8
E261 168 223 75.3 24.7
H143 117 224 52.2 47.8
H166 16 224 7.1 92.9
H256 19 224 8.5 915

* D105, D247, H166 and H256 are the four acidic residues which are more than 90% buried in

protein structure. D247 was not considered in this study as its role in protein stability and
aggregation has been studied in detail in a previous work.?
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Table 2.S2 Table of thermodynamic parameters for the equilibrium unfolding of the N form of the
protein variants used in this study

variant AG (kcal mol ™) m (kcal mol*M™) Cm (M)
TDP-431RRM 4.6 2.0 2.3
D105A 5.2 2.0 2.6
H256Q 4.4 2.0 2.2
H166Q 52 2.0 2.6
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Chapter 3
Thermodynamic modulation of folding and aggregation energy

landscape by DNA binding of functional domains of TDP-43

Reprinted with permission from Patni D., and Jha S.K. (2023). Thermodynamic modulation of
folding and aggregation energy landscape by DNA binding of functional domains of TDP-43.
Biochim.  Biophys.  Acta- BBA  Proteins  Proteom. 1871 (4), 140196.
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3.1 Introduction

TAR DNA binding protein (TDP-43) is a ubiquitously expressed member of the heterogeneous
nuclear ribonucleoprotein family (hnRNP).%2 It is a 414 amino acid-long multidomain protein
(Figure 3.1). It consists of an N-terminal domain (NTD), two tandem RNA Recognition Motifs
(RRM 1 and RRM 2, referred to as TDP-43"R®M) and a C-terminal domain (CTD).® TDP-43RRM
is the primary functional domain of the protein, which associates explicitly with the UG and TG-
rich nucleic acid sequences.* These motifs were highly conserved throughout evolution.>® Under
normal physiological conditions, TDP-43 predominately resides in the nucleus but often shuttles
to the cytoplasm to perform some of its functions.”® In its native state, TDP-43, with the help of
TDP-43RRM performs crucial functions like mRNA splicing,®* mRNA transcription,%!3 non-
coding RNA processing,** embryonic development,®™ and CNS development.!® TDP-43 is also
involved in mRNA stability,-2° and mRNA transport,! along with self-regulating its level in the
cells.?? However, it has been observed that TDP-43 loses its natively folded conformation under
stress conditions.?®?* Cytoplasmic aggregates of the TDP-43 have been predominately found in
Amyotrophic Lateral Sclerosis (ALS), the adult-onset motor neuron disease?, and Frontotemporal
Lobar Degeneration (FTLD), the second most common form of pre-senile dementia.?®?%%" In
addition to these diseases, aggregates of TDP-43 have also been associated with Huntington's
disease,?® Alzheimer's disease,?>* and Parkinson's disease.3! These diseases are collectively
termed TDP-43 proteinopathies.>>° It is noteworthy that due to the lack of understanding of the
mechanism of TDP-43 aggregation and aggregation inhibition under stress conditions, these

neurodegenerative disorders remain incurable till date.

The majority of the research has focused on deciphering the role of both N and C-terminal
domains on the aggregation of TDP-43.3642 A few studies on the C-terminal fragments suggest
that the glycine-rich region and the Q/N (glutamine/aspargine) rich region of CTD play an
important role in the aggregation.®” ! Interestingly, small peptides in the CTD have also been
shown to undergo fibrilization in vitro.*%** Moreover, C-terminal fragments of various lengths
have been implicated in TDP-43-associated pathogenesis.**>® Furthermore, CTD has also been
shown to undergo liquid-liquid phase separation.®>*? On the other hand, NTD facilitates dimer and
higher-order oligomer formation.>*® NTD oligomerization is also involved in droplet formation

by full-length TDP-43.5" Removal of the first few residues of NTD annihilates the aggregation
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propensity of the TDP-43.58 N-terminal fragments were found lethal as they trigger motor
dysfunction in mice.*> However, the role of TDP-43"RRM in aggregation is poorly understood. With
the increased association of TDP-43 with different neurodegenerative diseases, it becomes crucial
to study the role of different domains in disease onset. Recent accumulating evidence suggests the
role of RRMs in the formation of aberrant aggregates.*%°%-%3 As TDP-43RRM associates with the
nucleic acids to perform its functions, dissecting their impact on the aggregation behavior of TDP-
43 could help establish the role of TDP-43RRM and their interaction with nucleic acids in

aggregation control.

The binding with nucleic acids has been shown to modulate the self-assembly energy landscape
of TDP-43 and its multiple fragments and variants.®*-%° It has been observed that binding to single-
stranded (ss) DNA enhances the solubility of TDP-43 purified from a rabbit reticulocyte cell-free
system.% The binding to ss(TG)1, also enhances the solubility of a yellow fluorescent protein
(YFP)-tagged TDP-43.% RNA binding has also been shown to promote liquid-liquid phase
separation of SUMO-tagged TDP-43 and low complexity domain of TDP-43.%* Interestingly, in a
separate study, it has been observed using an optogenetic approach that RNA binding antagonizes
the phase transition of various variants of TDP-43 containing the RRM domains.®” Recently, it has
been observed that nucleic acid binding inhibits the thermal aggregation of a variant consisting of
N-terminal along with TDP-43"R"M (N-RRM1-2).8 However, the underlying thermodynamic and
molecular basis of aggregation and how the energy landscape of folding, stability, and aggregation
are coupled and modulated by nucleic acid binding is not well understood. This knowledge could
help in the identification of the natural binding partners, which could prove beneficial in designing

the therapeutic strategy against the detrimental aggregation of proteins.

TDP-43"RRM has been shown to undergo pH-dependent amyloid-like aggregation in the
presence of physiological salt concentration.5%70 In the current study, we show that the specific
binding of a single-stranded DNA oligo (ss(TG)e) inhibits the pH-dependent amyloid-like
aggregation of TDP-43"RRM_We also observed that DNA-binding keeps the protein in the native-
like monomeric state even at low pH as measured by circular dichroism (CD), ANS assay, and
size exclusion chromatography (SEC). TEM studies show that in the DNA-bound protein does not
show the ordered morphology of amyloid-like fibrils under aggregation conditions. We observed
that pH decreases the thermodynamic stability of TDP-43"R"M and reduces the mid-point of
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unfolding (Cm) from 2.2 to 1.3 M [GdmCI] as we go down from pH 7.5 to 5.0. This destabilization
initiates the amyloid-like aggregation below pH 5.0. The ss(TG)s binding increases the
thermodynamic stability of TDP-43"™RM making it more stable even at low pH and hence, ss(TG)s
bound TDP-43"R"M (s5(TG)e-TDP-43"RM) does not undergo amyloid-like aggregation. Our study
suggests that modulation of the self assembly energy landscape by natural binding ligands could

be exploited for therapeutic strategies against aggregation-prone proteins.

[ rev1  Rem2  (NCIOND

RRM2

Figure 3.1 TDP-43 binds to nucleic acid. Schematic depiction of the full-length TDP-43
constituting NTD: N-terminal domain-involved in dimerization; RRM1, RRM2: two tethered
RNA Recognition Motifs (tRRM)-binds specifically to UG-rich RNA and TG-rich DNA © and
therefore are the major functional domains of TDP-43; CTD: C-terminal domain-involved in the
protein-protein interactions; L and E: nuclear localization and nuclear export sequence,
respectively, which shuttles TDP-43 in and out of the nucleus. A structural representation of the
nucleic acid binding domain of TDP-43 with its binding partner RNA (PDB ID: 4BS2) is shown
below. The green color depicts RNA. The image is created from the PDB file 4BS2 using PyMOL
Molecular Graphics System.
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3.2 Materials and Methods

Chemicals and buffers

All the chemicals and buffers were procured from HiMedia, Sigma, and Sisco Research
Laboratories (SRL) and were used directly without further purification. The buffers that were used
for pH-dependent studies are as follows: 20 mM glycine-HCI (pH 3.0-3.5), 20 mM sodium acetate
(pH 3.8-5.0), 20 mM 2-(N-Morpholino) ethanesulfonic acid (MES) (pH 5.5-6.0), 20 mM 3-(N-
Morpholino) propanesufonic acid (MOPS) (pH 6.5-7.5) and 20 mM Tris (pH 8.0). All the buffers
contained 150 mM KCI. 1 mM DTT (dithiothreitol) was added to the buffers before the
experiments. All the buffers were filtered with a 0.2 pum filter before use.

Expression and purification of TDP-43RRM

We followed the previously reported protocol to express and purify TDP-431RRM
(UniProtKB/Swiss-Prot entry Q13148).%2 In brief, the induced BL21(DE3) Escherichia coli cells
were sonicated, and the supernatant was passed through Ni Sepharose 6-Fast Flow beads (GE
Healthcare) to separate Hiss-tagged TDP-43"RRM. The eluted protein was buffer exchanged in
protease cleavage buffer followed by overnight cleavage of the Hise-tag by PreScission protease
at 15 °C. The purified Hise-tag cleaved TDP-43"RM was stored in a storage buffer (10 mM KPi,
150 mM KClI, 5% glycerol, and 1 mM DTT). The purity of the protein was confirmed by SDS-
PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis). The protein concentration
was measured by UV-VIS spectroscopy using an extinction coefficient of 15,470 M cm™ at 280
nm. The molecular weight of the purified and Hiss tagged-cleaved TDP-43RRM protein as

determined by Synapt G2 HD mass spectrometer (Waters) was 19429 Da.

Preparation of DNA bound sample

Single-stranded (ss) ss(TG)s, SS(CA)s, and ss(TG)12 DNA oligos were procured from Integrated
DNA Technologies (IDT). The 1 M DNA oligos stock was prepared in HyPure™ Molecular
Biology Grade Water (nuclease-free, deionized, distilled-GE Lifesciences). Further dilutions were
made as per the requirement and their concentrations were checked using an extinction coefficient
of 113,000 Mt cm™ for ss(TG)s, 119,200 M cm® for ss(CA)s and 225,800 Mt cm™ for ss(TG)12
at 260 nm. The values of the extinction coefficients were taken from the manual provided along
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with DNA oligos. For the preparation of the DNA-bound TDP-43"RRM samples (ss(DNA)-TDP-
43RM) “the required ratios of the ss(DNA) and TDP-43"R”M were mixed and allowed to incubate

at pH 7.2 for 2 hours, followed which all the experiments were performed.

Steady-state fluorescence anisotropy measurements

Steady-state fluorescence anisotropy was measured on a Fluoromax-4 spectrofluorometer from
HORIBA Scientific, coupled to the FM4-Pol polarization accessory in the L-format configuration.
The ss(TG)s conjugated with 6-carboxyfluorescein at its 5' end (labeled ss(TG)s) was purchased
from IDT. The oligo was dissolved in HyPure™ Molecular Biology Grade Water. The
concentration of the labeled ss(TG)s was confirmed by taking the absorbance at 260 nm and using
an extinction coefficient of 133,960 M* cm™. To estimate the anisotropy, an increasing
concentration of TDP-43"”M (0-2 uM) was incubated with 30 nM of labeled ss(TG)s. The
incubation was conducted in pH 7.5 buffer for 2.5 hours at room temperature. The anisotropy data
was acquired by exciting the labeled ss(TG)s at 482 nm and collecting the emission at 515 nm..
All the measurements were carried out in a quartz cuvette with a path length of 1 cm. The

fluorescence anisotropy (r) and emission intensity (1) are related to each other by

Iyv—IyuyG
r= 1w lwG 3.1)
Iyv+ 2lyuG

where subscript V' (vertical) and H (horizontal) refer to the position of the polarizer in the
excitation beam (first subscript) and emission beam (second subscript) for every measurement
performed. G refers to the instrumental correction factor and is given by lnv: In.
The binding affinity of the 6-carboxyfluorescein labeled ss(TG)s for TDP-43"RRM \was calculated
by fitting the obtained binding curve to the equation:

[TDP—43tRRM]

Ar=n [TDP—43tRRM] K4

(3.2)

where Ar is the buffer subtracted anisotropy signal, [TDP-43"R*M] is the protein concentration,

n is the valency of the interaction of DNA and protein, and Kq refers to the dissociation constant.

Size exclusion chromatography

The size exclusion chromatography (SEC) of the free and the ss(TG)e-TDP-43RRM was
performed on the AKTA Pure M FPLC system (GE Healthcare). A Superdex™ 75 10/300 GL size
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exclusion column having a fractionation range of 3 kDa-70 kDa was used. The bed and void
volume of the column is 23.5 mL and 7.2 mL, respectively. Free TDP-43 "M (8 uM - 10 uM) was
incubated with pH 3.0 and pH 7.5 buffer. For the SEC study of the bound sample, ss(TG)s-TDP-
43"RRM complex was prepared at pH 7.5 and later incubated with pH 3.0 and pH 7.5 buffer for 30
minutes. The final concentration of the TDP-43"®M and ss(TG)s was 8 uM and 10 pM,
respectively. All the buffers used in the SEC contained 150 mM KCI. The column was pre-
equilibrated with required buffers of respective pH. The flow rate used was 0.8 mL/min. All the
experiments were performed at 4°C.

To determine the apparent molecular weight (Mg;") of the TDP-43®RRM under different
conditions, we created the calibration curve between the partition coefficient (Kay) of the five
standard biomolecules (bovine serum albumin (BSA), ovalbumin, ribonuclease A, aprotinin and
vitamin B12) and their respective molecular weights.”® The calibration curve was further used to

deduce My,” based on the elution volume of the sample.

Circular dichroism (CD)

The far-UV CD measurements were performed on a Jasco J-815 spectropolarimeter using a
data integration time of 4 s, bandwidth of 2 nm, data pitch of 1 nm, and a scan speed of 20 nm/min
at a constant temperature of 20 °C. Each CD spectrum collected was an average of at least two
accumulations and was acquired with the help of a quartz cuvette with a path length of 1 mm. The
spectra were collected in the wavelength range from 205-250 nm. The concentration of free TDP-
43"RRM ysed was 8 M. For acquiring the far-UV CD of ss(DNA)-TDP-43"RM their preformed
complex was diluted with respective buffers to make a final concentration of 10-11 uM of sSDNA
and 8-10 uM of TDP-43"RRM_Buffer spectra were acquired under similar conditions for all the

buffer conditions and were subtracted from the CD spectra of each sample.

Analysis of the pH dependence of the N= B transition

We have fitted the pH-dependent spectroscopic data by assuming the protonation of a single
critical residue in the transition of the native state (N) to B form, as discussed previously’® using
the scheme:

N+H"=NH" =8 (Scheme 3.1)
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In the above scheme, it is assumed that only NH" is capable of transitioning to .”* In that case, the
pH dependence is that of the protonation of N and is given by a transformation of the Henderson-

Hasselbalch equation:

Y+ +Yn10PH-PKa)
1+10MPH-pPKa)

Yobs = (3-3)

where Y, corresponds to the observed spectroscopic signal at a particular pH value; Yy and
Yyy+ correspond to the N form and the protonated NH* form signals, respectively. It is assumed
that under the experimental conditions and the protein concentrations used in this study, NH* = 8
equilibrium ultimately favors the g form. Hence, the amount of NH™ is equal to the amount of the

B form.,

Dissociation Kkinetics of the = N transition

We monitored the dissociation kinetics of p=N transition using ThT assay. The p form (80

HM) was prepared from the N-state by performing pH jump from pH 7.5 to pH 3.8. The sample
was allowed to incubate for 2 hours. The incubation was followed by a 10-fold jump to pH 7.5 (B
to N) and to pH 3.8 (B to B). For the native control, the N-state (80 uM) was prepared from the N-
state by performing pH jump from pH 7.5 to pH 7.5. The final sample was prepared by performing
10-fold jump to the pH 7.5 buffer. The final concentration of the protein was 8 pM.
At different times of the reaction, the required amount of the protein was taken from the above
samples and assayed for the amount of the § form using ThT assay. The ThT fluorescence assay
was performed in 50 mM pH 8.0 Tris buffer. The concentration of the protein was 1 pM while that
of ThT was 40 uM. The ThT fluorescence was measured within 1 minute of protein addition. The
samples were excited at 440 nm, and emission was collected from 460 nm to 600 nm. The
excitation and emission slit widths used were 4 nm. Fluorescence of the free ThT dye was also
acquired under similar settings before every ThT acquisition. All the data have been buffer
subtracted.

Far-UV CD spectra of the samples were also acquired at the end of the reaction using similar

settings as mentioned above at 25 °C, and all the spectra were buffer subtracted.

Reversibility of N&f transition
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The reversibility of the N=f transition was monitored using circular dichroism. The B form
(62.6 M) was prepared from the N-state by performing pH jump from pH 7.5 to pH 3.0. The
sample was allowed to incubate for 2 hours. The incubation was followed by a 10-fold jump to
different pH (7.5-3.0). For control, the N-state was also prepared using a similar sequence of
dilution in the native buffer. The final concentration of the protein was 6.26 M.

Equilibrium far-UV CD signals were acquired at 216 nm using a data integration time of 2 s,
bandwidth of 2 nm, and data pitch of 1 s. The values plotted are an average of data acquired for 30

s. All the signals were buffer subtracted.

Transmission electron microscopy

The free TDP-43"RR"RM (1 uM) and ss(TG)e-TDP-43"”M (1.5 uM ss(TG)s and 1 uM TDP-
43RRM) were incubated at pH 3.8 buffer for 45 minutes. 10 pL of these samples were placed on
the copper-coated 300 mesh grid (Electron Microscopy Science) for 5 minutes. The excess sample
was removed, followed by a milliQ wash for 30 sec. 2% uranyl acetate was used for 1.5 minutes
to stain the samples negatively. The excess stain was removed with MilliQ water. The samples
were then covered and allowed to dry overnight and imaged under Technai-T20 at an accelerating
voltage of 200 kV.

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

A stock solution of 10 mM ANS was prepared in Dimethyl Sulfoxide (DMSO). The
concentration of the ANS solution was confirmed using absorbance measurement at 350 nm with
an extinction coefficient of 5000 M cm™.”? Pre-equilibrated free TDP-43RRM (2 uM), and ss(TG)e
-TDP-43RRM (2 uM TDP-43"RRM and 5 uM ss(TG)s) were incubated in 60 uM ANS for 15 minutes.
The fluorescence spectrum for each sample was measured by exciting ANS at 380 nm and

obtaining emissions from 400-600 nm.

GdmCl-mediated equilibrium unfolding experiments

The GdmCI-mediated equilibrium unfolding experiments were performed under different pH
conditions (3.0-8.0). TDP-43"RRM (4 uM) was incubated with a gradient of GAmCI concentration
for 3 hours at room temperature. Tryptophan present in TDP-43RRM was excited at 280 nm, and
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the emission spectrum was acquired from 295 nm to 380 nm. The fluorescence spectra of buffers
were collected under similar settings and were subtracted from each fluorescence spectrum.
Fluoromax-4 spectrofluorometer from HORIBA Scientific was used for the measurements.

The transitions were analyzed using a two-step N<U model. The fraction of unfolded states

(fu) at any particular denaturant concentration were calculated using the following equation:

fU — Yo—(Yn + my * [D])
(Yy + my * [D])— (YN + my * [D])

(3.4)

where Yo is the observed MRE signal being measured at different denaturant concentrations
[D]. Y~ and Yy refer to the intercepts, whereas my and my are the slopes of native and unfolded
baseline, respectively.’"

fuis related to the equilibrium constant (Keq) by the relationship: Keq =fu/(1-fu). Keq is further
related to free energy AGnu by the relationship: AGnu = -RTInKeq. fu and AGnu are related by a

modification of Gibbs Helmholtz equation:

-ARGTNU
e
fu=——=zexg (3.5)

1+ e RT

where R refers to the gas constant and AGnu is the free energy of N<U transition. It is related

to denaturant concentration [D] by the equation
A GNU =A GE%JO + myy [D] (36)
where A Gﬁﬁo and myy are the standard free energy at 0 M denaturant and slope of the NsU

transition.”® "

Reversibility of N&U transition

The U-state (40 uM) was prepared from the N-state by performing a jump to 5 M GdmCI (U
buffer; pH 7.5). For the native control, the N-state (40 uM) was prepared from the N-state by
performing a jump to pH 7.5 (no GdMCI). The samples were allowed to incubate for 3 hours. The
N and the U-state were further incubated in a gradient of GAmCI concentrations for 3 hours by
performing a 10-fold jump by manual mixing. Following incubation, the changes in the
fluorescence signals were monitored by exciting TDP-43"RRM at 280 nm and obtaining emission
from 300-400 nm. The excitation and emission slit widths used were 1 nm and 8 nm, respectively.
The final TDP-43RRM concentration was 4 uM. All the signals were acquired at pH 7.5 in the

presence of 150 mM KCI and were buffer subtracted accordingly.
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Calculation of N and U populations

Keq and population of the N and the U-state ([N] and [U]) are related by equation:

Keq = E (37)

The population of different ensembles can be calculated by:
AGH = RTINKe or AGH=-RTIn % (3.8)

where R is the universal gas constant and T refers to the temperature of measurement in Kelvin.

Characterization of the thermal stability

The heat-induced unfolding of TDP-43"™RM was used to measure the thermal stability of the
free and ss(TG)e-TDP-43"RM from pH 5.0-7.5. A PTC-424S/15 Peltier system was attached to the
CD instrument for temperature ramping. The temperature was ramped up by 1 °C/min. Far-UV
CD signals were acquired at 222 nm from 25 °C to 70 °C in a cuvette with a path length of 1 mm.
The concentration of the free TDP-43"RRM ysed was 8 uM. ss(DNA)-TDP-43"RRM were incubated
in pH 7.2 to make a final concentration of 10 uM of ss(TG)s and 8 uM of TDP-43"R”M_ Samples
were incubated in their respective buffers for at least 30 minutes. Respective buffer spectra were
acquired at similar settings, and the buffer subtraction was carried out for all the CD spectra.

The mean residue ellipticity (MRE) values obtained were converted to fraction unfolded (fu)

using the following equation:

f _ Yo—(Yn+ my *T)
v (Yy+ my * T)—(Yn+ my* T)

(3.9)

where Yo is the observed MRE signal being measured at different temperatures (T). Yn and Yy
refers to the intercepts, whereas mn and my are the slopes of native and unfolded baseline,
respectively.
The fu versus temperature plots were fitted to the equation:
aH (7L —1)+ acfrm-T4T n(;L)]

Tm
exp RT

fu= (3.10)

1 +exp [(4H(mm1) + AC[ Tm—T+T In (77;) D /RT]
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where AH is enthalpy and AC refers to specific heat capacity (ACp). T refers to different

temperatures and Tm is the midpoint of unfolding transition.”>"

Reversibility of p=U transition
The B form and the U state were incubated in the gradient of GdmCI at pH 3.8 for 3 hrs. The

fluorescence signal of the samples was acquired using similar settings as mentioned above.
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Figure 3.2 ss(TG)e binds to TDP-43RRM_(A) Fluorescence emission spectra of labeled ss(TG)s
upon excitation at 482 nm. Mean anisotropy values of free and bound labeled ss(TG)s (Figure
3.2A, inset). (B) Binding curve of TDP-43"RRMwith labeled ss(TG)s as a function of TDP-43RRM
concentration as monitored by fluorescence anisotropy assay. The error bars represent the spread
in values of the data points from three independent sets of experiments. (C) Normalized
chromatograms obtained from SEC plotted at 280 nm for the free TDP-43"R*M (red) and ss(TG)s-
TDP-43"RM (plack) at pH 7.5. (D) Far-UV CD spectra of the free TDP-43"RRM (red) and ss(TG)s-
TDP-43"RRM (black) at pH 7.5.
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3.3 Results
3.3.1 TDP-43®RRM hinds strongly to TG-rich DNA

Figure 3.2A shows the emission spectrum of fluorescently labeled ss(TG)s upon excitation at
482 nm. The wavelength of the maximum fluorescence emission (Asi5,) Was observed at 515 nm.
Figure 3.2A, inset, compares the mean value of steady-state anisotropy at 515 nm of labeled
ss(TG)s in free and bound form at pH 7.5. The mean steady-state anisotropy of free and bound
forms are 0.026 = 0.001 and 0.049 + 0.003, respectively.

Figure 3.2B shows the relative change in the anisotropy values of labeled ss(TG)s as a function
of increasing TDP-43"RRM concentration at 515 nm. The curve shows a hyperbolic increase in the
signal. We observed that the relative value of steady-state anisotropy of the labeled ss(TG)e has
increased from 0.0 to 0.023 upon increasing TDP-43""®M concentration from 0 uM to 2 pM. The
low value of the anisotropy of the free labeled ss(TG)s indicates free tumbling of the fluorophore
owing to the smaller size of the attached ssDNA. The gradual increase in the value of anisotropy
with an increase in TDP-43"™RM concentration could be attributed to the slowed movement of the
fluorophore upon binding of ssDNA to TDP-43""®M, Upon fitting the data to equation 3.2, we
obtained a Kg value of 0.3£0.05 puM, indicating a strong binding affinity of TDP-43"R""M towards
sS(TG)e. Our results are in accordance (0.28+.09 pM) to the Kq values of the TDP-43"™RM and
unlabeled (TG)s measured using change in fluorescence lifetime of tryptophan residues present in
the protein.”® These results suggest that the 6-carboxyfluorescein does not interfere with the

measurement of the binding constant.

The binding constant reported in our study is very similar (0.28+.09 uM) to the binding
constant of the TDP-43""®M and unlabeled (TG)s measured using change in fluorescence lifetime

of tryptophan residues present in protein.

3.3.2 The molecular size of TDP-43"RRM increases upon binding to ss(TG)s

We employed size exclusion chromatography to estimate the molecular mass of TDP-43RRM
in its free and ss(TG)s bound form at pH 7.5. Figure 3.2C shows their normalized elution profile
monitored at 280 nm. We observed that the free TDP-43®RRMelutes at 12.51 mL, corresponding to

a molecular weight of 19.4+0.5 kDa. The obtained molecular weight is similar to that obtained
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with the mass spectrometer of monomeric TDP-43"RRM, This data suggests that TDP-43"RRM exists
as a monomer under physiological conditions.

ss(TG)e-TDP-43"RRM on the other hand, eluted at 12.13+0.07 mL, which corresponds to a
molecular weight of 23.3£0.6 kDa. The early elution and higher molecular weight of ss(TG)s-
TDP-43R"Mindicate that DNA is bound to the protein.

3.3.3 The secondary structure of TDP-43'RRM remains native-like upon DNA binding

Figure 3.2D compares the far-UV CD spectra for both free and ss(TG)e-TDP-43"RRM at pH 7.5.
The secondary structure of free TDP-43""®M is rich in a-helix, B-sheet, and the disordered region.
The signal minima at 208 nm and 222 nm with MRE values of -5764 and -4550 deg.cm?.dmol™
suggests the presence of both a-helix and p-sheet rich structures (referred to hereafter as the native
state). Interestingly, we also observed similar far-UV CD spectra for ss(TG)s-TDP-43"RRM with a
MRE value of -6584 deg.cm?.dmol™ at 208 nm and -4340 deg.cm?.dmol™ at 222 nm. The similar
MRE values imply that upon binding to ss(TG)s, the secondary structure of TDP-43"**M remains
similar to the native state. Thus, DNA binding induces no significant secondary structural changes
under physiological conditions. Therefore, both free and bound TDP-43""*M can be compared

directly.
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Figure 3.3 ss(TG)s binding inhibits the pH-induced misfolding of TDP-43"RRM, (A) Far-UV CD
spectra of free (red), ss(TG)s (blue), ss(TG)12 (green) and ss(CA)s (yellow) bound TDP-43RRM gt
pH 3.8. Inset shows the ellipticity of ss(TG)s at pH 3.8. (B) Changes in the mean residue ellipticity
at 216 nm as a function of pH for the free TDP-43"”M (red) and ss(TG)e-TDP-43"RM (black). The
error bars represent the spread in values of the data points from at least two independent sets of
experiments. The solid line through the free TDP-43"R®Mdata is a fit to equation 3.3, while that of
ss(TG)e-TDP-43"RM is drawn to guide the eye. Inset demonstrates that the N=p transition is

. _________________________________________________________________________________________________|
DIVYA PATNI 109



PhD Thesis Chapter 3

reversible. Fraction misfolded calculated upon jumping B form to different pH (pink, circle) are
compared with the fraction misfolded calculated from jumping N-state to different pH (blue,
circle). The fraction misfolded is calculated as discussed previously.[70] The solid line is a fit to
equation 3.3. (C) Normalized size-exclusion chromatograms for the free TDP-43"RM (red) and
ss(TG)e-TDP-43RRM (black).

3.3.4 pH-dependent misfolding of TDP-43"RRM is abolished upon ss(TG)s binding

Previously, we have shown that free TDP-43"RM yndergoes a transition to soluble amyloid-
like conformation at low pH stress conditions (aggregation conditions), which is predominately
rich in B sheeted structure.?6%7° The far-UV CD spectrum of free TDP-43"R®M at pH 3.8 (Figure
3.3A) shows a shift in the signal minima to 216 nm, which signifies the dominance of B sheets (8
form) in the protein sample. The shift is accompanied by an increase in the signal with an MRE
value of -9536 deg. cm2. dmol™. We observed that the p form binds to the amyloid-staining dye
ThT (Figure 3.51A).”" Together, these results indicate that the aggregates observed in this study
are amyloid-like.

To study the effect of the ssSDNA on the secondary structure of TDP-43"”M under aggregation
conditions, we have used ss(TG)s and ss(TG)12, which are specific binding partners of TDP-
43"RRM 6 \We measured the far-UV signal of the free ss(TG)s and did not observe any appreciable
absorbance, suggesting the lack of structure (Figure 3.3A, inset). We observed a far-UV CD
spectrum similar to the native TDP-43RRM with minima at 208 and 222 nm for the ss(TG)n-TDP-
43RRM (Ejgure 3.3A). The observed values of the MRE at 216 nm for ss(TG)s and ss(TG)12 bound
TDP-43"RRM were -4401 deg. cm?. dmol* and -3031 deg. cm?. dmol?, respectively. These results
imply that the transition to B form is abolished in the presence of ss(TG)e and ss(TG)12, and TDP-
43"RM maintains its native-like form under aggregation conditions.

We also used ss(CA)s to look for the effect of non-specific nucleic acid sequences.® We
observed signal minima at 216 nm in the far-UV CD spectrum with an MRE value of -9052 deg
cm? dmol™. The appearance of the far-UV CD spectrum and the signal strength resembles that of
free TDP-43"R”M under aggregation conditions. These results provide an important observation
that suggests that the specific binding of ss(TG)e and ss(TG)12 plays a vital role in abolishing the

misfolding behavior of the TDP-43"R®M under the studied conditions.
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We measured the pH-induced structural transition under equilibrium conditions of the native
state to B form at 216 nm using far-UV CD spectroscopy (Figure 3.3B). We observed that the
secondary structure of the TDP-43"R*M remains native-like from pH 7.5 to pH 5.0. The average
MRE value at 216 nm was -5096 + 340 deg cm? dmol™. However, with a further decrease in the
pH, we observed an increase in the MRE, which saturated at pH 3.0. This increase in the signal at
216 nm signifies the transition to B form. The transition from native-state to § form as a function
of pH has a steep slope, and the midpoint of the transition is pH 4.0. The plot was fitted using
equation 3.3. It is crucial to point out that the N= transition is reversible (Figure 3.3B, inset). The
B form dissociates and acquires a native-like secondary structure upon stress removal (Figure
3.51).

However, ss(TG)s-TDP-43""M did not show any such transition under low pH conditions and
retained an average MRE value of -4591 + 271 deg cm? dmol™ at 216 nm throughout the studied
pH range. The results suggest that the ss(TG)e binding to the TDP-43"R*M inhibits the conformation

conversion of TDP-43"RRM to B form while retaining its native structure.

3.3.5 DNA binding inhibits oligomerization of TDP-43'RRM

To characterize the size of ss(TG)s-TDP-43"R*M 'we compared the elution profile of the free
and ss(TG)s -TDP-43"R"M at Jow pH (Figure 3.3C). Free TDP-43"R"M eluted at 8.69 mL. The void
volume of the SEC column employed is comparable to the elution volume, due to which the exact
molecular weight of free TDP-43"R®M cannot be deduced. However, this suggests that the p form
is much larger than the monomeric TDP-43"RRM Interestingly, the ss(TG)s-TDP-43"RRM gluted at
12.7 mL corresponding to a molecular mass of 18.6 kDa, which is similar to the molecular mass
of the monomeric TDP-43"R*M at pH 7.5. The delayed elution of ss(TG)s-TDP-43"R"M at pH 3.0
suggests the formation of a compact structure at pH 3.0. The results in Figure 3.3 confirm that
DNA binding inhibits structural change and prevents oligomerization of TDP-43RRM under
aggregation conditions. An intact secondary structure with a compact size suggests that ss(DNA)

could induce the formation of compact native-like states under aggregation conditions.
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Figure 3.4 DNA binding inhibits the worm-like fibril formation of TDP-43"R"RM_TEM image of
(A) free TDP-43RRM (B) s5(TG)s-TDP-43"RRM,

3.3.6 ss(TG)s abolishes the formation of worm-like f form

We examined the effect of DNA binding on the morphology of the amyloid-like aggregates at
low pH. Figure 3.4 compares the TEM image of the free and ss(TG)s -TDP-43"R”M |n the case of
free TDP-43"RRMwe observed small worm-like assemblies of approximately 50-70 nm. The
observed small fibrils are similar to the fibrils of mouse prion protein observed previously in a
separate study.’® The result suggests that the oligomeric B form appears to be worm-like fibrils. In
contrast, no visible assemblies were observed in the presence of ss(TG)s (Figure 3.4B). The
absence of visible assemblies proves that the formation of the worm-like 8 form is abolished in the

presence of ss(TG)s.
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Figure 3.5 ss(TG)e-TDP-43®M averts changes in the tertiary structure by forming a molten
globule. (A) Normalized ANS fluorescence spectra for free TDP-43"RRM pH 3.3 (red), pH 3.5
(yellow), 4.0 (dark green), 4.1 (grey) 4.3 (dark cyan), 4.5 (light green) 5.0 (maroon), 7.5 (pink).
(B) Normalized ANS fluorescence spectra for ss(TG)e-TDP-43RRM_ (C) Relative comparison of
the fluorescence points at 480 nm for free (red), ss(TG)s-TDP-43"RRM (black), and buffer (teal blue)
as a function of pH. Error bars represent the spread of at least two independent data sets.
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3.3.7 ss(TG)s binding preserves the tertiary structure of TDP-43®RRM ynder stress-like

conditions

We performed pH-dependent ANS binding assay on the free and ss(TG)e-TDP-43R"M to study
the effect of DNA binding on the tertiary structure of TDP-43"RRM under aggregation conditions.
ANS is a dye that binds to the solvent-exposed hydrophobic amino acids and fluoresces. Figure
3.5A shows the relative ANS fluorescence signal of the free TDP-43"RRM We did not observe ANS
fluorescence under native conditions (pH 5.0-pH 7.5). The result indicates that the native state of
TDP-43"RRM is appropriately folded, and no exposed hydrophobic patches are present. However,
we observed a gradual increase in the ANS fluorescence below pH 5.0. The Aghi of the
fluorescence emission was observed at 472 nm. An increase in the fluorescence signal indicates
an increase in the exposed hydrophobic patches, a characteristic of the misfolded state of proteins.
The gradual increase with a decrease in the pH indicates a higher amount of misfolded species
under low pH conditions.

In contrast, we observed a negligible ANS fluorescence signal for the ss(TG)e-TDP-43RRM
across the studied pH range (Figure 3.5B). The inability of ANS dye to bind and fluoresce suggests
that the native structure of TDP-43"RRM js intact under various pH stress in the presence of ss(TG)s.
However, ss(TG)s-TDP-43""*M at pH 3.3 showed 20% ANS fluorescence than its free counterpart
(Figure 3.5B). As the secondary structure of ss(TG)s-TDP-43R"M js similar to the native state at
pH 3.3, the results indicate that some molten globular structure is forming at very low pH
conditions.

Figure 3.5C compares the ANS fluorescence during pH-induced equilibrium transition of free
and ssDNA bound TDP-43"RM_The increase in the ANS fluorescence with a decrease in the pH
indicates the exposure of the hydrophobic patches of free TDP-43"RRM. However, ss(TG)s-TDP-
43"RM shows no increase in the ANS fluorescence until pH 3.5. The results indicate that ss(TG)e
binding keeps the native tertiary structure TDP-43"R"M intact. The figure also shows the relative
signal of the buffer containing ANS in different pH conditions. We virtually observed no change
in the ANS fluorescence as a function of pH.

These results together conclude that the presence of ss(TG)s prevents side-chain breaking and

keeps the tertiary structure of TDP-43"”M jntact.

DIVYA PATNI 114



PhD Thesis Chapter 3

A s O o) Q )
1.0 ,?9;@5,_}@@?@ o
i) Y @)
o
T 0.8 -
]
'c
0.6 —
=
c
_g 0.4 % -
o 3
E 0.2 - § os
* 00
0.0 0 2 4 &
| | | | | |
0 1 2 3 4 5
[GAdmCI] /M
|8 b &
- ® O,
ol & g 4 of £ | 400
o o - 2§ T
x“wz 3 [o] = Q
= E’ ©
075 B
2.5 e/
= 2
' 050 =
i c
QO 20 S
0.25 4
©
1.5 - w
é . 0.00
I L I I I I I
3 4 5 6 7 8
pH

Figure 3.6 pH-induced misfolding is coupled to pH-induced destabilization. (A) Representative
plots show fraction unfolded as the function of GAmCI concentration at pH 5.0 (blue), 6.0 (yellow),
7.5 (green). The inset shows the N=U transition is reversible. Fraction unfolded calculated from
the unfolding transition of the N-state (blue, square) as a function of GdmCI concentration are
compared with fraction unfolded calculated from the refolding transition of the U-state (pink,
circle) at 340 nm at pH 7.5. The fraction unfolded is calculated using equation 3.4. The solid line
is a simulated fit to equation 3.5. (B) Cm of free TDP-43"R”M (dark cyan) is compared with the
fraction misfolded of free TDP-43"RR"M (red) and ss(TG)s-TDP-43"RM (black) as a function of pH.
AGH20 (black) and mnu (dark cyan) dependence on pH (Figure 3.6B, inset). The error bars
represent the spread in values of the data points from at least two independent sets of experiments.
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3.3.8 TDP-43®RRM exhibits pH-dependent thermodynamic stability

In order to understand the effect of pH on the thermodynamic stability of TDP-43RRM e
employed fluorescence spectroscopy. Two tryptophan residues are located at positions 113 and
172 in the RRM1 domain of TDP-43RRM We observed that these tryptophans fluoresce differently
in the native and chemically unfolded states. Their fluorescence was found to decrease upon
protein unfolding due to increased quenching as a result of the solvation environment. Also, the
Aan . of emission was observed at 347 nm and 357 nm for the native and unfolded states,
respectively. These two results signify the solvation of the tryptophans. We utilized this difference
in the spectroscopic properties of the native and unfolded states of the protein to calculate the
population distribution and hence the thermodynamic stability of the TDP-43"R”M_The unfolding
curves obtained as a function of GAmCI concentration were converted to the fraction of unfolded
protein (fu) using equation 3.4. Figure 3.6A shows the representative plots of the fy as a function
of GdmCI concentration for pH 5.0, 6.0, and 7.5. The plots were fitted to equation 3.5 to calculate
the associated thermodynamic parameters.

Figure 3.6A demonstrates that the midpoint of the unfolding transition (Cm) changes as a
function of pH in the pH range of 5.0-7.5. Cr is a measure of protein stability.” For pH 7.5, we
noticed that the native baseline (N-baseline) extends till ~ 1.5 M, and Cn, is reached at 2.2 £ 0.15
M.

In contrast, the N-baseline decreases to 1.1 M for pH 6.0, and Cn was achieved at ~ 1.9 M.
With a further decrease in the pH to 5.0, the transition zone begins early at 0.65 M, and Cn, is
achieved at 1.3 M. These results confirm that TDP-43""RM exhibits pH-dependent thermodynamic
stability, which starts decreasing upon decreasing the pH below 7.5. It is important to note that the
mnu Value remains constant (2.1+0.2 kcal molt M) throughout the pH range studied (Figure
3.6B, inset). The observation suggests that the pH-dependent changes in the stability are not due
to the structural changes.

It is also important to point out that the N=U transition is reversible (Figure 3.6A, inset). We
observed the expected change in the fraction of the unfolded protein population upon dilution of
the U-state in a gradient of GdmCI, demonstrating the reversibility of the N=U transition.

Figure 3.6B shows the variations in the value of Cr, value as a function of pH under equilibrium

conditions. The mean value of Cr» remains 2.16 £ 0.03 M [GdmCI] for the pH range 6.8-8.0. Below
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pH 6.8, the Cm value starts decreasing. It achieves a minimum at pH 5.0 with a value of 1.26 +
0.14 M. We observed that Cr increases below pH 5.0. Figure 3.6B, inset shows the value of AGH2°
as a function of pH. We noticed a decrease in the AGR2° (4.8 to 2.8 kcal mol?) with decrease in
the pH from pH 7.5 to 5.0. The previous results from Figures 3.3B and 3.5C show that the TDP-
43"RM hegins to form an amyloid-like assembly below pH 5.0. Hence, the increase in the Cm
values below pH 5.0 represents the structural unfolding of the heterogeneous mixture of the native
and aggregated state.

The data presented in Figure 3.3B were utilized to calculate the fraction of misfolded protein
as a function of pH (Figure 3.6B), as discussed previously.” Interestingly, we observed that
misfolding of TDP-43RRM starts below pH 5.0, the point of minimum thermodynamic stability of
TDP-43"RRM These results together convey that misfolding of TDP-43RR"M happens as a result of
its destabilization.

We also converted the MRE values obtained for ss(TG)s-TDP-43"R”M from Figure 3.3B to
obtain the fraction misfolded as a function of pH (Figure 3.6B). We observed that the
conformational conversion of the TDP-43"RRM in the presence of ss(TG)e is inhibited throughout

the studied pH range.
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Figure 3.7 DNA binding increases the thermal stability of TDP-43"RM_(A) Fraction unfolded of
TDP-43"RRM at 222 nm as a function of temperature. The fraction unfolded is compared for free
TDP-43"RRM at pH 5.0 (blue, open), pH 7.5 (green, open) with ss(TG)s-TDP-43RR"Mat pH 5.0 (blue,
filled) and pH 7.5 (green, filled). The plots are fitted through equation 3.10. (B) Tm of free (red)
and ss(TG)s-TDP-43RRM (plack) plotted as a function of pH. Error bars represent the spread of at
least two data sets. The lines drawn are to guide the eye.

3.3.9 ss(TG)s binding increases the thermal stability of TDP-43tRRM

The above results indicate that the extent of misfolding of TDP-43®RRM js directly linked to its
destabilization. In order to understand the effect of ss(DNA) on the thermodynamic stability,
denaturant-induced unfolding could not be used as ss(DNA) does not bind to TDP-43"R*M in the

presence of even small amount of denaturant. Therefore, we employed temperature-mediated
I ——
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unfolding experiments in the pH range of 5.0-7.5 to estimate the midpoint of thermal unfolding
(Tm) as a measure of stability. We used the difference in the far-UV CD spectrum of native and
unfolded states to monitor the unfolding of the TDP-43RRM_ Figure 3.7A shows the representative
thermal unfolding plots of free and ss(TG)s-TDP-43"R®M at pH 5.0 and 7.5. We observed that the
transition from native to unfolded form is a two-step process, and the midpoint of unfolding
changes with the pH.

In the case of free TDP-43"RRM the native baseline extends till 318 K at pH 5.0, beyond which
the transition zone begins. The unfolding transition follows a sigmoidal pattern with a midpoint of
unfolding at 321 K. Complete unfolding is achieved at 328 K. Interestingly, free TDP-43"RRM under
pH 7.5 showed higher stability than pH 5.0 as evident with a more extended native baseline till
324 K. The midpoint of transition shifted to 328.5 K. In contrast, the complete unfolding of TDP-
43"RRM occurred at 333 K.

On the contrary, ss(TG)e-TDP-43"RRM showed a difference in the midpoint of the unfolding
transition. We observed extended native baselines both at pH 5.0 and 7.5. The more extended
native baseline suggests an increase in the resistance to thermal unfolding. The unfolding transition
was observed to begin near 324 K, and the midpoint of transition was achieved at 327 K at pH 5.0.
The transition midpoint at pH 7.5 was observed to shift to 332 K. This data suggests that ss(TG)e
binding increases the thermal stability of TDP-43"RRM ynder both pH conditions.

Figure 3.7B compares the mean value of Tm as a function of pH for free and ss(TG)e-TDP-
43"RM In the case of free TDP-43"RRM  the mean value of Tmat pH 5.0 is 321 K. The Tm value
increased with the increase in the pH, making the Tr, value equivalent to 324.8 K at pH 5.5, 328.8
K at pH 6.5, and 330.4 K at pH 7.5. The presence of ss(TG)e increased the Tm to ~ 332 K,
suggesting increased stability of the ss(TG)s-TDP-43RRM,
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3.4 Discussion
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Figure 3.8 Free energy landscape model of TDP-43"R*Min (A) native conditions (pH 7.5), (B) low
pH stress-like conditions, and (C) ss(TG)s bound in native and stress conditions.

TDP-43 is a nucleic acid-binding protein whose aggregation has been implicated in TDP-43-
associated proteinopathies.?>?62830 Nucleic acids have been shown to modulate the aggregation
behavior of TDP-43.56678081 For instance, Huang et al. have shown that DNA binding increases
the solubility of TDP-43 generated from a cell-free system by centrifugation and western blotting.
They have also shown a decrease in the turbidity of purified TDP-43 expressed from E.coli in the
presence of ssSDNA, suggesting increased solubility.%® Another paper by Qin et al. explores the
effect of DNA binding on the N-terminal domain. However, the N-terminal domain is not the
primary nucleic acid binding domain of TDP-43.8! In addition, nucleic acids have also been shown
to modulate the other self-assembly reactions of TDP-43, like phase separation. It has been shown
that RNA molecules can buffer the phase separation of TDP-43.%0 In a separate study, RNA
binding has been shown to antagonize the phase separation and aggregation of TDP-43 variants
containing RRM domain.®” These elegant studies have provided important observations regarding
the role of nucleic acids. However, a quantitative thermodynamic basis for these observations was

missing. In addition, none of these studies have studied the relationship between nucleic acid
I ——
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binding and amyloid-like aggregation of the protein. One major way in which amyloid-like
aggregation differs from other insoluble aggregates is that there is a large structural change in the
protein from the native structure to a predominately B-sheet rich structure. It is not known how
DNA binding affects this structural transition of the functional domain of TDP-43.

In this study, we have explored the role of DNA on the primary functional domain of TDP-43,
TDP-43"RRM_ Because TDP-43"RRM forms an essential part of the 35 kDa fragments (TDP-35),
which is implicated in ALS and FTLD,®2% it becomes important to understand the TDP-43RRM.
mediated aggregation and aggregation inhibition. Till now, very limited studies exist which has
specifically studied the thermodynamic basis of aggregation and aggregation inhibition of the
TDP-43"RRM 'We have used a thermodynamic approach in a systematic manner and quantitatively
show how stress destabilizes the TDP-43"RM |eading to large structural change to form amyloid-
like aggregates, and how DNA binding inhibits the amyloid-like aggregation of the TDP-43RRM
by stabilizing the native state.

We have employed fluorescence spectroscopy, circular dichroism, size exclusion
chromatography, and TEM to study the structure and thermodynamics of TDP-43"®M in free and
ss(TG)s bound states. The secondary and tertiary structure analysis suggests that the transition
from the native state to oligomeric 3 form (Figure 3.3C) begins below pH 5.0, with a midpoint of
the transition ~ pH 4.0 (Figures 3.3B and 3.5C). We employed GdmCI and heat-mediated
denaturation under different pH conditions to probe the cause of misfolding under low pH
conditions (Figures 3.6 and 3.7). The denaturation experiments suggest that the free TDP-43RRM
exhibits pH-dependent stability (Figures 3.6 and 3.7). The thermodynamic parameters calculated
from GdmCI mediated denaturation experiments suggest that free TDP-43'"”M remains most stable
in the pH range of 6.8 to 7.5 with a mean Cm value of 2.16 M [GdmCI] (Mean AGHZ0 = 4.74 kcal
mol™?). Below pH 6.8, Cr, decreases as a function of pH and becomes 1.26 M [GdmCI] at pH 5.0
(AGH20° = 2.78 kcal mol™?) (Figure 3.6B and inset). The thermal denaturation experiments also
confirmed the pH-dependent stability of TDP-43"RRM peing higher at pH 7.5 (Tm = 330.38 K)
compared to pH 5.0 (Tm = 321 K) (Figure 3.7A). The observed destabilization of TDP-43RRM at
low pH stress conditions makes it aggregation prone as evident from the increased misfolding
accompanied with destabilization (Figure 3.6B). We also observed that the specific ss(TG)s
binding abolishes the pH-dependent secondary and tertiary structural changes (Figure 3.3B and
3.5C). The ss(TG)e-TDP-43""M remains in the monomeric state even at low pH (Figure 3.3C) and
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does not form amyloid-like pre-fibrils (Figure 3.4, Figure 3.6B). The binding of ss(TG)e increases
the stability of TDP-43"RM ynder native and stress-like conditions. The mean value of Trm observed
for ss(TG)s-TDP-43"RRM in native and stress conditions was 332.8 K and 327 K, respectively
(Figure 3.7B).

Our results can be explained from the model energy diagram as shown in Figure 3.8. An energy
diagram postulates various species that can be populated under a specific set of conditions. Figure
3.8 shows the structural transition between the N-state, U-state, PUFs, and B form. In this study,
we show that the N=U transition is reversible (Figure 3.6A, inset). Previous studies from our lab
and the present study have established the reversibility of the p=U transition (Figure 3.52).527 In
this study, we also point out that the N= transition is reversible in nature (Figure 3.3B, inset, and
3.51). Therefore, the different species accessed by the protein are reversible as their population
depends on the solution environment. Under native conditions (Figure 3.8A), the N-state of TDP-
43RR"M s the most stable conformation. Therefore, this energy minima is favored by a majority of
the TDP-43RRM molecules. The calculated value of AGR2° at pH 7.5 is 4.74 kcal mol™. This
translates into 3 unfolded molecules per 10000 molecules of TDP-43"RRM, This suggests that only
3 molecules are able to traverse the energy landscape to non-native minima at equilibrium, while
remaining molecules populate the N-state. These molecules are not enough to trigger self-assembly
to amyloid-like aggregates and therefore, aggregated conformation is not favored under native
conditions. In contrast, the low-pH stress destabilizes the native-state of TDP-43""RM (Figure
3.8B). The calculated value of AGRZ° at pH 5.0 is 2.78 kcal mol, which translates to 91 unfolded
molecules per 10000 molecules of TDP-43"RRM, Therefore, compared to native conditions, a higher
number of TDP-43"RRM molecules (30 times higher) could traverse the energy landscape. Some of
these conformers could be aggregation prone (partially unfolded forms), hence can interact with
each other with their exposed hydrophobic patches to undergo amyloid-like aggregation (amyloid
fibrils). Therefore, destabilization of TDP-43"RRM allows it to access the aggregation energy
landscape. The pH-dependent destabilization is observed by thermal denaturation experiments as
well (Figure 3.7). Interestingly, we observed that ss(TG)g binding stabilizes N-state of TDP-43"RRM
in both the native and the stress-like conditions (Figure 3.7). The Tm of DNA-bound protein at pH
5.0 is 327 K which is similar to the Tr of the unbound protein at pH 6.5 (328.75) (Figure 3.7B).
Hence, for the DNA-bound protein the N-state of TDP-43"RRMjs thermodynamically favored even

at low pH conditions. It is also interesting to note that the change in Tm as a function of pH is much
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shallower for the DNA bound protein compared to the unbound protein. For the free protein, the
value of Tr changes by ~ 9 K as we move from pH 7.5 to 5.0, but it changes only by ~ 5 K for the
DNA-bound protein (Figure 3.7B). These results indicate that the DNA-bound protein is much
better able to tolerate low-pH stress. Overall, our results indicate that specific ss(DNA) binding
modulates the energy landscape of TDP-43®RRM gych that the N-state of TDP-43"RRM gets populated
and very few partially or fully unfolded-like molecules are available for interactions, and hence
amyloid-like aggregation is inhibited even in stress conditions (Figure 3.8C).

The inhibition of amyloid-like aggregation and the stabilization of TDP-43"RR"M in the presence
of DNA indicates that the protein regions involved in the DNA binding are also involved in the
amyloid-like aggregation of the protein. It appears that the DNA binding interferes with the non-
native interactions between the two protein molecules that trigger aggregation. The hydrogen-
deuterium studies coupled to mass spectrometry are ongoing in the laboratory to identify the amino
acid residues responsible for amyloid-like aggregation and inhibition. Nevertheless, our
observations are in line with a few recent studies that show that the functionally important regions
of the proteins are the same region that promotes aggregation.3

The stabilization of aggregation prone proteins by ligands hold therapeutic importance. A
conceptual advantage of the protein stabilization strategy is that stabilizing the native protein
conformation prevents the formation of all the non-native conformations (non-native monomers,
oligomers, fibrils), thereby having a mass effect on disease control. It is interesting to know that a
FDA approved drug, Tafamidis®® which is used to treat transthyretin (TTR)-related hereditary
amyloidosis stabilizes the tetramer of the native TTR, thereby preventing its dissociation into
monomers and hence aggregation. The natural DNA aptamer reported in this study targets the
monomeric TDP-43RRM stabilizes it and inhibits amyloid-like aggregation. Therefore, we propose
that nucleic acid like molecules which can modulate the thermodynamic energy landscape and
hence aggregation behavior of TDP-43R"M could be prime candidates for therapeutic intervention

in TDP-43-associated proteinopathies.
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Figure 3.S1 The N=p transition is reversible. (A) Dissociation kinetics of the p form upon
jumping to the pH 7.5 buffer monitored by ThT assay. The ThT fluorescence spectra of ftoN jump
at 35 s (solid dark yellow line), 24 hours (solid dark gray line), and 50 hours (solid blue line) are
compared to Btof jump (solid red line) and NtoN jump (solid green line). Inset shows the
dissociation kinetics of  form (yellow dots) monitored at 482 nm. For comparison, the relative
ThT fluorescence at 482 nm of Btof jump (red dots) and NtoN jump (green dots) at various time
points have also been shown. (B) Far-UV CD spectrum of BtoN jump at 24 hours (dark gray) is
compared with equilibrated Btof jump (red) and equilibrated NtoN jump (green).
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Fraction Unfolded
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Figure 3.52 The p=U transition is reversible. The fraction unfolded calculated from the unfolding
transition of B form (blue, triangle-up) is compared with the fraction unfolded calculated from the
misfolding transition of the U-state (pink, triangle-down). The expected changes in the fraction
unfolded estimated from the misfolding transition of the U-state depict the reversibility of the p=U
transition. The solid line is a simulated fit to equation 3.5.
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Chapter 4

DNA-mediated complex coacervation of the nucleic acid-binding
domain of TAR DNA binding protein (TDP-43) prevents its

amyloid-like misfolding
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4.1 Introduction

Environmental insults leading to cellular stress can compromise the entire homeostasis of the
cell.! An important rapid mechanism the cells employ to recover their homeostasis is the
modulation of gene expression. The modulation is achieved by stalling the translation of the
MRNA associated with the housekeeping proteins and triggering the translation of the mRNA
coding for repair proteins.?™ It has been proposed that stalled mMRNA and their associated proteins
sequester into a membrane-less structure called stress granules (SGs) resulting from liquid-liquid
phase-separation.®®° The phase separation could be driven by one biomolecule (simple
coacervation) or the opposite charge interaction of two or more different biomolecules (complex
coacervation).1% Stresses such as nutrient deprivation, oxidation stress, heat, and UV irradiation
instigate reversible SGs formation in a wide range of organisms.*>-1* Interestingly, the
composition of the SGs varies with the stress conditions. However, some biomolecules are
consistently sequestered into the granules, including various translation initiation factors,
functionally diverse proteins like RNA binding proteins, and various RNA and signaling
molecules. Different RNA binding proteins sequester into the globules depending on the cell and
the stress type.?-?? Recently, it has been reported that TDP-43 (transactive response DNA binding
protein — 43 kDa), a nucleic binding protein involved in neurodegenerative diseases,??* is also
associated with SGs.2>2® TDP-43 is a ubiquitously expressed and conserved multidomain protein
(Figure 4.S1) consisting of N-terminal domain® (NTD), RNA recognition motifs 1 and 23° (RRM1
and RRM2: primary functional domain, referred to as TDP-43""RM hereafter), and a largely
disordered C-terminal domain® (CTD). It performs many functions involving RNA binding in the
nucleus and the cytoplasm.>® The phase separation of TDP-43 upon stress sensing and its
association with the SGs suggests the crucial roles played by TDP-43 in stress regulation and

mitigation. However, the principles governing its phase separation are not completely known.

Though the function and formation of phase-separated coacervates are increasingly becoming
evident, their link to amyloid-like aggregation remains ambiguous. Multiple groups have reported
a range of achievable material states of the resultant phase-separated assemblies ranging from
liquids to gels to solid-like dynamics.*’->! Of key interest, alterations in the dynamics of the phase-
separated coacervates, leading to their maturation, have been linked to various diseases.*®°? Here,

by maturation, we refer to coarsening and loss in the dynamicity of the previously dynamic phase-
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separated assemblies. For instance, in-vitro and cellular studies on a-synuclein proposes that the
maturation of the liquid-liquid phase separated globules leads to its amyloid-like aggregation.®* In
addition, phase separation of Tau and FUS culminates into amyloid-like aggregation.5%3
Moreover, mutations are also reported to increase the aggregation propensity of the phase-
separated SGs as a result of their maturation.®1°°>* On the contrary, some evidence suggests that
phase separation is a strategy employed by the cells to mitigate stress conditions. The studies claim
that certain proteins phase separate into less dynamic globules in response to environmental stress
to promote cellular fitness. For instance, Pabl and Publ have been studied to undergo phase
separation under pH, temperature, and nutrient starvation stress.>>* Ded1p and Sup35 undergo
phase separation as a result of heat shock and low pH stress, respectively.>”*® Therefore, it is not

clear whether the phase-separated coacervates perform a toxic or protective role.

The role of phase-separated coacervates is also debatable in the case of TDP-43. Full-length
TDP-43 (FLTDP-43) has recently been shown to phase separate to less dynamic globules.> In
many cases, the phase separation of TDP-43 is associated with its prion-like or low-complexity C-
terminal domain (CTD).31%%%! For instance, some studies on the low-complexity domain CTD of
TDP-43 report that phase separation paves the path for amyloid-like aggregates.®>-%* The droplets
were shown to accelerate the amyloid-like aggregation of fragments.®*® In addition to CTD, a
single critical residue (S48) in NTD aids in the phase separation of TDP-43.665" NTD is also
reported to enhance the liquid-liquid phase separation of TDP-43.°8 However, the construct
containing NTD and a linker sequence aggregated into fibril-like structures.®® These reports
suggest that various hotspots trigger the phase separation of TDP-43. However, the role of TDP-
43RRM in phase separation is unequivocally answered. The molecular interactions (specific and
non-specific) and physical forces driving the phase separation of TDP-43"R*M are not known. In
addition, the modulating effects of nucleic acid binding on the phase separation behavior of TDP-
43RRM are also not fully understood. It is not clear whether phase separation of TDP-43R*M ajds
in its aggregation or prevents it. Since TDP-43"R®M js the primary functional domain of TDP-43
and is also a crucial part of the 35 kDa fragments implicated in diseases,®®’° understanding various
conditions that favor and regulate phase separation will prove beneficial in designing therapeutic

strategies.

DIVYA PATNI 135



PhD Thesis Chapter 4

TDP-43"RM has been shown to sense various environmental stress such as pH,’*"* oxidation,”

6 and temperature.”” It undergoes pH-dependent amyloid-like aggregation in the

agitation,
presence of physiological salt concentration.”>"* In one previous study from our lab, we have
demonstrated that the DNA binding stabilizes the native-state of TDP-43"RRM and maintains its
native-like secondary structure.’® In the present study we explored an alternative conformer of
TDP-43"RRM in the presence of DNA and pH stress. The increase in the positive charge on TDP-
43RRMin low pH triggers its complex coacervation (phase separation) in the presence of anionic
DNA. The complex coacervation gives rise to a large and dilute light phase (soluble state) and the
biomolecule-rich dense phase (complex coacervates), which remain in equilibrium with one
another. The phenomenon inhibits the amyloid-like misfolding of TDP-43"R®M In this study, phase
separation will be used to intend the process, where TDP-43RRM "in the presence of DNA,
assembles to form coacervates independent of their liquid, gel, or solid nature. The coacervates
observed in our study ranged in size from 1-5 um and appeared globular. We report that the
coacervates have limited mobility and assemble into chain-like arrangements without fusion. We
further show that coacervation is a dynamic process that depends on the solution environment. The
various environmental factors which could modulate the electrostatics, like macromolecule
concentrations, temperature, pH, ionic strength, and the type of binding ligand, can regulate the
population of the coacervates. In addition, our results suggest that the onset of coacervation is
favored at high temperatures, signifying the importance of hydrophobic interactions in the
formation of coacervates. Therefore, the coacervation of TDP-43"RM is driven by electrostatics
and hydrophobic interactions. We studied two disease-associated mutants (D169G and P112H)
and established the inhibition of their amyloid-like aggregation in the presence of DNA. Most
importantly, we present that the favorable interactions between DNA and TDP-43""M maintain
the monomeric native-like state of TDP-43RRM in the light phase. DNA and TDP-43RRM
interactions are mandatory for the coacervation as weakening of interactions due to denaturant
inhibits coacervation and drives the amyloid-like aggregation of the unbound TDP-43RRM, The
results suggest the existence of competition among the native-state, amyloid-like B form, and
complex coacervates tuned by various environmental factors. Together our results illuminate an
alternate function of the RNA binding domain of TDP-43 in response to pH stress in the presence
of the DNA, where it could act as a stress sensor and undergo stress-triggered coacervation to save

the protein from amyloid-like aggregation. We hypothesize that additional interactions between

DIVYA PATNI 136



PhD Thesis Chapter 4

the nucleic acids and the RRM domain could compete with the protein-protein interactions.

Altogether, these events could trigger or abolish biochemical reactions, including aggregation.

4.2 Materials and Methods

Chemicals and buffers preparation

The various chemicals used for the experiments were procured from HiMedia, Sigma, and
Sisco Research Laboratories (SRL) and used directly without further purification. Different buffers
that were used are as follows: 20 mM glycine-HCI for pH 3.0 - pH 3.5, 20 mM sodium acetate for
pH 3.8 - pH 5.0, 20 mM 2-(N-Morpholino) ethanesulfonic acid (MES) for pH 5.2 - pH 6.2, 20 mM
3-(N-Morpholino) propanesufonic acid (MOPS) for pH 6.5 - pH 7.5. All the buffers were filtered
with a 0.2 pum filter, followed by the addition of 1 mM dithiothreitol (DTT) to the buffers before

use.

Purification of TDP-43RRM

Purification of the TDP-43RRM \was carried out using the previously mentioned protocol.”
Purified and Hiss-tag cleaved TDP-43"RR”M as stored in a storage buffer (10 mM KPi, 150 mM
KCI, 5% glycerol, and 1 mM DTT) at -20 °C. The purity of the TDP-43"RRMyas assessed by SDS-
PAGE (sodium dodecyl sulfate—polyacrylamide gel electrophoresis). The protein concentration
was estimated using an extinction coefficient of 15,470 M cm™. The molecular weight of the
purified and Hiss tagged-cleaved TDP-43""RM protein as determined by Synapt G2 HD mass
spectrometer (Waters) was 19429 Da.

Preparation of mutant A99C TDP-43"RRM

QuikChange primer design program was used to design mutation-containing primers (A99C)
(https://www.agilent.com/store/primerDesignProgram.jsp). The designed primers were procured
from Integrated DNA Technologies (IDT). The Quikchange Lighting kit from Agilent

Technologies generated the mutant A99C plasmid from a Cys-less TDP-43"R®M template (all the
indigenous Cys residues were removed from the TDP-43"R®M py site-directed mutagenesis). The

mutations were confirmed by DNA sequencing. This was followed by the purification of A99C
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TDP-43"RM ysing the same purification protocol as wild-type TDP-43"RRM, SDS-PAGE confirmed
the purity of the mutant.

Labeling of A99C TDP-43"RRMjth Alexa 488

20x molar excess of Alexa 488 was added to A99C TDP-43"RRM at pH 8.0. The reaction mixture
was stirred in the dark for 2 hours, followed by concentration to 1.0 mL using a centrifugal
concentrator from GE Lifesciences with a molecular weight cut-off of 10 kDa. The concentrated
labeled solution was desalted into 20 mM pH 7.5 buffer. The percentage of labeled protein was

calculated as discussed previously.”

Preparation of ss(DNA)-TDP-43®RRM sample

Single-stranded (ss) ss(TG)s, SS(CA)s, and ss(TG)12 DNA oligos were procured from IDT. The
lyophilized oligos were dissolved in HyPure™ Molecular Biology Grade Water (nuclease-free,
deionized, distilled, GE Lifesciences) to make a stock solution of 1 M. Further dilutions were made
from the stock solution as needed. The concentrations of the ss(DNA) were checked by taking
absorbance at 260 nm by using an extinction coefficient of 113,000 M cm™ for ss(TG)s, 119,200
M1 cm™ for ss(CA)s, and 225,800 M cm™ for ss(TG)12 at 260 nm. (provided in the IDT oligo
manual). For DNA-bound TDP-43RRM experiments, the required ratios of the DNA and TDP-
43RRM were mixed and incubated at pH 7.2 for 2 hours. All the experiments were performed on

the previously incubated samples.

Circular dichroism (CD)

Far-UV CD studies were carried out on a Jasco J-815 spectropolarimeter. The following
parameters were used for the spectra acquisition: data integration time - 4 s, bandwidth - 2 nm,
data pitch - 1 nm, and spectrum speed - 20 nm/min. All the measurements were acquired at 25 °C
unless otherwise mentioned using a cuvette with a path length of 1 mm. The concentration of the
free TDP-43RRM ysed was 10 uM. For acquiring the far-UV CD of DNA-bound TDP-43"RRM their
pre-formed complex was diluted with respective buffers to make the required concentration.
Equilibrium spectra were acquired from 205 to 250 nm after 30 minutes of mixing. Each spectrum

was an average of 2 individual spectra.
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Equilibrium and kinetic far-UV CD experiments for a single wavelength (216 nm) were
performed using data integration time - 2 s, bandwidth - 2 nm, and data pitch — 2 s. The single
point MRE values plotted are an average of data acquired for 30 s. Kinetic spectra were acquired
after the required concentration of the free TDP-43"RM or DNA-bound TDP-43"RRM \yas
transferred to the aggregation conditions. The dead time was calculated by calculating the time
difference between adding the aggregation buffer and acquiring the first CD signal. All the

equilibrium and kinetics signals were buffer corrected.

Analysis of the pH dependence of the N= B transition

We have fitted the pH-dependent spectroscopic data by assuming the protonation of a single
critical residue in the transition of the native-state (N) to B form, as discussed previously’ using
the scheme:

N+H " =NH" =8 (Scheme 4.1)

In the above scheme, it is assumed that only NH* is capable of transitioning to B.2° In that case,

the pH dependence is that of the protonation of N and is given by a transformation of the

Henderson-Hasselbalch equation:

v Y+ +YN10(PH-PKa)
obs — 1+10(PH-PKa)

(4.1)

where Y, corresponds to the observed spectroscopic signal at a particular pH value; Yy and
Yyy+ correspond to the N form and the protonated NH* form signals, respectively. It is assumed
that under the experimental conditions and the protein concentrations used in this study, NH* = 8
equilibrium ultimately favors the B form. Hence, the amount of NH* equals the amount of the f

form.

Right angle light scattering (RALYS)

RALS intensities were measured using a Fluoromax-4 spectrofluorometer from HORIBA
Scientific. Excitation and emission slits were adjusted to either 0.3 and 1 or 0.5 and 1, respectively.
A quartz cuvette with a path length of 10 mm was used to acquire the signals at 400 nm. The RALS
intensity plotted is an average of scattering data acquired for 10 to 30 seconds with an interval of

0.5 seconds. For equilibrium experiments, the concentration of free TDP-43R"M ysed was 10 uM.

DIVYA PATNI 139



PhD Thesis Chapter 4

For the DNA-bound experiments, the pre-formed complex of DNA-bound TDP-43RRM was
diluted with respective buffers to make the required concentration. All the samples were incubated

in the desired buffer for 30 minutes before acquiring the RALS.

For the estimation of the RALS kinetics, samples were incubated separately in the aggregation
buffer at 25 °C in 2 mL microcentrifuge tubes. The solution was taken out at regular intervals to
obtain the light scattering and plotted as a function of time. The excitation and emission slit widths
were adjusted to 0.3 and 1, respectively, and the light scattering value was acquired with excitation

and emission at 400 nm. All the RALS values were buffer corrected.

DIC microscopy

The images of the coacervates were acquired using Leica DM®6, an upright microscope system.
100 pL of the reaction mixture was prepared under different conditions (mentioned in the results
section, wherever required). The solutions were immediately placed on a microscopic slide (Blue
star, India) and sandwiched with a 12 mm coverslip. The sides of the coverslip were sealed with

double-sided tape. The slides were observed with the help of a 100x oil immersion objective.

Fluorescence recovery after photobleaching (FRAP)

For the FRAP study, the aggregation buffer was added to the pre-formed complex of DNA-
bound TDP-43"*M (4 uM ss(TG)s-10 uM TDP-43"RM) in the presence of 5-10% of the labeled
TDP-43"RRM The sample was immediately spotted on the microscope slides (Blue Star, India) and
sandwiched with a coverslip (Blue Star, India). The fluorophore-labeled droplets were visualized
using an appropriate fluorescent channel (488 nm for Alexa 488). FRAP studies were performed
on Zeiss's laser scanning confocal microscope with a 100x oil immersion objective. 100% laser
power was used to bleach the edge of the freshly settled coacervate (ROI-A). The fluorescence
recovery of the bleached region was recorded for 25 seconds. Along with ROI-A, the fluorescence
of the two more regions: the reference region of the same or nearby coacervate (ROI-B), and a

region outside the droplet to correct the background noise were also measured.
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UV-VIS absorbance studies

Absorbance studies were performed on a UV 3200 spectrophotometer from LAB INDIA
Analytical. The reaction mixtures containing the required ratios of the DNA and TDP-43RRM were
allowed to demix at 25 °C for 30 minutes. The reaction mixtures were centrifuged at 120000 rpm
for 15 minutes to separate the pellet (dense phase) and the supernatant (light phase). The protein
and DNA concentration in the light and the dense phase were estimated by measuring absorbance
at 280 nm and 260 nm, respectively. The absorbance of the supernatant was acquired directly. For
the estimation of the concentration of biomolecules in the pellets, 500 uL of 20 MM MOPS buffer
at pH 7.5 containing 8 M urea was added to it to dissolve it entirely, followed by measuring the

absorbance.

For the estimation of the partition of the biomolecules, the absorbance at 260 nm (DNA
estimation) and 280 nm (protein estimation) of the pellet fraction was divided by the cumulative
absorbance at 260 nm and 280 nm (pellet and supernatant), respectively for all the respective

samples.

Bradford assay

For the Bradford assay, 11 pM ss(TG)s was incubated with a gradient of TDP-43RRM jn
duplicates. pH 7.5 buffer was added to one set of tubes and pH 3.8 buffer to the other set, followed
by incubation for 30 mins. The samples were centrifuged at 10000 rpm for 15 minutes to separate
the supernatant and the pellet. To estimate the protein concentration of the supernatant or the
soluble fraction, 20 uL Bradford's reagent was added to 480 uL of the supernatant and incubated

for 15 minutes in the dark, followed by fixed point signal acquisition at 595 nm.

Size exclusion chromatography

The size exclusion chromatography was performed on AKTA Pure M FPLC systems from GE
Lifesciences with the help of HiLoad™ 10/300 Superdex 75 pg column with a fractionation range
from 3 kDa to 70 kDa. The void and the bed volume of the column are 7.2 mL and 23.5 mL,
respectively. Free and DNA-bound TDP-43"RM were incubated in a pH 7.5 buffer to estimate

molecular size under native conditions. In contrast, DNA-bound TDP-43R"M was incubated in a
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pH 3.8 buffer to estimate the molecular size of TDP-43"RRM ijn the light phase. The concentration
of the free TDP-43"RM ysed was 8-10 pM. To estimate the size of DNA-bound TDP-43RRM 3
complex containing a final concentration of 10 uM TDP-43"”rM and 11 uM ss(TG)s was used. The
flow rate was 0.8 mL/min, and all the experiments were performed at 4 °C.

GdmCl-mediated unfolding experiments

The GdmCI-mediated equilibrium unfolding experiments were performed at pH 3.8 on a Jasco
J-815 spectropolarimeter. Pre-equilibrated DNA-bound -TDP-43®RRM complexes were incubated
with a gradient of GdmCI concentration, making the final DNA (ss(TG)s) concentration 11 uM
and final TDP-43"RM concentration 10 pM. The samples were incubated for 30 minutes to 1 hour
at room temperature. Far-UV CD spectra were acquired using similar settings as mentioned above.
The spectra of buffers were collected under similar settings and were subtracted from each far-Uv

CD spectrum.
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4.3 Results
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Figure 4.1 DNA mediated competition between amyloid-like aggregation and phase-separated
coacervate formation. (A) Far-UV CD spectra of free TDP-43RRM acquired at pH 3.8 at different
time points; 0.75 min (blue), 4 mins (gray), 7 mins (red), and 1 hour (brown). The spectra are
compared with the equilibrium signal of free TDP-43"RM at pH 7.5 (yellow). Inset shows the TEM
image showing the presence of small curvy assemblies at low pH. The scale represents 100 nm.
(B) Far-UV CD spectra of DNA-bound TDP-43"R”M acquired at pH 3.8 at different time points;
0.9 min (blue), 30 mins (pink), 1 hour (cyan), 2 hours (green), and 3 hours (brown). The spectra
are compared with the equilibrium signal of DNA-bound TDP-43"RRM at pH 7.5 (yellow). Inset
shows the TEM image of DNA-bound TDP-43"RM at low pH. The scale represents 100 nm. (C)
The comparison between the changes in the far-UV CD signal at 216 nm as a function of time of
free (black; line) and DNA-bound TDP-43"RRM (black; circle) at pH 3.8. (D) The RALS intensity
of free (A) and DNA-bound TDP-43RR"M ((O) ) at pH 3.8 as a function of time normalized relative
to the RALS intensity of the DNA-bound TDP-43"®M gptained at 3 hours. The microcentrifuge
tube images show a solution containing free and DNA-bound TDP-43"RRM after 3 hours of
incubation at pH 3.8.
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4.3.1 DNA inhibits amyloid-like aggregation of TDP-431RRM

Figure 4.1A compares the changes in the secondary structure of free TDP-43R*M ypon
transferring it from the native condition to the low pH aggregation condition (from pH 7.5 to pH
3.8 in the presence of 150 mM KClI) at different time points. pH 3.8 in the presence of 150 mM
KCI will be referred to as aggregation buffer from here onwards. The native structure of TDP-
43RRM s composed of a-helix, p-sheet, and disordered loops (Figure 4.S1). These secondary
structures result in a characteristic far-UV CD spectrum of native TDP-43"®M with minima at 208
and 222 nm. Upon transferring the native TDP-43RRM to the aggregation buffer, we observed a
gradual increase in the MRE signals, with a shift in the signal minima to 216 nm. The changes in
the signal minima suggest the conformational transition to a [3-sheet-rich structure ( form). The
unexpected increase in the far-UV CD signal is hypothesized to result from the structure gain of
the previously disordered loops in the TDP-43RRM 72 TEM results (Figure 4.1A, inset) suggest that
the B form has a curvy, thread-like morphology that is approximately 50 nm long. This result

suggests that the B form is amyloid-like, as observed in our previous study.’*"3

In order to probe the effect of the DNA binding partner on the misfolding transition of TDP-
43"RRM e performed a pH jump study on the pre-formed complex of DNA-bound TDP-43RRM
(11 uM ss(TG)s- 10 uM TDP-43"RRM) gt 25 °C (Figure 4.1B). ss(TG)s is a specific binding partner
of TDP-43.8182 The ss(TG)s-TDP-43"R"M will be referred to as DNA-bound TDP-43RRM jn the
entire study. Interestingly, we observed that the far-UV CD spectrum of DNA-bound TDP-43RRM
remains comparable to the spectrum of its native-state, signifying no measurable change in the
secondary structure of DNA-bound TDP-43"RM with time. TEM images showed the absence of
curvy thread-like assemblies (Figure 4.1B, inset). The results suggest that the DNA binding

inhibits the transition of TDP-43"R"M to B-sheet rich structure.

We utilized the difference in the MRE values at 216 nm between the native and misfolded
TDP-43RRM tg study the kinetics of its structural transition in the presence and absence of DNA
upon pH change (Figure 4.1C). We observed that the transition from native-state to f form fits
best in bi-exponential fit, suggesting the transition occurs in two steps, with a time constant of 8.36
minutes and 54 minutes, respectively. We did not observe any lag phase in the transition. The
results thus signify that the secondary structure of the native TDP-43f"R*M changes to the misfolded

B form in two distinct steps as observed previously.”> However, we did not notice an exponential
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change in the secondary structure to B-sheet in the presence of DNA at 216 nm with the far-UV
CD; instead, a minute decrease in the signal intensity with time is observed. This implies that the
DNA binding inhibits the transition of native-state to p form at low pH. The decrease in the signal
intensity at 216 nm suggests a decrease in the protein concentration in the soluble phase due to the

occurrence of a Secondary process.

4.3.2 DNA aids in the formation of phase-separated coacervates in the presence of pH stress

We encountered an important observation where we noticed the onset of turbidity in the DNA-
containing solution of TDP-43"R"M in aggregation conditions (Figure 4.1D, microcentrifuge tube
image). We studied the solution in the presence and absence of DNA using the right angle light
scattering (RALYS) intensity at different times to gather more information about the process. Figure
4.1D compares the normalized RALS at 400 nm as a function of time for the free and DNA-bound
TDP-43RRM at 25 °C upon transfer to aggregation conditions. In the case of DNA-bound TDP-
43"RM "we noticed minimal scattering at the start of the pH jump, which increased exponentially
upon further incubation. The RALS is characterized by a single exponential change with a time
constant of 105 min. The increase in the RALS signifies the formation of the coacervates capable

of scattering light.

In contrast, free TDP-43"RRM showed negligible scattering in the studied period. The signal
increased only by 10% after 3 hours of incubation. The results suggest that the free TDP-43"RRM
cannot form coacervates independently. The aggregate (B form) formed is relatively soluble, as
observed previously.”® The formation of coacervates in the presence of binding ligand also
suggests that the favorable interactions between DNA and TDP-43"R”M are necessary for their

formation.

Figure 4.1 highlights the competition between protein-protein and protein-DNA interactions
controlled by ss(TG)s. Free TDP-43"RM senses pH stress and undergo pH-dependent misfolding
to B form (protein-protein interactions). DNA binding abolishes the pH-dependent misfolding by
forming phase-separated coacervates (protein-DNA interactions).
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Figure 4.2 The extent of phase separation depends on protein and DNA ratio. (A) RALS intensity
of the coacervates formed in the presence of 10 uM TDP-43"RRM wiith different concentrations of
DNA. Inset shows the far-UV CD spectra of 10 pM TDP-43"RRM i the presence of 2 uM (yellow),
11 uM (green), and 20 uM (blue) DNA. These spectra are compared to that of B form (red). (B)
RALS intensity of coacervates formed in the presence of 11 uM DNA complexed with different
concentrations of TDP-43"RRM Inset shows the far-UV CD spectra of 11 pM DNA in the presence
of 5 uM (blue), 8 uM (red), 10 uM (green), and 20 uM (dark gray). All the RALS intensities are
obtained for pH 3.8 at 400 nm. (C) The concentration of the TDP-43"RRM in the light phase obtained
for pH 7.5 (red) and pH 3.8 (black) as a function of increasing TDP-43"RRM concentration.

4.3.3 The ratio of DNA and TDP-43"RRM determines the extent of phase separation

In order to investigate the factors determining the extent of phase separation, we studied the
concentration of the participating molecules required to trigger phase separation in low pH
conditions by employing RALS (Figure 4.2). Figure 4.2A compares the RALS intensity as a
function of increasing DNA concentration at a constant concentration of 10 uM TDP-43RRM |n
the absence of DNA, the RALS intensity is very small due to the formation of the soluble § form
(Figure 4.1). The far-UV CD data confirms the presence of the B-sheet rich p form (Figure 4.2A,
inset). With an increase in the DNA concentration to 2 uM, we observed an increase in the RALS.
The far-UV CD spectrum of the corresponding sample appeared similar to the  form (Figure 4.2A,
inset). However, it showed a decrease in the signal intensity, suggesting a change in conformation
of protein and change in the population of the f form. Upon increasing the concentration of DNA
further, we noticed the onset of turbidity of different orders (Figure 4.S2). A spike in the RALS
intensity was also observed with an increase in the DNA concentration to 4 uM, which decreased

upon increasing the DNA concentration beyond 6 uM. The far-UV CD spectra of these samples
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suggest the presence of native-like TDP-43"RRM, The RALS intensity becomes constant once the
DNA concentration reaches 10 uM. The corresponding far-UV spectra of the samples appeared
similar to the native-state. Therefore, the data suggest that DNA maintains the native-like
secondary structure of the TDP-43"R*M ynder aggregation conditions by undergoing coacervation.

This increase and subsequent decrease in turbidity have been shown earlier.33-8

We further investigated the effect of the different concentrations of TDP-43"R*M in the presence
of 11 uM DNA on phase separation (Figure 4.2B). We noticed an increase in the RALS, suggesting
the presence of coacervates. The far-UV CD spectra obtained under different concentrations of
TDP-43RRM imply the presence of a native-like secondary structure (Figure 4.2B, inset). The
results suggest that the DNA binding inhibits amyloid-like aggregation of TDP-43""M  These
ratios also correspond to the region of minimal turbidity (Figure S3). However, upon increasing
the concentration of TDP-43"®M beyond 10 pM, we noticed a sigmoidal increase in the RALS,
suggesting the increased formation of coacervates with increasing protein concentration. The
solutions were turbid to the naked eye with different orders of milkiness (Figure 4.S3).
Noteworthily, with a further increase in the TDP-43""Mto 20 uM (Figure 4.2B, inset), we noticed
an overall reduction in the MRE signal owing to the increase in the turbidity of the sample. The
minima at 208 nm and 222 nm still suggest the presence of the native-like secondary structure. We
refrained from acquiring far-UV CD spectra at higher concentrations of TDP-43R*M due to an
increase in the turbidity of the samples. The results suggest that the concentration of the DNA and

TDP-43®RRM and their ratio determine the extent of coacervation.

4.3.4 The coacervates are a result of complex coacervation

Figure 4.2C compares the concentration of TDP-43"R*M in the light phase at pH 7.5 and
3.8. The amount of protein in the light phase increases linearly with the added protein
concentration at pH 7.5. Hence, protein remains soluble, and there is no phase separation. In
contrast, under aggregation conditions, the amount of soluble protein increases linearly till 10 uM
TDP-43""M and remains constant beyond it as all the protein beyond 10 uM separates into an
insoluble dense phase. The results also imply that the coacervation of TDP-43"R”M jn the presence
of DNA happens only when the protein is positively charged (pH 3.8). We, therefore, imply that

the coacervates arose from complex coacervation, a class of phase separation. Complex
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coacervation occurs when two differently charged polyelectrolytes undergo favorable interactions,

separating into a polyelectrolyte-rich dense phase and a much larger light phase.8%8
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Figure 4.3 The coacervates appear spherical and are less dynamic. (A, B) images of coacervates
acquired using confocal microscope show their clustered nature. The corresponding areas are
marked in panel A and B. (C, D, E) images showing FRAP at different time intervals. (F) graph
showing the fluorescence intensity of the coacervate: before photobleaching (green), after
photobleaching (red), and the background fluorescence (black). (G-J) DIC images acquired after
10 minutes, 1 hour, 2.5 hours, and 4.5 hours, respectively.
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4.3.5 The coacervates appear spherical and are less dynamic

We next employed microscopy to gather insights into the size and appearance of the
coacervates. We have used two different ratios of TDP-43""RM and DNA (10 pM TDP-43®"RM and
4 uM ss(TG)s/ 10 pM TDP-43RRM and 11 uM ss(TG)s) for the further study. These ratios will be
referred to as low DNA complex and high DNA complex, respectively, from now onwards. Figures
4.3A and 4.3B show the confocal image of the coacervates of low DNA complex. These
coacervates appeared clustered non-fusing beads like globules and ranged in size from 1-2 pum.
The persistent clusters appeared in strings and signified that the fusion events were started but did
not complete. The fluorescent globules confirm the presence of the labeled TDP-43"R*M molecules
(Figure 4.3B). To measure the internal dynamics of the coacervates, we performed fluorescence
recovery after photobleaching (FRAP) (Figures 4.3C, 4.3D, 4.3E, and 4.3F). Figure 4.3C shows
the globule before bleaching, while Figures 4.3D and 4.3E show the globule after bleaching. The
coacervates did not exhibit substantial fluorescence recovery in the observed timescale (Figure
4.3F). The failed recovery of the fluorescence suggests the rigid internal dynamics of the

coacervates.

On the other hand, coacervates formed by the high DNA complex appeared spherical and
ranged from 2-4 um in size (Figure 4.3G, 4.3H, 4.31, and 4.3J). Most of the observed coacervates
were distantly placed along with some closely packed ones. Interestingly, these coacervates did
not fuse and showed any increase in size for the studied time range. The images altogether suggest
that the coacervates are less dynamic in nature. Interestingly, we observed the formation of
coacervates at other parts of the slide with time. The observation is in line with the RALS intensity

shown in Figure 4.1D, confirming that the number of coacervates increases with time.
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Figure 4.4 DNA and protein both partitions to coacervates. Absorbance spectra of biomolecules
present in the supernatants (solid line) and pellets (dashed line) acquired for 10 uM TDP-43RRM
in the presence of 0 uM (A), 4 uM, (B) and 11 uM (C) DNA.

4.3.6 Coacervates are composed of both TDP-43"RRM and ss(TG)s

The results suggest that nucleic acid is necessary for triggering the coacervation of TDP-
43RRM_We went on to check the partitioning of the participating biomolecules into the
coacervates. To do so, we employed three conditions 1) 10 pM TDP-43"""M and 0 uM ss(TG)s (N0
demixing), 2) 10 uM TDP-43"R"M and 4 uM ss(TG)s (demixing with higher RALS intensity) and
3) 10 uM TDP-43""M and 11 uM ss(TG)s (demixing with low RALS intensity) (Figures 4A, B,
and C respectively). We followed the steps mentioned in the Materials and Methods to check the
concentration of the biomolecules in the coacervates. The supernatant represents the light phase,
while the pellet represents the dense phase. Fig 4A compares the absorbance spectrum of the
supernatant and pellet of condition 1. We observed negligible absorbance in the pellet fraction,
and the absorbance from the supernatant corresponded to 10 uM TDP-43"®M, The results indicate
that all the biomolecules are in the light phase, emphasizing that no demixing has occurred in the

absence of DNA.

Contrarily, we observed the absorbance at 260 nm and 280 nm in the re-dissolved pellet and
the supernatant in the phase-separating conditions (Figure 4.4 B, C). The absorbance suggests the
presence of both the DNA and the protein in the dense and the light phase, respectively. We
calculated the fraction of biomolecules in the pellet fraction (materials and methods). We estimated

that approximately 39-42% and 9-11% of the biomolecules get sequestered into the coacervates in

DIVYA PATNI 150



PhD Thesis Chapter 4

the low DNA and high DNA complex, respectively. The observation suggests that the
biomolecules partition more into the coacervates in low-DNA conditions as compared to high-
DNA.
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Figure 4.5 Favorable electrostatic interactions drive coacervation. (A) Comparison among the
RALS intensity of free (blue), low DNA complex (yellow), and high DNA complex (green). The
lines are drawn to guide the eye. (B) Far-UV CD spectra of the free TDP-43"R"M at pH 7.5 (yellow),
pH 5.0 (pink), pH 4.0 (blue), and pH 3.0 (black). (C) Far-UV CD spectra of the high DNA complex
at pH 3.5 (red), pH 3.8 (green), pH 4.0 (blue), pH 6.0 (pink), and pH 7.0 (yellow). Inset compares
far-UV CD spectra of low DNA complex at pH 3.0 (black), pH 3.8 (green), pH 4.0 (blue), pH 4.5
(dark brown), and pH 7.5 (yellow). (D) Fraction of misfolded population as a function of pH: for
free (blue) and DNA bound TDP-43"R*M in low (yellow) and high DNA (green) conditions. The
fits through the graph are a least square fit to equation 4.1. The straight line is drawn to guide the
eye. (E) RALS value of free TDP-43RRM (plue), low DNA complex (yellow), and high DNA
complex (green) as a function of KCI concentration. (F) Far-UV CD spectra of the free TDP-
43RRM gequired at pH 3.8 at 3.9 mM (red), 6 mM (green), 10 mM (yellow), and 150 mM (brown)
KCI. The spectra are compared to the native TDP-43R®M (plack). (G) Far-UV CD spectra of high

DNA complex at different KCI concentrations. Inset compares the far-UV CD spectra of low DNA
I ——
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complex at various KCI concentrations. The concentration of KCI in different spectrum is 3.9 mM
(red), 10 mM (yellow), 50 mM (pink), 150 mM (brown). (H) Competition between misfolding and
phase separation is depicted by ThT assay (blue) and normalized RALS value (yellow; low DNA
complex, and green; high DNA complex) as a function of KCI concentration. (I) RALS of
ss(TG)12-TDP-43"RRM as a function of ss(TG)12 concentration (orange circles). The RALS of
ss(TG)12-TDP-43R*M js compared with RALS of ss(TG)s-TDP-43"RRM (black cross). (J) Far-UV
CD spectra of 10 uM TDP-43"®M acquired in the presence of 11 uM (green), 15 pM (cyan), 20
uM (blue) of ss(TG)12. The spectra are compared with that of free TDP-43RRM (red). All the spectra
are acquired at pH 3.8. (1) RALS of ss(CA)s-TDP-43"RM as a function of ss(CA)s concentration
(teal blue circles). The RALS of ss(CA)s-TDP-43R*M is compared with RALS of ss(TG)s-TDP-
43"RM (plack cross). Far-UV CD spectra of 10 uM TDP-43®RRMin the presence of 2 pM (yellow),
11 uM (green), and 20 uM (blue) compared with the B form (red) at pH 3.8.

4.3.7 The extent of coacervation is dependent on the pH of the solution environment

We first investigated the impact of pH change on TDP-43""*M iin the free and DNA bound state.
We monitored the process by employing RALS and far-UV CD. Figure 4.5A compares the RALS
intensity of the free TDP-43""M with high and low DNA complexes as a function of pH. We
observed minimal RALS for free TDP-43"RRM across the studied pH range, which suggests that
free TDP-43"R”M does not undergo phase separation at any studied pH and remains soluble. In
addition, Figure 4.5B suggests that the free TDP-43"*M experiences pH-dependent misfolding to
B form. Noteworthily, the far-UV CD spectrum suggests that the minimal RALS signal till pH 5.0
is due to the presence of soluble native TDP-43""RM (Figure 4.5B). On the contrary, the RALS
signal below pH 4.5 originates due to the soluble B form (Figure 4.5B). The population of § form
increases with a decrease in the pH, as evident from the increase in the far-UV CD signal (Figure
4.5B).

Interestingly, we observed differential RALS in the low and high DNA complexes at different
pH (Figure 4.5A). In the case of the high DNA complex, we observed minimal RALS intensity
from pH 5.0 to 7.5. The far-UV CD spectra in the pH range suggests the presence of native TDP-
43RRM (Fjgure 4.5C). Therefore, the results indicate that the high DNA complex is soluble from
pH 5.0-7.5, and TDP-43""M remains in a native-like state. We observed an exponential increase
in the RALS intensity with a further decrease in the pH below 5.0. The increase in the RALS
implies the formation of coacervates upon a decrease in the pH. This phenomenon indicated that
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an increase in the positive charge on protein due to low pH stress is necessary for coacervation.
The far-UV CD spectra in low pH conditions were similar to native TDP-43"R"M (Figure 4.5C).
Upon further decrease in the pH, attractive interactions between protein and DNA increased owing
to an increase in the positive charge of TDP-43"RRM promoting the formation of more coacervates.
The highest RALS intensity was observed at pH 3.0. We could not acquire the far-UV CD
spectrum at pH 3.0 due to high turbidity. Notably, the far-UV CD spectra suggest that the
coacervation inhibits pH-dependent amyloid-like aggregation of TDP-43"R®M at low pH. Another
important observation from Figure 4.5A is the differential RALS intensity as a function of pH.
This suggests the different populations of the coacervates. The results indicate the importance of
charge density in tuning the extent of coacervation. Coacervation is favored at higher charge

density for high DNA complexes.

Figure 4.5A also shows the RALS intensity as a function of the pH of the low DNA complex.
We observed negligible RALS from pH 5.0 to 7.5 and a native-like secondary structure (Figure
4.5C, inset). We further observed an increase in the RALS with a decrease in the pH to 3.5 (Figure
4.5A). The far-UV CD spectrum signify the presence of a native-like secondary structure (Figure
4.5C, inset). The results are in line with the previous observation that suggests DNA binding
prevents amyloid-like aggregation at low pH by forming coacervates. Intriguingly, we noticed a
decrease in the RALS with a further decrease in the pH to 3.0 (Figure 4.5A). The far-UV CD
spectrum resembles the B form with minima at 216 nm at pH 3.0 (Figure 4.5C, inset). The results
signify that the increase in the charge on TDP-43""M at pH 3.0 in the presence of low DNA
disfavors the coacervation and favors aggregation. The imbalance in the charge density due to the
low concentration of DNA decreases the attractive interactions between protein and DNA and fails
to trigger coacervation leading to the misfolding of the TDP-43"RRM,

Figure 4.5D compares the fraction of the misfolded population calculated from figure 4.5A
as described previously’ at different pH. Figure 4.5D suggests that free TDP-43"*M undergoes
pH-dependent amyloid-like aggregation. This aggregation is inhibited in the case of high DNA
complex and TDP-43"RRM remains in a native-like state. Low DNA complex, on the other hand,
inhibits the aggregation and remains native-like till pH 3.5, below which it undergoes a transition

to B form.
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The results highlight the pH and DNA concentration-dependent titration between amyloid-

like aggregation, coacervation, and native-like state of TDP-43RRM,

4.3.8 The extent of coacervation is dependent on the ionic strength of the solution

Building on the results obtained in section 4.3.7, we examined the effects of increasing salt
concentration on coacervation. lonic strength is a known modulator of coacervation.>>® We
explored the impact of KCI concentration on the free TDP-43R®M and low and high DNA
complexes. The negligible scattering of the free TDP-43"RRM at all the studied salt concentrations
signifies their soluble nature (Figure 4.5E). The shift in the signal minima of the far-UV CD spectra
to 216 nm with increased KCI concentrations implies that the free TDP-43RRM misfolds to p form
with increased salt concentration (Figure 4.5F). We next investigated the effect of salt on low DNA
complex. No substantial scattering was observed until 10 mM KCI, suggesting that the species in
low salt conditions are soluble (Figure 4.5E). Their secondary structure resembles native-like
TDP-43"RRM (Figure 4.5G, inset), implicating that low ionic strength favors the equilibrium
towards the native-like light phase. However, with a further increase in the salt concentration, the
equilibrium shifted to the dense phase, as evident from the increasing RALS intensity, which
became maximum at 200 mM KCI. The solution also turned turbid linearly with the addition of
salt. Interestingly, the far-UV CD spectra of these samples signify the presence of a native-like

structure.

The high DNA complex solutions show high scattering at all the studied salt concentrations
(Figure 4.5E), signifying predominately the presence of the dense phase. The data suggest that a
higher amount of DNA shifts the equilibrium from the soluble light phase toward the dense phase
even at low salt concentrations. However, the far-UV CD spectra suggest the presence of the
native-like structure till 200 mM KCI (Figure 4.5G). The results imply that the polyionic effect of
DNA, which is more significant than KCI, triggers the coacervation at low KCI concentration,
suggesting the role of electrostatics in modulating the demixing equilibrium.

The scattering intensity is roughly half of the maximum scattering observed for low DNA
complex, indicating the different amount of coacervates in the dense phase in both the cases.
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4.3.9 DNA mediates the competition between misfolding and demixing

Figure 4.5H compares the extent of misfolding of free TDP-43'"R"M and the extent of phase
separation of low and high DNA complex as a function of KCI concentration. The misfolding of
free TDP-43"®M pegins with the addition of salt. In contrast, in the presence of the DNA, TDP-
43"RM does not aggregate under stress but demixes to mesoscale coacervates, which scatter light.
The data imply that competition between amyloid-like aggregation and demixing is controlled by
the DNA and salt concentration. Therefore, DNA is necessary for the maintenance of the TDP-

43RRM nder stress conditions.

4.3.10 Ligands tune the coacervation by modulating the electrostatic interactions

To understand the mechanism that underlies the regulation of coacervation by ligands, we
employed two different ligands, ss(TG)12 and ss(CA)s. ss(TG)12 binds TDP-43"RM with higher
affinity while ss(CA)s is a weak non-specific binding ligand as compared to ss(TG)e.8! ss(TG)12 is
a longer nucleic acid as compared to ss(TG)s. The increased number of nucleotides results in more
binding pockets, which can influence the phase separation behavior. Figure 4.51 shows the RALS
intensity as a function of increasing ss(TG)12 concentration. We observed a maximum spike in the
RALS at 2 uM ss(TG)12. The results suggest that the increase in the binding pockets decreases the
concentration of ligands required to trigger coacervation (Figure 4.2A). We noticed a decrease in
the RALS intensity with a further increase in the ss(TG)12 concentration. The RALS becomes
constant above 9 uM ss(TG)12. Moreover, the RALS intensity is also more (2 times more) than
that of ss(TG)s-TDP-43"R®M (Figure 4.51-cross), suggesting the presence of either more or bigger
coacervates. The far-UV CD spectra resemble that of native TDP-43"RRM 'suggesting the presence

of native-like species in the presence of ss(TG)12 (Figure 4.5J).

We questioned if electrostatics are essential forces in driving coacervation, will a non-specific
DNA binding ligand of TDP-43"®M containing a similar charge can modulate the phase separation
behavior? Figure 4.5K shows RALS with increasing ss(CA)s concentration. We observed a linear
increase in the RALS intensity with an increase in the ss(CA)s concentration. The results suggest
that the negatively charged ss(CA)e can trigger coacervation. The far-UV CD spectra resemble f3

form in the presence of 2 uM ss(CA)s and native-like at higher concentrations of ss(CA)s (Figure
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4.5L). The study suggest that a non-specific ligand with similar negative charge can also trigger

coacervation.
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Figure 4.6 Disease mutants undergo complex coacervation. (A) RALS intensity for the coacervate
formed in the presence of 10 uM D169G with different concentrations of DNA (green dots). Inset
shows the far-UV CD spectra of 10 uM D169G in the presence of 4 uM (pink), 20 uM (blue) of
DNA. The spectra are compared with the equilibrated 3 form of D169G (red). All the RALS values
were obtained for pH 3.8 at 400 nm. (B) RALS intensity for the coacervate formed in the presence
of 10 uM P112H with different concentrations of DNA (red dots). Inset shows the far-UV CD
spectra of 10 uM P112H in the presence of 2 uM (pink), 8 uM (dark gray) of DNA. The spectra
are compared with that of B form of P112H (red).

4.3.11 DNA inhibits aggregation and triggers complex coacervation of the disease mutants

TDP-43"RRM harbors two disease-related mutants, D169G and P112H in its sequence. Figure
4.6 shows how these single site mutations affect the process of DNA mediated coacervation.
Interestingly, we observed a very similar change in the RALS intensity for D169G as observed for
TDP-43"RRM (Figure 4.2A). We observed negligible scattering for the free D169G at pH 3.8 (Figure
4.6A). The far-UV CD spectra suggest the presence of B-sheet-rich structure (Figure 4.6A, inset).
The results confirm that the D169G also undergoes aggregation to soluble 3 form in low-pH
conditions. The RALS intensity increased with the addition of the DNA, which became maximum

at 4 uM DNA concentration. The far-UV CD spectra show minima at 208 nm and 222 nm,
I
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confirming the presence of a native-like secondary structure. The RALS intensity decreased with
further addition of the DNA, and the far-UV spectra denote the presence of a native-like secondary
structure (Figure 4.S4). Therefore, Figure 4.6A confirms that the disease mutant D169G undergoes
aggregation to soluble B form in low-pH conditions. The aggregation is inhibited in the presence
of DNA, which promotes complex coacervation and maintains the native-like secondary structure
of D169G.

Figure 4.6B shows the RALS values for the P112H as a function of DNA concentration.
P112H, in the absence of any ligand, undergoes aggregation to B form (Figure 4.6B, inset).
However, we noticed that the solution containing P112H in a complex with 2 uM DNA turned
turbid instantly (Figure 4.S5). The increase in the turbidity was coupled with a spike in the RALS
intensity. We could not capture a reliable far-UV CD spectrum of the reaction mixture because of
the noise in the far-UV CD spectrum due to high turbidity (Figure 4.6B, inset). Intriguingly, we
noticed a further spike in the turbidity and the RALS intensity with the further addition of the
DNA, which became constant after the addition of 6 uM of DNA. The high RALS intensity suggest
the presence of a higher number of coacervates. The far-UV CD spectra, however, confirmed that

the formation of B form is inhibited in the presence of DNA.

The difference in the RALS intensity between the two mutants implies the role of Histidine
residue, which can impart a more positive charge to the protein molecule at pH 3.8. The increased

charge density on protein favored complex coacervation even at low DNA concentrations.

. _________________________________________________________________________________________________|
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Figure 4.7 Coacervation of DNA-bound TDP-43"R"M follows LCST behavior. (A) Normalized
RALS intensity of low DNA complex (purple) and high DNA complex (brown) plotted as a
function of temperature.

4.3.12 Coacervation of TDP-43®RRM fo|lows LCST behavior

Temperature is an important parameter that is known to modulate protein-DNA driven
coacervation. Figure 4.7 compares the RALS intensity of DNA mediated coacervation of TDP-
43'RRM a5 a function of temperature. We observed negligible RALS until 293 K for the high DNA
complex. The solution did not turn visibly turbid (Figure 4.S5). These two observations suggest
the absence of the coacervates and predominance of the light phase till 293 K. Interestingly, we
noticed a slight demixing upon an increase in the temperature to 298 K (Figure 4.S5). The turbidity
increase was complemented by an increase in the RALS value, indicating coacervation onset. The
solutions were found visibly turbid at all the above temperatures tested with a simultaneous
increase in the RALS value suggesting a gradual shift to the dense phase. This behavior is defined
as LCST (lower critical solution temperature). In LCST, the coacervation to light and the dense
phase is favored above a threshold temperature, below which the components remain soluble (light

phase).

We noticed a similar observation for the low DNA complex, suggesting that it follows
LCST behavior (Figure 4.7). Figure 4.7 suggests that the phase separation of DNA-bound TDP-
43RRM follows an LCST behavior. It also suggests that the temperature can modulate the

equilibrium between the light and the dense phase.
I ——
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Figure 4.8 TDP-43""M remains a native-like monomer in the light phase. (A) SEC curves of free
and DNA-bound TDP-43®""M gt pH 7.5 (red, blue respectively) and DNA-bound TDP-43RRM at
pH 3.8 (green). Inset compares the elution at 260 nm (B) far-UV CD spectra of DNA-bound TDP-
43"RRM gt pH 7.5 (blue), and at pH 3.8 (green). (C) far-UV CD spectra for the DNA-bound TDP-
43RRM at different GAmMCI concentrations: OM (green), 0.39M (orange), 1M (pink), 1.2M (red),
1.6M (purple), 6M (grey). Inset shows the MRE values plotted at 216 nm for DNA-bound TDP-
43"RRM 35 a function of GdmCI concentration.

4.3.13 TDP-43"RRM remains in the monomeric native-like state in the light phase

We were interested in knowing the oligomerization state of the TDP-43"RRM in the light
phase. In these experiments, we employed low temperatures to shift the equilibrium of phase
separation toward the light phase. Figure 4.8A shows the size exclusion chromatography (SEC)
elution profile of the free and DNA-bound TDP-43"""M in the light phase under different pH
conditions. Free TDP-43"R®M jn pH 7.5 eluted at 12.51 mL, corresponding to a molecular weight
of 19.4+0.5 kDa. Additionally, DNA-bound TDP-43"""M in pH 7.5 was eluted at 12.2 mL. The
early elution of the bound form compared to the free form is linked to the increased weight of the
protein due to attached DNA. The simultaneous increase in the absorbance at 260 nm at 12.2 mL

suggests elution of the DNA with protein in the bound state (Figure 4.8A, inset).

The DNA-bound TDP-43"RRMat pH 3.8 eluted at 12.7 mL. Since the elution is very near to the
site of monomer elution, we can conclude that it remains in the monomeric form in the light phase,
even under aggregation conditions. Its delayed elution at low pH could be argued as a result of the
compaction of the bound protein. These results conclude that DNA maintains the monomeric state

of the TDP-43"R"M jn the light phase.
]
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We next went to probe the secondary structure of the DNA-bound TDP-43R"M in the light
phase (Figure 4.8B). Interestingly, we observed minima at 208 and 222 nm. The MRE value at
222 nm was -5576 mdeg dmol™ cm™ in aggregation conditions. These values were similar to the
MRE value at pH 7.5 (-5266 mdeg dmol™ cm™) at 222 nm. In addition, the spectrum at pH 3.8 also
looked very similar to the typical spectrum of native TDP-43"RRM suggesting the presence of the
a-helix and B-sheet in the protein structure. The results imply that the light phase of demixed

solution contains TDP-43RRM in its native-like state.

4.3.14 Disruption of favorable interactions between DNA and TDP-43®RRM disfavors

coacervation

To gain more insights into the interactions between the DNA and TDP-43"R"M under low pH
conditions, we studied the effect of increasing GdmCI concentration on the secondary structure of
DNA-bound TDP-43®RRM_ Figure 4.8C compares the far-UV CD spectra of DNA-bound TDP-
43RRM gt different GdmCI concentrations. The far-UV CD spectra indicate that the DNA-bound
TDP-43"R®M maintains a native-like secondary structure till 0.39 M GdmCl. With the further
addition of the GdmCI, the native-like secondary structure transitions to p form, as evident with
an increase in the minima at 216 nm. The observed behavior could result from decreased DNA
binding due to disruption of the attractive interactions in the presence of GAmCI. We observed the
unfolding of the B form with a further increase of GdmCI. Figure 4.8C, inset, shows the MRE
values of DNA-bound TDP-43"R"M at 216 nm as a function of GdmCI concentration. The midpoint
of N=p transition was 0.85 M GdmCl. The complete misfolding to § form was achieved at 1.4 M
GdmCl. The unfolding of the  form followed the misfolding with a further increase of GdmCl.
The complete unfolding is achieved at 4 M GdmCI.

The GdmCI melt suggests that the interactions between DNA and TDP-43RRM are
necessary to maintain the native structure of TDP-43""”M under low pH aggregation conditions.
Any alterations in the interactions could hamper or modulate the binding of the DNA and can
trigger the misfolding of the TDP-43RRM,
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Figure 4.9 Model summarizing the events in complex coacervation of DNA and TDP-43"R"M, Free
TDP-43"RRM experiences amyloid-like aggregation in aggregation conditions. Protein and DNA
complexes, when exposed to aggregation conditions, undergo complex coacervation to dense
phase and light phase. The dense phase consists of coacervates formed due to favorable
electrostatic and hydrophobic interactions between protein and DNA. The light phase is made of
soluble and monomeric TDP-43RRM,

4.4 Discussion

The nucleic acid binding proteins like TDP-43 are known to form coacervates.5¢%-% However,
the link between coacervate formation and amyloid-like aggregation is poorly understood.
Furthermore, the majority of the literature has focused on simple coacervation of TDP-43
(coacervation driven by a single component).5%61:949 very few studies have explored its ability to
coacervate in the presence of oppositely charged molecules.®®% Nevertheless, the underlying
principles of complex coacervation of protein and nucleic acids and their regulation remains
ambiguous till date. It is likely that the high concentration of the negatively charged nucleic acids
and the positively charged protein molecules in the cells can trigger complex coacervation.

Therefore, understanding the factors tuning coacervation is of paramount importance.
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With the deepening research of phase-separated condensates, the role of nucleic acids in the
formation of coacervates is increasingly becoming more clear. Typically, nucleic acids serve as a
framework and offer a site for the binding of protein molecules.®”*® Their properties such as length,
composition, and expression level determine the biophysical properties of the condensates.%°10
For instance, coacervates formed from poly (A) RNA are more viscous than that formed by poly
(C) and poly (U) RNA.1® A very interesting study from Koehler et al. on TDP-43 demonstrated
the alteration in the material states of coacervates depending on the type of RNA employed.® In
addition, long RNAs are favored in mammalian coacervates over short RNAs.1% Furthermore,
nucleic acids have been shown to buffer the phase separation of proteins depending on their
concentrations.%21% |n one experimental study, varying concentrations of RNA resulted in
different behavior in a phase separating mixture of RNA and FUS.1% In lower concentrations,
RNA promotes the phase separation of FUS, whereas, at higher concentrations, it disrupts the
phase separation process.’® Noteworthily, depending on coacervation conditions, RNA binding
can also completely antagonize the phase transition of TDP-43.1% Such studies elicit how nucleic
acids play an essential role in modulating protein phase separation. Notwithstanding these
advancements, our comprehension of the underlying molecular forces that drive phase separation

between nucleic acids and proteins remains limited.

In the present work, we have shown that the nucleic acid-binding domain (TDP-43"RRM) of the
disease-related protein TDP-43 can separate to protein-rich coacervates and soluble light phase by
undergoing complex coacervation in the presence of DNA in low pH stress conditions. The
coacervates appeared spherical, and the FRAP analysis suggests that their dynamics are rigid as
they fail to exchange the TDP-43"™RM under the studied time range. TDP-43""®M maintains the
native-like secondary structure in the soluble light phase. In contrast, the free TDP-43RRM
undergoes aggregation to an amyloid-like p form in similar stress-like conditions. The onset of
coacervation depends on the concentration of the DNA and TDP-43RR"M and their ratio. The
favorable interactions between DNA and TDP-43"R*M are necessary for coacervation as the
weakening of the interactions by denaturant inhibits coacervation. The dense and the light phases
remain in equilibrium, which can be tuned by environmental conditions such as temperature, pH,
and salt. Altogether, we report a competition among amyloid-like § form, native-like soluble state,

and insoluble complex coacervates under low pH stress conditions mediated by the environmental
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conditions. Our results suggest that the complex coacervation by TDP-43"RM could be an adaptive

strategy against environmental stress.

4.4.1 Complex coacervation of TDP-43"RRM forms less dynamic coacervates

We showed that DNA-bound TDP-43"RM undergoes coacervation to less dynamic coacervates
(Figure 4.3), which protects the TDP-43"RRM against amyloid-like aggregation. The globular
coacervates did not merge, signifying their rigid dynamics. The coacervates remained intact, and
the monomeric native-state of the protein was maintained even under persistent stress in the
measured time frame (Figures 4.1C and 4.3). These coacervates of TDP-43"RRMare different from
the previously observed liquid-like condensates for various constructs of TDP-43,3161.6294 which
undergo fibrillization under persistent stress conditions. It has been postulated that the interaction
strength between the participating biomolecules determines the material state of the coacervate.'%
A rigid coacervate suggests the presence of strong and favorable associative interactions.*%® We
propose that the strong, attractive forces between positively charged protein and negatively
charged DNA are responsible for the rigid dynamics of the coacervates. Similar, less dynamic
coacervates have also been observed for CTD and GRNs-driven phase separation as well as full-
length TDP-43.5%% Additionally, proteins like Pab1,% Pub1,%® and Sup35° have been shown to
phase separate to globules with rigid dynamics as an adaptive stress strategy. Therefore, our study
supports the notion that phase separation to the rigid coacervates due to attractive forces prevents
amyloid-like aggregation. An extensive study is required to decipher the effect of the cellular

environment on the material properties of the coacervates.

4.4.2 Primary forces responsible for the coacervation

The exciting aspect of our study is the inability of the DNA and TDP-43"R"M to phase separate
on their own (Figure 4.1D). Both the biopolymers were able to phase separate only after interacting
with each other (Figure 4.1D). Moreover, the breaking of interactions between DNA and TDP-
43RRM was enough to abolish the coacervation (Figure 4.8C). Therefore, the favorable interactions

of TDP-43"RRM with the DNA are the primary physical force driving the complex coacervation.

An important observation that stemmed from this study is that the coacervation of TDP-43"RRM
does not happen above pH 5.0 (Figure 4.5A). Noteworthily, the pl of the TDP-43R”RMjs ~6.8.
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Therefore, it remains negatively charged in physiological conditions. The negatively charged
protein molecule repulses the negatively charged DNA,; therefore, the interactions are not enough
to trigger coacervation. However, a decrease in the pH below the pl modulates the ionization state
of the side chain residues of TDP-43RRM, The alteration in the ionization states leading to overall
cationic charge on TDP-43*M at low pH (~23 at pH 3.8)'%" can trigger favorable electrostatic
interactions between cationic protein and the anionic (DNA), thereby triggering complex

coacervation.

Building upon the above data, the multiparametric analysis carried out in our study implies
that the charge density of biomolecules determines the extent of coacervation. Modulation of
charge density by changing biomolecule concentration (Figure 4.2A, 4.5E), pH (Figure 4.5A), and
type or type of biomolecule (Figure 4.51-L) dictates that the imbalance in the charge density
regulates the coacervation behavior. Overcharging of only one participant biomolecule could
disfavor coacervation and promote solubilization (Figure 4.2A, and 4.5E), as observed

previously.838°

The dependence of coacervation propensity on charge emphasizes that electrostatic

interactions are important for coacervation.

However, these are not the only forces responsible for the coacervation. We observed that our
system followed LCST behavior. This kind of behavior has been observed previously for many
molecules, both for proteins and ionic liquids.>>%1% |n LCST, coacervation occurs above a lower
critical temperature. The LCST-mediated coacervation is triggered by the interactions favored at
the higher temperature, such as hydrophobic interactions. The entropy gain upon release of the
water molecules from the hydration shells of the hydrophobic residues when they come together
for coacervation drives coacervation. Therefore, we propose that the coacervation of TDP-43RRM
is driven by multiple types of interactions, and future biophysical studies are required to determine

their contribution to coacervation.

4.4.3 Amyloid-like aggregation of the disease mutants is abolished in the presence of DNA

We studied the effect of two disease-associated mutants (D169G and P112H) on coacervation.

D169G undergoes complex coacervation with DNA (Figure 4.26A) in stress conditions. The
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similar coacervation behavior of D169G as TDP-43"RM could be explained as a result of a similar
charge on the protein molecule. In wild-type TDP-43RRM " Asp residue at 169 position protonates
and forms neutral Asp residue in stress conditions. While in D169G, the negatively charged Asp
amino acid gets replaced by a neutral amino acid (Glu). These events do not affect the positive
charge density of the protein. Hence, no changes in the coacervation propensity of the mutant were
observed (Figure 4.6A).

On the contrary, increased coacervation propensity in another mutant, P112H, was observed
(Figure 4.6B). The proline replacement by histidine introduces a positive charge at pH 3.8. We
speculated that the increased positive charge density on the P112H triggers its coacervation even
at low DNA concentrations.

4.5 Conclusions

We showed complex coacervation of TDP-43™RM which prevents its amyloid-like
aggregation. The coacervates were less dynamic. Our study has provided evidence representing
important differences from the previous literature, which states that CTD is indispensable for phase
separation. In addition, the phase separation described in this study has a protective role in contrast
to the detrimental role of the globules described previously. These differences can be attributed to
the presence of folded domain in TDP-43"RRM 'which prevents aggregation in the presence of DNA.
Finally, the multiparametric studies explain the dynamics and tuning of the phase separation

equilibrium by environmental factors.
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4.7 Supporting figures

RRM1
RRM2

Figure 4.S1 Schematic representation of different domains of TDP-43. The arrows show the
diagrammatic representation of TDP-43"RM created using PDB file 4BS2 with the help of PyMOL.
TDP-43 is a multidomain protein consisting of N-terminal (residues 1-102): involved in
dimerization; RRM 1 and 2: involved in nucleic acid binding and is the primary functional domain
of the protein; C-terminal: prion-like domain involved in protein-protein interactions.

Figure 4.52 Microcentrifuge tubes showing the solution containing 10 uM TDP-43RRM in the
presence of following concentrations of DNA (A) 4 uM, (B) 11 uM, (C) 15 uM, (D) 30 uM.
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Figure 4.S3 Microcentrifuge tubes showing the solution containing the 11 uM DNA in the
presence of following concentrations of TDP-43R*M (A) 7 uM, (B) 8 uM, (C) 15 uM, (D) 20 uM,
(E) 25 uM, (F) 30 uM, (G) 40 uM, (H) 45 uM.

Figure 4.S4 Microcentrifuge tubes showing the solution containing 10 uM D169G in the presence
of following concentrations of DNA. (A) 0 uM, (B) 4 uM, (C) 20 pM.

A B
Figure 4.S5 Microcentrifuge tubes showing the solution containing 10 uM P112H in the presence
of following concentrations of DNA. (A) 0 uM, (B) 2 uM, (C) 20 uM.
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This chapter reviews the most important findings of the thesis and discusses some future directions
of the current work. Some limitations of the work are also discussed.

5.1 Summary

Certain proteins are very sensitive to environmental conditions and can assess different
conformations due to the modulation of the energy landscape with the solvation environment.
Several environments promote misfolding and aggregation of proteins leading to fatal diseases. A
comprehensive understanding of the coupling of their folding and aggregation energy landscape
in different solvation environments remains an evolving area of research. The prime focus of
research in this study has been to decode the thermodynamic and molecular basis of the
conformational changes to the protein molecules as it detects changes in the solvation environment
and utilizing the knowledge to prevent detrimental conformational change. We briefly discuss the
specific aims and conclusions of the study:

a) Chapter 2: In the first working chapter, we explored the changes at the molecular level as
the TDP-43"RRM detects the low pH stress (mimic of starvation stress). It has been proposed
that the proteins sense the starvation stress by protonating the ionizable side chain residues,
further triggering intermolecular assembly. This coupling of protonation-deprotonation
with the assembly-disassembly of proteins mitigates the starvation stress, but persistent
stress can lead to the formation of higher-order aggregates. We observed that the native
TDP-43"RRM misfolds to an oligomeric B-sheet rich structure (B form) with exposed
hydrophobic patches in the pH range (pH 1.5 — 4.5). The transition midpoint lies around
pH 4.0. The observation implies that the protonation of a buried critical amino acid residue
with a pKa value near 4.0 acts as a gatekeeper and triggers further misfolding to amyloid-
like B form. To examine the critical amino acid responsible for the behavior mentioned
above, we systematically mutated three amino acids (D105, H166, and H256) to neutral
amino acids and studied their conformational change as the solvation environment
changed. We observed that the mutation of the H166 to glutamine inhibits the
conformational changes. Moreover, the mutant acquires a molten-globule-like structure.
Therefore, our results emphasized that the protonation-deprotonation of a critical residue
is coupled to the assembly-disassembly of protein. The molten globule formed resists
misfolding.

b) Chapter 3: We understand that the TDP-43 "M experiences pH-dependent conformational
changes to the misfolded B form. To further explore the thermodynamic basis of the
misfolding, we employed various biophysical tools to study the thermodynamic parameters
in different pH environments. We report that the TDP-43"RRM experiences pH-dependent
thermodynamic stability and remain maximally stable at pH 7.5. It achieves minimum
thermodynamic stability at pH 5.0. The point of minimum thermodynamic stability
coincides with the point of misfolding initiation. We argue that the destabilization makes
TDP-43"RM prone to misfolding to an amyloid-like p form. Since TDP-43"*M s a nucleic
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acid binding protein, we examined the effect of natural DNA binding ligand on the
thermodynamic stability of TDP-43"®M in native and stress conditions. DNA binding
increases the thermodynamic stability of TDP-43"RRM and as a result, the amyloid-like
misfolding is inhibited. DNA binding maintains the monomeric native-like structure of
TDP-43"RM_Our results conveyed that the events destabilizing the TDP-43"R*M are the
crucial events that lead to misfolding, which could be inhibited by the DNA binding
partner. The DNA bound native-like TDP-43"™RM js more stable than free TDP-43""M jn
all the pH conditions studied and is resistant to misfolding

Chapter 4: In the previous chapter, we demonstrated that the DNA binding stabilizes the
TDP-43"R"M and maintains its monomeric native-like structure. In the final chapter, we
explored an alternative conformer of TDP-43"R"M in the presence of a binding partner and
pH stress. The increase in the positive charge on TDP-43"RMin low pH triggers its complex
coacervation in the presence of anionic DNA. The coacervates remain in equilibrium with
the soluble monomeric TDP-43"RRM. The phenomenon inhibits the amyloid-like misfolding
of TDP-43"RRM Multiparametric analysis dictates that the electrostatic interactions and the
hydrophobic interactions are the important forces behind the coacervation. Disease-
associated electrostatic mutations, which increase the positive charge on TDP-43RRM,
increases the coacervation tendency of TDP-43"RM_QOur results conveyed that the TDP-
43RRM detects stress and undergoes complex coacervation as a stress response. The
coacervation prevents the amyloid-like misfolding of TDP-43RRM,

5.2 Contributions to the field

Our study has made the following significant contributions to the field:

a)

b)

c)

d)

Our study showed that the protonation of a critical amino acid residue drives the further
assembly of TDP-43"RRM in a stress environment. In this way, our study supports the
hypothesis that the protonation-deprotonation equilibrium is linked to the assembly-
disassembly equilibrium.

We have quantitatively established that TDP-43RRM destabilizes in a pH-dependent manner
before undergoing misfolding, making it an important event in the amyloid-like
aggregation.

We further studied the events which disfavor the transition of TDP-43"RM to the
aggregation energy landscape. We noticed that mutation of H166 and natural binding
ligand inhibits the amyloid-like aggregation of TDP-43"RRM by maintaining its alternate
conformers, like native-like molten globule form and monomeric form, respectively.

We also studied the protective role of the TDP-43®RMn stress conditions. The formation
of complex coacervates in the presence of the DNA acts as a survival strategy in stressed
conditions. This result supports the theory that coacervates protects the protein from
amyloid-like aggregation.
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e)

f)

Our study contradicts the general notion of drivers and the fate of phase separation. We
conveyed that TDP-43®RRM "in conjunction with nucleic acid can phase separate to less
dynamic globules, thereby preventing aggregation.

Our results suggest that understanding the effect of different factors on the folding energy
landscape should be considered in designing therapeutics for protein misfolding diseases.

5.3 Future directions

The discussed thesis work paves for the following scopes, which can be explored in the future.

a)

b)

d)

It would be interesting to explore the changes in the protein at the molecular level in
different solvation conditions. High-resolution studies on the protein structure in native,
misfolded, stabilized, and phase-separated forms will provide information on the salient
events administering the changes. Improved information will reflect on the discovery of
novel therapeutics.

All these studies were performed in in-vitro conditions for simplicity and more control of
the experimental conditions for a better understanding of the basic events. However, in-
vivo conditions in the cellular system may vary widely, and it would be interesting to
compare the results of an in-vivo system with the in-vitro system.

It would be exciting to explore the effect of protein stabilization (both kinetic and
thermodynamic) from a therapeutic point of view.

Phase separation of proteins is one of the most sought-after phenomena in protein
chemistry. Understanding its molecular grammar will improve our understanding of how
proteins remain functional after experiencing a surfeit of environmental conditions
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Title of the thesis: Thermodynamic regulation of the amyloid-like aggregation of the functional
domains of TDP-43

Environmental stress plays an important role in the aggregation of TDP-43, which has been the
underlying cause of many neurodegenerative diseases like ALS and FTLD. Multiple studies have
shown the effect of stresses on different domains of TDP-43, but what remains to be understood
is how the energy landscape of the TDP-43 is modulated upon stress detection leading to the
subsequent molecular level changes that form the misfolded aggregated form. In this thesis, we
have probed the changes in the folding energy landscape that occur due to various factors on the
functional RRM domain of TDP-43 (TDP-43"R"M)_\We observed that low pH stress destabilizes
TDP-43"RRM " thereby populating the partially unfolded forms and leading to amyloid-like
aggregation. We further dissected that protonation of a previously buried ionizable residue triggers
the assembly of the aggregation-prone species to an amyloid-like B-sheet-rich structure.
Interestingly, we identified the critical amino acid residue, H166, whose protonation was
responsible for the aggregation. Inhibition of protonation by introducing a neutral amino acid,
glutamine, at position 166 impedes the amyloid-like aggregation. The mutant (H166Q) forms a
molten globule that remains resistant to misfolding. Additionally, we report that the DNA binding
inhibits the amyloid-like aggregation of TDP-43"R*M py forming a more stable soluble monomeric
native-like DNA-protein complex even in low-pH stress conditions which resists aggregation.
Furthermore, we report that under a certain specific set of conditions, TDP-43"R*M undergoes
complex coacervation in the presence of DNA to soluble native-like light phase and an insoluble
protein-DNA rich dense phase (coacervates). The phenomenon prevents the aggregation of TDP-
43RRM The coacervates were spherical with rigid dynamics. Multiparametric studies suggest that
the coacervates are formed as a result of favorable electrostatic and hydrophobic interactions. The
interplay of these interactions determines the extent of coacervation. Therefore, competition exists
between the B form, native-like light phase, and coacervates controlled by the surrounding
environment. We further dissected the role of disease-relevant electrostatic mutations, P112H, and
D169G, on the coacervation propensity. P112H mutation showed a substantial increase in the
coacervation, while the mutant D169G behaved similarly to TDP-43"RR"M, Finally, we report that
the coacervation is driven by multivalent interactions, which are hampered even in the presence of
a minute amount of denaturant. Weakened interactions do not promote coacervation, and TDP-
43RRM misfolds to an amyloid-like p form. 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 a precursor for amyloid-like aggregates.
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1. Presented poster at “Biophysics Paschim” at ACTREC, Navi Mumbai. Dec 2018
Interplay of folding, unfolding and misfolding of TDP-43RRM

Aggregation of TDP-43 has been been implicated in ALS and multiple neurodegenerative
diseases. Evidences gathered till now focusses on role of mutations, truncations, modifications as
the major cause of disease prone behavior of TDP-43. However, not much is known about the
correlation between nucleic acid binding and aggregation. We have used the tethered RNA
Recognition Motifs (tRRM) to study this correlation. Using ss(TG)s as the binding partner, we
have analysed the effect on aggregation upon pH change. Our results suggest that upon pH stress,
tRRM domain undergo conformational changes to  sheet rich amyloid like fibril which is
abolished upon DNA binding. Interestingly, in the presence of DNA, TDP-43®RM rather phase
separate to tiny globules depending on protein and DNA concentration. We speculate that the
driving force behind this phase transition is electrostatics and hydrophobic forces. We have also
established that stability and aggregation of TDP-43""M are related and aggregation propensity
can be decreased by increasing stability. We here, have shown that ionisation of H166 is the

important factor in destabilizing the protein under acidic conditions. These results shed light on
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the role of tRRM domain on the aggregation of TDP-43 and here we suggest that RNA Recognition
Motif also play a crucial role in aggregation and loss of nucleic acid binding ability might be a

contributing factor in aggregation.

2. Presented poster at “Biophysics Paschim” at 11T, Bombay, India. August 2019
DNA binding triggers phase separation of TDP-43RRM

Aggregation of TDP-43 has been been implicated in ALS and multiple neurodegenerative diseases.
Evidences gathered till now focusses on role of mutations, truncations, modifications as the major
cause of disease prone behavior of TDP-43. However, not much is known about the correlation
between nucleic acid binding and aggregation. We have used the tethered RNA Recognition Motifs
(tRRM) to study this correlation. Using ss(TG)e as the binding partner, we have analysed the effect
on aggregation upon pH change. Our results suggest that upon pH stress, tRRM domain undergo
conformational changes to [ sheet rich amyloid like fibril which is abolished upon DNA binding.
Interestingly, in the presence of DNA, TDP-43""M rather phase separate to tiny globules
depending on protein and DNA concentration. We speculate that the driving force behind this
phase transition is electrostatics and hydrophobic forces. We have also established that stability
and aggregation of TDP-43""M are related and aggregation propensity can be decreased by
increasing stability. We here, speculate the protonation deprotonation of H166 might be the
important factor destabilizing the protein under acidic conditions. These results shed light on the
role of tRRM domain on the aggregation of TDP-43 and here we suggest that RNA Recognition
Motif might also be playing a crucial role in aggregation and loss of nucleic acid binding ability

might be a contributing factor in aggregation.

3. Presented poster at “FCS 2019~ at TIFR-Hyderabad, India. December 2019
DNA induced phase separation of TDP-43RRM

Sequestration of protein molecules and nucleic acids to stress granules is one of the most
promising strategies cells employ to protect themselves from stress. In vitro studies suggest that
TDP-43"™ yndergoes aggregation to misfolded B form under low pH stress-like conditions. In
contrast, we observed that the ss(TG)s-TDP-43"RM undergoes phase separation under pH stress
to a biomolecule-rich dense phase and a large and dilute native-like light phase, separated by a
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phase boundary. Generally, the IDRs have been considered the drivers of phase separation. We
report that the cross interactions between the RRM domains and DNA are capable to trigger
coacervation. We suggest that the coacervation is driven by cross interactions between positively
charged proteins and negatively charged ss(TG)e. The phase boundary decides the extent of phase
separation, and it can be modulated by multiple factors like biomolecular concentration, salt,
temperature, and pH. We present that phase separation is a function of the concentration of
participating biomolecules and is driven by multivalent interactions, including electrostatics and
hydrophobic interactions. The interplay of these forces determines the extent of phase separation.
Together our results illuminate an alternate function of the RNA binding domain of TDP-43 in
response to pH stress in the presence of the ss(TG)s, where it could act as a stress sensor and

undergo stress-triggered coacervation to save the protein from irreversible aggregation.

4. Presented poster on “National Science Day” at CSIR-NCL, India. February 2020
pH-dependent amyloid-like aggregation of nucleic acids binding domains of TDP-43, is linked

to the ionization of a buried amino acid residue

Nutrient starvation stress acidifies the cytosol and leads to the formation of large protein
assemblies and misfolded aggregates. However, how starvation stress is sensed at the molecular
level and leads to protein misfolding is poorly understood. TDP-43 is a vital protein which, under
stress-like conditions, associates with stress granule proteins via its functional nucleic acid
binding domains (TDP-43""M) and misfolds to form aberrant aggregates. Here, we show that the
monomeric N form of TDP-43""M forms a misfolded amyloid-like protein assembly, g form, in a
pH-dependent manner and identified the critical protein side-chain residue whose protonation
triggers its misfolding. We systematically mutated the three buried ionizable residues, D105, H166
and H256, to neutral amino acids to block the pH-dependent protonation-deprotonation titration
of their side-chain and studied their effect on the N to g transition. We observed that D105A and
H256Q resembled TDP-43"*M in their pH-dependent misfolding behavior. However, H166Q
retains the N-like secondary structure under low pH conditions and does not show pH-dependent
misfolding to the [1 form. These results indicate that H166 is the critical side-chain residue whose
protonation triggers the misfolding of TDP-43""M and shed light on how stress-induced misfolding

of proteins during neurodegeneration could begin from site-specific triggers.
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The contribution of electrostatic interactions in protein stability has not been fully understood. Burial of an
ionizable amino acid inside the hydrophobic protein core can affect its ionization equilibrium and shift its pKa
differentially in the native (N) and unfolded (U) states of a protein and this coupling between the folding/
unfolding cycle and the ionization equilibria of the ionizable residue can substantially influence the protein
stability. Here, we studied the coupling of the folding/unfolding cycle with the ionization of a buried ionizable
residue in a multi-domain protein, Human Serum Albumin (HSA) using fluorescence spectroscopy. A pH-
dependent change in the stability of HSA was observed in the near native pH range (pH 6.0-9.0). The
protonation-deprotonation equilibrium of a single thiol residue that is buried in the protein structure was
identified to give rise to the pH-dependent protein stability. We quantified the pKa of the thiol residue in the N
and the U states. The mean pKa of the thiol in the N state was upshifted by 0.5 units to 8.7 due to the burial of the
thiol in the protein structure. Surprisingly, the mean pKa of the thiol in the U state was observed to be down-
shifted by 1.3 units to 6.9. These results indicate that some charged residues are spatially proximal to the thiol
group in the U state. Our results suggest that, in addition to the N state, electrostatic interactions in the U state

are important determinants of protein stability.

1. Introduction

The role of electrostatics in protein function, solubility and stability
has long been recognized [1-7]. The major contributors of electrostatic
forces in proteins are the charged states of individual ionizable residues.
More often, ionizable amino acid residues are excluded from the interior
of the folded proteins because of their intrinsic incompatibility with the
hydrophobic environment of the core [8-12]. However, they occasion-
ally get buried inside the protein core to perform certain crucial bio-
logical functions [13-15]. This energetically unfavorable process of
burial, where ionizable amino acids get sequestered into the less polar
protein core from bulk water, allows them to experience different mi-
croenvironments, bringing a shift in their pKa. The value of pKa, which
gives the information about the equilibrium between the charged and
neutral state of an ionizable amino acid, can be modulated by multiple
factors. Apart from the dielectric constant of the environment of the
ionizable residue, coulombic interactions and hydrogen bonding with
nearby polar/ionic residues can affect the pKa of the residue [16].

* Corresponding author.
E-mail address: sk.jha@ncl.res.in (S.K. Jha).
1 These authors contributed equally to this work.
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However, the structural adaptations to facilitate the burial of an ioniz-
able residue inside the core and its effect on protein stability are not fully
understood [17-20].

The stability of a protein is determined by the difference in the free
energies of its native (N) and the unfolded (U) states. Therefore, the
knowledge of the parameters that influence the stabilities of the N and
the U states becomes crucial. pH, being a well-known modulator of
electrostatic interaction, can affect the thermodynamic stabilities of the
N and the U states in different ways. A buried ionizable amino acid can
titrate differently as a function of pH in the folded and the unfolded
conformations of the protein [17,19,21]. In addition, contrary to the
initial notion, recent reports on the U states have emphasized on the
presence of nonrandom conformers with local and long range in-
teractions similar or different to their respective native structures
[22-24]. These interactions shift the pKa of unfolded protein from its
standard value. This disparity in the pKa values of the residue in the N
and the U states, therefore, gives rise to a pH dependent protein stability.
The site-specific measurement of the pKa values of the buried ionizable
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residue becomes essential for the detailed understanding of the ther-
modynamic stability of the protein.

Limited methods have been able to measure the pKa of an ionizable
residue in the N and the U states of a protein reliably. Although theo-
retical studies have succeeded in calculating the pKa of the ionizable
residues of a protein, the calculations are yet to attain the experimental
accuracy [25,26]. The major complications arise in determining the
molecular force field factors due to the heterogeneous environment
experienced by the buried residues and generating the precise confor-
mational unfolded state ensemble of the protein [25-27].

Experimentally pKa can be determined by studying the coupling of
thermodynamics of folding and unfolding of a protein to the ionization
equilibria of a buried ionizable residue (Fig. 1). For the illustration, the
model protein in its N state is assumed to have an acidic amino acid
(A-H) buried inside its hydrophobic core and there exists an equilibrium
between the protonated / neutral and deprotonated / charged states of
the acidic residue in the folded and unfolded conformations of the protein
(Fig. 1). The four species in equilibrium are represented as N*, N°, U and
U in which N and U are native and unfolded conformations, respec-
tively, and the superscripts P and D, respectively, denote the protonated
and deprotonated states of the ionizable residue. KRy and KRy are the
equilibrium constants of the equilibrium between the folded and
unfolded conformations, respectively, in their protonated and deproto-
nated states. K} is the acid dissociation constant of N¥ = NP, while Kyare
the acid dissociation constant of the equilibrium between U and UP. At
any pH, the standard free energy of unfolding, which is a measure of the
thermodynamic stability of the protein, AGx%,° is given by [17]:

AGE? = MG + AGE ™ o)

where AGH® MF and AGH® PHare the non-electrostatic contribution
(involving folding / unfolding equilibria) and electrostatic contribution
(involving protonation / deprotonation equilibria) to AGR{C. The

A Kiu ~A-H
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Fig. 1. The coupling of the folding / unfolding cycle of proteins with the
ionization of an ionizable amino acid residue buried in the protein core. The
orange lines in the figure represent the protein backbone. A-H is the protonated
acidic ionizable residue in its neutral form buried inside the core (white patch)
of the fully folded protein and exposed in its unfolded counterpart. A~ refers to
the deprotonated / charged state of the acidic residue. N* and UP, respectively,
refer to the folded and unfolded state of protein when the ionizable amino acid
is protonated and KRy is the equilibrium constant between them. N° and UP are,
respectively, the folded and unfolded conformations of the protein when the
ionizable amino acid is deprotonated / charged and KRy refers to their equi-
librium constant. K} is the equilibrium acid dissociation constant between the
charged and neutral states of the native protein. Similarly, the acid dissociation
constant for the equilibrium between the charged and the neutral states of the
unfolded protein is represented by K5.
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electrostatic contribution to the standard free energy can be calculated
from the following [17]:

+ U
AG " = —2.303RT log (%—i%) 2

This thermodynamic cycle that links the equilibria between the
charged and uncharged states of a protein to its folding / unfolding cycle
has been implemented in various cases to determine the pKa of an
ionizable residue in the N and the U states of a protein. NMR has been
the method of choice for most of these studies [17,19,24,28]. Although
an elegant approach, NMR can only be applied to small and soluble
proteins and has limited applications for large, multi-domain and
aggregation-prone proteins.

In this work, we have tried to understand the pH-dependence of
stability of a multi-domain protein, human serum albumin (HSA). HSA is
an all helical protein found abundantly in blood plasma and plays a
distinct role in the transportation of metabolites, drugs and ions in the
bloodstream and the maintenance of the pH of the plasma and extra-
vascular fluids [29,30]. HSA maintains its native structure in the pH
range of 5.0-9.0 [29,31,32]. However, it is also known to undergo
several pH dependent conformational transitions. The N form of HSA
converts to a fast migrating form (F) in the pH range of 5.0-3.5 followed
by a transition into the acid expanded or the extended (E) form below
pH 3.5[29,31,33,34]. Above pH 9.0, the N form transforms to a basic (B)
form [29,31,35]. We explored the pH dependence of the thermodynamic
stability of HSA in the N state ensemble, i.e., in the near neutral pH range
of 6.0-9.0. This is an important pH range because the functional pH of
HSA in plasma is ~7.4. The crystal structure of HSA reveals that it
consists of three domains and each domain is divided into two sub-
domains. A cluster of hydrophobic residues holds together the three
domains of HSA in its N state [32]. The sole tryptophan residue (W214)
is located in the interdomain cluster (Fig. 2A). We used the fluorescence
method to understand the coupling of the folding / unfolding cycle of
HSA with the ionization of the ionizable residues. We show that the pH
dependent changes in the stability of HSA in the pH range of 6.0-9.0 are
due to perturbed ionization of a single thiol group (C34). C34 is known
to impart antioxidant properties to HSA as its reduced form is highly
abundant in blood plasma [36-38]. This makes C34 an important target
for reactive oxidizing species [37] and the determination of its pKa in
the N and the U states of the protein becomes crucial considering its
redox potential. We calculated the pKa of C34 in the N and the U states.
Our results show that the pKa of the thiol is also perturbed in the U state
in addition to the N state indicating that the charged interactions in the
U state are also important for the thermodynamic stability of the
proteins.

2. Materials and methods
2.1. Spectroscopic methods and instruments

Fluorescence experiments were performed on Fluoromax-4 spectro-
fluorometer from HORIBA Scientific, while absorption studies were
done using UV 3200 spectrophotometer procured from LABINDIA
Analytical. Quartz cuvettes of path length of 1 cm were used for signal
acquisition for both fluorescence and absorption studies. Circular Di-
chroism (CD) studies were performed on Jasco J-815 CD spectrometer.
For far-UV CD experiments, cuvettes of path lengths 1 mm were used. An
Abbe refractometer from Rajdhani Scientific Instruments Co. (model:
RSR-2) was used to calculate the denaturant concentration by measuring
the refractive index [39].

2.2. Chemicals and buffers

HSA (99% pure, fatty acid and globulin free) and urea (ultrapure
grade) were sourced from Alfa Aesar. 5-((((2-Iodoacetyl)amino)ethyl)
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Fig. 2. The thermodynamic stability of HSA is pH dependent. (A) Structure of HSA, depicting its six sub-domains and the locations of free cysteine residue (C34) and
single tryptophan residue (W214). This image was drawn from the pdb file 1A06 using the PyMol Molecular Graphics System, Version 2.0 Schrodinger, LLC. (B)
Fluorescence emission spectra of W214 in the native (N) and unfolded (U) states of HSA at pH 7.0. The inset of panel B shows the change in the mean residue
ellipticity (MRE) of HSA in the N and U states at pH 7.0 in the far-UV region. (C) Urea induced equilibrium unfolding transitions of HSA at pH 7.0 and pH 8.0 as
monitored by the changes in the fluorescence signal of W214 at 340 nm and change in the MRE at 222 nm (inset). (D) The fractions of the unfolded protein at pH 6.5,
pH 7.5 and pH 8.5 are plotted as a function of the [urea]. The solid lines through the data in panel C, inset of panel C and panel D are fits to a two-state, N=U model
(Egs. (3) and (5), Section 2.5). The plots in Fig. 2C, C inset and 2D are representative plots of one set of experiments.

amino)naphthalene-1-sulfonic acid (1,5-IAEDANS) was purchased from
Life Technologies. All other chemicals of the highest purity grade were
purchased from HiMedia and used directly without further purification.
HSA concentration was measured using an extinction coefficient of
36,500 M~ !em™? by measuring absorbance at 280 nm [40]. For all the
pH titration studies, native buffers consisted of 20 mM MES, 20 mM
phosphate and 20 mM Tris-HCl for pH 6.0, pH 6.5 - pH 7.5 and pH 8.0 —
pH 9.0, respectively. The unfolding buffers constituted of 9 M urea in
their respective native buffer.

2.3. 1,5-IAEDANS labeled HSA preparation

We followed the previously reported protocol for the site-specific
covalent labeling of HSA [32]. In brief, 20 fold molar excess of 1,5-IAE-
DANS was added to HSA, which was previously unfolded in 6 M Gua-
nidine Hydrochloride (GdmCl) and 20 mM Tris-HCIl at pH 8.0. The
reaction mixture was stirred for 4 h in the dark followed by refolding in
15 fold volume excess of 20 mM phosphate buffer at pH 7.0 with an
overnight incubation at 4 °C. Refolded protein was then concentrated by

centrifugal concentrator (GE healthcare, molecular weight cutoff-30
kDa) to 2.5 mL. To remove the remaining unbound dye and GdmCl, the
concentrated reaction mixture was passed through a PD-10 desalting
column (GE healthcare). The percentage of labeling in the labeled pro-
tein (HSA-IAEDANS) was estimated as discussed previously [32] and
was observed to be >95%.

2.4. Fluorescence and CD experiments

For fluorescence experiments, the protein concentration used was
4-6 pM. In HSA and HSA-IAEDANS, W214 was excited at 295 nm and
the emission spectra were collected from 310 nm — 550 nm. 1,5-IAE-
DANS attached to the C34 (C34-IAEDANS) was excited at 337 nm.
The excitation slit widths for all the fluorescence experiments were kept
between 1.0 nm to 1.5 nm, while the emission slit widths used were in
the range of 8-12 nm.

For far-UV CD measurements, 3-4 pM of protein concentrations were
used. Scans were collected from 190 nm - 250 nm. The data pitch, data
integration time, scan speed and bandwidth were kept at 1 nm, 1 s, 50
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nm/min and 2 nm, respectively, for all the experiments. Background
signal corrections have been done for all the CD and fluorescence ex-
periments by subtracting the buffer signal.

2.5. Urea induced equilibrium unfolding experiments

For urea induced equilibrium unfolding experiments, protein sam-
ples (HSA and HSA-IAEDANS) were subjected to a gradient of urea
concentration and incubated for 3 h at room temperature in the pH
range of 6.0-9.0. For fluorescence measured experiments, W214 and
C34-IAEDANS were excited at 295 nm and 337 nm, respectively, and
equilibrium unfolding was measured by the change in respective fluo-
rescence signal at 340 nm and 469 nm, respectively. For far-UV CD
measured equilibrium unfolding experiments, the signals were
measured at 222 nm. The data were fitted to the following equation
based on a two state, N=U model [32,41].
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In the above equation, y,ps is the observed fluorescence / CD signal;
yn and yy are the signals of the N and the U states, respectively; AGyy is
the free energy of unfolding of N=U, which has a linear dependency on
denaturant concentration and is given by:

AGyy = AG%ZO + myy (D] “)

where AGR3© is the standard free energy of unfolding in 0 M urea and
myy is the slope of the N=U transition.

The fractions of unfolded states, fy, at any particular denaturant
concentration were determined as per the equation mentioned below:

o=t
fu= gy 6))
1+ =500

All the urea induced denaturation experiments shown in Figs. 2C, D,
3C and D were repeated two or more times. The error in thermodynamic
parameters shown in Figs. 4 and 5 were determined from the spread of
two or more independent measurements.

1.5
e« HSA-IAEDANS (N) < K
|— Hsa-aEDANS (U) ¢ -

Relative Fluorescence

Fraction Unfolded

[Urea] /M

Fig. 3. The thermodynamic stability of HSA-IAEDANS is independent of pH. (A) far-UV CD spectra of HSA and HSA-IAEDANS at pH 7.0 as a measure of their global
secondary structure content are shown in panel A. (B) Fluorescence emission spectra of W214 and C34-IAEDANS, when excited at 295 nm, in the N and the U states of
HSA-IAEDANS at pH 7.0 are shown. (C) Urea induced equilibrium unfolding transitions of HSA-IAEDANS as monitored by the change in W214 fluorescence at 340
nm at pH 7.0 and pH 8.5. The inset shows the pH dependence of the urea induced equilibrium unfolding transitions as monitored by the change in fluorescence signal
of C34-IAEDANS at 469 nm at pH 7.0 and pH 8.5. (D) The fractions of unfolded protein were plotted as a function of [urea] at pH 7.0, pH 7.5 and pH 8.5. The solid
lines through the data in panel C, inset of panel C and panel D are fit to a two-state, N=U model. In the Fig. 3C, C inset and 3D, representative plots of one set of

experiments are shown.
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Fig. 4. pH dependence of the thermodynamic parameters. (A) Changes in the
standard free energy of unfolding (AGN3°) of HSA and HSA-IAEDANS as a
function of pH. The solid line through the data of HSA is a least-square fit to Eq.
(6), while that of HSA-IAEDANS was drawn to guide the eye. (B) Dependence of
change in solvent exposed surface area (myy) during N=U transition of HSA
and HSA-IAEDANS with respect to pH. Error bars shown in panel A and panel B
represent the spread for at least 2 or more independent sets of experiments.

2.6. Analysis of titration of thermodynamic parameters as a function of
pH

Assuming that the single titratable group (C34) in HSA has different
pKa values in the native (pKﬁ’) and the unfolded states (pKf{), the de-
pendency of the free energy of unfolding, AGH#° on pH was analyzed
using the following equation [17,20]:

1+ lopl(f,/ —pH
(6)

AGZ%JO = AGZ%/QNE —2.303RT log (W

The above equation is a combined and modified form of Egs. (1) and
(2) (see Section 1).
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3. Results and discussion
3.1. The N and U states of HSA have distinct spectroscopic properties

We first compared the fluorescence signal of W214 in the N and the U
states of HSA at pH 7.0 and we observed that the signal from the U state
was highly quenched and the wavelength of the maximum fluorescence
emission (Afa,) in the U state (349 nm) was red shifted as compared to
the N state (340 nm), pertaining to the hydration of W214, which lead to
the quenching of its fluorescence (Fig. 2B). Similarly, the global sec-
ondary structure content of HSA in the N and U states were distinctly
different, as revealed by the far-UV CD spectra with the global secondary
structure being entirely lost in the U state (Fig. 2B, inset). The mean
residual ellipticity (MRE) at 222 nm for the N and the U states of HSA
were —18,690 and —4868 deg. cm? dmol ™}, respectively. All these re-
sults conveyed that the N and the U states of HSA have distinct spec-
troscopic properties.

3.2. The thermodynamic stability of HSA is pH dependent

We utilized the difference in spectroscopic properties of the N and
the U states of HSA to monitor their equilibrium population distribution
as a function of urea concentration and the thermodynamic stability of
HSA over a range of pH (pH 6.0 — pH 9.0). We first used W214 fluo-
rescence as a measure of structure loss upon unfolding during the N=U
transition. Urea induced single sigmoidal equilibrium unfolding curves
for HSA were obtained in the pH range of 6.0 — 9.0. Two representative
plots at pH 7.0 and pH 8.0 are shown in Fig. 2C. We observed that the
midpoint of the N=U transition (C,) changed as a function of pH in the
pH range of 7.0 — 8.0. We further compared the thermodynamic stability
of the secondary structure of HSA as measured by far-UV CD at pH 7.0
and pH 8.0 (Fig. 2C, inset). The slopy nature of the unfolded baseline in
the equilibrium unfolding experiments monitored by far-UV CD limited
the correct estimation of the thermodynamic parameters. Nevertheless,
we observed that, at pH 7.0, the loss of the protein secondary structure
was initiated ~3 M [urea] and Cy, was ~4.5 M [urea]. However, at pH
8.0, the unfolding of HSA started ~1.5 M [urea] and the observed Cy,
was ~3 M [urea]. These results were in very well correspondence with
the W214 fluorescence measured unfolding transitions (Fig. 2C). W214
fluorescence is also a measure of the change in the tertiary structure.
These results suggested that the global secondary and tertiary structure
of the protein dissolved similarly during urea induced unfolding studies.
The unfolding curves as measured by W214 fluorescence were converted
into fractions of unfolded protein and were analyzed using a two-state
N=U model (Fig. 2D, Section 2.5). The mean value of standard free
energy of unfolding of the N=U transition,AGh#°, at pH 6.5 was 4.8
keal mol~?, at pH 7.5 was 4.0 kcal mol~! and at pH 8.0 was 3.1 kcal
mol ™. The mean value of the change in the solvent accessible surface
area (myy), as measured by the slope of the N=U transition, was 1.00
keal mol~* M~ at pH 6.5, 0.94 kcal mol~* M~! at pH 7.5 and 0.98 kcal
mol~! M1 at pH 8.0. These results show that the thermodynamic sta-
bility of HSA is dependent on pH and decreases upon increasing the pH
above 6.5. However, the value of myy remains unperturbed.

3.3. C34-IAEDANS is buried in the protein core

Since pH is a well-known modulator of the structure of proteins and,
by extension, their thermodynamic stabilities [33,35,42], it can be
argued that the observed dependence of thermodynamic stability of HSA
on pH was due to the change in its structural properties. However, it has
been previously reported that HSA conserves its N-like structure in the
pH range of 4.8 to 8.5 [29,31-33]. The similar values of myy at all the
pH (Fig. 2D), which measures the change in solvent exposed surface
area, also indicated that the pH dependence of the stability was not due
to a structural change. The other possibility for the destabilization of
protein in the pH range of 7.0 to 8.0 could be due to the titration of a
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Fig. 5. The pKa of C34 in the N state is upshifted, while in the U state, it is downshifted with respect to a free thiol group. (A) The simulated AGR{®versus pH curves
when i) pKU =6.9 and pKf = 8.7 (pink dotted line) and hence are equal to the experimental value (gray filled circles); ii) pKU = pK? (red line and green dashed line);
and iii) pKY > pKY(blue line and dark cyan dashed line). (B) Comparison of simulated AGXversus pH curves by keeping pK\constant while varying pKY and vice
versa. All the curves were simulated using Eq. (6). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

buried ionizable amino acid residue inside the core of the protein. Since
free cysteine has a pKa ~8.2 and upon burial inside a hydrophobic core,
its pKa is likely to get modulated, we hypothesized that the titration of a
buried cysteine might be leading to the protein destabilization in this pH
range. HSA has 35 cysteines, out of which 34 forms disulfide linkages in
the protein. The sole free cysteine, C34, has its side chain buried in the
hydrophobic core of protein (Fig. 2A) [43]. The titration of the
protonation-deprotonation equilibrium of cysteine could be blocked in
two ways: i) by site-directed mutation of C34 to a non-ionizable residue
and ii) test-tube engineering in which C34 is covalently labeled with a
molecule that prohibits its ionization. As we had successfully labeled the
C34 and performed multiple experiments with labeled HSA, previously
[32,33,35,43], we opted for the second alternative. To block its titration
with pH, we labeled C34 with a fluorophore 1,5-TAEDANS (C34-IAE-
DANS) (Section 2.3). It is important to confirm that labeling does not
alter the conformational properties of the protein. We compared the
global secondary structural difference between the unlabeled HSA and
the labeled HSA (HSA-IAEDANS) by far-UV CD (Fig. 3A). The MRE for
HSA and HSA-TAEDANS at 222 nm were —18,690 deg. cm? dmol ! and
—18,282 deg. cm? dmol ?, respectively, which implied that the labeling
of HSA did not perturb its secondary structural content. We further
compared the tertiary structural difference of HSA and HSA-IAEDANS as
measured by W214 fluorescence and we observed that Ay, in the N and
the U states of HSA did not change upon labeling (Fig. 2B, Fig. 3B). In
previous global tertiary structural studies, low values of MRE at 261 nm
in the N state (—121 + 3 deg. cm? dmol’l) was observed which was
marginally higher than the MRE value of the U state (—72 + 10 deg. cm?
dmol™1) [43]. This result conveyed that the global tertiary structure of
HSA is flexible and loosely packed. So it is not surprising that the loose
packing of the N state of HSA is being able to accommodate 1,5-IAE-
DANS without disrupting its conformation. In our earlier studies, we
have shown that W214 and C34-IAEDANS form a FRET pair [32,33,35].
Upon excitation of W214 (Donor) at 295 nm, the fluorescence of C34-
IAEDANS (Acceptor) increased significantly in the N state with a Ag,
of 469 nm due to FRET as compared to the U state (Ag of 483 nm)
(Fig. 3B). The differences in the fluorescence intensity and Ajyq, in the N
and U states of HSA-IAEDANS implied that the N and the U states have
characteristic spectroscopic properties and C34-IAEDANS is buried in
the core of the protein in the N state.

3.4. Thermodynamic stability of HSA-IAEDANS does not change with pH

In order to investigate the dependence of the thermodynamic sta-
bility of HSA-IAEDANS on pH, we performed the urea induced equilib-
rium unfolding experiments on HSA-IAEDANS in the pH range of 6.0 —
9.0. We first monitored the W214 fluorescence as a function of [urea] at
different pH and observed that the sigmoidal curves at 340 nm for the
N=U transition perfectly overlapped on each other (Fig. 3C). We also
checked C34-IAEDANS fluorescence to compare the thermodynamic
stability of HSA-IAEDANS (Fig. 3C, inset). The equilibrium values at
469 nm showed a gradual and non-cooperative dependence on [urea]
which limited the correct estimation of the thermodynamic parameters.
This observation could be due to the high fluorescence sensitivity of
C34-IAEDANS. Nevertheless, the C,, values obtained from W214 and
C34-IAEDANS fluorescence measurement studies in the pH range of 6.0
— 9.0 were analogous. We converted the unfolding curves of HSA-
IAEDANS acquired from W214 fluorescence measurements to fractions
of unfolded protein (Fig. 3D) and analyzed them using a two-state N=U
model. The obtained thermodynamic parameters, both AGHE© and myy
were strikingly similar in the pH range of 6.0-9.0. All these results
suggested that the thermodynamic stability of HSA-IAEDANS was pH
independent.

3.5. Titration of C34 was responsible for the destabilization of HSA in the
PH range of 6.0-9.0

We compared the change in thermodynamic parameters, AGN3,° and
myy, governing the denaturation of HSA and HSA-IAEDANS as a func-
tion of pH (Fig. 4A and B). Fig. 4A shows that the dependency of AGyy
H%n pH in HSA was sigmoidal, while in HSA-IAEDANS, this
dependency was abolished. Above pH 6.0, the thermodynamic stability
of HSA decreased in a sigmoidal manner and plateaued near pH 8.5 to
pH 9.0. The myy values for HSA and HSA-IAEDANS did not change with
pH (Fig. 4B). All the above results clearly conveyed that the titration of
buried C34 was responsible for the pH dependency of AGh#,° of HSA. We
fitted the pH dependency of AGx° of HSA (Fig. 4A) to Eq. (6) to obtain
the pKa values of C34 in the N and the U states (Section 2.6). For a
cysteine residue buried in the protein core, an increase in its pKa value is
expected. For the U state, the anticipated pKa was similar to that of free
cysteine in water (8.2). The pKa value obtained for the buried C34 in the
N state was 8.7 & 0.5. Interestingly, in the open U state, the pKa value of
C34 was 6.9 &+ 0.3.
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The observed decrease in the mean pKa of the C34 in the U state by
1.3 units was quite significant which could be due to the presence of
electrostatic interactions near C34 in the U state. However, it is
important to confirm that the observed pKa of the thiol group in the N
and the U states were not an artifact of the fitting errors. In order to
gauge the reliability of the values of pK) and pKYobtained from the fit,
we simulated and compared the graphs of AGN#/° as a function of pH for
different values of pKY and pKY, using Eq. (6) (Fig. 5). Fig. 5A shows that
when pKY = pKY, no pH-dependent change in the values of AGRy© will
be observed. Fig. 5A also shows that when pKY < pKY, the value of
values of AGh#C will increase with pH and not decrease, as observed
experimentally. Hence, for the experimentally observed dependence of
AGRE° on pH, pKY must be greater than pKY. Fig. 5A shows that for the
values of pK§ = 8.7 and ng: 6.9, the simulated curve fits the experi-
mental data very well.

We further checked the robustness of the observed values of pK§ and
pKY by simulating AGR®versus pH plots, keeping one parameter con-
stant and varying the other by about +0.5 pH units (Fig. 5B). The
generated AGhCversus pH curves markedly deviated from the experi-
mental data (Fig. 5B). Collectively these results confirmed that the
experimentally obtained values of pKY and pKY of C34 were quite
reliable.

3.6. The electrostatic interactions in both the N and the U states are
important for the thermodynamic stability of proteins

Our results show that the protonation-deprotonation equilibrium of a
single ionizable residue, C34, modulates the thermodynamic stability of
HSA in the near neutral pH range of 6.0 — 9.0 (Fig. 4). This result is
significant considering the vital role HSA plays in maintaining the pH of
the blood plasma, extravascular fluids and ascitic fluid [30]. In the
crystal structure of HSA, ~99% of the total surface area of C34 is buried
inside the core of domain I of HSA in the N state and is solvated by the
side-chains of 12 amino acid residues out of which 2 basic residues (H39
and R144), 1 acidic residue (D38) and 3 polar residues (Q33, Y84 and
Y140) directly affect the pKa of C34 [43]. The interactions of C34 with
H39 and R144 will be stabilizing and will lead to a decrease in its pKa;
whereas, D38 will destabilize and increase the pKa of C34. The observed
pKa of C34 in the N state of HSA could be a combination of its burial as
well as its interactions with adjacent acidic/basic amino acid residues.
Such observations have been previously reported for other proteins
[18-20,44]. For HSA, the pKa of C34 in the N state of the protein have
been reported to range from 8.0-9.0 depending upon the methodologies
and experimental conditions used (buffer, ionic strength, temperature
etc.) [45-47]. The estimated pKa of C34 in the N state of HSA from our
study, in its error range (8.7 + 0.5), is in good agreement with the
previously reported pKa values.

Another significant result from the present study is that the mean
pKa of the C34 in the U state is ~1.3 unit less than the expected pKa of
thiol in water (~8.2). We conjectured this could be due to the presence
of some polar residues in the primary sequence of HSA near C34, thereby
reducing its pKa. Assuming the U state to be completely unfolded and
random coil-like structure, we checked for the adjacent amino acid
residues of C34 in the sequence. The pentapeptide segment of HSA
containing C34 in the middle has other residues as Q32, Q33, P35 and
F36. These residues, being neutral in nature, are unlikely to affect the
pKa of C34. The only other possibility is that there exists some residual
structure in the U state in which some charged residues are interacting
with C34, thereby, lowering its pKa. It is important to note that the myy
value of a large protein like HSA is only ~1 kcal mol™* M~! (Fig. 4B).
This result indicates that only a small amount of the buried surface area
is exposed to solvent upon unfolding and there exist substantial residual
structure in the U state. It appears that the residual structure brings one
or more charged residue in the spatial proximity of C34 and hence
decreasing its pKa. Multiple reports have demonstrated the presence of
both favorable and unfavorable electrostatic interactions in the U states
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of proteins largely affecting their energetics [22-24,48-51].

The thermodynamic stability of proteins is a difference in the free
energy of their N and the U states. Therefore, understanding the ther-
modynamic and structural properties of the U state is also essential in
addition to that of the N state for decoding the factors that govern the
stability of proteins. Generally, the free energy of the U state is consid-
ered zero and the difference between the free energies of the N and the U
states is taken as the thermodynamic stability of the N state. However,
our observations that the pH-dependent thermodynamic stability of HSA
is controlled by the perturbed pKa of a single ionizable group in the N
state and the U state and that in the U state, the ionizable residue par-
ticipates in electrostatic interactions indicate that the electrostatics of
the U state is also an important determinant of protein stability.

The findings of this study also point towards the significant contri-
bution of interdomain coupling to the thermodynamic stability of HSA.
In this study, the far-UV CD monitored unfolding experiments at pH 7
and pH 8 suggested that the global secondary structure of HSA changed
differently as a function of urea concentration at two different pH con-
ditions. The Cy, of the far-UV monitored transition was observed to be in
very well correspondence with that of the W214 fluorescence monitored
transitions. It is important to note that W214 is placed at the inter-
domain region of the protein and reports about the site-specific struc-
tural change of that region. Excitingly, the observation that the abolition
of the titration of C34 (which is placed in the core of domain I) is
eliminating the pH dependence of the stability of HSA as monitored by
W214 fluorescence (at the interdomain region) shows that the protein
stability is coupled to the interdomain coupling. In one of our previous
studies, we have observed that in the E form of HSA at low pH, domain
I1I was fully unfolded while domain I and II were expanded but retained
N-like secondary structures [33]. Interestingly, the thermodynamic
stabilities of the protein in its E form as estimated from the changes in
W214 fluorescence and far-UV CD were in very well agreement. Both
these studies highlight the importance of interdomain coupling in pro-
tein stability.

4. Conclusion

In this study, we have explored the pH dependence of the thermo-
dynamic stability of the human serum protein, HSA. We used fluores-
cence spectroscopy to understand the coupling of folding/unfolding of
the protein with the ionization of the ionizable residues. We observed
that the thermodynamic stability of HSA was pH dependent and changed
in a sigmoidal fashion in the near neutral pH range (pH 6.0 — 9.0). In
order to understand the cause of this dependency, we labeled a buried
ionizable residue C34 with a dye, 1,5-IAEDANS and blocked its titration
due to pH. The thermodynamic stability of the labeled protein became
pH independent. These results conveyed that the pH dependent changes
in the stability of HSA were due to the aberrant titration of the single
thiol group. We calculated the pKa of the thiol in the N and U states. In
the N state, the mean value of the calculated pKa was ~0.5 unit higher
than that of the free cysteine in water, whereas, in the U state, there was
a significant decrease in the pKa of C34 (by ~1.3 unit). The pKa in the N
state could be attributed to the burial of the ionizable thiol group inside
the hydrophobic core and its interactions with multiple nearby polar/
ionizable residues. However, the perturbation of the pKa of the thiol in
the U state indicated some local electrostatic interactions near C34 in the
U state. These results together suggest that the electrostatic interactions
regulate the ionization equilibrium of the ionizable residues and there-
fore affect their pKa values. The knowledge of pKa of these residues in
both the N and the U states is essential in understanding the pH
dependence of the thermodynamic stability of proteins.
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how starvation stress is sensed at the molecular level and leads to protein activation
misfolding is poorly understood. TDP-43 is a vital protein, which, under o ) Amyloid like B form
stress-like conditions, associates with stress granule proteins via its functional \

S ;’f \
nucleic-acid-binding domains (TDP-43™*™) and misfolds to form aberrant My}- % » é\ >
aggregates. Here, we show that the monomeric N form of TDP-43™*™ forms b AR 2 \ A y%!

a misfolded amyloid-like protein assembly, f form, in a pH-dependent (

ABSTRACT: Nutrient starvation stress acidifies the cytosol and leads to the [Hies é
formation of large protein assemblies and misfolded aggregates. However, |* D i
ge p ggreg )y /\&Z‘ Protonation é

7,
Ay

20
manner and identified the critical protein side-chain residue whose Protonation /
protonation triggers its misfolding. We systematically mutated the three N form seiition (
buried ionizable residues, D105, H166, and H256, to neutral amino acids to N-like MG form

block the pH-dependent protonation—deprotonation titration of their side

chain and studied their effect on the N-to-f3 transition. We observed that D10SA and H256Q resembled TDP-43"*™ in their pH-
dependent misfolding behavior. However, H166Q retains the N-like secondary structure under low-pH conditions and does not
show pH-dependent misfolding to the § form. These results indicate that H166 is the critical side-chain residue whose protonation
triggers the misfolding of TDP-43™%™ and shed light on how stress-induced misfolding of proteins during neurodegeneration could
begin from site-specific triggers.

Bl INTRODUCTION TDP-43 belongs to a family of highly conserved nuclear
RNA binding proteins known as heterogeneous nuclear

The misfolding of TDP-43 (transactive response DNA-binding 23
ribonucleoprotein (hnRNP).” ™™ It is a 43 kDa protein

protein 43 kDa) into pathogenic aggregates has been linked to

two fatal neurodegenerative diseases, amyotrophic lateral composed of 414 amino acids and is divided into four domains
sclerosis (ALS) and frontotemporal lobar degeneration (Figure 1): N-terminal, two RNA binding domains RRM1 and
(FTLD),1’2 ALS is a progressive neurodegenerative disease RRM2 connected with a 15 amino acid long linker (called
causing damage to neurons in the brain and spinal cord,”* and TDP-43""™ hereafter), and a glycine-rich, prion-like C-
FTLD is marked by a progressive decrease in language and terminal domain’*72° (UniProtKB/Swiss-Prot entry
behavior.”™® In addition to the above two diseases, aberrant QI13148). The N-terminal contains a nuclear localization
aggregates of TDP-43 have also been reported in various other sequence (NLS), and TDP-43"*™ contains a nuclear export
neurodegeneratiye diseases, together referred to as TDP-43 sequence (NES). N-terminal is required for dimerization.””
proteinopathies.””'* The hallmark of these proteinopathies is Low-complexity C-terminal is required for the protein—protein
the deplcletion. of TDP-43 from the nucleus and its. subseq;lent interaction.”® NLS and NES are responsible for the shuttling of
aggregation into the cytosol of neurons and glia cells.” In TDP-43 into and out of the nucleus.”’ TDP-43"™M s the

particular in ALS, around 97% of the patients examined to date
have been reported to contain inclusions of TDP-43 in the
affected areas.'”'* It has been shown that under stress-like
conditions, TDP-43 forms protein assemblies referred to as
15-18 . .
stress granules. These assemblies can form disease-
associated aggregates in persistent chronic stress.'” Not

principal functional domain and is responsible for binding to
pyrimidine-rich nucleic acids.'>****" Tt performs various
crucial functions in the cells like mRNA stability, mRNA
splicing, etc.”>~*" under physiological conditions but has been

surprisingly, almost 90% of the cases of ALS occur due to Received:  April 12, 2021
sporadic factors and chronic environmental stress is believed to Revised:  June 24, 2021
play a major role in the aggregation of TDP-43."'>° However, Published: July 28, 2021

the molecular mechanism of how different types of stress are
detected by protein molecules and how they trigger protein
misfolding remains very poorly understood.

© 2021 American Chemical Society https://doi.org/10.1021/acs.jpcb.1c03262
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Figure 1. Schematic depiction of the four domains of the TDP-43.
NTD: N-terminal domain; RRM1, RRM2: two RNA recognition
motifs (collectively called TDP-43™*™ in this paper); CTD: C-
terminal domain. The letters L and E correspond to the nuclear
localization and nuclear export sequence, respectively. Structural
representation of TDP-43"™™ (amino acid residues 97—261) is
shown below. The locations of the side chains of the amino acid
residues D10S, H166, and H256 are highlighted. The side chains of
D105, H166, and H256 are buried to the extents of 97, 93, and 91.5%,
respectively. The image is produced using PyMOL with the PDB file
4BS2.

recently reported to form disease-associated aggregates in
stress-like destabilizing conditions.”'~*

Cells experience a variety of stress-like conditions, and each
stress changes the physiochemical and solvation environment
inside the cells in a different manner.**™* In particular,
nutrient starvation stress acidifies the cytosol and increases the
cytosolic proton ion concentration due to the reduced
efficiency of ATP proton pump.48_50 Some proteins or protein
domains inside the cells can function as biosensors.*>*”**! It
has been proposed that cells sense starvation stress at the
molecular level by protonating the side chains of biosensor
protein molecules that triggers their intermolecular assem-
bly.*”* Cells are believed to mitigate the starvation stress by
coupling the protonation—deprotonation of proteins with their
assembly—disassembly reaction, but under persistent stress,
these large protein assemblies lead to the formation of disease-
associated amyloid-like aggregates.'¥**~*7*>*! In line with this
hypothesis, we observed in a previous study that TDP-43%%M
could function as a biosensor and sense pH stress but
undergoes misfolding to form f-sheet-rich amyloid-like fibrils
on prolonged stress”"** in the presence of salt. However, the
identity of protein side chains whose protonation is coupled to
misfolding and aggregation of TDP-43"* remains unknown.
The side chains of the ionizable amino acid residues buried
inside the protein structure have differential pK, in the folded
and unfolded states’” and can protonate or deprotonate only
upon partial or complete unfolding. They are promising
candidates to function as gatekeeper residues for protein
aggregation as it often begins with partial unfolding of the
protein. It has been also shown recently that pathogenicity in
the case of multiple disease-related proteins is more frequently
associated with the buried amino acid residues.*® In this study,
we have systematically mutated the three buried ionizable
amino acids to neutral amino acids whose side chains cannot
undergo protonation—deprotonation reaction (D10SA,
H166Q, and H256Q). We compared the aggregation behavior
of the mutant proteins to that of the TDP-43"*™™ Wwe
observed that while the mutant protein variants D10SA and
H256Q_show the misfolding behavior similar to the TDP-
43RM H166Q_ retains the native-like (N-like) secondary
structure under low-pH conditions and does not misfold to the
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p-sheet-rich, f form. Instead, H166Q_predominantly forms a
molten globule that binds to ANS. Our results shed important
light on how site-specific modification of proteins under stress-
like conditions could trigger the misfolding into amyloid-like
forms in neurodegenerative diseases.

B MATERIALS AND METHODS

Buffers and Chemicals. All of the chemicals used are of
highest-purity grade and were obtained from Sigma and Sisco
Research Laboratories (SRL). For the pH-dependent exper-
imental studies, the following buffers for different pH range are
used: 20 mM glycine—HCl (pH 1.5-3.5), 20 mM sodium
acetate (pH 3.8—5.0), 20 mM 2-(N-Morpholino) ethanesul-
fonic acid (MES) (pH 5.5-6.0), 20 mM 3-(N-Morpholino)
propanesulfonic acid (MOPS) (pH 7.0, 7.5), and 20 mM Tris
(pH 8.0). All of the buffers contained 150 mM KCl and 1 mM
dithiothreitol (DTT). The buffers were filtered with 0.2 pm
filter before use.

Expression and Purification of TDP-43'RfM, TpDp.
43TRM a5 purified as described previously*' and stored in
the storage buffer (10 mM potassium phosphate, 150 mM KC],
1 mM DTT, and 5% glycerol at pH 7.2). The protein was
highly pure as checked by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE). The con-
centration of the protein was determined by measuring the
absorbance at 280 nm using the extinction coefficient of
15470 M™" em™'.>*

Site-Directed Mutagenesis. Primers containing the
desired mutations were constructed with the help of
QuikChange primer design program (https://www.agilent.
com/store/primerDesignProgram.jsp). The designed primers
were procured from IDT Technologies. QuikChange Light-
ning kit from Agilent was used to generate the single-site
mutants of TDP-43"" ysing the protocol provided with it.
The mutations were confirmed by DNA sequencing. The three
mutant variants studied are D10SA, H166Q, and H256Q. The
mutant proteins D10SA and H256Q were purified using the
same protocol as that of TDP-43""™. Both of the proteins
were highly pure as checked by SDS—PAGE.

Purification of H166Q. H166Q showed a different
expression profile and was found in inclusion bodies and
hence was extracted from the cell pellet. The BL21 cells were
transformed with the mutation containing plasmid and grown
in Luria Bertani (LB) agar containing 100 yg/mL of ampicillin.
Single-cell colony was used to grow primary culture in LB
media containing 100 pg/mL of ampicillin. The primary
culture was then used to inoculate secondary culture, where
the cells were allowed to grow till the ODyy, reached 0.7 in LB
media. To overexpress the protein, the cells were induced by 1
mM isopropyl f-p-1-thiogalactopyranoside (IPTG) and spun
at 20 °C for 24 h. The cells were pelleted at 4500 rpm for 30
min at 4 °C and then lysed by sonication in lysis buffer (20
mM sodium phosphate, 300 mM NaCl, 30 mM imidazole,
DNasel at pH 7.4). The lysed cells were centrifuged to
separate them from the supernatant at 14 000 rpm for 45 min.
The cell pellets were dissolved in urea containing lysis buffer
(7.2 M urea, 20 mM sodium phosphate, 300 mM NaCl, 30
mM imidazole, and DNasel at pH 7.4) for 30 min. The cell
debris was separated from the supernatant by centrifugation at
14 000 rpm for 45 min. The supernatant was filtered through a
0.2 um filter. Filtered supernatant was passed through Ni
Sepharose 6-Fast Flow beads (GE Healthcare) preequilibrated
with the urea containing lysis buffer. The bound mutant
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protein was eluted in the elution buffer (7.2 M urea, 20 mM
sodium phosphate, 300 mM NaCl, and 300 mM imidazole at
pH 7.4). The eluted protein was further desalted using a
HiPrep 26/10 desalting column (GE Healthcare) into 7.2 M
urea and 20 mM sodium phosphate buffer followed by anion
exchange chromatography on a HiPrep Q FF 16/10 column
(GE Healthcare). Finally, the protein was buffer-exchanged in
the storage buffer (10 mM potassium phosphate, 7.2 M urea,
and 1 mM DTT at pH 7.2) by passing the protein through a
PDI10 desalting column. Glycerol (5%) was further added to
the protein solution. The purity of the purified protein was
checked by SDS—PAGE and found to be highly pure. The
protein was refolded in the desired buffer just before
performing the experiments. The concentration of the protein
was determined by measuring the absorbance at 280 nm, using
an extinction coefficient of 15470 M™" cm™.

pH-Induced Formation of the f form. The buffers used
at different pH values are described above. For the pH-induced
formation of the f form, the proteins were incubated in the
desired buffer for at least 4 h at room temperature before any
measurement.

Circular Dichroism (CD). All of the circular dichroism
(CD) measurements were performed on a Jasco J-815
spectropolarimeter. The instrument setting used for collecting
spectra is as follows: data integration time of 4 s, bandwidth of
2 nm, data pitch of 1 nm, and scan speed of 20 nm/min. Each
CD spectrum collected was an average of two accumulations.
For far-UV CD spectra, the data were collected in the
wavelength range of 205—250 nm and a cuvette of path length
0.1 cm was used. For all of the equilibrium and kinetics
measurements, the concentration of the protein used was in
the range of 8—20 uM. The buffer spectra were recorded under
similar settings and were subtracted from the acquired CD
spectra. The signals obtained from CD were used to calculate
fraction misfolded for all of the mutant variants using the
equation
fraction misfolded = x5

Sy~ Sm (1)
where Sy is the signal of native protein, Sy is the observed
signal, and Sy refers to the signal of misfolded protein.
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
measured by monitoring the absorbance at 350 nm and using
an extinction coefficient of 5000 M™' ecm™.>° TDP-43%&M (2
uM) was incubated with ANS (60 uM) for 15 min. The
experiments were carried out on a FluoroMax-4 spectrofluor-
ometer (Horiba Scientific). The fluorescence spectrum for
each sample was measured by exciting ANS at 380 nm and
acquiring emission from 400 to 600 nm. The slits used were 1
and 8 nm for excitation and emission, respectively. Some of the
ANS experiments were also performed on a PerkinElmer
Fluorescence spectrometer LSSS. For those experiments, the
slits used were 8 nm for excitation and 9 nm for emission.
Analysis of the pH Dependence of the N=f
Transition. Kinetic experiments in the previous studies™
have shown that the pH-dependent N=f transition occurs in
multiple steps. However, at equilibrium, the N=f transition
monitored by CD signal at 216 nm and ANS fluorescence
signal at 469 nm for TDP-43F*M D105A, and H256Q showed
an apparently two-state sigmoidal change as a function of pH.
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This result suggests that only the N form or the /8 are stable
enough to be populated at equilibrium under the experimental
conditions used in this study (in the presence of 150 mM
KCl). In view of this result, we fitted the pH-dependent
equilibrium data to a simplified apparently two-state model, in
which the formation of the misfolded B form was coupled to
the protonation of a single critical residue of the N form, with a
dissociation constant of K,, as shown in the following scheme

N + H" 2 NH* 2 p (Scheme 1)

It is assumed in the model that only NH" is competent to
transform into the f form. In that case, the pH dependence is
that of the protonation of N and is given by a transformation of
the Henderson—Hasselbalch equation

Yo + Yy 10PHPK)

Y

obs —

1 + 10®PH-PK) ()

where Y, corresponds to the observed spectroscopic signal at
a particular pH value, and Yy and Yy correspond to the
signals of the N form and the protonated NH" form. It is
assumed that under the experimental conditions and the
protein concentrations used in this study, NH"=/ equilibrium
completely favors the f form, and hence, the amount of NH" is
equal to the amount of the f form.

The fraction of the protonated NH* form, i.e., the fraction of
protein protonated at the critical titrating residue, as a function
pH will be given by
1

fractionof NH = ————
1 + 10°H-PK)

©)

Estimation of Solvent Accessibility of Acidic Amino
Acid Residues. The absolute solvent-accessible surface area
(ASA) of each amino acid residue was calculated using DSSP
program.‘% The relative solvent-accessible surface area (RSA)
was calculated by dividing absolute solvent-accessible surface
area by the total surface area of the amino acid residue.””>*

Size Exclusion Chromatography (SEC). Size exclusion
chromatography (SEC) was performed on a Superdex 75 10/
300 GL column having fractionation range from 3 to 70 kDa
with a void volume of 7.2 mL and a bed volume of 23.5 mL.
For the SEC experiments, an AKTA Pure M FPLC system
(GE Healthcare) was used. SEC experiment on the N form
was performed at pH 7.5. The concentration of the protein
used was 20 uM. SEC experiment on the misfolded f form was
performed at pH 3.0. The concentration of the protein used
was 15 uM. The flow rate used was 0.8 mL/min. All of the
experiments were performed at 4 °C.

To determine the apparent molecular weight (M) of the
N form, we first created a calibration curve (Figure S1)
between the partition coefficient (K,,) of the five standard
biomolecules (bovine serum albumin (BSA), ovalbumin,
ribonuclease A, aprotonin, and vitamin B12) and their
respective molecular weights, as described in the GE
Healthcare manual. The value of K, was calculated using the
below-mentioned equation

_¥-%

I<av_
Vi— Y,

(4)

where V, refers to the elution volume of the protein molecule,
V, refers to the void volume of the column, and V, refers to the
total bed volume of the column. The values of V_ and V, were
taken from the column specifications provided in the manual
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Figure 2. TDP-43"™ undergoes pH-dependent misfolding and aggregation. (A) Far-UV CD spectra of TDP-43"™ a5 a function of pH. (B)
Changes in the fluorescence spectrum of ANS in the presence of TDP-43%*™ a5 a function of pH. (C) Elution profile of TDP-43"* in SEC, in the
N form (pH 7.5) and in the § form (pH 3.0). (D) TEM image of the f form.

for Superdex 75 10/300 GL column. V, and molecular weight
of different standards were also taken from the instruction
manual provided along with the column. We wused the
experimentally measured elution volume of the N form to
calculate the partition coefficient and in turn determined its
MFP from the calibration curve.

Transmission Electron Microscopy (TEM). TEM was
used to visualize the morphology of the § form. The § form
(10 pL of 1 uM concentration) was loaded onto the 300-mesh
carbon-coated grid (Electron Microscopy Science) and
allowed to get absorbed for 5 min. Excess sample was
removed. Uranyl acetate (2%) was used for 1.5 min to
negatively stain the samples. Excess stain was removed. This
was followed by a wash by Milli-Q water for 1 min to wash oft
any extra stain stuck on the grid. The sample was then covered
and allowed to dry overnight and imaged under a transmission
electron microscope (Technai-T20) at an accelerating voltage
of 200 kV.

Guanidinium Chloride (GdmCl)-Induced Equilibrium
Unfolding Experiments. All of the equilibrium unfolding
experiments were performed at pH 7.5. Proteins (4 yM) were
equilibrated in the presence of different concentrations of
GdmCl. The samples were excited at 280 nm, and the emission
was collected from 295 to 400 nm. The slit width of 1 nm was
used for excitation and 8—12 nm for emission. Buffer spectra

were acquired under similar settings and were subtracted from
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the protein spectra. The data were converted to fraction
unfolded as a function of [GdmCl] and analyzed using an N=
U two-state model, as described previously.”

Thioflavin T (ThT) Fluorescence Assay. The ThT assay
was performed on the N form and the f form of all of the
proteins. The N form or the f form was added to the ThT
buffer (50 mM Tris, pH 8.0) so that the final concentration of
the protein and ThT were 2 and 40 yM, respectively. The ThT
fluorescence was acquired within 1 min of mixing. The
experiments were performed on a PerkinElmer fluorescence
spectrometer LSSS. The slit widths used for excitation and
emission were 8 and 11 nm, respectively. Excitation was carried
out at 440 nm, and emission spectra were monitored from 460
to 600 nm. Buffer spectra were acquired under similar settings
and were subtracted from the protein spectra.

B RESULTS

TDP-43""M Undergoes pH-Dependent Misfolding.
‘We monitored the changes in the secondary structure content
of TDP-43™"™ a5 a function of pH using far-UV CD (Figure
2A). At pH 8.0, the far-UV CD spectrum displayed minima at
208 and 222 nm. The mean value of mean residue ellipticity
(MRE) at 222 nm was —4700 deg cm” dmol™". The secondary
structure of TDP-43™™™ contains a-helices, f-sheets, and
disordered loops (Figure 1) and the far-UV CD spectrum at
pH 8.0 is characteristic of TDP-43™"™ in its native state.’ We
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observed that the far-UV CD spectra of TDP-43"* remain
highly identical to the spectrum of the native protein in the pH
range of 8.0—5.0 (Figure 2A). As the pH is decreased below
5.0, the far-UV CD spectra gradually shift to a spectrum of a -
sheet with a minima at 216 nm. This result indicates that at
low pH and physiological concentration of salt (150 mM KCl),
TDP-43"™ transitions into an alternative misfolded con-
formation that is rich in S-sheet (f form). Interestingly, both
native and urea-unfolded TDP-43"*™ form almost identical f
form when transferred to a low pH (Figure S2), indicating that
the f# form is thermodynamically the most stable form at a low
pH. At pH 3.0, the value of MRE at 216 nm is —12 645 deg
cm? dmol™". Such an increase in the value of MRE at the low
pH is indicative of a disorder-to-order transition in the protein
molecules.*"

The N/ transition is also accompanied by a large change
in the tertiary structure of the protein molecules, in addition to
the secondary structure. Figure 2B shows the changes in the
tertiary structure of TDP-43™*M a5 a function of pH as probed
by the ANS binding assay. ANS is a dye that binds to the
exposed hydrophobic patches of the protein resulting in its
increased fluorescence signal. We observed that in the pH
range of 8.0—5.0, ANS does not bind to TDP-43FM 45
indicated by a near-zero fluorescence signal (Figure 2B). In
contrast, the fluorescence of ANS increases dramatically as the
pH is decreased in the range of 5.0—3.0. These results indicate
that the misfolded f form has exposed hydrophobic patches.

p Form is an Amyloid-like Protein Assembly. To
understand, if the misfolding is accompanied by intermolecular
self-assembly, we performed SEC of TDP-43"*™ at different
pH on a Superdex 75 10/300 GL column (Figure 2C). TDP-
43" ynder native conditions at pH 7.5 elutes at 12.5 mL,
corresponding to a molecular weight of 19952 Da (see the
Materials and Methods section), which suggests it to be a
monomer. However, at pH 3.0, the elution of the TDP-43RM
occurs at 8.6 mL, which is near to void volume (7.2 mL) of the
column. These results indicate that the misfolded S form is a
large-size protein assembly.

We examined the external morphology of the f form using
TEM (Figure 2D). In the TEM micrograph, the f form
appears to be curly amyloid-like protein assembly, which are
around 100 nm long, as observed in a previous study.”* These
results indicate that the f form has amyloid-like ordered
morphology.

pH Dependence of the N=f Transition. The above
results show that when the monomeric N form of TDP-43®"M
is subjected to a low pH in the presence of 150 mM KClJ, it
transforms into an amyloid-like protein assembly, f form,
which is rich in f sheet and has exposed hydrophobic patches.
Figure 3A shows the pH dependence of the change in CD
signal at 216 nm during the N=4 transition. Figure 3B does
likewise for the change in the signal of ANS fluorescence at
469 nm. We observed that in both the cases, the signal changes
in an apparently sigmoidal manner as a function of pH. These
results suggest that the structural changes in the protein
molecules during the N<=f transition is coupled to the
ionization of at least one ionizable residue. The results of the
ANS experiments (Figures 2B and 3B) show that the
disruption of side-chain packing in the hydrophobic core is
required for ionization. This result suggests that the ionizing
side-chain residue is buried in the protein core. We fitted the
data on pH dependence of misfolding (Figure 3) to a model in
which the formation of the misfolded f form was coupled to
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Figure 3. pH dependence of the misfolding transition. Changes in the
values of (A) MRE at 216 nm obtained by far-UV CD and (B) ANS
fluorescence emission at 469 nm as a function of pH. In both the
panels, the solid line through the data is a least-square fit to eq 2. The
error bars in both the panels are standard deviation in values of the
data points from three independent experiments.

the protonation of at least one critical residue of the N form
(see the Materials and Methods section). A fit of the data in
Figure 3 to eq 2 yielded the pK, of the critical titrating residue
to be ~4.0. This result suggests that the titration of a buried
aspartate, glutamate, or a histidine residue with a perturbed
pK, might be coupled to the formation of the # form. There
are 12 glutamate, 13 aspartate, and 3 histidine residues in the
primary sequence of TDP-43"*™. Qut of these, only one
aspartate (D105) and two histidine (H166 and H256) residues
are almost completely buried in the protein structure (Figure 1
and Table S1). We targeted these three residues to check
whether the ionization of any one of them is coupled to the
formation of the # form. We mutated them to a neutral amino
acid, one at a time, by site-directed mutagenesis to abolish the
protonation—deprotonation equilibrium of their side chains in
the acidic pH. Aspartate was mutated to alanine, and both the
histidine residues were mutated to the glutamine because of
their similar size. The three mutant protein variants are named
D105A, H256Q, and H166Q.
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Single-Site Mutant Variants Have Similar Structure
and Thermodynamic Stability. It was important to first
check whether the single-site mutations affect the structure and
stability of the N form. Figure 4A compares the far-UV CD
spectra of D10SA, H256Q, and H166Q to those of the TDP-
43" jp the N form and the GdmCl unfolded U form. The
far-UV CD spectra of all of the mutant variants are very similar
to the TDP-43®™ both in the N form and the U form. These
results indicate that the mutant variants have a very similar
secondary structure to that of the TDP-43"" and that they
are completely and similarly unfolded in 6.2 M GdmCl.

Figure 4B compares the maximum wavelength of fluo-
rescence emission (4,.) of D10SA, H256Q, and H166Q to
that of the TDP-43""™ protein in the N form and the U form.
There are two tryptophan residues, W113 and W172, in the
three-dimensional structure of TDP-43™*M. Solvent accessi-
bility calculations (Materials and Methods section) suggest
that W113 is 52% exposed and W172 is 41% exposed to the
solvent. We observed that all of the proteins in the N form
showed similar 4,,,, of ~347 nm (Figure 4B), indicating that
the side chains of tryptophan residues are buried to a similar
extent in the mutant variants and in the TDP-43%RM*
Similarly, in the U form, all of the proteins show similar 4., of
~357 nm (Figure 4B), indicating that in the U form of all of
the proteins, tryptophan residues are completely exposed to
solvent.

We measured the thermodynamic stabilities of the proteins
using GdmCl-induced equilibrium unfolding experiments.
Figure 4C shows that all of the three mutant variants display
an apparent two-state unfolding behavior. The free energies of
unfolding of TDP-43™"™ D10SA, H256Q, and H166Q_are
4.6,5.2, 4.4, and 5.2 kcal mol ™}, respectively (Table S2). These
results suggest that the effect of mutations on protein stability
is very minimal. These results conclude that all of the mutant
variants have similar secondary and tertiary structures (Figure
4A,B) and thermodynamic stability (Figure 4C) to that of the
TDP-43"®M, Hence, the mutations do not alter the overall
structure and stability of TDP-43™*™ and all of the variants
can be directly compared to each other.

D105A and H256Q Shows pH-Dependent Misfolding
Similar to TDP-43"®"M, Eigure SA,B displays the changes in
the far-UV CD spectra of D10SA and H256Q, respectively, as
a function of pH. The pH-dependent changes in secondary
structure are strikingly similar to that of TDP-43""™ (Figure
2A) for both the mutant variants. The far-UV CD spectra of
the N form gradually shifts to the spectrum of a f sheet, with a
minima at 216 nm, as the pH is decreased from 7.5 to 3.0.
Both the mutant variants display an apparently sigmoidal
change in CD signal at 216 nm with midpoint of transition at
pH 4.0 (Figure 5A,B, insets), similar to TDP-43RkM (Figure
3A). These results indicate that D10SA and H256Q undergo
N= transition, akin to TDP-43®*, Hence, the ionization of
D105 and H256 is not coupled to the misfolding of TDP-
431N,

H166Q Does Not Show pH-Dependent Misfolding.
Interestingly, we observed that in contrast to D105SA, H256Q,
and TDP-43"™™ the mutant variant H166Q does not undergo
pH-dependent misfolding. Figure SC shows the changes in the
far-UV CD spectra of H166Q, as a function of pH. The far-UV
CD spectrum of H166Q_in the N form does not change to a
spectrum of f sheet as the pH is decreased from 7.5 to 3.0.
Instead, the far-UV CD spectrum remains N-like throughout
the range of pH, indicating that H166Q maintains N-like
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secondary structure in the pH range 7.5—3.0. The mean value
of MRE at 216 nm does not show a sigmoidal behavior as a
function of pH (Figure SC, inset) and remains roughly the
same across the pH range (7.5—3.0). The average of the mean
value of MRE across the pH range is —4571 deg cm® dmol ™},
and the standard deviation is —1028 deg cm” dmol ™. These
results indicate that H166Q_does not undergo N=/ transition.
Hence, the pH-dependent ionization of H166Q is coupled to
the misfolding of TDP-43"*™ and is a key trigger for the
formation of amyloid-like £ form.

We calculated the fraction of misfolded f form, formed by
each protein, as a function of pH from the changes in value of
MRE at 216 nm (see the Materials and Methods section).
Figure 5D compares the fraction misfolded as a function of pH,
for all of the four proteins. Remarkably, the change in the
fraction of the misfolded f form during the N=/ transition of
D10SA and H256Q is highly comparable to that of TDP-
43RRM ith midpoint of transition near ~4.0. In contrast, the
fraction of misfolded f# form for H166Q is almost near zero in
the pH range 7.5—3.0.

D105A and H256Q Show Similar Kinetics of Misfold-
ing to TDP-43""M_ Figure G6A shows the kinetics of
misfolding of TDP-43"*™ to the f# form at pH 7.5 and pH
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3.0 as measured by the change in the far-UV CD signal at 216
nm. At pH 7.5, the far-UV CD signal remains constant at the
value of MRE of the N form as a function of time, indicating
that the N-like structure is maintained and that the rate of
misfolding is negligible under N-like conditions. Upon
transferring the protein under aggregation condition at pH
3.0, there appears to be a fast change in the MRE signal during
the dead time of mixing (ca. 20—30 s), in which ca. 10—15% of
the total expected amplitude of the MRE signal is lost. This is
followed by a double-exponential change in the MRE signal
with time. Both the observable phases have roughly equal
amplitudes. These results indicate that TDP-43"™* misfolds in
at least three steps during the formation of the B form. The
time constants of the two observable steps were estimated to
be ~6.3 and ~65 min at pH 3.0.

The mutant variants D105SA (Figure 6B) and H256Q
(Figure 6C) show strikingly similar pH-dependent kinetics of
misfolding at pH 3.0 as TDP-43™*™ (Figure 6A). For both the
proteins, there is a fast change in the MRE signal at 216 nm
within the dead time of mixing in which ca. 15-25% of the
total expected change in MRE signal is lost. This is followed by
a double-exponential change in the MRE signal with time with
roughly equal amplitudes. The time constant of the two
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observable phases at pH 3.0 was estimated to be ~7.1 and 60
min for D105A and ~4.5 and ~50 min for H256Q. At pH 7.5,
for both the proteins, the far-UV CD signal remains constant at
the value of MRE of the N form, indicating that both the
proteins maintain their native structure for a long time under
N-like conditions. These results indicate that D10SA and
H256Q display similar pH-dependent kinetics of misfolding to
TDP-43%M,

H166Q Does Not Show pH-Dependent Kinetics of
Misfolding. In contrast to those of TDP-43™™ D105A, and
H256Q, the N form of H166Q does not transition to the
misfolded /3 form when transferred to pH 3.0 (Figure 6D). The
far-UV CD signal of H166Q remains constant at the value of
MRE of the N form at both pH 7.5 and pH 3.0. These results
indicate that H166Q_ does not undergo a change in its
secondary structure and retains its N-like secondary structure
even at a low pH, for a long time. Hence, the process of pH-
dependent misfolding is highly arrested for H166Q mutant
protein.

Low-pH Form of H166Q Shows Very Little Binding to
Amyloid Staining Dye ThT but Has Disrupted Side-
Chain Packing. H166Q maintains its N-like secondary
structure under pH stress and does not misfold to form
amyloid-like misfolded f form as shown by far-UV CD
experiments (Figures SC,D and 6D). We further probed the
nature of the structure formed by H166Q at the physiological
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and low pH values by measuring its ability to bind ThT and
ANS dyes. ThT dye binds strongly to amyloid-like cross-f
structure®’ and, upon binding, gives an increased fluorescence
at 482 nm. ThT dye has also been shown to bind weakly to
nonamyloid N-like oligomers of some variants of TDP-43°>
and amorphous aggregates of other proteins.”® Figure 7A and
its inset compare the ThT binding efficiency of the species
populated at pH 3.0 and pH 7.5 for H166Q_ with those of
TDP-43""™ D105A, and H256Q. For all of the four proteins,
no ThT fluorescence was observed for the N form at pH 7.5,
indicating that no amyloidogenic structures are present under
N-like conditions. For the misfolded  forms formed by TDP-
43" D10SA, and H256Q at pH 3.0, a huge and similar
increase in ThT fluorescence was observed, indicating the
presence of amyloid-like -sheet-rich structure. In contrast, the
N-like species formed by H166Q at pH 3.0 showed very
minimal binding to the ThT dye (~20%). As the low pH form
of H166Q does not contain amyloid-like f-sheet-rich structure
as indicated by far-UV CD experiments (Figures SC,D and
6D), the small binding to the ThT dye might be due to the
association of a small fraction of TDP-43™™ in N-like
oligomers as shown previously"*°* or amorphous aggregates®®
via its strand regions.

ANS assay was performed to compare the tertiary structure
and packing of hydrophobic core®* of H166Q in the N form
and the low-pH form to that of TDP-43""M D]0SA, and
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Figure 7. Comparison of the binding of ThT and ANS dyes to TDP-
43%EM and the three mutant protein variants. TDP-43%*M (pink),
D10SA (yellow), H166Q (green), and H256Q (blue) were
transferred to pH 7.5 (dotted lines) and pH 3.0 (solid lines) and
(A) ThT fluorescence and (B) ANS fluorescence spectra were
obtained for the species populated at both the pHs. The inset in (A)
compares the ThT fluorescence emission at 482 nm for all of the
proteins for the species populated at pH 7.5 (green circles) and pH
3.0 (red circles). The inset in (B) compares the ANS fluorescence
emission at 469 nm for all of the proteins for the species populated at
pH 7.5 (green circles) and pH 3.0 (red circles). The error bars in the
insets are the spread in the values of the data points from two
independent experiments.

H256Q. Figure 7B and its inset compare the binding efficiency
of the ANS dye to the species populated at pH 3.0 and pH 7.5
for H166Q with those of TDP-43"*™ D105A, and H256Q.
For all of the four proteins, near-zero fluorescence was
observed for the N form at pH 7.5, indicating that the
hydrophobic core is tightly packed in the N form of all of the
proteins. For the misfolded  forms formed by TDP-43®*™
D10SA, and H256Q at pH 3.0, a huge and similar increase in
ANS fluorescence was observed, indicating that the  forms of
all of the proteins have a similar but large amount of exposed
hydrophobic patches. The N-like species formed by H166Q at
pH 3.0 also binds to the ANS dye, but the ANS fluorescence in
this case is only about 50—60% to that of the § form of the
other three proteins. This result indicates that the N-like
species formed by H166Q at pH 3.0 have disrupted side-chain
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packing and exposed hydrophobic patches. The intact
secondary structure and disrupted tertiary structure suggest
that H166Q_forms a molten globular structure at a low pH.

The ANS binding signal of the molten globular structure
formed by H166Q_ at a low pH is around 50—60% of the
amyloid-like B forms formed for other three proteins. This is
because the amyloid-like # forms have a sheeted structure and
likely to have more exposed hydrophobic surface and ANS
binding sites compared to a molten globule.

B DISCUSSION AND CONCLUSIONS

For the proper functioning of the cells, neutral pH is required.
For maintaining the neutral cytosolic pH, the cells employ
hydrolysis of ATP and proton pumps to export protons into
the extracellular space.4 However, during nutrient starvation
stress, the ATP level decreases, thereby affecting the proton
pump, which fails to export protons out of the cell.”> These
events lead to an increase in the concentration of protons and
acidification of the cytosol."*”**** It has been suggested that
one of the energy-efficient ways cells employed to negate the
effect of starvation stress and increased concentration of
protons is the formation of large reversible protein assemblies
like stress granules.*®***' According to this hypothesis,
certain biosensor proteins in the cell (for example, Pabl,*
Publ,45 Sup 3:5,51 etc.) sense and mitigate starvation stress at
the molecular level by coupling the protonation—deprotona-
tion equilibrium of their side chains with their assembly—
disassembly reaction.””*”*' These assemblies are metastable
and aggregation-prone and could misfold to form amyloid-like
aggregates under persistent stress. However, the exgerin}ental
evidence for this hypothesis remains limited.**~*°' In
particular, it is critical to identify the side-chain residues
whose protonation is important for the formation of large
assemblies and triggers misfolding.

TDP-43 is known to associate with stress granule proteins
and nucleic acids via its TDP-43""™ and C-terminal regions
under stress-like conditions'®**®” and misfold to form
aberrant aggregates.'> In this paper, we showed that the
monomeric N form of TDP-43™* forms a misfolded amyloid-
like protein assembly, f# form, in a pH-dependent manner
(Figures 2 and 3). The change in the secondary structure to 3
sheet during N-to-f transition occurs concomitantly with the
disruption of the side-chain packing in the hydrophobic core
(Figure 3). Both the events follow the same pH dependence
with pK, around 4.0. These results suggest that ionization of a
protein side-chain buried in the protein structure might be
coupled to the formation of the misfolded f form. An
examination of the protein structure revealed that out of all of
the amino acid residues whose side chain could titrate in the
acidic pH range, only D105, H166, and H256 are almost
completely buried in the protein structure (Figure 1). We
systematically mutated these residues, one at a time, to neutral
amino acids to block the pH-dependent protonation—
deprotonation titration of their side chain and studied their
effect on the N-to-f transition. All of the four proteins have
similar structure and thermodynamic stability under native
conditions (Figure 4). We observed that D10SA and H256Q
resembled TDP-43""™ (Figures 2A and 3A) in their pH-
dependent misfolding behavior, both in the equilibrium
(Figure SA,B,D) and the kinetic experiments (Figure 6A—
C). However, in the case of H166Q, the pH-dependent
misfolding of the N form to the f form is highly arrested
(Figures SC,D and 6D). These results indicate that H166 is
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the critical side-chain residue whose protonation triggers the
misfolding of TDP-43"*™ to the f3 form.

The observation that the protonation of a histidine residue
triggers the misfolding of TDP-43™™ at a low pH is
surprising. Histidine residues usually have a pK, near 6.5,
and their protonation—deprotonation is known to play
important roles in protein function.”*”’° However, the pK,
of the H166 in TDP-43"™"™ is near ~4.0 (Figure 3). H166 is
around 93% buried in the protein structure (Figure 1). A
positively charged arginine residue, R165, is just next to H166
in the primary sequence and it has spatial proximity with the
side chains of Q164, C173, and C17S. It appears that these
residues create a complex microenvironment around H166
that results in the decrease of its pK,. It is important to note
that out of the other two histidine residues of TDP-43REM
H143 participates in DNA binding™ at the near-neutral
physiological pH, whereas H256 does not participate in either
the function or the misfolding. Hence, decreasing the pK, of
the sole histidine residue, H166, whose protonation triggers
the misfolding, might be the natural way of protecting the
protein from aggregation under mild starvation stress. The
protonation of a single-histidine residue near pH 4.0 has also
been shown recently to partially control the misfolding of the
mouse prion protein at a low pH.71

We observed that H166Q_forms a molten globule at a low
pH and a small fraction of the protein forms N-like oligomers
(Figures SC and 7). We have shown earlier that TDP-43%%M
can sense pH stress and form reversible metastable
assemblies*"** that form amyloid-like aggregates upon
persistent stress. We observed that at a low pH in the
presence of a small amount of salt (~3 mM KCI), TDP-43%%M
partially unfolds to form a molten globule that slowly
transforms into metastable N-like oligomers.** Upon increas-
ing the concentration of salt to more than 20 mM, the N-like
oligomers transform to the misfolded S form.** At 150 mM
KCl, B form is the predominantly populated form of the
protein.** In the case of H166Q, under these conditions, only
the molten globule form is predominantly populated with a
small amount of N-like oligomers (Figures SC, 6D, and 7), but
not the f form. These results indicate that the protonation of
H166 functions as a critical trigger switch that controls the
amyloid-like misfolding of TDP-43®*™ upon pH stress
sensing. It appears that the protonation of H166 results in
proximal or distal conformational changes that initiate the
misfolding of the protein. The result of this study that
protonation—deprotonation of a single side-chain residue
controls the misfolding is an important step for understanding
how the stress-induced misfolding of proteins can begin from
site-specific triggers*”*>*’ and the design of site-specific
therapeutics. The results of this study also hold significance
for misfolding of prion proteins and prion diseases where the
misfolding of protein begins under low-pH conditions
encountered in the endocytic pathways.”>~"*
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Calibration curve for molecular weight determination
using size exclusion chromatography (Figure S1);
formation of similar f form from both the N and U
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unfolding (Table S2) (PDF)
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TDP-43 is a vital nucleic acid binding protein which forms stress-induced aberrant aggregates in around 97%
cases of ALS, a fatal neurodegenerative disease. The functional tandem RRM domain of the protein (TDP-43RRM)
has been shown to undergo amyloid-like aggregation under stress in a pH-dependent fashion. However, the
underlying thermodynamic and molecular basis of aggregation and how the energy landscape of folding, sta-
bility, and aggregation are coupled and modulated by nucleic acid binding is poorly understood. Here, we show
that the pH stress thermodynamically destabilizes the native protein and systematically populates the unfolded-
like aggregation-prone molecules which leads to amyloid-like aggregation. We observed that specific DNA
binding inhibits aggregation and populates native-like compact monomeric state even under low-pH stress as
measured by circular dichroism, ANS binding, size exclusion chromatography, and transmission electron mi-
croscopy. We show that DNA-binding thermodynamically stabilizes and populates the native state even under
stress and reduces the population of unfolded-like aggregation-prone molecules which leads to systematic ag-
gregation inhibition. Our results suggest that thermodynamic modulation of the folding and aggregation energy
landscape by nucleic-acid-like molecules could be a promising approach for effective therapeutic intervention in
TDP-43-associated proteinopathies.

help of TDP-43RR’M performs crucial functions like mRNA splicing
[9-11], mRNA transcription [12,13], non-coding RNA processing [14],

1. Introduction

TAR DNA binding protein (TDP-43) is a ubiquitously expressed
member of the heterogeneous nuclear ribonucleoprotein family
(hnRNP) [1,2]. It is a 414 amino acid-long multidomain protein (Fig. 1).
It consists of an N-terminal domain (NTD), two tandem RNA recognition
motifs (RRM 1 and RRM 2, referred to as TDP-43‘RRM), and a C-terminal
domain (CTD) [3]. TDP-43%®RM js the primary functional domain of the
protein, which associates explicitly with the UG and TG-rich nucleic acid
sequences [4]. These motifs were highly conserved throughout evolu-
tion [5,6]. Under normal physiological conditions, TDP-43 predomi-
nately resides in the nucleus but often shuttles to the cytoplasm to
perform some of its functions [7,8]. In its native state, TDP-43, with the

embryonic development [15], and CNS development [16]. TDP-43 is
also involved in mRNA stability [17-20], and mRNA transport [21],
along with self-regulating its level in the cells [22]. However, it has been
observed that TDP-43 loses its natively folded conformation under stress
conditions [23,24]. Cytoplasmic aggregates of the TDP-43 have been
predominately found in amyotrophic lateral sclerosis (ALS), the adult-
onset motor neuron disease [25], and frontotemporal lobar degenera-
tion (FTLD), the second most common form of pre-senile dementia
[23,26,27]. In addition to these diseases, aggregates of TDP-43 have also
been associated with Huntington’s disease [28], Alzheimer’s disease
[29,30], and Parkinson’s disease [31]. These diseases are collectively

Abbreviations: TDP-43, TAR-DNA binding protein-43; NTD, N-terminal domain; RRM, RNA Recognition Motifs; CTD, C-terminal domain; TDP-43"fM RRM1 and
RRM2; ALS, amyotrophic lateral sclerosis; FTLD, frontotemporal lobar degeneration; ss, single stranded; ss(TG)e-TDP-43™, 55(TG)g bound TDP-43RRM; CD, circular
dichroism; ANS, 8-anilino-1-naphthalenesulfonic acid; ThT, thioflavin T; SEC, size exclusion chromatography; TEM, transmission electron microscope; Ammy, the

H, O

maximum fluorescence emission; fy, fraction unfolded; Cy,, midpoint of unfolding; Ty,, midpoint of thermal unfolding; N, native; /AGxt°, free energy of unfolding at

0 M denaturant..
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RRM1
RRM2

Fig. 1. TDP-43 binds to nucleic acid. Schematic depiction of the full-length
TDP-43 constituting NTD: N-terminal domain-involved in dimerization;
RRM1, RRM2: two tethered RNA recognition motifs (tRRM)-binds specifically
to UG-rich RNA and TG-rich DNA [6] and therefore are the major functional
domains of TDP-43; CTD: C-terminal domain-involved in the protein-protein
interactions; L and E: nuclear localization and nuclear export sequence,
respectively, which shuttles TDP-43 in and out of the nucleus. A structural
representation of the nucleic acid binding domain of TDP-43 with its binding
partner RNA (PDB ID: 4BS2) is shown below. The green colour depicts RNA.
The image is created from the PDB file 4BS2 using PyMOL Molecular Graphics
System. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

termed TDP-43 proteinopathies [32-35]. It is noteworthy that due to the
lack of understanding of the mechanism of TDP-43 aggregation and
aggregation inhibition under stress conditions, these neurodegenerative
disorders remain incurable till date.

The majority of the research has focused on deciphering the role of
both N and C-terminal domains on the aggregation of TDP-43 [36-42]. A
few studies on the C-terminal fragments suggest that the glycine-rich
region and the Q/N (glutamine/aspargine) rich region of CTD play an
important role in the aggregation [37-41]. Interestingly, small peptides
in the CTD have also been shown to undergo fibrilization in vitro
[40,43]. Moreover, C-terminal fragments of various lengths have been
implicated in TDP-43-associated pathogenesis [44-50]. Furthermore,
CTD has also been shown to undergo liquid-liquid phase separation
[51,52]. On the other hand, NTD facilitates dimer and higher-order
oligomer formation [53-56]. NTD oligomerization is also involved in
droplet formation by full-length TDP-43 [57]. Removal of the first few
residues of NTD annihilates the aggregation propensity of the TDP-43
[58]. N-terminal fragments were found lethal as they trigger motor
dysfunction in mice [42]. However, the role of TDP-43RM in aggre-
gation is poorly understood. With the increased association of TDP-43
with different neurodegenerative diseases, it becomes crucial to study
the role of different domains in disease onset. Recent accumulating ev-
idence suggests the role of RRMs in the formation of aberrant aggregates
[40,59-63]. As TDP-43RM associates with the nucleic acids to perform
its functions, dissecting their impact on the aggregation behavior of
TDP-43 could help establish the role of TDP-43"" and their interaction
with nucleic acids in aggregation control.

The binding with nucleic acids has been shown to modulate the self-
assembly energy landscape of TDP-43 and its multiple fragments and
variants [64-66]. It has been observed that binding to single-stranded
(ss) DNA enhances the solubility of TDP-43 purified from a rabbit
reticulocyte cell-free system [66]. The binding to ss(TG)13 also enhances
the solubility of a yellow fluorescent protein (YFP)-tagged TDP-43 [65].
RNA binding has also been shown to promote liquid-liquid phase
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separation of SUMO-tagged TDP-43 and low complexity domain of TDP-
43 [64]. Interestingly, in a separate study, it has been observed using an
optogenetic approach that RNA binding antagonizes the phase transition
of various variants of TDP-43 containing the RRM domains [67].
Recently, it has been observed that nucleic acid binding inhibits the
thermal aggregation of a variant consisting of N-terminal along with
TDP-43®fM (N.RRM1-2) [68]. However, the underlying thermody-
namic and molecular basis of aggregation and how the energy landscape
of folding, stability, and aggregation are coupled and modulated by
nucleic acid binding is not well understood. This knowledge could help
in the identification of the natural binding partners, which could prove
beneficial in designing the therapeutic strategy against the detrimental
aggregation of proteins.

TDP-43"RM has been shown to undergo pH-dependent amyloid-like
aggregation in the presence of physiological salt concentration
[62,69,70]. In the current study, we show that the specific binding of a
single-stranded DNA oligo (ss(TG)e) inhibits the pH-dependent amyloid-
like aggregation of TDP-43™™, We also observed that DNA-binding
keeps the protein in the native-like monomeric state even at low pH as
measured by circular dichroism (CD), ANS assay, and size exclusion
chromatography (SEC). TEM studies show that in the DNA-bound pro-
tein does not show the ordered morphology of amyloid-like fibrils under
aggregation conditions. We observed that pH decreases the thermody-
namic stability of TDP-43"®™ and reduces the mid-point of unfolding
(Cy) from 2.2 to 1.3 M [GdmCl] as we go down from pH 7.5 to 5.0. This
destabilization initiates the amyloid-like aggregation below pH 5.0. The
ss(TG)e binding increases the thermodynamic stability of TDP-43%RM,
making it more stable even at low pH and hence, ss(TG)¢ bound TDP-
43RRM (5(TG)6-TDP-43"EM) does not undergo amyloid-like aggrega-
tion. Our study suggests that modulation of the self assembly energy
landscape by natural binding ligands could be exploited for therapeutic
strategies against aggregation-prone proteins.

2. Materials and methods
2.1. Chemicals and buffers

All the chemicals and buffers were procured from HiMedia, Sigma,
and Sisco Research Laboratories (SRL) and were used directly without
further purification. The buffers that were used for pH-dependent
studies are as follows: 20 mM glycine-HCl (pH 3.0-3.5), 20 mM so-
dium acetate (pH 3.8-5.0), 20 mM 2-(N-Morpholino) ethanesulfonic
acid (MES) (pH 5.5-6.0), 20 mM 3-(N-Morpholino) propanesufonic acid
(MOPS) (pH 6.5-7.5) and 20 mM Tris (pH 8.0). All the buffers contained
150 mM KCI. 1 mM DTT (dithiothreitol) was added to the buffers before
the experiments. All the buffers were filtered with a 0.2 pm filter before
use.

2.2. Expression and purification of TDP-43RM

We followed the previously reported protocol to express and purify
TDP-43"8M (UniProtkB/Swiss-Prot entry Q13148) [62]. In brief, the
induced BL21(DE3) Escherichia coli cells were sonicated, and the su-
pernatant was passed through Ni Sepharose 6-Fast Flow beads (GE
Healthcare) to separate Hisg-tagged TDP-43™RM, The eluted protein was
buffer exchanged in protease cleavage buffer followed by overnight
cleavage of the Hisg-tag by PreScission protease at 15 °C. The purified
Hise-tag cleaved TDP-43R®"M was stored in a storage buffer (10 mM KPi,
150 mM KCl, 5% glycerol, and 1 mM DTT). The purity of the protein was
confirmed by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis). The protein concentration was measured by UV-VIS
spectroscopy using an extinction coefficient of 15,470 M~! cm™! at
280 nm. The molecular weight of the purified and Hise tagged-cleaved
TDP-43"®M protein as determined by Synapt G2 HD mass spectrom-
eter (Waters) was 19,429 Da.
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2.3. Preparation of DNA bound sample

Single-stranded (ss) ss(TG)s, ss(CA)e, and ss(TG)12 DNA oligos were
procured from Integrated DNA Technologies (IDT). The 1 M DNA oligos
stock was prepared in HyPure™ Molecular Biology Grade Water
(nuclease-free, deionized, distilled-GE Lifesciences). Further dilutions
were made as per the requirement and their concentrations were
checked using an extinction coefficient of 113,000 M~! ecm™! for ss
(TG, 119,200 M ! em! for ss(CA)g and 225,800 M~ ! em ! for ss
(TG)12 at 260 nm. The values of the extinction coefficients were taken
from the manual provided along with DNA oligos. For the preparation of
the DNA-bound TDP-43RRM samples (ss(DNA)-TDP-43FRM) " the
required ratios of the ss(DNA) and TDP-43R™M yere mixed and allowed
to incubate at pH 7.2 for 2 h, followed which all the experiments were
performed.

2.4. Steady-state fluorescence anisotropy measurements

Steady-state fluorescence anisotropy was measured on a Fluoromax-
4 spectrofluorometer from HORIBA Scientific, coupled to the FM4-Pol
polarization accessory in the L-format configuration. The ss(TG)e con-
jugated with 6-carboxyfluorescein at its 5’ end (labeled ss(TG)g) was
purchased from IDT. The oligo was dissolved in HyPure™ Molecular
Biology Grade Water. The concentration of the labeled ss(TG)g was
confirmed by taking the absorbance at 260 nm and using an extinction
coefficient of 133,960 M~! cm™!. To estimate the anisotropy, an
increasing concentration of TDP-43RRM (g_2 puM) was incubated with
30 nM of labeled ss(TG)g. The incubation was conducted in pH 7.5 buffer
for 2.5 h at room temperature. The anisotropy data was acquired by
exciting the labeled ss(TG)e¢ at 482 nm and collecting the emission at
515 nm.. All the measurements were carried out in a quartz cuvette with
a path length of 1 cm. The fluorescence anisotropy (r) and emission
intensity (I) are related to each other by

= IVV - IVHG (1)
where subscript V (vertical) and H (horizontal) refer to the position of
the polarizer in the excitation beam (first subscript) and emission beam
(second subscript) for every measurement performed. G refers to the
instrumental correction factor and is given by Igy:Iyp.

The binding affinity of the 6-carboxyfluorescein labeled ss(TG)¢ for
TDP-43"®M was calculated by fitting the obtained binding curve to the
equation:

[TDP — 431RRM]

Ar=n ——m————— (2)
[TDP — 43RRM] 4 Ky

where Ar is the buffer subtracted anisotropy signal, [TDP-43RRM] ig the
protein concentration, n is the valency of the interaction of DNA and
protein, and Kq refers to the dissociation constant.

2.5. Size exclusion chromatography

The size exclusion chromatography (SEC) of the free and the ss(TG)e-
TDP-43"®M was performed on the AKTA Pure M FPLC system (GE
Healthcare). A Superdex™ 75 10/300 GL size exclusion column having a
fractionation range of 3 kDa-70 kDa was used. The bed and void volume
of the column is 23.5 mL and 7.2 mL, respectively.

Free TDP-43™RM (8 uM - 10 M) was incubated with pH 3.0 and pH
7.5 buffer. For the SEC study of the bound sample, ss(TG)(,—TDP—43tRRM
complex was prepared at pH 7.5 and later incubated with pH 3.0 and pH
7.5 buffer for 30 min. The final concentration of the TDP-43®f™ and ss
(TG)g was 8 pM and 10 pM, respectively. All the buffers used in the SEC
contained 150 mM KCl. The column was pre-equilibrated with required
buffers of respective pH. The flow rate used was 0.8 mL/min. All the
experiments were performed at 4 °C.
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To determine the apparent molecular weight (Mig") of the TDP-
43RRM yhder different conditions, we created the calibration curve be-
tween the partition coefficient (K,y) of the five standard biomolecules
(bovine serum albumin (BSA), ovalbumin, ribonuclease A, aprotinin and
vitamin B12) and their respective molecular weights [70]. The calibra-
tion curve was further used to deduce Miy® based on the elution volume
of the sample.

2.6. Circular dichroism (CD)

The far-UV CD measurements were performed on a Jasco J-815
spectropolarimeter using a data integration time of 4 s, bandwidth of 2
nm, data pitch of 1 nm, and a scan speed of 20 nm/min at a constant
temperature of 20 °C. Each CD spectrum collected was an average of at
least two accumulations and was acquired with the help of a quartz
cuvette with a path length of 1 mm. The spectra were collected in the
wavelength range from 205 to 250 nm. The concentration of free TDP-
43RRM yced was 8 pM. For acquiring the far-UV CD of ss(DNA)-TDP-
43®RM their preformed complex was diluted with respective buffers to
make a final concentration of 10-11 pM of ssDNA and 8-10 pM of TDP-
43®RM Byffer spectra were acquired under similar conditions for all the
buffer conditions and were subtracted from the CD spectra of each
sample.

2.7. Analysis of the pH dependence of the N= f transition

We have fitted the pH-dependent spectroscopic data by assuming the
protonation of a single critical residue in the transition of the native-
state (N) to f form, as discussed previously [70] using the scheme:

N-+H'=NH"=8 (Scheme 1)

In the above scheme, it is assumed that only NH" is capable of
transitioning to f§ [71]. In that case, the pH dependence is that of the
protonation of N and is given by a transformation of the Henderson-
Hasselbalch equation:

Yyu + Yy 10PH-PK)

Yobs = 1+ 10GH-PK)

3

where Y5 corresponds to the observed spectroscopic signal at a
particular pH value; Yy and Yng+ correspond to the N form and the
protonated NH™ form signals, respectively. It is assumed that under the
experimental conditions and the protein concentrations used in this
study, NH*=p equilibrium ultimately favors the p form. Hence, the
amount of NH™ is equal to the amount of the § form.

2.8. Dissociation kinetics of the =N transition

We monitored the dissociation kinetics of p=N transition using ThT
assay. The p form (80 pM) was prepared from the N-state by performing
pH jump from pH 7.5 to pH 3.8. The sample was allowed to incubate for
2 h. The incubation was followed by a 10-fold jump to pH 7.5 (§ to N)
and to pH 3.8 (B to ). For the native control, the N-state (80 pM) was
prepared from the N-state by performing pH jump from pH 7.5 to pH 7.5.
The final sample was prepared by performing 10-fold jump to the pH 7.5
buffer. The final concentration of the protein was 8 pM.

At different times of the reaction, the required amount of the protein
was taken from the above samples and assayed for the amount of the
form using ThT assay. The ThT fluorescence assay was performed in 50
mM pH 8.0 Tris buffer. The concentration of the protein was 1 pM while
that of ThT was 40 pM. The ThT fluorescence was measured within 1
min of protein addition. The samples were excited at 440 nm, and
emission was collected from 460 nm to 600 nm. The excitation and
emission slit widths used were 4 nm. Fluorescence of the free ThT dye
was also acquired under similar settings before every ThT acquisition.
All the data have been buffer subtracted.
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Far-UV CD spectra of the samples were also acquired at the end of the
reaction using similar settings as mentioned above at 25 °C, and all the
spectra were buffer subtracted.

2.9. Reversibility of N=p transition

The reversibility of the N=p transition was monitored using circular
dichroism. The p form (62.6 pM) was prepared from the N-state by
performing pH jump from pH 7.5 to pH 3.0. The sample was allowed to
incubate for 2 h. The incubation was followed by a 10-fold jump to
different pH (7.5-3.0). For control, the N-state was also prepared using a
similar sequence of dilution in the native buffer. The final concentration
of the protein was 6.26 pM.

Equilibrium far-UV CD signals were acquired at 216 nm using a data
integration time of 2 s, bandwidth of 2 nm, and data pitch of 1 s. The
values plotted are an average of data acquired for 30 s. All the signals
were buffer subtracted.

2.10. Transmission electron microscopy

The free TDP-43M (1 iM) and ss(TG)s-TDP-43RfM (1.5 1M ss(TG)g
and 1 pM TDP-43%"®M) were incubated at pH 3.8 buffer for 45 min. 10 pL
of these samples were placed on the copper-coated 300 mesh grid
(Electron Microscopy Science) for 5 min. The excess sample was
removed, followed by a milliQ wash for 30 s. 2% uranyl acetate was used
for 1.5 min to stain the samples negatively. The excess stain was
removed with MilliQ water. The samples were then covered and allowed
to dry overnight and imaged under Technai-T20 at an accelerating
voltage of 200 kV.

2.11. 8-Anilino-1-naphthalenesulfonic acid (ANS) fluorescence assay

A stock solution of 10 mM ANS was prepared in Dimethyl Sulfoxide
(DMSO). The concentration of the ANS solution was confirmed using
absorbance measurement at 350 nm with an extinction coefficient of
5000 M~ ! em™! [72]. Pre-equilibrated free TDP-43RRM (o pM), and ss
(TG)g -TDP-43RM (2 \M TDP-43R’M and 5 1M ss(TG)g) were incubated
in 60 pM ANS for 15 min. The fluorescence spectrum for each sample
was measured by exciting ANS at 380 nm and obtaining emissions from
400 to 600 nm.

2.12. GdmCl-mediated equilibrium unfolding experiments

The GdmCl-mediated equilibrium unfolding experiments were per-
formed under different pH conditions (3.0-8.0). TDP-43RRM (4 pM) was
incubated with a gradient of GdmCI concentration for 3 h at room
temperature. Tryptophan present in TDP-43RM was excited at 280 nm,
and the emission spectrum was acquired from 295 nm to 380 nm. The
fluorescence spectra of buffers were collected under similar settings and
were subtracted from each fluorescence spectrum. Fluoromax-4 spec-
trofluorometer from HORIBA Scientific was used for the measurements.

The transitions were analyzed using a two-step N<U model. The
fraction of unfolded states (fy) at any particular denaturant concentra-
tion were calculated using the following equation:

Y, — (Yn + my*[D])

(Yu +my*[D]) = (Yx + my*[D]) @

fy =

where Yq is the observed MRE signal being measured at different
denaturant concentrations [D]. Yy and Yy refer to the intercepts,
whereas my and my are the slopes of native and unfolded baseline,
respectively [73,74].

fy is related to the equilibrium constant (Keq) by the relationship: Keq
= fy/(1-fy). Keq is further related to free energy AGny by the relation-
ship: AGny = -RTInKq. fy and AGyy are related by a modification of
Gibbs Helmholtz equation:
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—AGNy
e RT

fv = ——F— 5)
1+e ARCTM

where R refers to the gas constant and AGyy is the free energy of N<U
transition. It is related to denaturant concentration [D] by the equation

AGyy = AGS%JO +myy [D] (6)

where AG° and myy are the standard free energy at 0 M denaturant
and slope of the N=U transition [73-75].

2.13. Reversibility of N=U transition

The U-state (40 pM) was prepared from the N-state by performing a
jump to 5 M GdmCl (U buffer; pH 7.5). For the native control, the N-state
(40 pM) was prepared from the N-state by performing a jump to pH 7.5
(no GdmCl). The samples were allowed to incubate for 3 h. The N and
the U-state were further incubated in a gradient of GdmCl concentra-
tions for 3 h by performing a 10-fold jump by manual mixing. Following
incubation, the changes in the fluorescence signals were monitored by
exciting TDP-43™™ at 280 nm and obtaining emission from 300 to 400
nm. The excitation and emission slit widths used were 1 nm and 8 nm,
respectively. The final TDP-43RRM concentration was 4 pM. All the
signals were acquired at pH 7.5 in the presence of 150 mM KCl and were
buffer subtracted accordingly.

2.14. Calculation of N and U populations

Keq and population of the N and the U-state ([N] and [U]) are related
by equation:
[N]

Keg = 0] )]

The population of different ensembles can be calculated by:

N
AGRY = —RT InKeqor AGY = —RT In % ®

where R is the universal gas constant and T refers to the temperature of
measurement in Kelvin.

2.15. Characterization of the thermal stability

The heat-induced unfolding of TDP-43RfM was used to measure the
thermal stability of the free and ss(TG)g-TDP-43""*M from pH 5.0-7.5. A
PTC-424S/15 Peltier system was attached to the CD instrument for
temperature ramping. The temperature was ramped up by 1 °C/min.
Far-UV CD signals were acquired at 222 nm from 25 °C to 70 °C in a
cuvette with a path length of 1 mm. The concentration of the free TDP-
43RM yi5ed was 8 pM. ss(TG)s-TDP-43REM were incubated in pH 7.2 to
make a final concentration of 10 pM of ss(TG)g and 8 pM of TDP-43RRM,
Samples were incubated in their respective buffers for at least 30 min.
Respective buffer spectra were acquired at similar settings, and the
buffer subtraction was carried out for all the CD spectra.

The mean residue ellipticity (MRE) values obtained were converted
to fraction unfolded (fy) using the following equation:

Y, — (Yn + my*T)

fy = 9
T Yy + mg*T) — (Yy + my*T) ©®

where Y is the observed MRE signal being measured at different tem-
peratures (T). Yy and Yy refers to the intercepts, whereas my and my are
the slopes of native and unfolded baseline, respectively.

The fy versus temperature plots were fitted to the equation:
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AH(F—1)+AC[Tm-T+Tin(£) |
RT

S ew [GHE — 1) +AC[Tm— T+ 7 (%) ) /RT]

exp

fy (10)

where AH is enthalpy and AC refers to specific heat capacity (ACp). T
refers to different temperatures and Ty, is the midpoint of unfolding
transition [73-75].

2.16. Reversibility of f=U transition

The p form and the U state were incubated in the gradient of GdmCl
at pH 3.8 for 3 h. The fluorescence signal of the samples was acquired
using similar settings as mentioned in subsection 2.13.

3. Results
3.1. TDP-43®”M binds strongly to TG-rich DNA

Fig. 2A shows the emission spectrum of fluorescently labeled ss(TG)g
upon excitation at 482 nm. The wavelength of the maximum fluores-
cence emission (Afax) wWas observed at 515 nm. Fig. 2A, inset, compares
the mean value of steady-state anisotropy at 515 nm of labeled ss(TG)g
in free and bound form at pH 7.5. The mean steady-state anisotropy of
free and bound forms are 0.026 4+ 0.001 and 0.049 + 0.003,
respectively.

Fig. 2B shows the relative change in the anisotropy values of labeled
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ss(TG)g as a function of increasing TDP-43RRM ¢oncentration at 515 nm.
The curve shows a hyperbolic increase in the signal. We observed that
the relative value of steady-state anisotropy of the labeled ss(TG)g has
increased from 0.0 to 0.023 upon increasing TDP-43%™M concentration
from O pM to 2 uM. The low value of the anisotropy of the free labeled ss
(TG)e indicates free tumbling of the fluorophore owing to the smaller
size of the attached ssDNA. The gradual increase in the value of
anisotropy with an increase in TDP-43®®M concentration could be
attributed to the slowed movement of the fluorophore upon binding of
ssDNA to TDP-43®M, Upon fitting the data to eq. 2, we obtained a Kq
value of 0.3 £ 0.05 pM, indicating a strong binding affinity of TDP-
43RRM ¢ vards ss(TG)e. Our results are in accordance (0.28 + 0.09 pM)
to the Kq4 values of the TDP-43R"M and unlabeled (TG)¢ measured using
change in fluorescence lifetime of tryptophan residues present in the
protein [76]. These results suggest that the 6-carboxyfluorescein does
not interfere with the measurement of the binding constant.

3.2. The molecular size of TDP-43FRM jncreases upon binding to ss(TG)e

We employed size exclusion chromatography to estimate the mo-
lecular mass of TDP-43™™M ip its free and ss(TG)¢ bound form at pH 7.5.
Fig. 2C shows their normalized elution profile monitored at 280 nm. We
observed that the free TDP-43™"M elutes at 12.51 mL, corresponding to
a molecular weight of 19.4 + 0.5 kDa. The obtained molecular weight is
similar to that obtained with the mass spectrometer of monomeric TDP-
43®RM This data suggests that TDP-43"M exists as a monomer under

Fig. 2. ss(TG)s binds to TDP-43RM (A)
Fluorescence emission spectra of labeled ss
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0.75
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(TG)¢ upon excitation at 482 nm. Mean
anisotropy values of free and bound labeled
ss(TG)e (Fig. 2A, inset). (B) Binding curve of
TDP-43"EM with labeled ss(TG)g as a func-
tion of TDP-43fM concentration as moni-
tored by fluorescence anisotropy assay. The
error bars represent the spread in values of
the data points from three independent sets of
experiments. (C) Normalized chromatograms
obtained from SEC plotted at 280 nm for the
free TDP-43®”M  (red) and ss(TG)e-TDP-
43"EM (black) at pH 7.5. (D) Far-UV CD
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physiological conditions.

ss(TG)-TDP-43"RM o the other hand, eluted at 12.13 =+ 0.07 mL,
which corresponds to a molecular weight of 23.3 + 0.6 kDa. The early
elution and higher molecular weight of ss(TG)6-TDP-43tRRM indicate
that DNA is bound to the protein.

3.3. The secondary structure of TDP-43F®M remains native-like upon
DNA binding

Fig. 2D compares the far-UV CD spectra for both free and ss(TG)e-
TDP-43"M 4t pH 7.5. The secondary structure of free TDP-43RRM jg
rich in a-helix, p-sheet, and the disordered region. The signal minima at
208 nm and 222 nm with MRE values of -5764 and -4550 deg. cm?
dmol ! suggests the presence of both a-helix and p-sheet rich structures
(referred to hereafter as the native state). Interestingly, we also observed
similar far-UV CD spectra for ss(TG)G-TDP-43tRRM with a MRE value of
-6584 deg. cm?. dmol ™! at 208 nm and -4340 deg. cm? dmol ™! at 222
nm. The similar MRE values imply that upon binding to ss(TG)s, the
secondary structure of TDP-43®™ remains similar to the native state.
Thus, DNA binding induces no significant secondary structural changes
under physiological conditions. Therefore, both free and bound TDP-
43®RM ¢an be compared directly.

3.4. pH-dependent misfolding of TDP-43FFM is abolished upon ss(TG)s
binding

Previously, we have shown that free TDP-43®M yndergoes a tran-
sition to soluble amyloid-like conformation at low pH stress conditions
(aggregation conditions), which is predominately rich in § sheeted
structure [62,69,70]. The far-UV CD spectrum of free TDP-43REM 5¢ pH
3.8 (Fig. 3A) shows a shift in the signal minima to 216 nm, which sig-
nifies the dominance of f sheets (§ form) in the protein sample. The shift
is accompanied by an increase in the signal with an MRE value of -9536
deg. cm?. dmol™!. We observed that the p form binds to the amyloid-
staining dye ThT (Fig. S1A) [77]. Together, these results indicate that
the aggregates observed in this study are amyloid-like.

To study the effect of the ssDNA on the secondary structure of TDP-
43®RRM ynder aggregation conditions, we have used ss(TG)s and ss
(TG)12, which are specific binding partners of TDP-43RRM 6] we
measured the far-UV signal of the free ss(TG)¢ and did not observe any
appreciable absorbance, suggesting the lack of structure (Fig. 3A, inset).
We observed a far-UV CD spectrum similar to the native TDP-43®RM
with minima at 208 and 222 nm for the ss(TG),-TDP-43%®RM (Fig. 3A).
The observed values of the MRE at 216 nm for ss(TG)g and ss(TG)12
bound TDP-43"fM were -4401 deg. cm? dmol~! and -3031 deg. cm?
dmol~?, respectively. These results imply that the transition to p form is
abolished in the presence of ss(TG)e and ss(TG);o, and TDP-43RRM
maintains its native-like form under aggregation conditions.

We also used ss(CA)g to look for the effect of non-specific nucleic acid
sequences [6]. We observed signal minima at 216 nm in the far-UV CD
spectrum with an MRE value of -9052 deg. cm? dmol 1. The appearance
of the far-UV CD spectrum and the signal strength resembles that of free
TDP-43"®M ynder aggregation conditions. These results provide an
important observation that suggests that the specific binding of ss(TG)g
and ss(TG)12 plays a vital role in abolishing the misfolding behavior of
the TDP-43™RM ynder the studied conditions.

We measured the pH-induced structural transition under equilibrium
conditions of the native state to § form at 216 nm using far-UV CD
spectroscopy (Fig. 3B). We observed that the secondary structure of the
TDP-43"®M remains native-like from pH 7.5 to pH 5.0. The average
MRE value at 216 nm was -5096 + 340 deg. cm? dmol*. However, with
a further decrease in the pH, we observed an increase in the MRE, which
saturated at pH 3.0. This increase in the signal at 216 nm signifies the
transition to p form. The transition from native-state to p form as a
function of pH has a steep slope, and the midpoint of the transition is pH
4.0. The plot was fitted using eq. 3. It is crucial to point out that the N=§
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transition is reversible (Fig. 3B, inset). The p form dissociates and ac-
quires a native-like secondary structure upon stress removal (Fig. S1).

However, ss(TG)e,-TDP-43tRRM did not show any such transition
under low pH conditions and retained an average MRE value of -4591 +
271 deg. cm? dmol ! at 216 nm throughout the studied pH range. The
results suggest that the ss(TG)s binding to the TDP-43®™M jnhibits the
conformation conversion of TDP-43RRM to § form while retaining its
native structure.

3.5. DNA binding inhibits oligomerization of TDP-43RM

To characterize the size of ss(TG)G—TDP—43tRRM, we compared the
elution profile of the free and ss(TG)g -TDP-43%RRM 4¢ Jow pH (Fig. 3C).
Free TDP-43™fM eluted at 8.69 mL. The void volume of the SEC column
employed is comparable to the elution volume, due to which the exact
molecular weight of free TDP-43fM cannot be deduced. However, this
suggests that the p form is much larger than the monomeric TDP-43RRM,
Interestingly, the ss(TG)g-TDP-43fM eluted at 12.7 mL corresponding
to a molecular mass of 18.6 kDa, which is similar to the molecular mass
of the monomeric TDP-43RRM 4¢ pH 7.5. The delayed elution of ss(TG)e-
TDP-43%®fM at pH 3.0 suggests the formation of a compact structure at
pH 3.0. The results in Fig. 3 confirm that DNA binding inhibits structural
change and prevents oligomerization of TDP-43™fM under aggregation
conditions. An intact secondary structure with a compact size suggests
that ss(TG), could induce the formation of compact native-like states
under aggregation conditions.

3.6. ss(TG)¢ abolishes the formation of worm-like § form

We examined the effect of DNA binding on the morphology of the
amyloid-like aggregates at low pH. Fig. 4 compares the TEM image of
the free and ss(TG)g-TDP-43RRM, In the case of free TDP-43FRM e
observed small worm-like assemblies of approximately 50-70 nm. The
observed small fibrils are similar to the fibrils of mouse prion protein
observed previously in a separate study [78]. The result suggests that the
oligomeric p form appears to be worm-like fibrils. In contrast, no visible
assemblies were observed in the presence of ss(TG)g (Fig. 4B). The
absence of visible assemblies proves that the formation of the worm-like
B form is abolished in the presence of ss(TG)e.

3.7. ss(TG)e binding preserves the tertiary structure of TDP-43FfM ynder
stress-like conditions

We performed pH-dependent ANS binding assay on the free and ss
(TG)6-TDP-43"*M 1o study the effect of DNA binding on the tertiary
structure of TDP-43RM ynder aggregation conditions. ANS is a dye that
binds to the solvent-exposed hydrophobic amino acids and fluoresces.
Fig. 5A shows the relative ANS fluorescence signal of the free TDP-
43®RM We did not observe ANS fluorescence under native conditions
(pH 5.0-pH 7.5). The result indicates that the native state of TDP-43%®FM
is appropriately folded, and no exposed hydrophobic patches are pre-
sent. However, we observed a gradual increase in the ANS fluorescence
below pH 5.0. The Afax of the fluorescence emission was observed at
472 nm. An increase in the fluorescence signal indicates an increase in
the exposed hydrophobic patches, a characteristic of the misfolded state
of proteins. The gradual increase with a decrease in the pH indicates a
higher amount of misfolded species under low pH conditions.

In contrast, we observed a negligible ANS fluorescence signal for the
ss(TG)e-TDP-43RM across the studied pH range (Fig. 5B). The inability
of ANS dye to bind and fluoresce suggests that the native structure of
TDP-43®"M s intact under various pH stress in the presence of ss(TG)g.
However, ss(TG)G—TDl3‘—43tRRM at pH 3.3 showed 20% ANS fluorescence
than its free counterpart (Fig. 5B). As the secondary structure of ss(TG)e-
TDP-43™"M g similar to the native state at pH 3.3, the results indicate
that some molten globular structure is forming at very low pH
conditions.
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Fig. 3. ss(TG)s binding inhibits the pH-induced misfolding of TDP-43™M, (A)
Far-UV CD spectra of free (red), ss(TG)e (blue), ss(TG);2 (green) and ss(CA)e
(yellow) bound TDP-43™®M at pH 3.8. Inset shows the ellipticity of ss(TG)s at
pH 3.8. (B) Changes in the mean residue ellipticity at 216 nm as a function of
pH for the free TDP-43®*M (red) and ss(TG)g-TDP-43R®M (black). The error
bars represent the spread in values of the data points from at least two inde-
pendent sets of experiments. The solid line through the free TDP-43R"M data is
a fit to eq. 3, while that of ss(TG)e-TDP-43™™ is drawn to guide the eye. Inset
demonstrates that the N=p transition is reversible. Fraction misfolded calcu-
lated upon jumping p form to different pH (pink, circle) are compared with the
fraction misfolded calculated from jumping N-state to different pH (blue, cir-
cle). The fraction misfolded is calculated as discussed previously [70]. The solid
line is a fit to eq. 3. (C) Normalized size-exclusion chromatograms for the free
TDP-43"" (red) and ss(TG)s-TDP-43"" (black).

Fig. 5C compares the ANS fluorescence during pH-induced equilib-
rium transition of free and ssDNA bound TDP-43®RM, The increase in
the ANS fluorescence with a decrease in the pH indicates the exposure of
the hydrophobic patches of free TDP-43RRM, However, ss(TG)g-TDP-
43®RM ¢hows no increase in the ANS fluorescence until pH 3.5. The
results indicate that ss(TG)e binding keeps the native tertiary structure
TDP-43®"®M jntact. The figure also shows the relative signal of the buffer
containing ANS in different pH conditions. We virtually observed no
change in the ANS fluorescence as a function of pH.

These results together conclude that the presence of ss(TG)g prevents
side-chain breaking and keeps the tertiary structure of TDP-43%RRM
intact.

3.8. TDP-43T”M exhibits pH-dependent thermodynamic stability

In order to understand the effect of pH on the thermodynamic sta-
bility of TDP-43®RM we employed fluorescence spectroscopy. Two
tryptophan residues are located at positions 113 and 172 in the RRM1
domain of TDP-43®, We observed that these tryptophans fluoresce
differently in the native and chemically unfolded states. Their fluores-
cence was found to decrease upon protein unfolding due to increased
quenching as a result of the solvation environment. Also, the Afax of
emission was observed at 347 nm and 357 nm for the native and
unfolded states, respectively. These two results signify the solvation of
the tryptophans. We utilized this difference in the spectroscopic prop-
erties of the native and unfolded states of the protein to calculate the
population distribution and hence the thermodynamic stability of the
TDP-43®"M, The unfolding curves obtained as a function of GdmCl
concentration were converted to the fraction of unfolded protein (fy)
using eq. 4. Fig. 6A shows the representative plots of the fy as a function
of GdmClI concentration for pH 5.0, 6.0, and 7.5. The plots were fitted to
eq. 5 to calculate the associated thermodynamic parameters.

Fig. 6A demonstrates that the midpoint of the unfolding transition
(Cp) changes as a function of pH in the pH range of 5.0-7.5. Cy, is a
measure of protein stability [79]. For pH 7.5, we noticed that the native
baseline (N-baseline) extends till ~1.5 M, and C, is reached at 2.2 +
0.15 M.

In contrast, the N-baseline decreases to 1.1 M for pH 6.0, and C, was
achieved at ~1.9 M. With a further decrease in the pH to 5.0, the
transition zone begins early at 0.65 M, and C, is achieved at 1.3 M.
These results confirm that TDP-43M exhibits pH-dependent thermo-
dynamic stability, which starts decreasing upon decreasing the pH
below 7.5. It is important to note that the myy value remains constant
(2.1 £ 0.2 keal mol~! M™?) throughout the pH range studied (Fig. 6B,
inset). The observation suggests that the pH-dependent changes in the
stability are not due to the structural changes.

It is also important to point out that the N=U transition is reversible
(Fig. 6A, inset). We observed the expected change in the fraction of the
unfolded protein population upon dilution of the U-state in a gradient of
GdmCl, demonstrating the reversibility of the N=U transition.

Fig. 6B shows the variations in the value of Cy, value as a function of
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Fig. 4. DNA binding inhibits the worm-like fibril formation of TDP-43""®™, TEM image of (A) free TDP-43"""™ (B) s5(TG)s-TDP-43RFM,

pH under equilibrium conditions. The mean value of Cy, remains 2.16 +
0.03 M [GdmCl] for the pH range 6.8-8.0. Below pH 6.8, the Cy, value
starts decreasing. It achieves a minimum at pH 5.0 with a value of 1.26
+ 0.14 M. We observed that Cy, increases below pH 5.0. Fig. 6B, inset
shows the value of AGHZC as a function of pH. We noticed a decrease in
the AGE%O (4.8 to 2.8 kecal mol’l) with decrease in the pH from pH 7.5 to
5.0. The previous results from Figs. 3B and 5C show that the TDP-43%RfM
begins to form an amyloid-like assembly below pH 5.0. Hence, the in-
crease in the Cp, values below pH 5.0 represents the structural unfolding
of the heterogeneous mixture of the native and aggregated state.

The data presented in Fig. 3B were utilized to calculate the fraction of
misfolded protein as a function of pH (Fig. 6B), as discussed previously
[70]. Interestingly, we observed that misfolding of TDP-43®RM starts
below pH 5.0, the point of minimum thermodynamic stability of TDP-
43"RM These results together convey that misfolding of TDP-43%RRM
happens as a result of its destabilization.

We also converted the MRE values obtained for ss(TG)6-TDP-43tRRM
from Fig. 3B to obtain the fraction misfolded as a function of pH
(Fig. 6B). We observed that the conformational conversion of the TDP-
43"RM iy the presence of ss(TG)g is inhibited throughout the studied pH
range.

3.9. ss(TG)e binding increases the thermal stability of TDP-43RRM

The above results indicate that the extent of misfolding of TDP-
43®RM i¢ directly linked to its destabilization. In order to understand the
effect of ss(TG)g on the thermodynamic stability, denaturant-induced
unfolding could not be used as ss(TG)e does not bind to TDP-43%RRM
the presence of even small amount of denaturant. Therefore, we
employed temperature-mediated unfolding experiments in the pH range
of 5.0-7.5 to estimate the midpoint of thermal unfolding (Ty) as a
measure of stability. We used the difference in the far-UV CD spectrum
of native and unfolded states to monitor the unfolding of the TDP-
43"RM Fig 7A shows the representative thermal unfolding plots of free
and ss(TG)G-TDP-43tRRM at pH 5.0 and 7.5. We observed that the tran-
sition from native to unfolded form is a two-step process, and the
midpoint of unfolding changes with the pH.

In the case of free TDP-43®RM the native baseline extends till 318 K
at pH 5.0, beyond which the transition zone begins. The unfolding
transition follows a sigmoidal pattern with a midpoint of unfolding at
321 K. Complete unfolding is achieved at 328 K. Interestingly, free TDP-
43"™M ynder pH 7.5 showed higher stability than pH 5.0 as evident with
a more extended native baseline till 324 K. The midpoint of transition
shifted to 328.5 K. In contrast, the complete unfolding of TDP-43%RFM
occurred at 333 K.

On the contrary, ss(TG)6-TDP-43tRRM showed a difference in the

midpoint of the unfolding transition. We observed extended native
baselines both at pH 5.0 and 7.5. The more extended native baseline
suggests an increase in the resistance to thermal unfolding. The
unfolding transition was observed to begin near 324 K, and the midpoint
of transition was achieved at 327 K at pH 5.0. The transition midpoint at
pH 7.5 was observed to shift to 332 K. This data suggests that ss(TG)g
binding increases the thermal stability of TDP-43RM under both pH
conditions.

Fig. 7B compares the mean value of Ty, as a function of pH for free
and ss(TG)e-TDP-43R®M, In the case of free TDP-43RfM the mean value
of T, at pH 5.0 is 321 K. The Ty, value increased with the increase in the
pH, making the Ty, value equivalent to 324.8 K at pH 5.5, 328.8 K at pH
6.5, and 330.4 K at pH 7.5. The presence of ss(TG)g increased the Ty, to
~332K, suggesting increased stability of the ss(TG)g-TDP-43"RM,

4. Discussion

TDP-43 is a nucleic acid-binding protein whose aggregation has been
implicated in TDP-43-associated proteinopathies [23,26,28,30]. Nucleic
acids have been shown to modulate the aggregation behavior of TDP-43
[66,67,80,81]. For instance, Huang et al. have shown that DNA binding
increases the solubility of TDP-43 generated from a cell-free system by
centrifugation and western blotting. They have also shown a decrease in
the turbidity of purified TDP-43 expressed from E.coli in the presence of
ssDNA, suggesting increased solubility [66]. Another paper by Qin et al.
explores the effect of DNA binding on the N-terminal domain. However,
the N-terminal domain is not the primary nucleic acid binding domain of
TDP-43 [81]. In addition, nucleic acids have also been shown to
modulate the other self-assembly reactions of TDP-43, like phase sepa-
ration. It has been shown that RNA molecules can buffer the phase
separation of TDP-43 [80]. In a separate study, RNA binding has been
shown to antagonize the phase separation and aggregation of TDP-43
variants containing RRM domain [67]. These elegant studies have pro-
vided important observations regarding the role of nucleic acids. How-
ever, a quantitative thermodynamic basis for these observations was
missing. In addition, none of these studies have studied the relationship
between nucleic acid binding and amyloid-like aggregation of the pro-
tein. One major way in which amyloid-like aggregation differs from
other insoluble aggregates is that there is a large structural change in the
protein from the native structure to a predominately p-sheet rich
structure. It is not known how DNA binding affects this structural
transition of the functional domain of TDP-43.

In this study, we have explored the role of DNA on the primary
functional domain of TDP-43, TDP-43™RM, Because TDP-43R™M forms
an essential part of the 35 kDa fragments (TDP-35), which is implicated
in ALS and FTLD [82,83], it becomes important to understand the TDP-
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Fig. 6. pH-induced misfolding is coupled to pH-induced destabilization. (A)
Representative plots show fraction unfolded as the function of GdmCl concen-
tration at pH 5.0 (blue), 6.0 (yellow), 7.5 (green). The inset shows the N=U
transition is reversible. Fraction unfolded calculated from the unfolding tran-
sition of the N-state (blue, square) as a function of GdmCl concentration are
compared with fraction unfolded calculated from the refolding transition of the
U-state (pink, circle) at 340 nm at pH 7.5. The fraction unfolded is calculated
using eq. 4. The solid line is a simulated fit to eq. 5. (B) Cy, of free TDP-43RRM
(dark cyan) is compared with the fraction misfolded of free TDP-43RRM (reqd)
and ss(TG)e-TDP-43™RM (black) as a function of pH. AGRZC (black) and myy
(dark cyan) dependence on pH (Fig. 6B, inset). The error bars represent the
spread in values of the data points from at least two independent sets of
experiments.

43FRM_pediated aggregation and aggregation inhibition. Till now, very

limited studies exist which has specifically studied the thermodynamic
basis of aggregation and aggregation inhibition of the TDP-43FfM, we
have used a thermodynamic approach in a systematic manner and
quantitatively show how stress destabilizes the TDP-43RM Jeading to
large structural change to form amyloid-like aggregates, and how DNA
binding inhibits the amyloid-like aggregation of the TDP-43RRM by
stabilizing the native state.

We have employed fluorescence spectroscopy, circular dichroism,
size exclusion chromatography, and TEM to study the structure and
thermodynamics of TDP-43"™M ip free and ss(TG)g bound states. The
secondary and tertiary structure analysis suggests that the transition
from the native state to oligomeric p form (Fig. 3C) begins below pH 5.0,
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Fig. 7. DNA binding increases the thermal stability of TDP-43®fM, (A) Fraction
unfolded of TDP-43™fM at 222 nm as a function of temperature. The fraction
unfolded is compared for free TDP-43™"M at pH 5.0 (blue, open), pH 7.5 (green,
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led). The plots are fitted through eq. 10. (B) Ty, of free (red) and ss(TG)e-TDP-
43®RRM (black) plotted as a function of pH. Error bars represent the spread of at
least two data sets. The lines drawn are to guide the eye. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

with a midpoint of the transition ~pH 4.0 (Figs. 3B and 5C). We
employed GdmCl and heat-mediated denaturation under different pH
conditions to probe the cause of misfolding under low pH conditions
(Figs. 6 and 7). The denaturation experiments suggest that the free TDP-
43®RM exhibits pH-dependent stability (Figs. 6 and 7). The thermody-
namic parameters calculated from GdmCl mediated denaturation ex-
periments suggest that free TDP-43®®M remains most stable in the pH
range of 6.8 to 7.5 with a mean Cy, value of 2.16 M [GdmCI] (Mean
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AGE%O = 4.74 keal mol ™). Below pH 6.8, Cy, decreases as a function of
pH and becomes 1.26 M [GdmCI] at pH 5.0 (AGE%O = 2.78 kcal mol_l)
(Fig. 6B and inset). The thermal denaturation experiments also
confirmed the pH-dependent stability of TDP-43™" being higher at pH
7.5 (T, = 330.38 K) compared to pH 5.0 (T, = 321 K) (Fig. 7A). The
observed destabilization of TDP-43"™ at low pH stress conditions
makes it aggregation prone as evident from the increased misfolding
accompanied with destabilization (Fig. 6B). We also observed that the
specific ss(TG)e binding abolishes the pH-dependent secondary and
tertiary structural changes (Figs. 3B and 5C). The ss(TG)G—TDP—43tRRM
remains in the monomeric state even at low pH (Fig. 3C) and does not
form amyloid-like pre-fibrils (Fig. 4, Fig. 6B). The binding of ss(TG)e
increases the stability of TDP-43®RM ynder native and stress-like con-
ditions. The mean value of Ty, observed for ss(TG)g-TDP-43""M in native
and stress conditions was 332.8 K and 327 K, respectively (Fig. 7B).

Our results can be explained from the model energy diagram as
shown in Fig. 8. An energy diagram postulates various species that can
be populated under a specific set of conditions. Fig. 8 shows the struc-
tural transition between the N-state, U-state, PUFs, and p form. In this
study, we show that the N=U transition is reversible (Fig. 6A, inset).
Previous studies from our lab and the present study have established the
reversibility of the p=U transition (Fig. S2) [62,70]. In this study, we
also point out that the N=p transition is reversible in nature (Fig. 3B,
inset, and S1). Therefore, the different species accessed by the protein
are reversible as their population depends on the solution environment.
Under native conditions (Fig. 8A), the N-state of TDP-43%®®M 5 the most
stable conformation. Therefore, this energy minima is favored by a
majority of the TDP-43®fM molecules. The calculated value of AGHZ® at
pH 7.5 is 4.74 keal mol L. This translates into 3 unfolded molecules per
10,000 molecules of TDP-43RRM, This suggests that only 3 molecules are
able to traverse the energy landscape to non-native minima at equilib-
rium, while remaining molecules populate the N-state. These molecules
are not enough to trigger self-assembly to amyloid-like aggregates and
therefore, aggregated conformation is not favored under native condi-
tions. In contrast, the low-pH stress destabilizes the native-state of TDP-
43RRM (Eig 8B). The calculated value of AGHZC at pH 5.0 is 2.78 keal
mol ™!, which translates to 91 unfolded molecules per 10,000 molecules
of TDP-43®RM  Therefore, compared to native conditions, a higher
number of TDP-43®M molecules (30 times higher) could traverse the
energy landscape. Some of these conformers could be aggregation prone
(partially unfolded forms), hence can interact with each other with their
exposed hydrophobic patches to undergo amyloid-like aggregation
(amyloid fibrils). Therefore, destabilization of TDP-43®RRM allows it to
access the aggregation energy landscape. The pH-dependent destabili-
zation is observed by thermal denaturation experiments as well (Fig. 7).
Interestingly, we observed that ss(TG)¢ binding stabilizes N-state of
TDP-43®RM ipy both the native and the stress-like conditions (F ig. 7). The
Ty of DNA-bound protein at pH 5.0 is 327 K which is similar to the T, of
the unbound protein at pH 6.5 (328.75 K) (Fig. 7B). Hence, for the DNA-
bound protein the N-state of TDP-43™®M is thermodynamically favored
even at low pH conditions. It is also interesting to note that the change in
Tm as a function of pH is much shallower for the DNA bound protein
compared to the unbound protein. For the free protein, the value of Ty,
changes by ~9 K as we move from pH 7.5 to 5.0, but it changes only by
~5 K for the DNA-bound protein (Fig. 7B). These results indicate that the
DNA-bound protein is much better able to tolerate low-pH stress.
Overall, our results indicate that specific ss(DNA) binding modulates the
energy landscape of TDP-43™M guch that the N-state of TDP-43%RRM
gets populated and very few partially or fully unfolded-like molecules
are available for interactions, and hence amyloid-like aggregation is
inhibited even in stress conditions (Fig. 8C).

The inhibition of amyloid-like aggregation and the stabilization of
TDP-43®"M in the presence of DNA indicates that the protein regions
involved in the DNA binding are also involved in the amyloid-like ag-
gregation of the protein. It appears that the DNA binding interferes with
the non-native interactions between the two protein molecules that
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trigger aggregation. The hydrogen-deuterium studies coupled to mass
spectrometry are ongoing in the laboratory to identify the amino acid
residues responsible for amyloid-like aggregation and inhibition.
Nevertheless, our observations are in line with a few recent studies that
show that the functionally important regions of the proteins are the
same region that promotes aggregation [84].

The stabilization of aggregation prone proteins by ligands hold
therapeutic importance. A conceptual advantage of the protein stabili-
zation strategy is that stabilizing the native protein conformation pre-
vents the formation of all the non-native conformations (non-native
monomers, oligomers, fibrils), thereby having a mass effect on disease
control. It is interesting to know that a FDA approved drug, Tafamidis
[85] which is used to treat transthyretin (TTR)-related hereditary
amyloidosis stabilizes the tetramer of the native TTR, thereby prevent-
ing its dissociation into monomers and hence aggregation. The natural
DNA aptamer reported in this study targets the monomeric TDP-43RRM,
stabilizes it and inhibits amyloid-like aggregation. Therefore, we pro-
pose that nucleic acid like molecules which can modulate the thermo-
dynamic energy landscape and hence aggregation behavior of TDP-
43"RM c6y1d be prime candidates for therapeutic intervention in TDP-
43-associated proteinopathies.
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