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Abstract

Misfolded proteins and disrupted homeostasis are key characteristics of neurodegenerative
diseases. There is a strong association between intrinsically disordered proteins and pathogenic
misfolding in neurodegenerative diseases. As a result of their exposed amino acid chain,
intrinsically disordered proteins are highly vulnerable to aberrant interactions, which are
frequently triggered by mutations or any cellular perturbations that modulate their functional
conformation. Although abnormal interactions and misfolding start with a few intrinsically
disordered proteins in most diseases, many interactor proteins essential for proper cellular
function eventually co-aggregate with the misfolding proteins. Loss of crucial proteins into

aggregates leads to disrupted homeostasis and neuronal death.

Prolyl isomerases are a class of chaperones that bind to proline residues and enhance their
cis/trans isomerization rate. Through their unique action on proline residues, prolyl isomerases
play an essential role in maintaining protein homeostasis: they assist in the de novo protein
folding of globular proteins and regulate the misfolding of intrinsically disordered proteins. In
this work, we investigated the involvement of prolyl isomerase A (PP1A)-the most abundant
kind of prolyl isomerase- in two different cases of pathogenic protein misfolding: a) protein
misfolding in C9orf72-Amyotrophic Lateral Sclerosis (ALS)/Frontotemporal Dementia (FTD)
and b) protein misfolding from biomolecular condensates.

In the first part of the thesis, we uncovered a novel neurotoxic pathway that results from the
inhibition of PPIA in the neurodegenerative diseases-ALS and FTD. Hexanucleotide repeat
expansion mutation in the C9orf72 gene is the most common cause of familial ALS and FTD.
The toxicity of this mutation is attributed to the aberrant interactions of the disordered dipeptide
repeat polymers that are translated from the repeat expanded region. Here, we showed that
proline/arginine repeat polymers bind to the catalytic activity site of PPIA. As a result, these
repeats inhibited PPIA’s de novo protein folding activity, which is essential in maintaining
cellular homeostasis. NMR spectroscopy and X-Ray crystallography studies revealed the
structural basis of proline/arginine repeat polymer binding to PPIA. It provided insights into
the importance of the specific combination of proline and arginine residues in the inhibition of
PPIA activity. In summary, our data revealed a pathway that can lead to disrupted homeostasis
in C9orf72-ALS/FTD due to the loss of function of PPIA.

In the second part, we investigated the regulatory role of prolyl isomerase on biomolecular

condensation. Biomolecular condensates are enriched in proline-rich intrinsically disordered



proteins, many of which are involved in neurodegeneration associated misfolding. The high
concentration of proteins inside the condensate puts them at increased risk of undergoing
pathogenic interactions, emphasizing the need for tight regulation. Despite the abundance of
proline residues in intrinsically disordered sequences, the regulatory role of prolyl isomerases
on the liquid-liquid phase separation of intrinsically disordered proteins remains unknown. Our
study shows that PPIA can migrate into self-assembled liquid-like droplets of Alzheimer’s
disease protein Tau and complex coacervates of a proline/arginine repeat polymer with RNA.
At increased concentrations of PPIA, the two proline-rich condensates dissolved back into the
mixed state. Binding and isomerization studies of PPIA with the proline/arginine repeat
polymer and Tau protein provided information into the mechanism of chaperoning of liquid-
liquid phase separation by PPIA. Our studies established a regulatory function of PPIA on the
liquid-liquid phase separation of proline-rich intrinsically disordered proteins.
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1. Introduction

1.1. Neurodegenerative diseases

Neurodegenerative diseases are caused by the deterioration of nerve cells. The main symptoms
of neurodegeneration include memory loss, compromised cognitive abilities, behavioral
changes, disturbed mental health, and poor muscle control*®. Alzheimer’s disease, Parkinson’s
disease, Amyotrophic Lateral Sclerosis (ALS), and Huntington’s disease are a few examples
of commonly occurring neurodegenerative diseases!>®. Each of them affects distinct brain

regions and exhibits different clinical and pathological features’®,

With increasing age, the likelihood of developing neurodegenerative diseases rises
remarkably®°. Modern medicine has significantly enhanced the life expectancy of people!®.
With an increased life span, the occurrence rate of neurodegenerative diseases has spiked in
recent years'?. Considering the devastating impact these diseases have on the quality of life,

unraveling its molecular basis and finding treatment is of utmost priority.

1.2. Protein misfolding and disrupted homeostasis in
neurodegeneration

1.2.1. General aspects of protein misfolding in neurodegeneration

The deposition of misfolded protein aggregates is a key characteristic of every
neurodegenerative disease. For instance, misfolded deposits of Tau and amyloid-B proteins are
observed in the brain regions affected by Alzheimer’s disease (Fig. 1a,b)**. Inclusions of
misfolded proteins called Lewis bodies, primarily composed of the protein a-synuclein, is a
key feature of Parkinson’s disease (Fig. 1¢)'°. In ALS, misfolded deposits of proteins like
TDP43, FUS, SODL1 etc. are found in the affected motor neurons (Fig. 1d,e)'%'°. Aggregates
of misfolded glutamine-expanded Huntingtin protein is observed in the brain of Huntington’s
disease patients (Fig. 1f)?°. In healthy conditions, cells utilize the protein quality control
machinery to recycle or degrade the misfolded proteins accumulated during various cellular
processes?23, However, such machinery is insufficient in neurodegenerative diseases,
especially because of the age-associated decline in its function and the high load of aggregates

formed?*.
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Figure 1: Deposits of misfolded proteins in neurodegenerative diseases.

(@) Tau and (b) Amyloid-B aggregates in Alzheimer’s disease (taken from reference®). (c) a-synuclein
aggregates in Parkinson’s disease (taken from reference?®). (d) TDP43 and (e) FUS deposits in ALS
(taken form reference?”). (f) Huntingtin protein deposits in Huntington’s disease (taken from
reference?).

Causes of protein misfolding in neurodegeneration: A number of factors can cause protein
misfolding that results in neurodegeneration. Protein misfolding can arise due to mutations in
its sequence?®-36, Mutations cause aberrant interactions, that reduce the stability of a protein’s
functional conformation and cause its misfolding®. In addition, aberrant chemical
modifications of proteins, such as phosphorylation, acetylation, etc. can lead to its
destabilization and misfolding®#!. As an example, hyperphosphorylation of Tau protein
destabilizes its binding to microtubules and causes its toxic aggregation in Alzheimer’s
disease*?*. Prolonged physiological stress and age-associated or mutation-induced loss of the
protein quality control machinery are other factors that can lead to pathogenic misfolding of

proteins?44°,

Protein intrinsic disorder and neurodegeneration-associated misfolding: Many proteins that
mediate neurotoxic misfolding are intrinsically disordered or have intrinsically disordered
regions interspaced between folded domains*®°. Intrinsically disordered proteins (IDPs) or

intrinsically disordered regions (IDRs) lack a stable structure and are flexible to exist as a



conformational ensemble®*. Examples of neurodegeneration-associated IDPs include Tau and
a-synuclein®®#’, while IDR-rich proteins include TDP43 and FUS*-0, Cellular functions of
IDPs and IDR-rich proteins originate from their structural flexibility which allows them to
interact with several binding partners as per the cellular necessities®. However, the downside
of disordered conformation is that the exposed amino acids make them prone to abnormal
interactions in response to undesirable deviations such as mutations?®-31:34-%_ Abnormal
interactions that modulate the disordered conformation of IDPs or IDR-rich proteins promote
their neurotoxic misfolding, resulting in aggregate formation®. In addition to their own
misfolding, the promiscuous interactive nature of IDP or IDR-containing proteins pave way

for the co-aggregation of their interacting partners with them>*%°,
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Figure 2: Schematic representation of IDP misfolding in neurodegeneration.

Variations from normal physiological conditions modulate the IDP conformation and cause IDP
aggregation. Misfolded proteins associate through intermolecular interactions to form oligomers, which
further interact with each other to form ordered amyloid fibrils or amorphous aggregates. These
aggregates can recruit their interactor proteins in the neuron and cause their co-aggregation.

Types of protein aggregates and their toxicity: Aggregates that are formed by the misfolded

proteins can be of different morphologies. A commonly observed feature regarding



neurodegeneration-associated protein aggregates is their amyloid-like fibrillar morphology®®-
60, Amyloid fibrils contain stacked beta strands that are aligned perpendicular to the fibril axis®-
%3, Their formation is generally driven by the exposure of hydrophobic surfaces in the misfolded
proteins to the aqueous surrounding®®®. The misfolded intermediates interact among
themselves to form soluble oligomers, which then assemble into highly ordered amyloid fibrils
(Fig. 2)°®1, Some of the neurodegeneration-associated proteins that forms amyloid fibrils
include  Tau, amyloid beta, and a-synuclein®°. However, aggregates found in
neurodegenerative diseases are not always in amyloid fibrillar form; they can also be observed
as amorphous aggregates of misfolded proteins that lacks an ordered structure (Fig. 2)°6-6667,
The toxicity of misfolded and aggregated proteins arises due to various factors, including their
mislocalization®®"°, loss of function’*"?, and gain of toxic functions such as recruitment of
numerous essential cellular proteins and RNA into the aggregates causing their loss, etc (Fig.
2)%7376 These factors distrupt the neuronal homeostasis - the steady maintenance of the

functional state of neurons - which results in neurodegeneration” ",

In this thesis, we are interested in two distinct cases of protein misfolding and disrupted
homeostasis in neurodegeneration: protein misfolding in C9orf72-ALS/FTD and that from
biomolecular condensates. An introduction to these two cases are given in the following

sections.

1.2.2. Disrupted homeostasis in C9orf72-ALS/FTD

1.2.2.1. C9orf72 associated ALS and FTD

Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Dementia (FTD) are two
neurodegenerative diseases that share common clinical, genetic and pathological features®’87°,
As a result, ALS and FTD are considered to be part of a single disease spectrum®8’®, There
are several protein mutations that cause ALS and/or FTD, including mutations in FUS, TDP43,
SOD1, C90rf72, Tau, etc®. Among them, C9orf72 (Chromosome 9 open reding frame 72) gene
mutation is the most common cause of familial ALS and FTD882, C9orf72 gene codes for
C9orf72 protein, which is involved in autophagy regulation®®, In the non-coding region of
the C9orf72 gene, there is a GGGGCC (G4C2) hexanucleotide sequence which may be
repeated up to an average of 23 times in a healthy individual®®?. In C9orf72-ALS/FTD
patients, this region undergoes an expansion mutation resulting in hundreds to thousands of the

G4C2 sequence repetitions (Fig. 3)8-82,



The toxicity of the C9orf72 hexanucleotide expansion is attributed to two mechanisms. 1)
reduced production of C90rf72 protein leading to its loss of function®8 11) the gain of toxicity
by the products of the mutation, i.e., repeat RNA and dipeptide repeat polymers®®-%,
Bidirectional transcription of the expanded repeat region produces G4C2 and G2C4 repeat
RNA sequences that forms secondary structures (Fig. 3)%%. Repeat Associated Non-AUG
translation (RAN) of the two RNAs, in all three reading frames, produces dipeptide repeat
polymers (DPRs) that lack a stable structure °*°3. Five different types of dipeptide repeat
polymers are formed in this way: repeats of Proline/Arginine (PR repeat polymers),
Glycine/Arginine (GR repeat polymers), Glycine/Proline (GP repeat polymers),
Glycine/Alanine (GA repeat polymers) and Alanine/Proline (AP repeat polymers) (Fig. 3)°+°2,
RNA and dipeptide repeat polymer toxicity is associated with their aberrant interactions with
numerous other functional proteins, causing their co-aggregation®8. Based on animal studies,
the toxicity of dipeptide repeat polymerss, especially PR and GR repeat polymers, is a major

cause of toxicity in C9orf72 mutation carriers®®-%-101,

Healthy gene
Exon 1 Intron 1 Exon 2 Exon N
(GGGGCC)_,,
Mutated gene
Exon 1 Intron 1 Exon 2 Exon N
(GGGGCC)woo-moo
Transcription Dipeptide Repeat Proteins
XRGERE
Repeat RNA RAN Translation  GGGGCCGGGGCCGGGGCC
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€ 00 OC
X RO X RIP)
)OO DO,

Figure 3: C9orf72 mutation in ALS/FTD.

The C9orf72 gene with repeat expansion mutation can have 100s to 1000s of G4C2 repeats in contrast
to an average of 23 repetitions in a healthy individual. Transcription of the expanded region produces
repeat RNA that forms secondary structures. RAN translation of sense and antisense strands of repeat
RNA results in five different dipeptide repeat polymers.



1.2.2.2. Dipeptide repeat polymer mediated disruption of homeostasis in C9orf72-
ALS/FTD

Protein misfolding and disrupted homeostasis, as in any other neurodegenerative disease, is a
characteristic feature of C9orf72-ALS/FTD. Here, disrupted homeostasis is caused by the
aberrant interactions of dipeptide repeat polymers with other biomolecules such as RNA and
proteins®” %8192 Among the five dipeptide repeat polymers, GA repeat polymers has the highest
tendency to form amyloid fibrillar aggregates because of its hydrophobic nature!®®1% GA
repeat polymer toxicity is linked to the recruitment of functional proteins, especially those
associated with cellular trafficking and the proteasomal machinery (Fig. 4a)%1%. Even though
GA repeat polymer is most prone to aggregation, the highest toxicity in model systems is
possessed by the highly soluble GR and PR repeat polymers that are abundant in

arginines®.97,99.105,
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Figure 4: Toxicity of dipeptide repeat polymers.

(a) GA repeat polymers form amyloid fibrils, which sequester trafficking proteins and the proteosomal
machinery. (b) PR and GR repeat polymers aberrantly interact with the translational machinery,
nucleocytoplasmic transport proteins and LCD containing proteins, thus causing their mislocalization,
aggregation and loss of function. They get recruited into membranelles organelles and perturb the
functional dynamics.



GR and PR repeat toxicity has been associated with their aberrant interactions, in their soluble
disordered form, with numerous other functional proteins®”*8, Agreeing with their promiscuous
nature, proteomic studies identified 196 proteins that interact with GR and PR repeat polymers,
with 41% overlap®’. To provide a comparison with other dipeptide repeat polymers, GA repeat
polymers interact with only 14 proteins, while GP and AP repeat polymers did not have any
significant interactors®’. GR and PR repeat polymers, because of their solubility, do not form
amyloid fibrils, but disrupt homeostasis by co-aggregating with other functional proteins (Fig.
4b)>*97.9816 Eor example, GR and PR repeat polymers induce the mislocalization and co-
aggregation of translational and nucleocytoplasmic proteins through direct interactions with
them®"1%-113 GR and PR repeat polymers are also strong interactors of RNA and RNA-binding
proteins that are crucial in the formation of membraneless organelles®” %192, This interaction
facilitates the recruitment of PR and GR repeat polymers into membraneless organelles, which
adversely affects their dynamics and cause protein co-aggregation with the
repeats®+97105:114115 1t js to be noted that most of these studies treat GR and PR repeat toxicity
as a single entity, which is attributed to exposed and interactive arginine side chains. The
contribution of the non-arginine amino acids to the toxicity of these repeat polymers is yet to

be understood.

1.2.3. Biomolecular condensates- protein misfolding interface in
neurodegenerative diseases

1.2.3.1. Biomolecular condensation

Biomolecular condensation occurs by the process of liquid-liquid phase separation (LLPS) of
biomolecules such as proteins and nucleic acids!*®1!8, In LLPS, a uniform solution of solute
molecules in a solvent demixes into two distinct phases with liquid-like properties: one that is
concentrated with solute molecules and the other without them (Fig. 5)**6. LLPS occurs when
the interaction of a solute with solvent molecules is energetically less favorable than the
exclusive interactions between themselves.!'®!® LLPS can be of two types: simple
coacervation and complex coacervation (Fig. 5)12%21, In simple coacervation, a single kind of

solute molecules self-assemble whereas, in complex coacervation, solute molecules of different
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Figure 5: Simple schematic of biomolecular condensation through LLPS.
Biomolecules(solute) and the solvent molecules are uniformly distributed in the mixed state. In the
condensed state, biomolecules associate through multivalent interactions. In simple coacervation, a
single type of biomolecule demixes from the uniform phase. In complex coacervation, two(or more)
different types of biomolecules associate through intermolecular contacts.

kinds interact with each other and assemble together'?®2!, Several factors can trigger LLPS of
biomolecules including changes in physiological conditions such as pH, temperature, salt
concentration, increase in the concentration of phase separating components, or post-
translational modifications??*24, Unlike solid aggregates or fibrils of proteins, biomolecular
condensates are dynamic and reversible?®. Furthermore, some solvent molecules are preserved

inside the solute phase, giving it liquid-like properties?®.

Biomolecular condensates are formed by the association of biomolecules through a network of
multivalent interactions*'’. IDPs or IDR-containing proteins are the key players in
biomolecular condensation?®12°, The exposed amino acids in intrinsically disordered
sequences facilitate multivalent interactions via pi-pi, cation-pi, charge-charge and
hydrophobic forces'92126130131 " For some IDPs or IDR-containing proteins, LLPS is

specifically driven by their low complexity regions (LCRSs), which are sequences that carry



repeats of a very few different amino acids'?%1?¢, Most often, LCRs consist of neutral and polar
residues that possess high propensity to self-associate into liquid-like condesates'®?34, In
addition to the multivalent interactions of intrinsically disordered sequences, protein-protein
interactions through folded domains and protein-RNA interactions can also contribute to

biomolecular condensation3-137,

Cells utilize the phenomenon of LLPS to form membranelles organelles such as nucleoli, cajal
bodies, p-body, stress granules etc'*313°, These organelles exhibit liquid-like properties: they
have a spherical shape, fuse with each other, and are in dynamic equilibrium with the
surrounding, etc!3®14°  As LLPS selectively concentrates biomolecules from the bulk, it is
capable of creating an environment that is favorable for specific biomolecular reactions*!. In
cases of cellular stress, LLPS can provide a mechanism for the protection of RNA and proteins
from misfolding, by temporarily condensing them into liquid granules*?43, The sensitivity of
LLPS to surrounding conditions enables biomolecular condensates to form and dissociate

spontaneously according to cellular necessities.

1.2.3.2. Protein misfolding from biomolecular condensate and its regulation

As biomolecules phase separate, their concentration increases multiple fold when compared to
the mixed state’**. Increased concentration of biomolecules enhances the risk of aberrant
interactions and misfolding inside the condensate, leading to the formation of solid aggregates
(Fig. 6). Protein misfolding within condensate gets accelerated by physiological abnormalities
such as protein mutations or prolonged stress!?. Even with minor changes from normality,
LLPS can go awry because of its sensitivity to its environment. Often, such variations are
correlated with aging-associated diseases'%.

Several IDPs or IDR containing proteins, that are known to misfold in neurodegeneration, are
participants of biomolecular condensation!?14-14° As a result, biomolecular condensates are
considered to be hotspots for neurodegenerative protein aggregation. For instance, misfolding
in ALS and FTD is associated with aberrant transitions from stress granules - the organelles
that are temporarily formed by the LLPS of RNA and IDR-rich RNA-binding proteins during
cellular stress 0% Stress granules shield proteins and RNA from damage caused by stress
and they disassemble into functional biomolecules once the stress is gone.!*® Many RNA-
binding proteins like hnRNPA1, FUS, TDP43 and TIAL, that are associated with ALS and
FTD, participates in stress granule formation28145-148.152153 1t js thought that stress granules

may serve as a platform for these proteins to aggregate in the case of abnormal variations such
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as mutations or prolonged stress. In support of this hypothesis, a decrease in dynamics was
observed in the condensates of disease-associated mutants of FUS, TDP43, hnRNPAL and

TIA1128147.148.154.155 ° Angther case of protein aggregation from stress
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Figure 6: Simple schematic showing the aggregation of proteins from their condensate.
Factors like prolonged stress and pathological mutations can induce misfolding within the condensate.

Misfolded proteins reduce the dynamics and reversibility of liquid condensates. Through their aberrant
interactions, misfolded proteins cause unfavorable maturation of condensates. In addition, they can
associate with each other to form ordered amyloid fibrils. Molecular chaperones decelerate the protein
misfolding from condensates by constantly restructuring the misfolded interfaces. (Figure is adapted
from reference®®6)

granule is associated with C9orf72-ALS/FTD® . Here, PR and GR repeat polymers migrated
into the stress granules and reduced its dynamics, thus causing their liquid to solid transition®’.
Misfolding of Tau - an Alzheimer disease-related IDP - from its condensate is another example
for toxic liquid to solid transition within condenaste®’. Tau protein is primarily involved in
microtubule formation and stabilization in the neurons'®®. Phase separation of Tau plays an
important role in its function: it facilitates the nucleation of microtubules®®. However, disease-
associated variations in Tau results in its transition from liquid to solid phase within the

condensate!®’. Aggregation of Tau is associated with Alzheimer’s disease®®®.

The tendency of proteins to misfold inside the condensate calls for tight control over their
dynamics. According to recent studies, molecular chaperones play an important role in
modulating biomolecular condensates and thus maintaining their dynamics. For instance, heat
shock proteins such as Hsp70, Hsp27 and Hsp40 could migrate into the condensate of

ALS/FTD associated IDR-containing RNA-binding proteins, and prevent their aggregation*®-
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162 Nucleocytoplasmic transport proteins had inhibitory effect on the LLPS of RNA-binding
proteins®®1%° Protein disulphide isomerases migrated into the droplets of Alzheimer related
Tau protein and modulated the LLPS of Tau®®®. In general terms, these chaperones prevent
aberrant interactions by dynamically interacting with the proteins and constantly remodeling

the misfolding interface!6165167-169

1.3. Peptidyl prolyl isomerases and protein homeostasis

1.3.1. Peptidyl prolyl isomerase: mode of action

Peptidyl-prolyl isomerases (also known as prolyl isomerases or PPlases) are proteins whose
physiological function is based on their unique action on the proline residues in their
substrates!’%-172. To perceive the broad biological relevance of prolyl isomerases, one must first

understand the peculiar features of proline cis/trans isomerization in a peptide bond.

Proline cis/trans isomerization: Compared to other amino acids, prolines have a ring structure
due to their carbon side chain from C, attached to the nitrogen group. (Fig. 7b). Because of the
unique ring structure, proline residues in peptide bonds (known as prolyl peptide bonds) can
exist in trans and cis conformations, as opposed to other amino acids, which exist primarily in
trans conformation!’3’*, In non-prolyl peptide bonds, the cis conformation is subject to more
steric hindrance than the trans conformation (Fig. 7a). Hence, the cis conformer possesses
higher energy than the trans conformer, making it less favorable 173175176 However, in prolyl
peptide bonds, cis and trans conformers exhibit similar steric hindrances (Fig. 7b), narrowing
their energy differences and making them both favorable!”*17>177.178 Degpite the comparable
energies of the two conformers in prolyl peptide bonds, their interconversion demands a high
activation energy (approximately 20 kcal/mol)'’®. A high barrier to interconversion results
from the partial double bond character of peptide bond and restricted rotation about it (Fig.
7)17°. Consequently, the interconversion rates between the two isoforms are slow, taking up to

minutes!’180,

11



Cis Trans / Cis

Figure 7: Cis and trans conformations in peptide bonds.

Bonds marked in red colour highlight the conformation of peptide bonds. a) Trans and cis conformations
in a non-prolyl peptide bond. Cis conformation experiences higher steric hindrance than the trans
conformation. b) Trans and cis conformation in a prolyl peptide bond. Because of the distinct ring
structure in prolines, cis and trans conformation experience comparable steric hindrance.

Prolyl Isomerases are catalysts of proline isomerization: Prolyl isomerases are enzymes that
accelerate the cis/trans interconversion rate of prolines in a peptide bond'’28!, They achieve
the enhanced cis/trans isomerization of prolyl peptide bonds by decreasing the activation
energy of this process (Fig. 8a)'®°. Prolyl isomerases can enhance the rate of isomerization

from minutes to milliseconds range®182 |

Prolyl isomerases are classified into three families based on structural similarities: cyclophilins,
FK506 Binding Proteins (FKBPs), and parvulins!®. The name cyclophilin and FKBPs come
from their binding affinity for the drugs Cyclosporin-A and FK506, respectively*®. The most
extensively investigated prolyl isomerase is the prolyl isomerase A (PPIA), also known as
Cyclophilin A - the most abundant of its kind®, The crystal structure of PPIA reveals that its
binding site consists of an antiparallel barrel made up of B-strands, which is surrounded by
three a-helices (Fig. 8b). According to a recent study, the enzymatic pocket of PPIA generates
an electrostatic field that act on the dipole moment of carbonyl group prior to the proline residue
in the substrate'®. This force facilitates the flip of the prolyl peptide bond in the substrate!8?,
Arg55 in the binding site of PPIA is crucial in creating this electrostatic atmosphere and thus
plays a vital role in its isomerase activity'#2184, For this reason, the mutation of Arg55 to Ala55
reduces the activity of PPIA2,
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Figure 8: Cis/trans isomerization of proline by prolyl isomerases.

a) Free energy diagram of proline cis/trans isomerization in the absence (continuous red line) and
presence (dotted red line) of prolyl isomerase. Prolyl isomerase enhances the cis/trans interconversion
rate by decreasing its activation energy.(Figure is adapted from reference!®) b) Structure of PPIA-the
most abundant of all prolyl isomerases (PDB code: 5KUZ,
https://www.wwpdb.org/pdb?id=pdb_00005kuz*®). The catalytic activity site of PPIA is marked with
a dotted circle. The eight B strands, three a helices and the location of Arg55 are also indicated.

1.3.3. Peptidyl prolyl isomerase in protein folding and misfolding

Prolyl isomerases, because of its isomerase activity, play an important role in de novo protein
folding of globular proteins!’®. As a nascent amino acid chain folds into its native structure,
prolyl peptide bonds must take on a specific conformation that is relevant for its functional
structure’2. This is in contrast to their unfolded state where prolines are free to assume cis or
trans conformations'’2. The slow cis/trans isomerization of the prolyl peptide bond limits the
rate at which prolines adopt their definite conformation, limiting the protein folding rate’>1#’,
Prolyl isomerases enhances the rate of isomerization, thus enhancing the rate of folding of
structured proteinst’217187 The longer the process of folding, the longer the protein chain is
exposed to the crowded cellular milieu, increasing the chances of aberrant intermolecular
interactions®®18_ Prolyl isomerases reduce the exposure time for aberrant interactions, thus
contributing to the maintenance of cellular homeostasis. The ability of PPIA to catalyze protein

folding has been demonstrated on several proteins including RNase A, and RNase T172187,

IDPs or IDR-containing proteins are abundant in proline residues, making them substrates of
prolyl isomerases!’#1%, In fact, the proline abundance in intrinsically disordered sequences is
approximately 1.5 times more than that in structured proteins'’4. However, our knowledge of

the biological significance of the interaction of prolyl isomerases with IDPs or IDR-containing
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proteins is limited. Recent studies suggest that the activity of prolyl isomerases toward
intrinsically disordered sequences impacts its misfolding. They demonstrated that prolyl
isomerases can alter the pathogenic aggregation of proline-rich IDPs such as Tau and alpha-
synuclein, through a combination of binding and isomerase activity on proline residues®-%,
For example, Cyclophilin 40 dissolved the preformed Tau fibrils at stoichiometric Tau:
Cyclophilin 40 concentration®®t, The binding of Cyclophilin 40 to the proline-rich region of
Tau in amyloid fibril is considered responsible for the dissolution of Tau fibrils. Consistent
with that, overexpression of Cyclophilin 40 reduced Tau deposits in Alzheimer’s disease mouse
models®®. Likewise, Cyclophilin D, by acting on the proline residues of a-synuclein in the C-
terminal domain, blocked a-synuclein aggregation and caused the disintegration of their fibrils
193" In another study, enhancement of cis/trans proline isomerization by PPIA in the proline-
rich C-terminal of a-synuclein increased its rate of aggregation'®2. FKBP12 also enhanced the
aggregation of a-synuclein fibrils through its isomerase activity'®*. These studies suggest a
broader biological significance of prolyl isomerases in pathogenic IDP misfolding that is based

on its action on proline residues.

1.4. Aims of the work

Prolyl isomerases have different functional roles towards globular proteins and IDPs. While
prolyl isomerases assist in the de novo folding of the structured protein, they are involved in
the regulation of misfolding of IDPs or IDR-containing proteins. Thus, they play a significant
role in maintaining cellular homeostasis. Although an initial understanding of the role of prolyl
isomerases in neurodegeneration-associated protein misfolding is available, the broader
significance of prolyl isomerases in multiple pathways of neurodegenerative protein misfolding
is lacking. In this thesis, we investigated the involvement of PPIA - the most abundant kind of
prolyl isomerases, in two different neurodegeneration-associated protein misfolding pathways:

protein misfolding in C9orf72-ALS/FTD and that from biomolecular condensates.

In C9orf72-ALS/FTD, the toxicity mainly arises from the aberrant interactions of PR and GR
repeat polymers with proteins and RNA that eventually disrupts cellular homeostasis. Because
of the abundance of prolines in PR repeat polymers, we predicted the interaction of PPIA with
PR repeat polymers. Supporting our hypothesis, a proteomic study by Lee et al. identified
prolyl isomerases as specific interactors of PR repeat polymers in vivo®. Here, we explored
the consequences of the interaction of PPIA with PR repeat polymers on its protein folding

activity, which is essential for maintaining cellular homeostasis. Using NMR spectroscopy and

14



X-ray crystallography, we aimed to gain insight into the structural basis of PPIA/PR repeat

polymer interaction and the significance of the proline-arginine composition in its binding.

The second part of this thesis presents our studies to understand the regulatory role of PPIA on
biomolecular condensates - the hotspot of protein misfolding. A number of chaperones proteins
are implicated in the regulation of biomolecular condensate dynamics. Despite the abundance
of prolines in the intrinsically disordered sequences that drive LLPS, the impact of prolyl
isomerases on the LLPS was unknown. Emphasizing the potential role of PPIA in regulating
biomolecular condensation, a recent study reported that a significant fraction of PPIA
interactome are proline-rich proteins involved in LLPS. In our study, we focused on
exploring the regulatory role of PPIA on LLPS by utilizing two different in vitro condensates
of IDPs: the complex coacervate of PR repeat polymers with RNA21% and the self-assembled
condensate of Tau protein'®. These condensates were chosen for their significance in
neurodegenerative diseases and their abundance of proline residues. We investigated the
modulatory effect of PP1A on these condensates. We also sought to understand the mechanism
behind the effect induced by PPIA on these condensates.

15



2. Materials and Methods

This section contains excerpts directly taken from the following publications. They are

indicated in italic font.

Babu, Maria, et al. Nature communications 12.1, 3396 (2021); DOI: https://doi.org/10.1038/s41467-

021-23691-y

Babu, Maria, et al. Journal of the American Chemical Society 144.35, 16157-16163 (2022) ; DOI:

https://doi.org/10.1021/jacs.2c07149

2.1 Materials
2.1.1. Chemicals

Table 1: Chemicals with the seller's name

Chemical

Seller

>N labelled ammonium chloride (**NH4CI)

Cambridge Isotope

Laboratories

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)

Sigma-Aldrich

Alexa 488 micro labelling labelling Kit

Thermo Fischer

Ampicillin sodium salt Sigma-Aldrich
Bactotrypton Bacto Difco

BCA Kit Sigma-Aldrich
BenchMark™ protein ladder Thermo Fisher
Biotin Sigma -Aldrich

Boric acid (H3sBOz3)

Thermo Fischer

tetraacetic acid (EGTA)

Cobalt(Il) chloride hexahydrate (CoCl2-6H20) Sigma-Aldrich
cOmplete™ Protease Inhibitor Cocktail EDTA-free Tablets | Sigma-Aldrich
Copper(ll) chloride dihydrate (CuCl2-2H20) Sigma-Aldrich
Deuterium Oxide (D20) Sigma-Aldrich
Sodium phosphate dibasic(Na;HPO4) Carl Roth

Dithiothreitol (DTT) Sigma-Aldrich
Ethylene glycol-bis(p-aminoethyl ether)-N,N,N’,N'- Sigma-Aldrich
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Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich
Glucose CIL

Imidazole Sigma-Aldrich
Isopropyl B-D-1-thiogalactopyranoside (IPTG) Carl Roth
Iron(111) chloride hexahydrate (FeCls-6H20) Merck
Kanamycin sulphate Sigma-Aldrich
Lysozyme Sigma-Aldrich
Magnesium sulphate (MgSOa) Sigma-Aldrich
Ni-NTA Agarose Qiagen
Phenylmethyl sulfonyl fluoride (PMSF) Carl Roth
Piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) Sigma-Aldrich
Potassium phosphate dibasic (KoHPO4) Sigma-Aldrich
Potassium phosphate monobasic (KH2PO4) Sigma-Aldrich

RNase T1

Thermo Fischer

RNAsIn Promega
Sodium chloride (NaCl) Sigma-Aldrich
Sodium phosphate monobasic monohydrate Merck
(NaH2PO..H,0)

Streptomycin sulphate Sigma-Aldrich

Syto 17 RNA dye

Thermo Fischer

TEV Received from our lab
technician C.S. Maria
Omori

Thiamine hydrochloride Sigma-Aldrich

TMR labelled PR20 GeneScript

Tris HCI

Thermo Fischer

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) Sigma Aldrich
Urea Serva
Yeast extract Sigma-Aldrich

Yeast tRNA

Thermo Fischer

Zinc chloride (ZnCly)

Honeywell Fluka
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2.1.2. Equipment

Table 2: Equipment with seller's name.

Equipment

Seller

45 Ti fixed angle rotor

Beckman Coulter

5810R benchtop centrifuge

Eppendorf

Agarose gel electrophoresis chambers

Bio-Rad Laboratories

AKTAprime plus

GE Healthcare

Analytical balance

Sartorious

Avanti JXN26

Beckman Coulter

Cary Eclipse Fluorecence Spectrometer

Agilent

Gel Doc™ XR+

Bio-Rad Laboratories

Heratherm™ compact incubator

Thermo Scientific

JA 25.50 fixed angle rotor

Beckman Coulter

JLA 8.1000 fixed angle rotor

Beckman Coulter

KS 4000 i control incubation shaker

IKA

Leica DM6B Leica Microsystems
Leica TCS SP8 Leica Microsystems
MicroCal PEAQ-ITC Malvern Panalytical
MonoS S10/ 100 GS GE Healthcare

Multitron Pro incubation shaker

INFORS HT

NanoDrop™ 2000/2000c spectrophotometer

Thermo Scientific

NMR spectrometers

Bruker

Optima XPN8O ultracentrifuge

Beckman Coulter

pH meter Mettler Toledo
Sonopuls Bandelin

Superdex 75 16/600 GE Healthcare
Superdex 75 26/600 GE Healthcare

ThermoMixer comfort

Eppendorf

Zeiss LSM 880

Zeiss Microscopy
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2.1.3. Software
Adobe Illustrator Artwork, CCPN2.4.2, Endnote, Expasy Protparam, Graphpad Prism,
Imaged, MicroCal PEAQ-ITC, Microsoft Office 365, Pymol, Topspin 3.6.2

2.2. Protein and peptide synthesis

2.2.1. Expression and purification of PPIA
Wildtype human PPIA and its mutant PPIA(R55A), cloned into the pET28a vector were
received from our previous group member Dr. Filippo Favretto. BL21(DE3) competent cells

were bought from Novagen.

The PPIA (or PPIA(R55A)) plasmid was transformed in Escherichia coli BL21(DE3) cells. For
unlabelled protein, cells were cultured in LB medium with kanamycin (30 mg/ml) at 37 °C.
When the OD (at 600 nm) value reached 0.6, protein overexpression was induced with 0.4 mM
IPTG. After 15 h of incubation at 16 °C, cells were centrifuged down at 7000 rpm using JLA-
8.1.000 rotor. The cell pellet from 1-liter culture was then resuspended in 40 ml of resuspension
buffer (20 mM sodium phosphate, 300 mM NaCl, 2 mm DTT, 5 mM imidazole, 0.01% NaN3,
pH 7.2) additionally supplemented with 100 mM PMSF, 100 mg/ml lysozyme and at pH 7.2.
The cells in this buffer were sonicated in ice cold conditions, centrifuged at 22000 rpm at 4° C
using a JA 25.50 rotor, and the supernatant was loaded onto a Ni-NTA Agarose column. The
column was washed with resuspension buffer containing 10 and 25 mM imidazole; protein was
eluted with the resuspension buffer supplemented with 300 mM imidazole. The His-tag was
cleaved by incubating the protein with TEV protease in a dialysis bag (MWKO 3.5 kD) at room
temperature overnight while dialysing it to His-tag cleavage buffer (20 mM sodium phosphate,
150 mM NaCl, 2mM DTT, 0.1 mM EDTA at pH 7.7). Next, the protein solution was again
loaded onto the 5 ml Ni-NTA Agarose column. The His-tag-cleaved PPIA (or PPIA(R55A))
came out in the flow through. It was concentrated using a concentrator of pore size 5 kDa
,loaded onto a gel filtration column (Superdex 75 16/600, GE Healthcare Life Sciences) and
eluted with 50 mM HEPES, 150 mM NaCl, 3mM DTT, 0.02% NaN3, pH 7.4. The purity of
PPIA (or PPIA(R55A) was checked on an SDS gel (SI Fig. 1a,b). For long term use, purified
PPIA (or PPI(R55A) was aliquoted and stored at -80° C. They were thawed and dialyzed
(membrane size:3.5 kD) into the respective buffers for the experiments described in the later
sections. Protein concentrations were determined by measuring absorption at 280 nm on a

nanodrop.
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1>N-labeled PPIA (or PPIA(R55A)) was produced by culturing and inducing the cells in M9
minimal media supplemented with ®®NH4CI. The protocol for minimal media preparation is
shown in Table 3. The remaining steps in the production of labeled PPIA (or PPIA(R55A)) is
similar to the one described for unlabeled protein.

Table 3: Preparation of 1 L minimal media

Component Amount
10X M9 salts 100 ml
Glucose 49
1000X Trace elements 1ml

1 M MgSOg4 1ml

1 mg/ml biotin 1mil

10 mg/ml Thiamin 0.1 mil
1 M CaCl2 300 ul
5NH.CI 05¢
1000X antibiotic 1mil

10X M9 recipe for 1 L: 30 g KH2POg4, 68 g Na2HPO4, 5 g NaCl
Adjust pH to 7.4 at room temperature.

1000X Trace elements recipe for 1 L: 50 g EDTA, 8.33 g FeCl3.6H-0O, 840 mg of ZnCls,
100 mg CoCl».6H20, 130 mg of CuCl,. 2H20, 100 mg H3BOs

Adjust pH to 7.5 after dissolving EDTA in100 ml of water and later add the rest of the
components to avoid precipitation.

2.2.2. Expression and purification of Tau
Tau protein was produced by C.S Maria Omori in the Zweckstetter lab. The purification

protocol of Tau is given below.

The plasmid of full length human Tau cloned into pNG2 vector was received from Mandelkow
lab at DZNE, Bonn. Tau plasmid was transformed into Escherichia coli BL21(DE3) cells. To
produce unlabeled protein, transformed cells were grown at 37 °C in an LB medium. As the
OD (at 600 nm) reached 0.8, protein expression was induced by adding 0.5 mM IPTG. Cells
were incubated at 37° after the induction for 3 hours and then pelleted down using JLA-8.1.000
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rotor at 7000 rpm. The cell pellet was resuspended in 20 mM MES buffer, pH 6.8 which
additionally contained 2 mM DTT, 1 mM EGTA, 200 uM MgClz, 1 mM PMSF, 0.01 mg/mi
DNasel, 1 mg/ml lysozyme, and cOmplete™ EDTA-free Protease Inhibitor Cocktail. Bacterial
cells were then broken using a French press. 500 mM of NaCl was added to the lysed cells and
was heated up to 98° for 20 minutes. This step caused the precipitation of contaminant proteins.
htau40, because of its intrinsically disordered nature, retained its functional conformation in
the solution. Precipitated contaminants were separated by employing ultracentrifugation (45Ti
rotor) at 127000 g at a temperature of 4° for 40 minutes. The supernatant, which contains Tau
protein, was collected and streptomycin was added to this solution at a concentration of 20
mg/ml to induce nucleic acid precipitation. After incubating this sample at 4° for 10 minutes
with mild shaking, it was centrifuged at 15000 g for 30 minutes at 4° C using FA-45-6-30 rotor.
In the next step, 0.361 g/ml of ammonium sulphate ((NH4)2SO4) was added to the supernatant
from the previous step in order to pellet down the Tau protein. After 10 minutes of incubation
at 4°, the solution was centrifuged at 15000g at 4° for 30 minutes using FA-45-6-30 rotor. Tau
pellet was then dissolved in 20 mM MES at pH 6.8, 50 mM NaCl, 2 mM DTT, 1mM EDTA
and 0.1 M PMSF (buffer A) and then dialyzed overnight into the same buffer with a 3.5 kDa
membrane so as to remove ammonium sulphate. Protein solution was then subjected to ion
exchange chromatography (Mono S 10/100 GL, GE Healthcare), where it was eluted with 20
mM MES at pH 6.8 containing 2 mM DTT, 1 mM EDTA and 1 M NaCl(buffer B) at a gradient
of 60 percent in combination with buffer A. It was then concentrated using a concentrator of
5kDa pore size and loaded to a gel filtration (Superdex 75 26/600, GE Healthcare) column. It
was washed down with PBS buffer containing 500 mM NaCl, 1 mM DTT, and 0.1 mM PMSF.
Purity of the protein was further confirmed with an SDS gel (Sl Fig. 1c). Purified Tau was
concentrated using a 5 kD concentrator and dialyzed to 25 mM HEPES at pH 7.4, 1mM TCEP.

In order to produce labelled Tau, Escherichia Coli BL21 DE3 cells transformed with Tau
plasmid was first grown in LB till the OD of the culture reached 0.8. It was then centrifuged
down at 5000 g for 30 minutes at 4° C using a JLA-8.1.000 rotor. Then pelleted cells were
resuspended in 1X M9 salts and centrifuged again under the previous condition. It was then
transferred to M9 media (Table 3), grown for 1 hours at 37° C and then induced with 0.5 mM
IPTG. The procedure after IPTG induction is similar to that described for unlabeled Tau.
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2.2.3. Synthesis of dipeptide repeat polymers

Peptides were produced by K. Overkamp, technician at the NMR2 department of MPINAT,

Gottingen. Peptides used in this study are listed below.

Table 4: Peptides used in the study

Peptide Sequence

AP20 APAPAPAPAPAPAPAPAPAPAPAPAPAPAPAPAPAPAPAP
GP20 GPGPGPGPGPGPGPGPGPGPGPGPGPGPGPGPGPGPGPGP
GR20 GRGRGRGRGRGRGRGRGRGRGRGRGRGRGRGRGRGRGRGR
PR2 PRPR

PR5 PRPRPRPRPR

PR10 PRPRPRPRPRPRPRPRPRPR

PR20 PRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPR

PR20, GR20, GP20, AP20, PR10, PR5, and PR2 peptides were synthesized by solid-phase
peptide synthesis. All peptides were acetylated and amidated at the N- and C-termini,
respectively. Peptide stocks were prepared by weighing and dissolving the required amount of

powder in the buffers as per the experimental requirements.

2.3. RNase T1 protein refolding assay
2.3.1. Principle

RNase T1 is a globular protein with two each prolyl peptide bonds in its native structure. The
slow cis/trans isomerization of prolyl bonds limits the folding rates of RNase T1. PPIA is

known to enhance its folding kinetics by increasing the prolyl bond interconversion rate!®”:197,

The folding process of RNase T1 can be studied by following its intrinsic tryptophan
fluorescence!®”197, Tryptophan residue in folded RNase T1 is buried inside its hydrophobic
core. As the protein folds, tryptophan goes from a polar to a non-polar environment. This
change in its chemical atmosphere results in progressively increasing fluorescence intensity.

The completion of the folding process is marked by the saturation of fluorescence intensity.
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2.3.2. Experimental condition

RNaseT1 was unfolded by incubating in 6.9 M urea at 10 °C for 2 h in 100 mM Tris-HCI buffer
at pH 8. Refolding of RNaseT1 was initiated by diluting it 35 times with the same buffer such
that the final concentration of RNaseTl was 2.27 uM and urea 0.197 M. Tryptophan
fluorescence emission was measured at 320 nm (excitation wavelength =280nm) during
refolding for 1 h on a Cary Eclipse Fluorescence Spectrophotometer at 10 °C. RNase T1
refolding experiments were then conducted in the presence of PPIA alone or PPIA along with
PR20 repeat polymer. A control experiment was also performed where RNAseT1 was folded
in the presence of PR20 alone. In experiments with PPIA, PR20 or both, they were added to
the dilution buffer and incubated at 10 °C for 2 h prior to mixing. Data were normalized and
averaged for graphical representation. The exponential constants, k, for the increasing
fluorescence intensities were obtained from fitting a mono-exponential function to the

experimental data in Graph Pad Prism

2.4. X- Ray crystallography

X-Ray crystallography is a useful technique to get insights into the atomic structure of
biomolecules. When X-rays are irradiated on a protein crystal, they are diffracted into specific
patterns. The pattern of diffraction can be used to obtain atomic-level information about the

protein’s structure.

X-Ray crystallographic studies of the PPIA-PR20 complex were performed by Dr. Stefan
Becker at MPI-NAT, Gottingen. The protocol for the same is described below.

For crystallization, the PR20 peptide was added in fivefold molar excess to PPIA. The total
protein concentration was adjusted in 25 mM HEPES, 2 mM DTT, 0.01 % NaN3 at pH 7.4 to
20 mg/ml. Crystals were obtained at 20 °C by sitting drop vapor diffusion using 0.1 M HEPES,
pH 7.5, 25% PEG1000 as reservoir solution. For data collection, crystals were cryoprotected
in reservoir solution supplemented with 10% glycerol. Data collection was performed at 100 K
at SLS Villigen, Switzerland (beamline PXII, Eiger2 16M detector, Dectris). Data were
processed with XDS!%, Space group determination and statistical analysis were performed
with XPREP (Bruker AXS, Madison, Wisconsin, USA). The structure was solved by molecular
replacement with PHASER®® using the crystal structure of PPIA (PDB code: 5KUL®) as
search model. Refinement was performed with Refmac®® alternating with manual model

building in Coot?,
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2.5. NMR spectroscopy

2.5.1. Introduction to NMR

2.5.1.1. Energy splitting

Nuclear magnetic resonance spectroscopy (NMR) is widely utilized to characterize the
properties of biomolecules, such as their structure, dynamics, etc. It exploits the local magnetic
fields associated with the atomic nucleus, which is caused by the spin property of protons and
neutrons?%22%, A nucleus with even numbers of both protons and neutrons has zero spins,
whereas those with at least one of these species in an odd number have a non-zero spin. In
order to have a magnetic moment, a nucleus must have a non-zero spin value. The magnetic

moment associated with a nucleus is given by the equation?%,
p=yl
where v is the gyromagnetic ratio, a nuclei-specific constant value that is the ratio of the

magnetic moment and angular momentum, and 1 is the spin quantum number. The common
nuclei observed by NMR include H, $3C ,*N and 3IP.

Every nucleus with a magnetic moment act as a tiny bar magnet. Unless an external magnetic
field is applied, each magnetic moment in an ensemble of nuclei is randomly oriented, resulting
in net zero magnetization (Fig 9). When the sample is placed in an external magnetic field, as
in an NMR spectrometer, the magnetic moments associated with the nuclei orient along or
against the external field, creating lower and higher energy states respectively (Fig 9)°®°. The
splitting of energy in the presence of a magnetic field can also be explained in terms of spin
quantum number. The external field forces energy levels to split to 21+1 values, where 1 is the
spin quantum number?®42%, For example, H nuclei, with an | value of % splits into two levels.
The gap between the energy levels is dependent on the strength of the applied magnetic field.
The probability of finding nuclei in the ground state is more than in the higher energy states,
resulting in a higher population at the ground level?®*, When a radio frequency pulse is applied,
a fraction of spins gets transferred from the ground state to the excited state. As the excited

nuclei return to their ground state, energy is released, which is detected in NMR?%,
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Figure 9: Splitting of nuclear energy levels in the presence of the external magnetic field.

Spins are randomly oriented in absence of magnetic field. In the presence of an external field, they align
parallel to the magnetic field. The difference between the energy levels is directly associated with the
strength of external magnetic field.

2.5.1.2. Chemical shift

The motion of negatively charged electrons creates a magnetic field around the nucleus, which
is aligned in the opposite direction of the applied magnetic field in an NMR spectrometer. As
a result, the field experienced by the nucleus is reduced from the applied field by a value that
is proportional to the electron cloud density around it. Each kind of nuclei with a distinct
electronic atmosphere will experience different effective fields, resulting in different energy
gaps between the ground and excited state??. Therefore, different frequencies must be used to
excite them (within the radiofrequency range), creating a distinct NMR peak for each kind of

nuclei.

2.5.1.3. 1D NMR

A one-dimensional (1D) NMR observes a single type of nuclei. *H is the most commonly
observed nuclei. A 1D NMR experiment is generally composed of three stages (Fig 10)?%. First
is the preparation period, when the magnetic moment associated with nuclei comes to an
equilibrium with the external magnetic field (Fig. 10a). It is followed by an excitation period
where an RF pulse is applied to excite the nuclei. According to classical mechanics, excitation

can be defined as the tipping of net magnetization away from the direction of the external field
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(commonly taken as z-axis). Usually, 90° pulses are used for excitation, which brings the net
magnetization from the z-axis to the x-y plane (Fig. 10b). In the final detection period, the
excited nuclei will return to the ground state, i.e., the net magnetization will rotate back at its
specific frequencies to the z-axis again (Fig. 10c). The nuclei relax during this period through
spin-spin and spin-lattice interactions. Spin-spin relaxation causes a decrease in the magnetic
moment in the x-y plane, whereas spin-lattice relaxation causes its build-up along the z-axis.
The precession frequency of the nuclei, which is translated into NMR signals, is detected

during this period.

a b c
Preparation Excitation Detection
period period period
z z z

Figure 10: Three stages of a 1D NMR experiment and its classical visualization.

The pink arrows represent the direction of the net magnetization in the three panels. The external
magnetic field is applied along z-axis. (a) Preparation period when the net magnetization gets aligned
along the external magnetic field, i.e., the z-axis. (b) Excitation period where the magnetization is
tipped off from the z-axis to the x-axis upon application of a 90° pulse along y-axis. (¢) Detection
period when the magnetization precesses and returns back to the z-axis.

2.5.1.4. 2D NMR

1D NMR cannot provide complex information about a molecule. This is especially true in case
of large biomolecules, for which considerable overlap of peaks is observed in a 1D spectrum.
In addition, it does not establish correlations between different nuclei, that are coupled. In such

cases, it is beneficial to disperse the NMR peaks in a second dimension.

Similar to a 1D NMR, a 2D NMR experiment consists of a preparation period followed by an
excitation period. The evolution period thereafter labels the nucleus with its corresponding
chemical shift as they precess. It is followed by a mixing period where magnetization transfer
occurs from the excited nuclei to those coupled with them, via through-bond or through-space
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interactions?®®. In the next stage, data points are collected, which contain information about the
coupled chemical shifts. The different 2D NMR experiments use different combinations of
pulses and delays in order to extract specific information about a molecule. Some of these

experiments, relevant to this thesis, are discussed below.

!H-IH TOCSY: Total Correlation Spectroscopy, or TOCSY is extensively used to identify
protons that belong to the same spin system?®, It has *H frequencies on both dimensions. All
the protons in the observed molecule give a diagonal peak in the TOCSY spectrum. However,
cross peaks are obtained only between those protons that belong to the same spin
system. TOCSY allows the observation of an entire spin system, which extends over 5-
6 bonds, by employing a long spin lock pulse (Fig. 11a). During the spin lock pulse,
through-bond magnetization transfer takes place successively over the whole spin
system (Fig. 11b)%%°,

a b

90x
H, H, Hp
/C\ /C C\ /CH3 spin lock 90x
HsC c T c
Hz Hz
o}

™m

Detection

Figure 11: Total Correlation Spectroscopy.

(a) The two spin systems in a given molecule are shown within blue and pink boxes. In a the TOCSY
spectrum, cross peaks can be observed between every proton belonging to the same spin system. (b)
Simplified scheme of a TOCSY pulse sequence. A 90° pulse excites protons non-selectively. Chemical
shift evolves during the evolution time marked t1. During the mixing time (tm), a spin lock pulse that is
applied for 80 ms facilitates successive through-bond coupling within the spin system?®. Both pulses
in the sequence is applied along the x-axis.

'H-'H NOESY: Nuclear Overhauser Effect Spectroscopy or *H-'H NOESY is a useful NMR
experiment to identify protons that are close positioned®42%®, A NOESY spectrum has 'H
frequencies on both dimensions. Cross peaks are observed between two atoms if they are
nearby in space, despite the number of bonds separating them (Fig. 12a). Such protons are
correlated via through-space coupling. The intensity of NOE cross peaks is directly related to
1/r8, r being the distance between two atoms?®. Thus, the NOESY experiments provides

distance information, which is useful in the structure determination of molecules.
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The NOESY experiment can be also used to characterize exchange processes between two
states?®’. Consider a molecule that can exist in two states, say A and B, and has distinct proton
chemical shifts in the two states. If the exchange between states A and B takes place within the
NOESY mixing time, the chemical shift of state A will be correlated to that of state B, giving

rise to a cross peak. The dependence of the intensity of such a cross peak on the mixing time

can be utilized to study the exchange rates??72%,
a SN b
3 2 1
CHy —CHy—CHg3 90x 90X 90x
NOE -~ |
/C|é|3‘ t1 ™
CH, ° |
5 Detection

Figure 12: Nuclear Overhauser Effect Spectroscopy.

(a) Correlations observed in a NOESY spectrum depicted on a long chain of a molecule. NOE cross
peaks are observed between protons indicated with a double-sided arrow. Although the CHs groups
marked 6 is located several bonds away from 1, a cross peak is observed between them due to their
closeness in space. (b) Simplified scheme of a NOESY pulse sequence. After the first 90° pulse and
evolution time t1, a second 90° pulse is applied that brings the magnetization to the z-axis. During the
mixing time (tm), magnetization transfer occurs via through-space coupling®®. A third 90° pulse is
applied then, followed by the detection of signals. Pulses in the NOESY sequence are applied along the
X-axis.

!H-'H ROESY: Rotating frame Overhauser Enhancement Spectroscopy or ROESY provides
the same information as NOESY. However, the ROESY pulse sequence allows for
differentiation between through-space coupling-induced cross peaks and exchange-induced
cross peaks?®, The former has the opposite sign to diagonal peaks, while the latter has the same

sign as that of diagonal peaks.
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Figure 13: Simplified scheme of ROESY pulse sequence.

A spin lock pulse is applied on the protons after the evolution time (t1). This pulse enables the mixing
of magnetization via through-space coupling. However, the pulse length and power should be optimized
to get rid of through-bond coupling. The direction of the two pulses is indicated in the figure.

IH-1’N HSQC NMR: A H-®'N HSQC spectrum displays single bond correlations between
protons and nitrogen, i.e., it detects N-H entities in the sample?®®2%, |t has *H frequency along
the first dimension and *°N frequency along the second dimension. Since °N is not a naturally

abundant isotope, molecules of interest should be labeled with >N prior to the experiment.

An HSQC pulse sequence initially excites all the protons in the molecule. In the next step, an
INEPT element facilitates the transfer of magnetization from 'H to N via through-bond
coupling. During the evolution time, chemical shift evolves on °N. Later, magnetization on
5N is transferred to *H using a reverse INEPT sequence (Fig. 14)2%°, Signals are detected on

1H protons, which already contains the information about the coupled °N frequencies.

90x 180x 90y 180x 90x 180x
H | l ﬂ I MMMW
L A2 A2 a2 2]l
. 180x 90x 90x 180x  Detection
O
'ISN ;
INEPT ' Decoupling

Figure 14: Simplified schematic representation of an HSQC pulse sequence.

Black bars represent 90° pulses whereas white bars represent 180° degree pulses. The initial 90° pulse
on H excites the protons non-selectively. An INEPT sequence then transfers the magnetization from
H to N2 To achieve efficient transfer of magnetization, the delay of INEPT must be set in such
away that A~1/2J(N-H), where J is the strength of N-H bond coupling. While **N chemical shifts evolve
during the evolution time, a 180° pulse is applied on *H to refocus their chemical shifts. Magnetization
is then transferred back to *H by employing a reverse INEPT sequence. The data points are then
collected on H. The direction of each pulse is indicated in the figure.
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2.5.2. Binding studies using NMR titration
2.5.2.1. Principle of NMR titration

NMR-based titrations are extensively used to characterize biomolecular interactions?1%-12,
Consider a protein binding to a ligand to form the protein/ligand complex. In an NMR titration,
where protein is observed, a spectrum of protein alone and that of the protein in the presence
of increasing concentrations of the ligand are collected. HSQC NMR experiments are often
utilized to observe the protein?®. Upon the formation of the protein/ligand complex, the
chemical environment around the protein changes, causing changes in the HSQC spectrum
when compared to the reference?!%2'2, The spectrum of the protein collected in the presence of
the highest concentration of ligand exhibits maximum changes. Mapping the perturbed residues
on the structure of the protein facilitates the identification of the binding site?*2. Similarly,

ligand-observed titrations can be utilized to identify the region of ligand involved in binding.

The changes observed in an NMR spectrum upon protein/ligand complex formation depend on
the strength of the binding. When the lifetime of the complex exceeds the difference in the
chemical shift values of the free and complex form of the observed binding partner, the binding
is said to be in a slow exchange regime. In such cases, both the free and bound forms of the

observed binding partner will appear in the NMR spectrum (Fig. 15)?°. On the other hand, if

Fast exchange Intermediate exchange Slow exchange
©

N—/
©
\ ‘v
free protei

Hshift  peak 1H shift 1H shift

bound pf
pea

5N shift

»]

Figure 15: Simple schematic showing perturbations in a protein peak upon ligand binding.
Perturbations observed in the HSQC peak of protein during titration with ligand are shown for fast,
intermediate and slow exchange regimes in NMR timescale. Arrows represent the direction in which
the peak shifts, as the concentration of ligand is increased. In fast exchange (left), the NMR signal of
the free protein (violet) shifts towards the protein/ligand complex peak (dark green) gradually, with
increasing ligand concentration. In slow exchange (right), the peak intensity of free protein decreases
and that of protein/ligand complex increases, as the concentration of ligand increases. In intermediate
exchange regime (middle), characteristics of both slow and fast exchange regime are observed.
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the lifetime of the complex is shorter, the binding is said to be in fast exchange. Here, the peaks
of the free and bound form of the observed binding partner average into a single peak, based
on their populations (Fig. 15)?%°. Most often, strong interactions fall under a slow exchange
regime while weak interactions are in fast exchange regimes. Many binding processes are also
in intermediate exchange regimes, i.e., shows characteristic of both slow and fast exchange?*®.
Here, the intensity of the free protein peak will decrease while it also shifts towards the

population-averaged chemical shift of free and bound form (Fig. 15).

The binding affinity of interactions can be quantified from NMR titrations. Protein (P) binding
with ligand (L) under equilibrium conditions can be represented by the following chemical

equation

Pi+ Lt =PL 1

where Psis the free protein, Ly is the free ligand, and PL is the protein/ligand complex

Pt and Lt can be expressed in the following ways

P; = P, — PL 2

Ly =L, —PL 3

where Pt and L are the total amounts of protein and ligand respectively.

In a fast exchange regime interaction of the protein with ligand, the chemical shift is the
population average of the chemical shift of the bound and free forms of the observed binding
partner, which is taken to be the protein for the following calculations?'°. Observed chemical

shift o is given by the equation

P PL 4
i

§="Lsx8 +—x6
t* f Pt* b

where s is the chemical shift of the free protein and oy is the same for its bound form.

Chemical shift perturbation(CSP) due to complex formation can be represented as follows
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CSP =6 - §; 5

Substituting & from equation 4 to 5 and replacing PL with P-Pf from equation 2 gives the

following.

P
Py

From here on, 6p-6¢ will be referred to as Admax.

The affinity of this complex formation can be expressed in terms of the dissociation constant

Kgq that is given by the following equation.

_ Pl 7
d PL

Substituting equation 2 and 3 to equation 7, and solving for Ps gives the following

JEKg+ L +P)2—4%P x L, — L+ P+ Ky 8
= 2

Substituting equation 8 to 6 gives the following equation for CSP

(Kg+ P+ L) —J(Kg + Py + L)2 — 4% P, * Ly) 9

CSP = O pax P
t

In slow exchange regime interactions, Kgq value is estimated from the change in intensity. Here,
the decrease in intensity of protein peaks upon binding to the ligand is directly correlated to the
amount of protein that is engaged in the protein/ligand complex formation. The equation used

for Kq estimation is shown below.

I (Kg+ P+ L) —(Kg+ P+ L)% — 4P, *L,) 10
1—-— = max
I 2P,

where | is the intensity of protein peaks in the presence of ligand concentrations, lo is the
intensity of protein peaks in the absence of ligand, and Imax is the maximum intensity of free

protein.
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2.5.2.2. Titration of PPIA with dipeptide repeat polymers

Titration of N-labeled PPIA with dipeptide repeat polymers (PR20, GR20, GP20, AP20,
PRI10, PR5, and PR2) were carried out in 25 mM HEPES buffer with 100 mM NaCl, 2 mM
DTT, 0.01% NaNs, and 10% D20 at pH 7.4. For 40 uM protein, the ligand concentrations
were increased from 0 to 320 uM in five steps. For the PPIA/GP20 and PPIA/AP20 titrations,
the concentration of the repeat polymer was further increased up to 3200 uM. Two-
dimensional ®N-tH HSQC spectra were acquired at 298K for each PPIA/repeat polymer
ratio. Titration of mutant PPIA(R55A) with PR20 was performed under the same conditions
as that of wildtype PPIA/PR20 titration. The PPIA/GP20 and PPIA/PR2 titrations were
performed on a 700 MHz spectrometer (Bruker), whereas all others were performed on a
800 MHz spectrometer (Bruker), both equipped with cryoprobes. The spectra were processed
with Topspin 3.6.2 (Bruker) and analyzed with CCPNmr 2.4.2%14,

Kq calculations for the interactions of PPIA with PR repeats (PR5, PR10, and PR20) were
made from the dipeptide repeat polymer-induced variations in PPIA cross-peak intensities,
using the equation 10 for slow exchange regime interactions. Here, Pt is the total concentration
of PPIA, Lt is the total concentration of ligand, | is the HSQC peak intensity of PPIA in the
presence of ligand and lo is the HSQC peak intensity of PPIA alone. Imax is taken to be a free

fit parameter.

The error in 1—(I/Ip) is taken to be the error in the experimental quantity of I/lo and has been

calculated from the noise in HSQC spectra according to
I\ [(9a0\? | (90
a0 = (1) J (52) +CP

where o(I/o) is the error in I/lo, oq0) and oqy are the noise (RMS value of background noise

11

from various regions) in the HSQC spectrum of PPIA alone and that of PPIA in the presence

of ligand, respectively. The error value in the Kg is the standard error of fitting.

In case of the PPIA/GP20- and PPIA/AP20 interactions, the Kq value was calculated from the
equation 9 for fast exchange interactions using chemical shift perturbations. CSP values are

calculated according to the following equation.

12
CSP = |(6i)2 + (2.
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where o1 and on are the change in chemical shift in the HSQC peaks of PPIA in the presence
and absence of ligand in the proton and the nitrogen dimension, respectively. dmax Was taken as
a free fit parameter. The error value in the Kg is the standard error of fitting.

2.5.2.3. Titration of Tau with PPIA

1>N-labelled Tau was titrated with wild-type PPIA or mutant PPIA(R55A) in 50 mM sodium
phosphate buffer, 1 mM TCEP and 10 % D20 at pH 6.8. Titrations were performed at 278 K
on a 800 MHz NMR spectrometer (Bruker) equipped with a cryoprobe. *H->N HSQC spectra
of 20 Tau uM were recorded in the absence and presence of 200 uM PPIA/PPIA(R55A). The
spectra were processed with Topspin 3.6.2 (Bruker) and analysed with CCPN 2.4.22%4,

2.5.2.4. Titration of PPIA with Tau

15N-labelled wild type PPIA was titrated with Tau in 25 mM HEPES buffer, 100 mM NaCl, 1
mM TCEP and 10 % D20 at pH 7.4. . Titrations were performed at 298K on a 800 MHz NMR
spectrometer (Bruker) equipped with a cryoprobe. The concentration of the protein was fixed
at 18.4 uM. tH->*N HSQC spectra of the protein were recorded in the absence of Tau and with
Tau at 1.95, 4, 7.82, 16.3 and 32 fold excess concentrations with respect to PPIA. Similarly,
HSQC spectrum of !°N-labelled mutant PPIA(R55A) was recorded at the PPIA(R55A)
concentration of 12 uM, in the absence and in the presence of Tau at PPIA: Tau ratio of 1:4,
1:6, 1:12 and 1:3.8. The spectra were processed with Topspin 3.6.2 (Bruker) and analysed
with CCPN 2.4.2%14, The Kq value for PPIA-Tau intercation was estimated from the chemical
shift perturbations according to the equation 9 and 12, where P; is the concentration of PPIA
and L is the concentration of Tau. Change in chemical shift in the HSQC spectrum of PPIA in
the presence and absence of Tau gives on (in the proton dimension) and dn (in the nitrogen

dimension). The error value in Kq is the standard error of fitting.

2.5.3. Quantification of PP1A-enhanced isomerization in PR20

2.5.3.1. Visualization of proline exchange in PR20
In order to visualize proline cis/trans isomerization in PR20, we utilized two-dimensional
NOESY and ROESY experiments.

A two-dimensional NOESY spectrum of 100 uM PR20 was recorded on a 800 MHz NMR
spectrometer (Bruker) at 298 K in 100 mM KoHPO4/KH2PO4 buffer, 10% D20, pH 7 using a
NOE mixing time of 300 ms. The spectrum was assigned with the help of a two-dimensional

TOCSY spectrum (mixing time of 80 ms) recorded for the same sample.
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The two-dimensional ROESY spectrum of PR20/PPIA was recorded with 400 uM PR20 and a
PR20:PPIA molar ratio of 8:1 on a 800 MHz NMR spectrometer (Bruker) using the same buffer
and temperature conditions as used for the NOESY experiments. The mixing time for the
ROESY experiment was 220 ms.

2.5.3.2. Estimation of the rate of exchange of proline in PR20

To estimate the rate of cis/trans exchange of prolines in PR20 in the presence of PPIA, NOESY
spectra were recorded for mixing times ranging from 50 ms to 400 ms for the following
PPIA:PR20 molar ratios:

Table 5: Conditions of measurement of rate of cis/trans proline isomerization in PR20.

PPIA:PR20 PR20 Spectrometer
conc.(uM)

1:30 300 900 MHz

1:8 100 800 MHz

1:4 100 800 MHz

1:15 100 800 MHz

The buffer and temperature conditions were identical to the reference condition. The spectra

were processed with Topspin 3.6.2 (Bruker) and analysed with CCPN 2.4.22%

kex values, defined as sum of back and forward rates of a two-state model, were obtained

according to?°":208

Iex 1— e(_kex)*MT

lirans e kex*MT | m
cis

13

where lex is the intensity of the exchange peak between the cis and trans isoforms of H? of
prolines, lirans is the intensity of the of H? of the trans conformation, MT is the mixing time and
Xcis is the fraction of the cis population. H° of prolines were chosen for analysis due to the well
separated cis and trans peaks of these protons. The T; relaxation is considered to be similar
for cis and trans proline peptides. Experimental data were fitted against the given equation,
keeping kex and Xcis as free fit parameters, using least square fitting. The kex values were

determined from both the exchange peaks on either side of the diagonal, and the kex reported
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is the average of the two kex values derived per condition. The error in ke is the standard

deviation from the average value.

Additionally, a similar analysis was done with the intensity ratio of the exchange peak (lex) to

the cis diagonal peak (lcis). In this case, the equation 13 was modified as follows

1-— e(_kex)*MT

14

where le is the intensity of the exchange peak between the cis and trans isoforms of H of
prolines, lgs is the intensity of the of H° of the cis conformation, MT is the mixing time and
Xtrans 1S the fraction of the trans population. Xirans Was kept as free fit parameter during fitting.
The kex Were determined from both the exchange peaks on either side of the diagonal, and the
kex reported is the average of the two kex values derived per condition. The error in ke is the

standard deviation from the average value.

For determination of kex for PR20 in the presence of PPIA(R55A), the experiments were
performed as described above in 100 mM KoHPO4/KH2PO4 buffer, 10% D.O at pH 7.4 on a
700 MHz NMR spectrometer equipped with a cryoprobe.

The error in (lex/ltrans) Was calculated from the noise in the NOESY spectra according to:

Iex O0(I,y) z O-(Itrans) 2
Olex/Itrans) — (] )\/( I ) + ( I >
trans ex trans 15

where o(iex/itrans) 1S the error in lex/lirans, o(1ex) and oqrrans) are the noise (RMS value of background

noise) in the NOESY spectrum.

2.6. Isothermal titration calorimetry

2.6.1. Principle

Isothermal titration calorimetry or ITC is a useful method to characterize the thermodynamic
aspects of protein/ligand interactions®®. ITC measures the heat absorbed or released during
molecular interactions?'%21®. The ITC instrument contains an adiabatic chamber that encloses
a reaction cell, reference cell and a syringe. The reaction cell contains one of the interacting

partners, usually the protein. The syringe holds the other interacting partner that is usually the
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small ligand. The reference cell contains water. ITC detects the changes in heat as the ligand
in the syringe is injected in steps to the interacting partner in the reaction cell. Heat changes
are detected in comparison to the stable reference cell. The change in heat is plotted against the
change in ligand concentration and is fitted against the binding model that is derived below.

Consider protein P in the cell titrated with ligand L. The heat change upon each injection can
then be represented in terms of the change in concentration of PL complex (dPL), molar binding

enthalpy( AH?) and the volume in cell after each injection (V).

dQ = dPL.AH".V, 16

Substituting Pr and Lt from equation 2 and 3 into equation 7 solves PL as shown below.

L_Pt+Lt+Kd—\/(Pt+Lt+Kd)2+4*PtLt 17
B 2

Taking the derivative of equation 17 gives the following

Lo Kz 1 18
dL; 2 *ﬂ

Lt Kdz
R

Substituting equation 18 to equation 16 gives the following.

1—(1+%+%’)*%

Le | Kg\? L¢
\/(1+E+Tt) — 43t

Equation 19 is the model used for fitting ITC data.

aQ 19

d_Lt_ *AHO*VO

Ly
2

2.6.2. Experimental protocol and analysis

PPIA and PR20 stocks were prepared in 25 mM HEPES, 100 mM NaCl, Il mM TCEP at pH
1.4. Forty-four micromolar PPIA in the cell was titrated with 650 uM PR20 in the syringe. The
titration was performed at 10 °C employing 13 steps of injection. PP1A/buffer, buffer/PR20,
and buffer/buffer titrations were also performed and assigned as controls for the analysis of
the binding curve. Experiments were performed with a Malvern Microcal PEAQ-ITC

instrument. During fitting the number of binding sites was fixed to one.
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2.7. LLPS assays

2.7.1. PR20/tRNA LLPS

2.7.1.2. LLPS condition

RNA-induced PR20 LLPS was performed according to'%. To this end, PR20 in 25 mM HEPES
buffer, containing 0.01% NaNs, at pH 7.4, was mixed with yeast tRNA reaching final
concentrations of PR20 and tRNA of 100 uM and 0.2 mg/ml, respectively. The assay was
prepared in nuclease-free water and additionally contained 0.4 units/pl of RNAsin to prevent

nuclease activity.

To visualize enrichment of PR20 inside droplets, the primary amine at the amidated C-terminus
of PR20 was labelled with Alexa 488 following the micro-labelling kit instructions from
ThermoFisher Scientific, Invitrogen. Excess dye after labelling was removed by dialysis. 2 pM
of Alexa 488-labelled PR20 was then added to non-fluorescent PR20 solution. To demonstrate
enrichment of RNA inside the droplets, Syto 17 RNA dye was added to the assay just before
tRNA such that its final concentration was 100 uM. Micrographs were acquired at 63X
magnification using the L5(green) and Y5(red) filters on Leica DM6B fluorescent microscope.

Contrast was enhanced using Image J in Fig. 23a for visualization purpose.

2.7.1.2. Recruitment experiment

To characterize the recruitment of PPIA to PR20/tRNA droplets, droplets of PR20 with tRNA
were prepared at 25°C such that their final concentrations, including the volume of added
PPIA, was 100 uM and 0.2 mg/ml, respectively. To prevent dimerization of PPIA, 1 mM DTT
was present. To the preformed droplets, PPIA was added at PR20: PPIA molar ratios of 1:0.05,
1:0.2 and 1:0.4. To each sample, 5 uM Alexa 488-labelled PPIA mixed with its unlabelled kind
to make up the required concentration, was also added. The same experiments were performed
with the mutant PPIA(R55A) protein under identical conditions. To minimize the dilution effect
on the droplets upon addition of PPIA or PPIA(R55A), their stocks in 25 mM HEPES buffer,
50 mM NacCl, 0.01 % NaN3, 0.5 mM DTT (pH 7.4) were concentrated and readjusted such that
the added volume was only 4 % of the total assay volume in all cases. The samples were then
observed under the microscope through the green fluorescence channel after 15 minutes of
incubation at 25 °C. For calculation of recruitment ratios, raw green fluorescence images were
used. The average intensity inside the droplet area was divided by the average intensity of a

region of interest (ROI) just outside the droplet. Approximately 30 droplets of similar size were
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analysed for each condition. To compute the statistical significance of the difference between
the PPIA and PPIA(R55A) data set for a specific molar ratio, an unpaired t-test was performed
using Graph-Pad Prism. For visualization purpose, the brightness and contrast are enhanced
uniformly in Fig. 23b.

2.7.1.3. Dissolution experiment

To test the effect of higher concentrations of PPIA on PR20/tRNA droplets, droplets of PR20
with tRNA were prepared at 25 °C such that their final concentrations in the assay after the
addition of PPIA were 100 uM and 0.2 mg/ml, respectively. Alexa 488-labelled PR20 and DTT
were present at final concentrations of 2 uM and 1 mM, respectively. Wild-type PPIA or
PPIA(R55A) were added to the preformed droplets at PR20: PPIA molar ratios of 1:05, 1:1,
1:3, 1:5. Prior to its addition to PR20/tRNA droplets, PPIA or PPIA(R55A) (in 25 mM HEPES,
50 mM NacCl, 0.5 mM DTT and 0.01 % NaN3 pH 7.4) were concentrated and readjusted such
that the added volume constituted only 17 % of the total assay volume. To ensure that the
dilution effect did not affect the droplets, an additional control experiment was performed,
where just buffer without PPIA, corresponding to 17 % of total assay volume, was added to the
preformed droplets. All samples were incubated for 15 minutes at 25°C prior to imaging with
the microscope. For visualization purposes, images in Fig. 23d were normalized to the same

average background intensity before adjusting their contrast uniformly.

Granular areas were determined using ImageJ. To this end, the threshold value of intensity
was set manually to pick up the area occupied by the fluorescently active droplets. The
circularity value was set to 1. ‘Analyse PMeasure’ (after selecting ‘Area’ in the ‘Set
Measurement’ option) gave the area occupied by the droplets in the image. For all conditions,

three to four images from different regions of the phase-separated sample were quantified.

2.7.2. Tau LLPS
2.7.2.1. LLPS condition

Tau phase separation was achieved at 20 uM concentration of Tau in 25 mM HEPES buffer
containing 1 mM TCEP at pH 7,4, 25 °C. To visualize the enrichment of Tau inside the droplets,
the phase separation assay was spiked with 0.5 puM of Alexa-488 labelled Tau. Alexa 488
labelling of Tau was carried out according to the micro-labelling kit instructions from
Thermofischer Scientific. Micrographs were acquired at 63X magnification using the

L5(green) on Leica DM6B fluorescent microscope.
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2.7.2.2. Recruitment experiment

To estimate the recruitment of PPIA into Tau droplets, the Tau LLPS assay was prepared as
described above, but without labelled Tau. To the preformed droplets, PPIA or PPIA(R55A)
was added at Tau: PPIA/PPIA(R55A) molar ratios of 1:0.1 and 1:0.25. To each sample, 2.5
UM Alexa 488-labelled PPIA mixed with its unlabelled kind to make up the required
concentration, was added. The volume of PPIA added at the end is limited to 13 % of the total
volume so as avoid any dilution effect. The samples were then observed under the microscope
after five minutes of incubation at 25 °C. The recruitment ratio was calculated as described
for PR20. Approximately 20 droplets of similar size from two independent experiments were
analysed for each condition. To compute the statistical significance of the difference between
the PPIA and PPIA(R55A) data set for a specific molar ratio, an unpaired t-test was performed
using Graph-Pad Prism.

2.7.2.3. Dissolution experiment

The impact of PPIA or PPIA(R55A) on Tau droplets at higher concentrations was tested for
Tau:PPIA/PPIA(R55A) molar ratios of 1:1, 1:2.5 and 1:5. Tau droplets were prepared as
described above and spiked with 0.5 uM Alexa 488 labelled Tau. To the preformed droplets of
Tau, PPIA or PPIA(R55A) was added. The volume of the PPIA added at the end was limited to
20 % of the total assay volume. A control experiment was also performed were buffer was
added instead of PPIA to the preformed Tau droplets. Samples were observed under the
microscope after five minutes of incubation. The granular area from the microscopic images
was determined using ImageJ as described for PR20/tRNA LLPS experiments. Approximately
eight images were quantified from each independent experiments and three independent

experiments were performed per condition.

2.7.2.4. Estimation of bound fraction of PPIA inside Tau droplets

In order to calculate the fraction of PPIA-bound Tau inside the droplets, we used the
fluorescence micrographs recorded for Tau droplets formed by 20 xuM Tau in 25 mM HEPES
buffer, 1 mM TCEP at pH 7.4, spiked with Alexa 488-labeled Tau. Because the fluorescence
intensity outside the droplets was very low (e.g. Fig. 28a), we made the simplifying assumption
that Tau has been fully recruited into the droplet. Next, the average percentage area occupied
by the droplet in the micrograph was estimated. This percentage area was extrapolated to the
volume fraction occupied by the condensate assuming that the third dimension in the slice of
the microscope focus is negligible. On the basis of these simplifications, we estimated the
volume occupied by Tau droplets to be 1.5 % of the total volume. The concentration of Tau
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inside the droplets was then estimated based on the effective increase of the 20 M Tau
concentrated into 1.5 % sample volume, which results in a concentration of 1333 xM Tau inside
the droplets. The concentration of PPIA (or PPIA(R55A)) inside the Tau droplets was
estimated from an average recruitment ratio of 5.0 observed for the Tau:PPIA (or
PPIA(R55A)) molar ratio of 1:0.25 (Fig. 28c) and from 1.5 % volume occupied by the droplets.
A similar recruitment ratio was assumed for Tau:PPIA ratio of 1:0.5 and concentration of
PPIA inside the Tau droplets were estimated for that condition as well. On the basis of these
estimated concentrations of Tau and PPIA inside the droplets, equation 7 for a one-site
binding model was used to estimate the fraction of PPIA-bound Tau inside the droplets. Ps is
the concentration of free Tau, Lt is concentration of free PPIA and PL is the concentration of
the Tau/PPIA complex inside the droplets. Kq is the binding affinity derived from the global fit
analysis of the interaction of Tau with ©*N-labeled PPIA (or PPIA(R55A)).

2.8. FRAP
2.8.1. Principle

Fluorescence recovery after photobleaching or FRAP is a useful technique to study the
dynamics of molecules inside liquid condensate. FRAP requires the molecule of interest to be
labelled with a fluorescent dye. The condensate sample, spiked with the labelled molecule is
bleached in a given region with a laser beam. Then, the fluorescence recovery kinetics is

measured which is an indicative of the diffusion rate of the labeled molecule in the condensate.

2.8.2. FRAP of PR20/tRNA droplets

FRAP experiments for PR20/tRNA droplets were performed on a Leica TCS SP8 confocal
microscope with 63x oil immersion objective and a 561 DPSS laser line. For performing FRAP
experiments, droplets of PR20/tRNA were spiked with 2 uM of TMR-labelled PR20. The region
of interest (ROI) inside the droplet was bleached with fifteen iterations at 40 % laser power.
The recovery was recorded over 500 frames, each corresponding to 523 ms. Experiments were
performed on PR20/tRNA droplets between 15-35 minutes after its preparation, either only for
PR20/tRNA droplets or for droplets in the presence of wild-type PPIA or PPIA(R55A) mutant
protein. The PR20:PPIA/ PPIA(R55A) molar ratio was 1:0.4.

2.8.3. FRAP of Tau droplets

FRAP experiments for Tau protein droplets were performed on Zeiss LSM 880. Tau phase
separation was achieved at 50 UM concentration of Tau in 100 mM PIPES buffer containing
1 mM MgSO4, 1 mM EGTA and 1mM DTT at pH 6,9 at 25 °C in the presence of 10 percent
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dextran. Droplets were spiked with Alexa 488 labelled Tau. The region of interest inside the
droplet was bleached with sixty iterations at 90 % laser power. The recovery was recorded
over 424 cycles, each corresponding to 500 ms. Experiments were performed on Tau droplets
soon after its preparation, either only for Tau droplets or for droplets in the presence of wild-

type PPIA protein. The Tau:PPIAmolar ratio was 1:0.5.

2.8.4. Analysis

Images were analyzed using ImageJ. Fluorescence recovery was calculated for each time

frame according to:

Ibleached - Iback round
FRAP = g

Iav.prebleached 20

where Ipieached IS the intensity of the bleached region, lbackground IS the intensity of the background

and lav.preblacched IS the average intensity of the ROI over a few frames before bleaching it.

The recovery curve obtained according to the above equation was then multiplied with an

acquisition bleaching correction factor (ABCF) calculated as

Ireference - Ibackground

ABCF =

Iav.reference 21

where lav. reference 1S the average intensity of an ROI that is not bleached within the droplet. The

fluorescence recovery curve thus obtained was then normalized for representation.

For PR20/tRNA droplets, fluorescence recovery of seven droplets of comparable size from two
different samples were averaged for each condition. In the case of Tau droplets, three different

droplets were averaged.
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3. Results: Part 1

This section contains excerpts directly taken from the following publication. They are written

in italic font. Figures reprinted from the publication are indicated in their corresponding legend.

Babu, Maria, et al. Nature communications 12.1, 3396 (2021); DOI: https://doi.org/10.1038/s41467-
021-23691-y

3.1. PR repeat polymers interact with prolyl isomerases in vivo
According to proteomic studies, C9orf72 repeat polymers made up of PR and GR dipeptide

repeat polmers interact with a large number of proteins in the cell>497.98.102111,112,115.217,218
Comparison of the corresponding interactomes identified by Lee et al 2016, demonstrated that
65 proteins interact with PR but not GR repeat polymers®’. Gene ontology analysis further
showed that a class of PR-specific interactors are prolyl isomerases (Fig. 16a). The identified
prolyl isomerases include PPIA, PPIB, and PPIF® . PPIA was independently identified as an
interactor of PR repeat polymers in two other interactome studies®12.

3.2. PR repeat polymers inhibit protein folding activity

To gain insight into the consequences of the aberrant interaction of PR repeat polymers with
prolyl isomerases, we performed RNase T1 protein refolding assays. The refolding rates of
RNase T1 is limited by slow proline isomerization (section 2.3.1)!871%7, We unfolded the native
structure of RNaseTl in urea and later diluted urea with buffer in order to trigger
refolding®*%". Upon dilution, RNaseT1 refolding started immediately and was completed
within ~30 min (Fig. 16b and SI Fig. 2 )'*’. We then refolded RNaseT1 in the presence of a
large excess of a PR repeat polymer with 20 repeats (PR20). The refolding kinetics of RNaseT1
were unchanged in the presence of PR20 (Fig. 1b and SI Fig. 2).

Next, we performed refolding assays in the presence of the prolyl isomerase PPIA. In
agreement with the ability of PPIA to catalyze the cis/trans isomerization of prolyl bonds!’%%,
addition of PPIA strongly accelerated the folding of RNaseT1l (Fig. 16b and Sl Fig. 2).
However, increasing concentrations of PR20 inhibited the catalyzing effect of PPIA in a dose-
dependent manner (Fig. 16b,c and Sl Fig. 2). The concentrations of PR20 to achieve inhibition
are larger than those at which the immunosuppressant drug cylcosporin A inhibits the PPIA-
catalyzed refolding of RNaseT1'%*7  which is in agreement with the involved affinities:

cyclosporin A binds three orders of magnitude stronger to the enzyme (13 + 4 nM?*%) when
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Figure 16: C9orf72-associated PR repeat polymers inhibit prolyl isomerase folding activity.

(a)Classification of 65 PR repeat-specific interacting protein. The data for the analysis were taken from
the list of dipeptide repeat polymer interactors identified by Lee et. al.(Table S1 in reference °) Only
those interactions with a saint score”® more than 0.9 were included. (b) Inhibition by the 20-dipeptide
polymer PR20 of the catalytic effect of PPIA on protein folding of RNaseT1l. The increase in
fluorescence at 320 nm is shown as a function of the time of refolding in the absence of PPIA and PR20
(violet, “RNaseTl alone”), and in the presence of a fixed concentration of PPIA and increasing
concentrations of PR20 (red, orange, yellow, green, and light blue represent 0, 7, 20, 46, and 175 times
excess of PR20 with respect to RNaseT1, respectively). The control experiment showing the refolding
of RNaseTl when PPIA is not present but PR20 has been added is also displayed (dark
blue). (c) Histogram shows the mean value of the exponential folding rate constants k of RNaseT1 in
the absence and presence of PPIA and increasing PR20 concentrations. Color coding as inb.n =3
independent experiments were performed. Error bars represent standard deviation from mean
value. k values of each independent experiment are shown in black dots for every condition.

(Figure is reprinted from Babu, Maria, et al. Nature communications 12.1, 3396 (2021), with

permission from Springer Nature.)
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compared to the PR repeat polymer (~10-80 uM). The combined data show that C9orf72-
associated PR repeat polymers do not affect the self-folding process of proteins, but

selectively inhibit the folding catalyst activity of PPIA.

3.3. PR repeat polymers bind to the active site of PPIA

To gain molecular insight into the PR-mediated inhibition of enzyme-catalyzed folding, we

analyzed the binding of PR repeat polymers to PPIA using NMR titration. Upon addition of
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Figure 17: PR repeat polymers bind to the catalytic site of PPIA.

(a) *H-*N HSQC spectra of PPIA alone (black) and in the presence of an eightfold excess of PR20
(green), GR20 (magenta). Cross-peaks of residues, which are located in the substrate-binding pocket
of PPIA, are highlighted. (b) Changes in the intensities of HSQC peaks of PPIA upon addition of an
eightfold excess of PR20 (bars). I and I, are the intensities of the PPIA cross-peaks in the presence and
absence of PR20. No broadening was observed upon addition of an eightfold excess of GR20
(line). (c) PPIA residues with strong PR20-induced signal attenuation are highlighted in the 3D
structure of PPIA (PDB code: 5KUZ, https://www.wwpdb.org/pdb?id=pdb_00005kuz'®). Arg55 is
highlighted in orange. PPIA residues with I/1o values less than 0.394 (mean value of 1/, for all residues
minus its standard deviation) upon addition of eightfold molar excess of PR20 are shown in green. The
active site of PPIA is circled (dashed line).(d) Intensity changes of the cross peak of Arg55 in PPIA as
a function of increasing concentration of PR20 and GR20. The lines represent least-square fitting of
experimental data from which Ky values were derived. Error bars represent the error in 1-(I/1o)
calculated according to equation 11. (e). Isothermal titration calorimetry thermogram of PR20 binding
to PPIA.

(Figure is reprinted from Babu, Maria, et al. Nature communications 12.1, 3396 (2021), with

permission from Springer Nature.)
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increasing concentrations of the 20-repeat PR polymer PR20, the HSQC NMR signals of °N
labelled PPIA broadened in a dose-dependent manner (Fig. 17a,b). Because no new cross-
peaks appeared in the NMR spectrum of PPIA upon addition of PR20, the exchange between
the unbound and PR20-bound state of PPIA is in an intermediate to slow exchange regime.

To identify the binding site of PR20 in PPIA, we analyzed the PR20-induced signal broadening
for the individual residues of PPIA. The analysis located the strongest intensity decreases
within or next to the enzyme’s active site (Fig. 17b,c). Residue specific intensity analysis
identified maximum peak broadening for the residues 55Arg-59GIn (sheet B3) , 61Met-63GIn
(sheet B4), 98Leu-104Gly (sheet B5, loop B5- B6), 111GIn (loop B5- B6), 115Cys (sheet 6),
119Thr-121Trp (loop B6- a2, helix a2), 125Lys (loop a2-B7) which are centred around the
hydrophobic binding pocket of PPIA (Fig. 17c). The strongly perturbed PPIA residues include
Arg55, GInl111, Asn102, and Glul20. Arg55 has been identified in previous X-ray studies of
PPIA in complex with Xaa-proline dipeptides where this residue is shown to make hydrogen
bonds to the proline carbonyl??t. GIn111, on the other hand, is not making direct contacts with
the PR20 chain, but is affected by mutation of Arg55 and is part of a dynamic network of

residues in the binding pocket???

Fitting the NMR broadening data of the catalytic residue Arg55 for increasing PR20
concentrations resulted in the dissociation constant 23 = 7 uM for PPIA/PR20 interaction (Fig.
17d). In addition, we quantified the affinity using isothermal titration calorimetry (Fig. 17e).
The calorimetry-derived Kq value is ~50 uM. Notably, variations in Kq values were previously
observed for PPIA interactions when different methods were used??3%24, The NMR/calorimetry-
derived micromolar affinity of the PR repeat polymer to PPIA is comparable to that of other

PPIA/protein interactions?232%4,

3.4. PPIA does not interact with other proline or arginine containing
dipeptide repeat polymers

In order to confirm that the interaction of PPIA is specific for PR repeat polymer, we titrated
PPIA with GR, AP, and GP dipeptide repeat polymers, formed in C9orf72-ALS/FTD (Fig. 173,
Fig. 18a). No or very little broadening or shifts of the NMR signals of PPIA were observed
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Figure 18: AP and GP repeat polymers bind weakly to PPIA.
(a) *H-*N HSQC spectra of PPIA alone (black) and in the presence of an eightfold excess of GP20
(red), and AP20 (blue). (b) Averaged 'H-"*N chemical shift perturbations (CSPs) of HSQC peaks of
PPIA upon addition of 8-fold excess GP20. (c) Averaged *H-*N CSPs of Arg55 of PPIA for increasing
GP20 concentrations. The lines represent least-square fitting of experimental data against equation 9
from which Kg values were derived. (d) Averaged *H-""N chemical shift perturbations (CSPs) of HSQC
peaks of PPIA upon addition of 8-fold excess of AP20. (e) Averaged *H-"*N CSPs of Arg55 of PPIA as
a function of increasing AP20 concentration. The lines represent least-square fitting of experimental
data against equation 9 from which Ky values were derived.
(Figure is reprinted from Babu, Maria, et al. Nature communications 12.1, 3396 (2021), with

permission from Springer Nature.)
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when an eightfold excess of the 20-dipeptide polymer GR20 was added to PPIA (Fig. 17b). The
glycine/arginine repeat polymer thus does not bind to PPIA. Titration of PPIA with 20 times
repeat of either alanine/proline (AP) or glycine/proline (GP) dipeptides caused perturbations to
the NMR signals of PPIA residues corresponding to its binding site (Fig. 18b,d). However,
AP20 and GP20 dipeptides displayed less signal broadening and more chemical shift changes
in contrast to PR20 (Fig. 17ab, Fig. 18a,b,d). The binding processes are in the
intermediate/fast for AP20, and in the fast exchange regime for GP20. The PPIA affinities of
the dipeptide repeat polymers AP20 (Kq =597+ 12 uM) and GP20 (K4 = 1188 + 64 uM) are
more than one order of magnitude weaker than that of PR20 (Fig. 17d, Fig. 18c,e). Because
GP20 and AP20 have the same number of proline residues as PR20, the analysis demonstrates
that both proline and arginine residues are important for efficient binding of C9orf72-repeat

polymers to prolyl isomerases.

3.5. Interaction of PPIA with PR repeat polymer depends on the
repeat length

To gain insight into the critical length of PR repeat polymers for binding to prolyl isomerases,
PPIA was titrated with PR polymers of decreasing repeat number. Repeat polymers with ten
(PR10) and five (PR5) PR dipeptides efficiently bound to PPIA (Fig. 19a). The residues of
PPIA that displayed perturbations upon binding to PR10 and PR5 were similar to that in the
case of PPIA/PR20 binding. For PR10 we determined the dissociation constant 27 =5 uM),
i.e. slightly lower than the PR20 affinity (Fig. 19b). In the case of PR5, the Kq value further
decreased to 49 + 16 uM (Fig. 19b). Additional shortening of the peptide chain to two PR
dipeptides abrogated the binding to PPIA: even an eightfold excess of PR2 did not influence
the enzyme’s NMR signals (Fig. 19a).
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Figure 19: Strength of binding of PPIA to PR repeat polymers depends on the repeat length.

(a) Residue-specific changes in the intensities of *H-">N HSQC peaks of PPIA upon addition of 8- fold
excess of PR20 (green), PR10 (yellow), PR5 (orange) and PR2 (brown). | and I, are the intensities of
the PPIA HSQC cross peaks in the presence and absence of the PR repeats, respectively. (b) Kq values
for the interaction of PPIA with PR20, PR10, and PR5 derived from the attenuation of the HSQC cross-
peak of Arg55 of PPIA. Error bars represent the standard deviation in Kq generated from least-square
fitting of experimental data to equation 9.

(Figure is reprinted from Babu, Maria, et al. Nature communications 12.1, 3396 (2021), with

permission from Springer Nature.)

3.6. Structure of PR repeat polymer in complex with PPIA

To reveal the structural basis of derailed protein homeostasis by PR repeat polymers, we
determined the crystal structure of a PR repeat polymer in complex with the prolyl isomerase
PPIA. The structure of the PR20/PPIA complex was resolved at 1.3 A resolution (SI Tables 1
and 2). In the heterodimeric complex, four PR repeats are in direct contact with the catalytic
pocket of the enzyme (Fig. 20a). The functionally important PPIA-residue Arg55 forms
hydrogen bonds with the carbonyl group of a proline—-arginine peptide bond (Fig. 20b and Sl
Fig. 3). The proline residue in this specific peptide bond has a cis conformation, suggesting
isomerase activity of PPIA on the PR repeat polymer. In addition, several other intermolecular
contacts are present in the structure of the complex: Trp121 forms a hydrogen bond with the
carbonyl group of the adjacent arginine—proline peptide bond; Asn102 and Glul20 of PPIA
form hydrogen bonds with the arginine side chains of the PR repeat polymer (Fig. 20b).

The crystal structure of the PR repeat polymer bound to the prolyl isomerase is unique when
compared to known protein/ protein complex structures (Fig. 20c—e). The chaperone-bound
PR polymer chain displays a continuous electron density without interruption throughout the

crystal lattice (Fig. 20c—e). However, the electron density of a single asymmetric crystal unit
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Figure 20: Structural basis of chaperone inhibition by PR repeats.

(a) PR repeat polymer in complex with the ALS/FTD-associated prolyl isomerase PPIA. Only eight
residues of the PR polymer could be built into the asymmetric unit; the displayed polymer chain was
assembled from symmetry mates (2 mFo-DFc electron density map of PR20 contoured at 1.4 level,
depicted in gray). (b) Close-up view of the interface between the PR repeat polymer (gray) and PPIA
(yellow/green). Hydrogen bonds are depicted by dashed black lines. (c) The continuous electron density
for the PR polymer throughout the crystal lattice allowed a slider-like positioning of its N
terminus. (d),(e) Selected regions from the crystal lattice displaying continuous electron density of the
PR polymer chain (gray stick model with semi-transparent electron density). PP1A molecules are shown
in surface representation.

(Figure is reprinted from Babu, Maria, et al. Nature communications 12.1, 3396 (2021), with

permission from Springer Nature.)
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can only accommodate four PR dipeptides. Always four PR dipeptides from the polymer bind
in an identical manner (residues I to I + 7 in Fig. 20b) to the respective PPI1A molecule in each
asymmetric unit (Fig. 20d, e). Due to the continuous electron density of the PR chain in the
crystal lattice, the PR repeats are randomly positioned, i.e. no unique start of the polymer chain
is present (Fig. 20c). This suggests that the chaperone can bind to any of the PR dipeptides in
the repeat polymer and the electron density is a result of this averaging process. The
continuous electron density thus provides an atomic-resolution view of a large number of

chaperone molecules bound to a long PR repeat polymer (Fig. 20d).
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4. Discussion: Part 1

This section contains excerpts directly taken from the following publication. They are written

in italic font. Figures reprinted from the publication is indicated in their corresponding legend.

Babu, Maria, et al. Nature communications 12.1, 3396 (2021); DOI: https://doi.org/10.1038/s41467-
021-23691-y

The link between C9orf72 hexanucleotide repeat expansion and ALS/FTD has been firmly
established. Diverse molecular protein misfolding mechanisms including perturbation of
membrane-less organelles and nucleocytoplasmic transport, amyloid formation of GA repeat
polymers, as well as translation repression have been suggested to drive neuronal
dysfunction®+97-99.102111,112115217218.225 * Djpeptide repeat polymer-associated toxicity is
mediated by aberrant protein/protein and protein/RNA interactions, in particular of the
arginine side chains of PR and GR repeat polymers to drive neuronal
dysfunction®497.98102.111.112.115217.218 ‘Hawever, PR repeat polymers were found to be more toxic
than GR repeat polymers in cell and animal models of C9orf72-ALS/ FTD®7195114 Thijs
indicates that the toxic mechanism of PR repeat polymers cannot be fully attributed to arginine
residues, but depends on the unique combination of arginine with proline in PR repeat

polymers.

In this study, we uncovered a toxic mechanism specific to PR repeat polymers in C9orf72-
ALS/FTD, which is based on the inhibition of isomerase activity of prolyl isomerase A. Our
studies provide an instance for the enhanced toxicity of PR repeat polymers compared to other
dipeptide repeats and emphasizes the importance of the specific combination of proline and
arginine residue in driving the toxicity of hexanucleotide repeat expansion in C9orf72-
ALS/FTD.

4.1. PR repeat polymers disrupt protein homeostasis in C9orf72-
ALS/FTD by inhibiting PPIA

PPIA is a major cellular chaperone that catalyzes cis/trans isomerization of prolyl peptide
bonds and thus helps proteins to fold when they exit from the ribosome (Fig. 21a)*"X. Using
RNase T1 in vitro folding assay, we investigated the impact of the interaction of PR repeat
polymers with PPIA on its catalytic activity. PPI1A significantly accelerated the folding rate of

RNase T1 through enhanced cis/trans proline isomerization. However, inclusion of PR20 along
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with PPIA in RNAse T1 refolding assay diminished the chaperoning effect of PPIA in a PR
repeat dose dependent manner (Fig 16b,c). It tells that PR repeat polymers inhibit the folding
catalyst activity of PPIA, thereby contributing to the disruption of protein homeostasis (Fig.
21a)%.

Our NMR and crystallographic studies revealed that PR repeat polymers achieve the inhibition
of PPIA activity by competitively binding to its isomerase activity site (Fig. 17b,c Fig. 20a,b ).
Arg55, which is known to be critical for isomerization of proline in the substrate, was engaged
in making contacts with prolines in PR repeat polymers (Fig. 17a-d, Fig. 20b). When we then
compare the PPIA/PR complex structure with the structure of PPIA in complex with the natural
immunosuppressant cyclosporin A??°, we find a similar inhibition mechanism:in both
complexes the side chain of Arg55, which is critical for catalysis of PPIA-mediated cis/trans
isomerization??’, forms strong contacts with the molecule that inhibits PPIA’s folding catalyst
activity (Fig. 21b).

Binding studies with GR, PA and GP repeat polymers provided insights into the structural basis
of the specific binding of the PR repeat polymer to PPIA. GR20 did not bind to PPIA at all,
thereby emphasizing the need for proline residues in the dipeptide repeat polymers to bind to
the isomerase activity site of PPIA (Fig. 17.b,d). Although AP20 and GP20 bind to PPIA, their
affinities are low when compared to that of PR20 with PPIA (Fig. 18b-e). The reduced binding
of GP20 and AP20, that contains the same number of prolines as in PR20, reveals that arginines
in the PR repeat polymers are also crucial for the strong interaction of PR repeat polymer with
PPIA. This is further visible in the crystal structure of PPIA/PR repeat polymer complex, where
proline residues in PR repeat polymer bind to the Arg55 residue in the enzymatic site of PPIA,
while arginines provide intactness to the binding by making contacts with other enzymatic site
residues of PPIA (Fig. 20b). Our results are in agreement with with the findings of previous in
vivo proteomic analysis studies which recognized prolyl isomerases as exclusive binding

partners of PR repeat polymers (Fig. 16a)®’.
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Figure 21: Inhibition and sequestration of prolyl isomerases by C9orf72-ALS/FTD-associated PR
repeat polymers.

(@) In normal conditions not associated with disease, prolyl isomerases such as PPIA catalyze
the cis/trans isomerization of prolyl peptide bonds and thus help proteins to fold when they exit from
the ribosome. PR dipeptide repeat polymers (DPR; red chains) translated from hexanucleotide repeat
expansion in the non-coding region of the C9orf72 gene, bind to the active site of prolyl isomerases and
thus block their ability to catalyze protein folding. (b) Comparison of the active site of the prolyl
isomerase PPIA (blue/yellow) in complex with the immunosuppressant drug cyclosporin A (green; PDB
code: 1CWA, https://www.wwpdb.org/pdb?id=pdb_00001cwa**®) and a PR repeat polymer
(pink). (c) Crystal lattice of the PPIA/PR20 complex illustrating the dense packing of PPlases (green)
that is possible on long PR dipeptide repeat polymers (DPR, red).

(Figure is reprinted from Babu, Maria, et al. Nature communications 12.1, 3396 (2021), with
permission from Springer Nature.)
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4.2. Toxicity of PPIA/PR repeat polymer interaction will enhance with

increase in the length of repeats

We found that short PR repeat proteins bind with micromolar affinity to the prolyl isomerase
PPIA. This affinity is comparable to values reported for other protein substrates??>?% but
lower than the nanomolar affinity of the drug cyclosporin?®. However, long PR polymers can
potentially bind many chaperones simultaneously: based on the crystal structure of the
PPIA/PR20 complex a single PR polymer with a repeat size of 400 can sequester up to 100
prolyl isomerase molecules. In addition, the molecular mechanism changes from a simple one-
site binding process to the binding to a one-dimensional lattice with a huge number of potential
binding sites (Fig. 21c)??®. Aberrant interactions of C9orf72-repeat polymers might thus be
mechanistically similar to the binding of transcription factors to DNA in which transcription

factors bind to the one-dimensional lattice of binding sites in the DNA??%. When PPIA
molecules bind to proximal sites in the effectively one-dimensional lattice of the PR repeat
chain, direct interactions between PPIA molecules might further contribute to avidity in the
inhibition of PPIA by PR dipeptide repeat polymers. Taken together our study provides a
molecular mechanism for the derailment of protein homeostasis by PR repeat polymers in
C9orf72-associated neurodegenerative diseases. In addition, it warrants further studies to
investigate the interaction of PR repeat polymers with PPIA in neurons including their

subcellular localization.
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5. Results: Part 2

This section contains excerpts directly taken from the following publication. They are written

in italic font. Figures reprinted from the publication are indicated in their corresponding legend.

Babu, Maria, et al. Journal of the American Chemical Society 144.35, 16157-16163 (2022) ; DOI:
https://doi.org/10.1021/jacs.2c07149

5.1. PPIA and its activity site mutant bind with different affinities to
PR repeat polymers

To understand the effect of PPIA on the phase separation of proline rich IDPs, we used the
complex coacervate of a PR repeat polymer with RNA®, PR20, comprising 20 repeats of the
- PR dipeptide - was utilized for our studies. Prior to checking the effect of PPIA on PR20
condensate formed with RNA, we compared the binding affinities of PPIA and an active site
mutant of PPIA towards PR20.

The dipeptide repeat polymer PR20 interacts with PPIA in cells®’. Section 3.3 and 3.6 describes
the invitro interaction of PPIA with PR20. Here, we repeated the NMR titration experiments
with the mutant protein PPIA(R55A), in which Arg55 is mutated to alanine!®*. This mutation
was previously shown to attenuate its binding to substrates and to decrease its cis/trans
isomerization activity. In contrast to wild-type PPIA, only little signal broadening was
observed in the *H-°N correlation spectrum of PPIA(R55A) upon addition of PR20 (Fig. 22a-
c). Only a few residues in the active site experienced residual chemical shift perturbations, in
particular Asn102 (Fig. 22b), which is in contact with an arginine side chain of PR20 in the
PPIA/PR20 complex (Fig. 20b). Comparison of the intensity perturbations of Arg55 and its
mutant Ala55 at increasing PR20 concentrations, highlights the strong difference in affinity of
PR20 to wild-type PPIA and the mutant PPIA(R55A) (Fig. 22d).
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Figure 22: PR20 binds to wild-type and mutant PPIA with different affinities.

(a) Two-dimensional *H-"N HSQC spectra of PPIA alone (blue) and in presence of a 4-fold excess of
PR20 (orange). Highlighted are the cross peaks of Argb55, Glul20 and Asn102, which are
predominantly in the slow exchange interaction regime. These residues are in direct contact with PR20
in the PPIA/PR20 complex. (b) *H-"N HSQC spectra of PPIA(R55A) alone (maroon) and in the
presence of a 4-fold excess of PR20 (green). The cross peak of Ala55 is unaffected by the addition of
PR20, Glul20 shows very small chemical shift changes while Asn102 is in fast-to-intermediate
exchange. (¢) Single-residue analysis of the interaction of PR20 with wild-type and mutant PPIA.
Changes in the intensities of *"H-"*N HSQC peaks of PPIA (orange) and PPIA(R55A) (green) upon
addition of a 4-fold excess of PR20. I and lo are the intensities of the PPIA HSQC peaks in the presence
and absence of PR20, respectively. Light gray bars represent residues that are excluded from the
analysis.(d) Intensity changes of the cross peak of Arg55 in PPIA and Ala55 in PPIA(R55A), as a
function of increasing concentration of PR20. The lines represent least-square fitting of the
experimental data of Arg55 from which the Ky value was derived. The Kqvalue for the PPIA/PR20
interaction derived from the Arg55 cross peak is 23+ 7.28 M. The same could not be estimated for the
PPIA(R55A)/PR20 interaction because of minimal perturbations. Error bars represent error in 1-1/1o
calculated from the noise in the NMR spectra according to equation 11.

(Figure is reprinted with permission from Babu, Maria, et al. Journal of the American Chemical
Society144.35, 16157-16163 (2022). Copyright 2022 American Chemical Society)
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5.2. PPIA modulates PR20/RNA condensate

Next, we investigated the effect of PPIA on the complex coacervation of PR20 with RNA.
Previous studies showed that PR20 efficiently forms liquid-like droplets upon addition of
tRNA021% - Consistent with these studies, we observed LLPS of 100 uM PR20 when mixing it
with 0.2 mg/mL tRNA (Fig. 23a). Using fluorescence microscopy, PR20/tRNA droplets were
observable for ~1-1.5 h after mixing the two components (SI Fig. 4). A similar time-dependent
instability of peptide-RNA coacervates was previously reported™®!. The effect of PPIA on
PR20/tRNA droplets was therefore studied during this time window.

We then quantified the degree of PPIA recruitment into PR20/tRNA droplets. This was
achieved by calculating the ratio of fluorescence intensity of PPIA inside and outside of
similar-sized droplets. For different PR20:PPIA molar ratios (1:0.05, 1:0.2, 1:0.4, i.e., a large
excess of PR20 over PPIA), PPIA concentrated inside the PR20/tRNA droplets (Fig. 23b,c).
We also repeated the experiments with the mutant PPIA(R55A). Fluorescence microscopy
showed that PPIA(R55A) concentrates inside of PR20/tRNA droplets (Fig. 23b,c). Its
recruitment was slightly attenuated when compared to wild-type PPIA, likely due to the lower
affinity to PR20 (Fig. 22d).

We then investigated the effect of higher concentrations of PPIA and PPIA(R55A) on
PR20/tRNA droplets. PPIA (PPIA(R55A)) was added to the droplets at PR20:PPIA molar
ratios of 1:0.5, 1:1, 1:3, and 1:5 (Fig. 23d). The mutant PPIA did not dissolve the PR20/tRNA
droplets at the tested concentrations (Fig. 23d,e, SI Fig. 4). At 5-fold excess of PPIA(R55A)
over PR20, the amount of droplets was slightly decreased (Fig. 23d,e, Sl Fig. 4), potentially
due to residual binding (Fig. 22b,c). In contrast, we observed immediate complete dissolution
of the PR20/tRNA droplets upon addition of a 3- or 5-fold molar excess of wild-type PPIA. At
equimolar concentrations of wild-type PPIA and PR20, PR20-LLPS was partially diminished
(Fig. 23d,e, Sl Fig. 4). We attribute the finding that at equimolar concentration the droplets
are not fully dissolved to a combination of factors, including the incomplete recruitment of
PPIA to the droplets (Fig. 23c) and the competition between PPIA and RNA for binding to
PR20.
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Figure 23: PPIA interferes with RNA-induced LLPS of PR20.

(a) LLPS of PR20 into PR20/tRNA droplets. Droplets were visualized by addition of Alexa488-labeled
PR20 (green) and Syto 17 RNA dye (red). Images were obtained after 15 min of incubation. Scale bar,
20 um. (b) Micrographs showing the recruitment of PPIA (top) and PPIA(R55A) (bottom) into
PR20/tRNA droplets. Recruitment of PPIA variants into the preformed droplets are shown for the
PR20:PPIA and PR20:PPIA(R55A) molar ratio of 1:0.2. Localization of PPIA variants inside the
PR20/tRNA droplets were visualized by labelling them with Alexa-488 green fluorescent dye. Images
were obtained after 15 minutes of incubation. Scale bar, 20 um. (¢) Concentration of PPIA inside
PR20/tRNA droplets. Recruitment ratios calculated on the basis of ~30 droplets for each PR20:PPIA
(black) and PR20:PPIA(R55A) (gray) molar ratio. In the box and whisker plot, the middle line is the
median, ends of boxes represent the upper and lower quartiles, while whiskers extend until the highest
and lowest observations. The difference within a PR20:PPIA ratio was analyzed by an unpaired t test:
**p < 0.0017, ****p < 0.0001. For p < 0.05, the two data sets are considered to be significantly
different. (d) PPIA-induced dissolution of PR20/tRNA droplets. Fluorescence images of Alexa488-
labelled PR20/tRNA droplets at increasing PPIA (top) and PPIA(R55A) (bottom) concentrations are
shown from left to right. Images are obtained after 15 minutes of incubation. Scale bar, 20 zm. (e)
Granular areas occupied by PR20/tRNA droplets 15 min after addition of wild-type PPIA (orange) or
mutant PPIA(R55A) (green) for PR20:PPIA (or PPIA(R55A) ratios of 1:0.5, 1:1, 1:3, and 1:5.
Granular areas in a control sample without PPIA are displayed in black. Granular area is taken as the
average of area occupied by droplets in four micrographs. Error bars represent standard deviation
from average.

(Figure is reprinted with permission from Babu, Maria, et al. Journal of the American Chemical
Society144.35, 16157-16163 (2022). Copyright 2022 American Chemical Society)
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Next, we probed the effect of PPIA on the dynamics of PR20 inside the PR20/tRNA droplets.
PPIA (or PPIA(R55A)) was added to PR20/tRNA droplets at a substoichiometric PR20:PPIA
(1:0.4) molar ratio. We photobleached fluorescently labeled PR20 inside the droplets and
recorded the recovery rate (Fig. 24a). The rate of fluorescence recovery was similar in the
presence of either PPIA or PPIA(R55A) (Fig. 24b). In addition, the recovery rate was
comparable to that in a reference sample where neither variant was present. This showed that
PPIA did not affect the dynamics inside PR20/tRNA droplets at this low PPIA concentration.

)
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Figure 24: Fluorescence recovery of TMR-labelled PR20 inside PR20/tRNA droplets.

(a) Micrographs showing PR20/tRNA droplets (top row), PR20/tRNA droplets in the presence of PPIA
(middle row) and in presence of PPIA(R55A) (bottom row) before bleaching, soon after bleaching (0
sec) and 79 seconds after bleaching. PPIA variants are added to preformed droplets of PR20/tRNA at
PR20:PPIA variant ratio of 1:0.4. Scale bar, 5 um. (b) Averaged fluorescence recovery curve after
photobleaching of PR20/tRNA droplets alone (black), and in the presence of PPIA (red) and
PPIA(R55A) (green). Error bars represent standard deviation from average recovery curve calculated
from seven droplets per condition.

(Figure is reprinted with permission from Babu, Maria, et al. Journal of the American Chemical
Society144.35, 16157-16163 (2022). Copyright 2022 American Chemical Society)
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5.3. PPIA enhances the isomerization of prolines in PR20

To investigate the ability of PPIA to catalyze the cis/trans isomerization of the proline residues
of PR20, we utilized NOESY and ROESY NMR spectroscopy. NOESY and ROESY experiments
are powerful methods to probe two-state exchange processes within the range of the NOE/ROE
mixing time (1072%s) including proline isomerization?”’. In the two-dimensional NOESY

spectrum of PR20 in the dilute state in the absence of RNA, all prolines and all the arginine
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residues have overlapping chemical shifts because of the repeat nature of the peptide. The
NOESY spectrum of PR20 recorded in the presence of PPIA, when compared to the same for
PR20 alone, displayed an additional exchange cross peak between the cis and trans isoforms
of H’of proline (Fig. 25a). This exchange peak suggests that the cis/trans exchange of
arginine—proline peptide bonds in PR20 shifted in the presence of PPIA to a faster time scale,
which is detectable within the NOESY observation time. To verify that the additional cross peak
is an exchange peak, a ROESY spectrum was recorded. In the ROESY spectrum, the same sign
of the additional peak with respect to the diagonal peak confirmed an exchange process as the

source of this cross peak (Fig. 25a).

To quantify the enhancement in isomerization rate in PR20 in the presence of PPIA, the
cis/trans interconversion rate (kex value) was determined for PPIA:PR20 molar ratios of 1:30,
1:8, 1:4, and 1:1.5. Experimental data, i.e., the ratio of intensity of the exchange peak to that
of the trans diagonal peak (or the cis diagonal peak), derived from NOESY spectra with mixing
times ranging from 50 to 400 ms were fitted according to the two-state exchange model for
proline isomerization (Fig. 25b,d). The cis/trans interconversion rates for proline in a peptide
are on the order of 10°3stin the absence of isomerases'’®. The kex value estimated for
prolines of PR20 in the presence of PPIA was higher than this value by about 3 orders of
magnitude. The average kex values derived from the intensity ratio of the exchange peak to the
trans diagonal peak are 1.33 + 0.01 s%, 6.05 + 0.11 s, 9.64 + 0.46 s%, and 17.13 £ 0.77 s~
! for PPIA:PR20 molar ratios of 1:30, 1:8, 1:4, and 1:1.5, respectively (Fig. 25b,c). When
derived from the intensity ratios of the exchange peak to the cis diagonal peak, we obtained
2.99+0.20s7,8.45+0.08s7%,14.86 + 1.03s7%, and 20.80 + 7.36 s, respectively (Fig. 25d,e).
The later kex values are less accurate, because of the low signal intensity of the cis diagonal
peak (Fig. 25a). We attribute the differences in the kex values derived from the two ways of
analysis to the inaccuracies in the later “cis” analysis. Notably, the interconversion rate
gradually increases with increasing PPIA concentration and the dependence of kex on PPIA
concentration starts to saturate at higher PPIA concentrations (PPIA:PR20 of 1:1.5) (Fig.
25¢,e).
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Figure 25: Isomerase activity of PPIA on the dipeptide repeat protein PR20 in the dilute state in the
absence of RNA.

(a) NOESY spectrum of PR20 alone (left) and in the presence of PPIA (middle; PPIA:PR20 molar ratio
of 1:8) in the region of H; of prolines. The exchange peak between the cis and trans isoforms of Hs
proline is marked by a rectangle. For comparison, the ROESY spectrum of the same PPIA/PR20 sample
is shown on the right. The mixing time for the NOESY experiments is 300 ms; for the ROESY it is 220
ms. (b) Ratios between the intensity of the cis/trans exchange peak of proline Hs, 1(ex), and the intensity
of its trans diagonal peak, I(trans), as a function of mixing time of the NOESY experiment for
PPIA:PR20 molar ratios of 1:30 (red, square), 1:8 (green, circle),1:4 (blue, triangle), and 1:1.5
(magenta, inverted triangle) and for a PPIA(R55A):PR20 ratio of 1:8 (yellow, circle). Lines represent
least-squares fittings of the data against equation 13 to obtain the exchange rate kex. Error bars
represent the error in lex/lirans calculated from the noise in the NMR spectra. The graphs on the left and
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right represent the same analysis, but the I value in the two cases is taken from the two exchange peaks
on either side of the diagonal, which are marked by rectangular boxes in panel a (middle). (c) Rates of
cis/trans interconversion, ke, in PR20 for different PPIA:PR20 ratios derived from fitting the lex/ltrans
value corresponding to various mixing times against equation 13. kex values here are the average of the
two kex values, derived per condition, from the two different fitting analysis shown in panel b.Error bars
represent standard deviations from the average kex value. (d) Ratios between the intensity of the
cis/trans exchange peak of proline H; , 1(ex), and the intensity of its cis diagonal peak, I(cis), as a
function of mixing time of the NOESY experiments. Color coded as in panel d. Lines represents least-
square fittings of the data against equation 14 to obtain the exchange rate kex. Error bars represent
error in le/lcis calculated from the noise in the NMR spectra. The graphs on left and right represent the
same analysis but the le value in the two cases are taken from the two exchange peaks on either side of
diagonal, which are marked by rectangular boxes in panel a (middle). (e) Rates of cis/trans
interconversion, ke, in PR20 for different PPIA:PR20 ratios derived from fitting the le/ lcis value
corresponding to various mixing times against equation 14. ke values here are the average of the two
kex values, derived per condition, from the two different fitting analysis shown in panel d. Error bars
represent standard deviations from the average kex value.

(Figure is reprinted with permission from Babu, Maria, et al. Journal of the American Chemical
Society144.35, 16157-16163 (2022). Copyright 2022 American Chemical Society)

Following the same strategy, we then determined the kex value of proline isomerization in PR20
in the presence of the mutant PPIA(R55A) (Fig. 25b-e). At an 8-fold excess of PR20 over
PPIA(R55A), the kex value obtained from the intensity ratio of the exchange peak to the trans
diagonal peak was 2.82 + 1.42 s1, and that from the intensity ratio of the exchange peak to the
cis diagonal peak 4.56 + 2.03. The kex values in the presence of the mutant PPIA(R55A) are
thus approximately a factor 2 lower than with the wild-type PPIA (Fig. 25c.e). This
demonstrates the residual activity of PPIA(R55A). A complete inhibition of the enzymatic
activity would require a full blockage of the binding, underlining the difficulty of disentangling

the effect of binding and isomerization on droplet dissolution.

5.4. PPIA and its activity site mutant have weak affinities towards Tau

Next, we investigated if PPIA is able to reverse LLPS of a proline-rich IDP, which does not
require nucleic acids for LLPS. We selected the 441 residue protein Tau (Fig. 26a), because it
has — in addition to its importance for disease — several useful properties: (i) more diverse
amino acid sequence when compared to PR20, (ii) a high content of proline residues in the so-
called proline-rich region (Fig. 26a), which is important for Tau LLPS??, and (iii) robust self-
coacervation at room temperature®. First, we characterized the binding of PPIA to tau using
NMR (Fig. 26b,d). Residue-specific analysis showed that PPIA decreases the signal intensity
of many tau cross peaks in the 2D *H-*N HSQC. The strongest signal attenuation was detected
at the N-terminus of tau, in and close to the two N-terminal inserts N1/N2, the proline-rich
domain, repeats R1 and R3, and the C-terminal region (Fig. 26d). Much less signal broadening
was induced in the tau cross peaks when the mutant PPIA(R55A) was added (Fig. 26¢,d).
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Figure 26: Binding of Tau to wild-type and mutant PPIA.

(a) Domain organization of tau comprising the N-terminal domain, the proline-rich domain (P1 and
P2), the repeats RI, R2, R3, R4, and R', and the C-terminal domain. The locations of prolines are
marked by green dots. Black and red dots represent positively and negatively charged residues,
respectively.(b) Superposition of two-dimensional *H-**N HSQC spectra of Tau alone (green) and in
the presence of a 10-fold excess of PPIA (blue). (c) Superposition of the *H->N HSQC spectra of Tau
alone (green) and in the presence of a 10-fold excess of PPIA(R55A) (red). (d) Changes in the intensities
of LH—""N HSQC peaks of tau upon addition of a 10-fold excess of PPIA (blue) and PPIA(R55A) (red).
I and lo are the intensities of the tau HSQC peaks in the presence and absence of PPIA (or PPIA(R55A)),
respectively. Gray bars represent residues that are excluded from the analysis.

(Figure is reprinted with permission from Babu, Maria, et al. Journal of the American Chemical
Society144.35, 16157-16163 (2022). Copyright 2022 American Chemical Society)

In order to gain further insights into the PPIA/tau interaction, we titrated °N-labeled PPIA
with unlabeled tau (Fig. 27a,c). Only at very high molar excess of tau over PPIA did we detect
changes in the position and intensity of the PPIA cross peaks. This is in strong contrast to the
NMR data for the PPIA/PR20 titration, in which strong signal broadening already occurred at
4-fold excess of PR20 over PPIA (Fig. 22c). We then performed a residue-specific analysis of
the tau-induced chemical shift perturbations in PPIA (Fig. 27c¢). The analysis showed that the
tau-induced changes were located in PPIA’s enzymatic pocket (Fig. 27d). Fitting the
concentration-dependent chemical shift perturbation (CSP) of Arg55 to a one-site binding
model results in a Kg value of 353 + 30 uM (Fig. 27¢) . We then performed a global fit of the
CSPs of several strongly perturbed residues (Arg55, Met61, Ser99, Phel13, Thr119, Leul2?2)
and obtained a Kq value of 194 + 39 uM. The affinity of the PPIA/tau interaction is thus
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Figure 27: Tau binds weakly to wild-type and mutant PPIA.,

(a) Two-dimensional *H-**N HSQC spectra of PPIA alone (black) and in presence of a 4-fold excess of
Tau (gray). Highlighted are the cross peaks of Arg55 and Asn102 that are present in the binding site of
PPIA. (b) *H-"N HSQC spectra of PPIA(R55A) alone (maroon) and in the presence of a 4-fold excess
of Tau (light pink). Highlighted are the cross peaks of Ala55 and Asn102. (c) Single-residue analysis of
the interaction of Tau with wild-type and mutant PPIA. Chemical shift perturbations and intensity
perturbations of *H->N HSQC peaks of PPIA (black) and PPIA(R55A) (pink) upon addition of 4-fold
excess of Tau are shown above and below, respectively. Gray bars represent residues that were
excluded from the analysis. (d) Residues of PPIA that shows significant chemical shift perturbations
due to interaction with Tau are mapped onto the crystal structure of PPIA (PDB code: 5kuz,
https://www.wwpdb.org/pdb?id=pdb_00005kuz*®) in blue colour. (¢) Chemical shift perturbations of
the cross peaks of Arg55 of PPIA (left), and of Ala55 of PPIA(R55A) (right), as a function of increasing
concentration of Tau. The line represent least square fitting of the experimental data against equation
9. The Kq value for the PPIA/Tau interaction derived from the Arg55 cross peak is 353 = 30 pM M.
The same for PPIA(R55A)/Tau interaction derived from Ala55 is 817 + 74 uM.

(Figure is reprinted with permission from Babu, Maria, et al. Journal of the American Chemical
Society144.35, 16157-16163 (2022). Copyright 2022 American Chemical Society)
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approximately a magnitude weaker than the PPIA/PR20 interaction. On the basis of the
calculated Kq values, we estimate that at the conditions of the NMR experiment shown in Fig.
26d, ~49% (global fit; 35% for the R55-fit) of tau molecules are bound to PPIA. Because the
degree of PPI1A-induced signal broadening largely exceeds those values in several tau regions
(Fig. 26d), we conclude that a sizeable fraction of the signal broadening induced in tau upon
PPIA addition likely arises from PPIA-catalyzed cis/trans isomerization of tau’s proline

residues.

We also titrated °N-labeled mutant PPIA(R55A) with tau. We observed chemical shift
perturbations that were weaker than those of the wild-type PPIA/tau interaction (Fig. 27b,c),
while the signal broadening was comparable (Fig. 27¢). Estimation of the Kq on the basis of
the chemical shift perturbation returned values of 817 = 74 uM (for Arg55; Fig. 27e) and 562
+ 83 uM (for global fit). Thus, the PP1A-bound fraction of tau molecules in the NMR experiment
of Fig. 26d is 19% (on the basis of the Arg55 Kg) and 26% (for the global fit Kq).

5.5. PPIA modulates the droplets of Tau

Next, we studied the impact of both wild-type and mutant PPIA on tau LLPS. Tau undergoes
LLPS at 20 uM concentration in a buffer of low ionic strength (Fig. 28a)'3l. When PPIA is
added, it is enriched 4—6-fold inside the tau droplets (Fig. 28b,c). A similar enrichment was
observed for the mutant PPIA(R55A) (Fig. 28b,c). The more pronounced enrichment of PPIA
inside tau droplets (4-6-fold) when compared to PR20/tRNA droplets (~1.4) suggests that in
the case of PR20/tRNA the competitive binding between PPIA and tRNA to PR20 decreases the
enrichment of PPIA inside the PR20/tRNA droplets.

In subsequent experiments, we added PPIA to preformed tau droplets at 1:1, 1:2.5, and 1:5
molar ratios (Fig. 28d). This caused a strong decrease in tau droplet numbers already at
equimolar concentration (Fig. 28d,e). In the case of the mutant PPIA(R55A), less dissolution
was detected (Fig. 28d,e). We further note that lower concentrations of PPIA are required to
dissolve tau droplets than PR20/tRNA droplets, despite the reduced affinity of PPIA to tau.
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Figure 28: PPIA modulates tau LLPS.

(a) LLPS of tau. Droplets were visualized by addition of Alexa488-labeled tau (green). Image was
recorded after 5 min of incubation. Scale bar, 30 um (b) Recruitment of PPIA (left) and PPIA(R55A)
(right) to a Tau droplet. The Tau to PPIA or PPIA(R55A) molar ratio was 1:0.1. The PPIA variants
were labelled green with the fluorescent dye Alexa-488 . Images were obtained after five minutes of
incubation. Scale bar, 5 um. . (c¢) Concentration of PPIA inside tau droplets. Recruitment ratios
calculated on the basis of ~20 droplets for each tau:PPIA (black) and tau:PPIA(R55A) (gray) molar
ratio, obtained from two independent experiments per condition. In the box and whisker plot, the middle
line is the median, ends of the boxes represent the upper and lower quartiles, while whiskers extend
until the highest and lowest observations. An unpaired t test gave no significant difference between
PPIA and PPIA(R55A) recruitment ratios. ns stands for no significant difference, i.e., p > 0.05. (d)
PPIA-induced dissolution of Tau droplets. Fluorescence images of Alexa488-labelled Tau droplets at
increasing PPIA (top) and PPIA(R55A) (bottom) concentrations are shown from left to right. Images
were obtained after five minutes of incubation. Scale bar, 30 um. (e) Granular areas occupied by tau
droplets 5 min after addition of wild-type PPIA (blue) or mutant PPIA(R55A) (red) for PR20:PPIA (or
PPIA(R55A)) ratios of 1:1, 1:2.5, and 1:5. Granular areas in a control sample without PPIA are
displayed in black. Granular area is taken as the average of area occupied by droplets, calculated from
24 images from three repeats (8 images from one repeat) per condition. Error bars represent standard
deviation from average area.

(Figure is reprinted with permission from Babu, Maria, et al. Journal of the American Chemical
Society144.35, 16157-16163 (2022). Copyright 2022 American Chemical Society)
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Next, PPIA was added to tau droplets at a tau:PPIA molar ratio of 1:0.5. Fluorescently labeled
tau inside a region of the droplet was photobleached, and the recovery was recorded (Fig.
29a). The recovery rate was comparable for tau droplets in the presence and absence of PPIA
(Fig. 29b). Thus, for both droplet systems, tau and PR20/RNA, recruitment of PPIA did not
cause a detectable change of the liquidity of the protein/polypeptide inside the droplets.
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Figure 29: Fluorescence recovery of Alexa488-labelled Tau inside Tau droplets.

(a) Micrographs showing Tau droplets (top row), and Tau droplets in the presence of PPIA (bottom
row) before bleaching, immediately after bleaching (0 sec) and 210 seconds after bleaching. PPIA was
added to preformed droplets of Tau at PR20:PPIA ratio of 1:0.5. Scale bar, 6 um. (b) Averaged
fluorescence recovery curve after photobleaching of Tau droplets alone (black), and in the presence of
PPIA (red). Error bars represent standard deviation from average recovery curve calculated from three
droplets per condition.

(Figure is reprinted with permission from Babu, Maria, et al. Journal of the American Chemical
Society144.35, 16157-16163 (2022). Copyright 2022 American Chemical Society)
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6. Discussion: Part 2

This section contains excerpts directly taken from the following publication. They are written

in italic font.

Babu, Maria, et al. Journal of the American Chemical Society 144.35, 16157-16163 (2022) ; DOI:
https://doi.org/10.1021/jacs.2c07149

6.1. PPIA modulates the condensate of proline rich IDPs

Liquid-liquid phase separation of biomolecules facilitates formation of membraneless
compartments in response to cellular needs'*°. As proteins inside condensate are susceptible to
misfolding ad aggregation, the proper regulation of the condensate dynamics is essential.
Different chaperones have been investigated with respect to their regulatory role in
biomolecular LLPS60-164230 phyt the role of PPIA or other prolyl isomerases, despite the

abundance of phase separating proteins in its interactome!®®, remained unexplored.

We investigated the effect of PPIA on the complex coacervate of PR20 with RNA and the self-
assembled condensate of Tau (Fig. 23, Fig. 28). We observed that PPIA can migrate into the
self-assembled Tau condensate as well as the complex coacervate of PR20 with RNA. In
addition, PPIA dissolved both the condensates at its stoichiometric concentrations. The ability
of PPIA to modulate these proline-rich systems suggest their cellular role in regulating phase

separation of proline-rich proteins

6.2. Isomerization of prolines in Tau by PPIA must be crucial for its

dissolution

PPIAs are special when compared to other chaperones for two reasons: (i) they preferentially
bind to proline residues, and (ii) they catalyze proline cis/trans isomerization. Generally, it is
difficult to decouple these two processes, because both occur at the active site; that is, point
mutations affect both processes. Despite the strong connection between binding to the active
site and catalysis of proline isomerization, the modulatory action of PPIA on tau LLPS points
to a significant contribution of proline isomerization to the PPIA-mediated dissolution of tau
droplets (Fig. 28). Binding of PPIA to tau is very weak such that in both the dilute phase and,
even more, inside the droplets, where tau is highly concentrated, only a small fraction of tau
molecules are bound to PPIA. When we make some simplifying assumptions such as (i) all tau

is inside the droplet (in agreement with negligible tau fluorescence outside; Fig. 28a,d), (ii)
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the area occupied by the droplets is directly correlated to the volume, i.e., the third dimension
of the slice observed under the microscope is considered negligible, and (iii) one-site binding
of tau to PPIA, we estimated the fraction of PPIA-bound tau inside the droplets as ~1.5% at
the tau:PPIA molar ratio of 1:0.25 (3.4% at the tau:PPIA molar ratio of 1:0.5). Because the
recruitment of wild-type PPIA and mutant PPIA(R55A) into the droplets is very similar (Fig.
28c) and the affinity of PPIA(R55A) is only ~2-3-fold lower (Fig. 27e), this value changes
only to ~1.2% at the tau:PPIA(R55A) molar ratio of 1:0.25 (2.7% at the tau:PPIA(R55A)
molar ratio of 1:0.5). In contrast, we find that PPIA drastically remodels the conformational
ensemble of tau as seen by PPIA-induced signal broadening of the tau backbone resonances
(Fig. 26d). This remodeling is largely absent for the mutant PPIA (Fig. 26d). We thus suggest
that the stronger dissolution power of PPIA when compared to PPIA(R55A) (Fig. 28d,e) is
linked to the wild-type protein’s ability to remodel the conformational ensemble of tau through

proline isomerization.

6.3. Outlook

In the current study we have investigated the regulatory role of the proline isomerase PPIA on
liquid-like droplets freshly formed by two proline-rich IDPs. Changes in the material
properties of droplets from a liquid-like state to more solid phases, however, have been linked
to amyloid formation, for example in the case of the ALS/FTD-related protein FUS and also
for taul*"157. It will therefore be interesting to study how PPIA and other proline isomerases
modulate the maturation kinetics of condensates. Because of the strong changes induced in the
conformational ensembles of IDPs by proline isomerization, the maturation kinetics of
condensates could be affected by proline isomerases. Supportive for this hypothesis are studies
in cells: PPIA expression was essential for stress granule formation in hematopoietic cells in
conditions of oxidative stress'*®®, and knock out or age-dependent reduction of PPIA decreased

stress granules®.

In summary, our work establishes a regulatory role of proline isomerases on the liquid-liquid
phase separation of proline-rich IDPs. Targeting proline isomerases by small molecules might

thus provide a viable strategy to modulate disease-associated biomolecular condensates.
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8. Appendix
8.1. Protein and plasmid sequences

8.1.1. Wild type PPIA

Protein Sequence:
MGSSHHHHHHSSGLVPRGSHMASENLYFQ/GGSMVNPTVFFDIAVDGEPLGRVSFELFADKYV
PKTAENFRALSTGEKGFGYKGSCFHRIIPGFMCQGGDFTRHNGTGGKSIY GEKFEDENFILKH
TGPGILSMANAGPNTNGSQFFICTAKTEWLDGKHVVFGKVKEGMNIVEAMERFGSRNGKTS
KKITIADCGQLE

Plasmid sequence:
ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCA
TATGGCTAGCGAAAACCTGTATTTTCAGGGCGGATCCATGGTCAACCCCACCGTGTTCTT
CGACATTGCCGTCGACGGCGAGCCCTTGGGCCGCGTCTCCTTTGAGCTGTTTGCAGACAA
GGTCCCAAAGACAGCAGAAAATTTTCGTGCTCTGAGCACTGGAGAGAAAGGATTTGGTT
ATAAGGGTTCCTGCTTTCACAGAATTATTCCAGGGTTTATGTGTCAGGGTGGTGACTTCA
CACGCCATAATGGCACTGGTGGCAAGTCCATCTATGGGGAGAAATTTGAAGATGAGAAC
TTCATCCTAAAGCATACGGGTCCTGGCATCTTGTCCATGGCAAATGCTGGACCCAACACA
AATGGTTCCCAGTTTTTCATCTGCACTGCCAAGACTGAGTGGTTGGATGGCAAGCATGTG
GTGTTTGGCAAAGTGAAAGAAGGCATGAATATTGTGGAGGCCATGGAGCGCTTTGGGTC
CAGGAATGGCAAGACCAGCAAGAAGATCACCATTGCTGACTGTGGACAACTCGAATAA

8.1.2. Mutant PPIA(R55A)

Protein Sequence:
MGSSHHHHHHSSGLVPRGSHMASENLYFQ/GGSMVNPTVFFDIAVDGEPLGRVSFELFADKY
PKTAENFRALSTGEKGFGYKGSCFHAIIPGFMCQGGDFTRHNGTGGKSIYGEKFEDENFILKH
TGPGILSMANAGPNTNGSQFFICTAKTEWLDGKHVVFGKVKEGMNIVEAMERFGSRNGKTS
KKITIADCGQLE

Plasmid sequence:
ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCA
TATGGCTAGCGAAAACCTGTATTTTCAGGGCGGATCCATGGTCAACCCCACCGTGTTCTT
CGACATTGCCGTCGACGGCGAGCCCTTGGGCCGCGTCTCCTTTGAGCTGTTTGCAGACAA
GGTCCCAAAGACAGCAGAAAATTTTCGTGCTCTGAGCACTGGAGAGAAAGGATTTGGTT
ATAAGGGTTCCTGCTTTCACGCAATTATTCCAGGGTTTATGTGTCAGGGTGGTGACTTCA
CACGCCATAATGGCACTGGTGGCAAGTCCATCTATGGGGAGAAATTTGAAGATGAGAAC
TTCATCCTAAAGCATACGGGTCCTGGCATCTTGTCCATGGCAAATGCTGGACCCAACACA
AATGGTTCCCAGTTTTTCATCTGCACTGCCAAGACTGAGTGGTTGGATGGCAAGCATGTG
GTGTTTGGCAAAGTGAAAGAAGGCATGAATATTGTGGAGGCCATGGAGCGCTTTGGGTC
CAGGAATGGCAAGACCAGCAAGAAGATCACCATTGCTGACTGTGGACAACTCGAATAA
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8.1.3. Tau

Protein Sequence:
MAEPRQEFEVMEDHAGTYGLGDRKDQGGYTMHQDQEGDTDAGLKESPLQTPTEDGSEEPG
SETSDAKSTPTAEDVTAPLVDEGAPGKQAAAQPHTEIPEGTTAEEAGIGDTPSLEDEAAGHVT
QARMVSKSKDGTGSDDKKAKGADGKTKIATPRGAAPPGQKGQANATRIPAKTPPAPKTPPSS
GEPPKSGDRSGYSSPGSPGTPGSRSRTPSLPTPPTREPKKVAVVRTPPKSPSSAKSRLQTAPVP
MPDLKNVKSKIGSTENLKHQPGGGKVQIINKKLDLSNVQSKCGSKDNIKHVPGGGSVQIVYK
PVDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHVPGGGNKKIET
HKLTFRENAKAKTDHGAEIVYKSPVVSGDTSPRHLSNVSSTGSIDMVDSPQLATLADEVSASL
AKQGL

Plasmid Sequence:
ATGGCTGAGCCCCGCCAGGAGTTCGAAGTGATGGAAGATCACGCTGGGACGTACGGGTT
GGGGGACAGGAAAGATCAGGGGGGCTACACCATGCACCAAGACCAAGAGGGTGACACG
GACGCTGGCCTGAAAGAATCTCCCCTGCAGACCCCCACTGAGGACGGATCTGAGGAACC
GGGCTCTGAAACCTCTGATGCTAAGAGCACTCCAACAGCGGAAGATGTGACAGCACCCT
TAGTGGATGAGGGAGCTCCCGGCAAGCAGGCTGCCGCGCAGCCCCACACGGAGATCCCA
GAAGGAACCACAGCTGAAGAAGCAGGCATTGGAGACACCCCCAGCCTGGAAGACGAAG
CTGCTGGTCACGTGACCCAAGCTCGCATGGTCAGTAAAAGCAAAGACGGGACTGGAAGC
GATGACAAAAAAGCCAAGGGGGCTGATGGTAAAACGAAGATCGCCACACCGCGGGGAG
CAGCCCCTCCAGGCCAGAAGGGCCAGGCCAACGCCACCAGGATTCCAGCAAAAACCCCG
CCCGCTCCAAAGACACCACCCAGCTCTGGTGAACCTCCAAAATCAGGGGATCGCAGCGG
CTACAGCAGCCCCGGCTCCCCAGGCACTCCCGGCAGCCGCTCCCGCACCeceaTeeeTTCC
AACCCCACCCACCCGGGAGCCCAAGAAGGTGGCAGTGGTCCGTACTCCACCCAAGTCGC
CGTCTTCCGCCAAGAGCCGCCTGCAGACAGCCCCCGTGCCCATGCCAGACCTGAAGAAT
GTCAAGTCCAAGATCGGCTCCACTGAGAACCTGAAGCACCAGCCGGGAGGCGGGAAGGT
GCAGATAATTAATAAGAAGCTGGATCTTAGCAACGTCCAGTCCAAGTGTGGCTCAAAGG
ATAATATCAAACACGTCCCGGGAGGCGGCAGTGTGCAAATAGTCTACAAACCAGTTGAC
CTGAGCAAGGTGACCTCCAAGTGTGGCTCATTAGGCAACATCCATCATAAACCAGGAGG
TGGCCAGGTGGAAGTAAAATCTGAGAAGCTTGACTTCAAGGACAGAGTCCAGTCGAAGA
TTGGGTCCCTGGACAATATCACCCACGTCCCTGGCGGAGGAAATAAAAAGATTGAAACC
CACAAGCTGACCTTCCGCGAGAACGCCAAAGCCAAGACAGACCACGGGGCGGAGATCGT
GTACAAGTCGCCAGTGGTGTCTGGGGACACGTCTCCACGGCATCTCAGCAATGTCTCCTC
CACCGGCAGCATCGACATGGTAGACTCGCCCCAGCTCGCCACGCTAGCTGACGAGGTGT
CTGCCTCCCTGGCCAAGCAGGGTTTG
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8.2. Supplementary Figures

SEC elution SEC elution
a fractions b fractions

Supplementary Figure 1: SDS gels of purified proteins.

Fraction collected after gel filtration(shown inside black dotted column) of a) PPIA b)
PPIA(R55A) and c) Tau tested on an SDS gel for its purity. For PPIA and PPIA(R55A), all
the tested fractions were pure. For Tau, the fractions that contained impurity (marked in a
dotted red box) were removed and the remaining fractions were pooled together.
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Supplementary Figure 2: Individual refolding curves of RNaseT1.

Green, pink and black dotted lines represent the three replicates of RNaseT1 folding under the
conditions a) RNaseT1l:PPIA=1:0.033, b) RNaseT1:PPIA:PR20=1:0.033:7, «¢)
RNaseT1:PPIA:PR20=1:0.033:20, d) RNaseT1:PPIA:PR20=1:0.033:46, e)
RNaseT1:PPIA:PR20=1:0.033:175, f) RNaseT1: PR20=1:175 and g) RNaseT1 alone. Mono-
exponential fits corresponding to each replicate are shown in same colours using continuous
lines. (Figure is reprinted from Babu, Maria, et al. Nature communications 12.1, 3396 (2021),
with permission from Springer Nature.)

92



Supplementary Figure 3: Comparison of the structure of the active site of PPIA bound to
PR20 and other Xaa-proline dipeptides.

PR20 (this work; yellow) and Xaa-proline dipeptides (grey; PDB code 5CYH;
https://www.wwpdb.org/pdb?id=pdb_00005cyh; cyan PDB code 2CYH;
https://www.wwpdb.org/pdb?id=pdb_00002cyh)?? are compared in their complex with PPIA.
The side chain of Arg55, which is critical for substrate binding and catalytic activity of PPIA,
is labelled. GIn111 of PPIA does not make direct contacts with the substrates, but is part of a
dynamic network of residues in the binding pocket??*. The proline of the substrate is marked
by an arrow. (Figure is reprinted from Babu, Maria, et al. Nature communications 12.1, 3396
(2021), with permission from Springer Nature.)
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Supplementary Figure 4: Time dependent observation of PR20/tRNA droplets.

Average granular area occupied by PR20/tRNA droplets after addition of wild-type
PPIA (blue) or mutant PPIA(R55A) (red), followed in time. Average granular area in a
control sample without any PPIA variant is displayed in black. Error bars represent the standard
deviation from average area calculated from four different micrographs. (Figure is reprinted
with permission from Babu, Maria, et al. Journal of the American Chemical Society144.35,
16157-16163 (2022). Copyright 2022 American Chemical Society)
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8.3. X-Ray data

Supplementary Table 1: X-ray data collection statistics.

(Reprinted from Babu, Maria, et al. Nature communications 12.1, 3396 (2021), with permission from
Springer Nature.)

Data statistics PR20/CypA-complex
Wavelength 1.0 A

Beamline SLS-X10SA

Detector Dectris EIGER2 16M
Space group P61

a 83.32A

b 83.32A

c 52.45 A

a, 90°

y 120°

Resolution® 42.47-1.31 A (1.34-1.31 A)

Reflections measured 1,005,075

Unique reflections 49,424
Redundancy 20.06 (17.27)
Completeness(%) 98.7 (95.27)
Mean I/ (/) 21.55(1.6)
Rint (%) 6.56 (79.39)
Riim (%) 3.7 (50)

&Values in parentheses are outer-resolution shell.
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Supplementary Table 2: X-ray structure refinement statistics of the PR20/PP1A-complex.

(Reprinted from Babu, Maria, et al. Nature communications 12.1, 3396 (2021), with permission from
Springer Nature.)

R-factor 13.4%
Rfree® 16.6%
Solvent 55.68%

Mean B-value (A?)

chain A 28.32

chain B 30.44

waters 40.76
No. of protein residues 171
No. of water residues 163

Root mean square deviations
from ideal geometry

Bond lengths 0.019 A
Bond angles 2.14°

Ramachandran plot (%)

Favoured 93.75
Allowed 6.25
Outliers 0

Rfree Was determined using 5% of the data.
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8.4. Resonance Assignments

Supplementary Table 3: Resonance Assignments of Wild Type PPIA

Condition: 25 mM HEPES, 100 mM NaCl, 1 mM DTT, 10% D-0, pH 7.4, 298 K

Residues F1 dimension F2 Dimension
1Met 8.41703 122.5477
2Val 8.02542 121.3352
3Asn 8.5377 126.5397
5Thr 8.71615 115.0606
6Val 8.67841 120.385
7Phe 8.89095 119.2596
8Phe 9.48375 117.0429
9Asp 9.20859 124.2594
10lle 8.97213 124.3419
11Ala 9.5528 132.5519
12Val 8.87387 118.4926
13Asp 9.78326 131.0921
14Gly 8.48993 101.7577
15Glu 7.98026 123.3666
17Leu 9.1272 126.1023
18Gly 7.17965 102.55
19Arg 8.28164 121.2996
20Val 9.30329 126.9439
21Ser 8.70324 120.3519
22Phe 9.44432 119.1031
23Glu 8.68006 123.2557
24Leu 8.10676 122.5483
25Phe 8.76536 124.7785
26Ala 8.36596 129.0443
27Asp 8.98416 114.3988
28Lys 7.47738 118.1274
29Val 8.30657 114.6812
31Lys 10.59685 123.8566
32Thr 10.21461 124.1034
33Ala 9.22297 125.737
34Glu 7.95942 117.3003
35Asn 7.06389 115.6711
36Phe 6.95251 117.9551
37Arg 8.87547 121.1381
38Ala 8.62526 119.1649
39Leu 8.11847 120.8006
40Ser 7.82738 119.3178
41Thr 7.91492 108.5391
42Gly 7.51462 108.3896
43Glu 7.9474 118.7723
44Lys 9.03984 118.545
45Gly 7.87111 105.6154
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46Phe 6.35399 113.7647
47Gly 7.67499 104.7133
48Tyr 6.83431 113.8393
49Lys 8.40896 124.964
50Gly 9.41404 117.939
51Ser 8.32064 116.5247
52Cys 9.94816 115.334
53Phe 8.63542 123.0894
54His 7.53825 120.1923
55Arg 6.9775 123.204
56lle 9.11056 126.5134
57lle 8.65942 128.0119
59Gly 9.6757 114.2764
60Phe 8.10172 119.3521
61Met 8.01564 111.2045
62Cys 8.40601 114.9053
63GIn 9.58333 126.7253
64Gly 7.29255 110.8386
65Gly 9.28583 106.0149
66Asp 9.89511 124.0536
67Phe 6.55785 116.0784
68Thr 7.21943 108.97
69Arg 8.59716 122.0683
71Asn 7.42789 112.4481
72Gly 9.6071 110.6567
73Thr 7.86073 112.1878
74Gly 8.64841 114.0623
75Gly 8.03143 109.0659
76Lys 6.92161 115.4998
77Ser 7.65588 114.3455
78lle 8.49085 111.33
79Tyr 7.98084 120.8942
80Gly 7.01776 106.4814
82Lys 7.7481 112.1274
83Phe 9.09295 116.5759
84Glu 9.1798 119.5562
85Asp 8.52869 118.8961
86Glu 9.39701 131.8023
87Asn 6.98143 106.8379
88Phe 8.26833 113.0036
89lle 8.23722 119.9138
90Leu 7.67664 117.2989
91Lys 7.99766 119.0008
92His 10.63908 122.5981
93Thr 7.19118 110.483
94Gly 7.4232 107.335
96Gly 9.20712 110.3099
97lle 6.69601 121.4729
98Leu 7.81415 128.8718
99Ser 8.2234 118.7521
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100Met 8.48324 123.0586
101Ala 7.92321 125.9638
102Asn 8.03563 113.4284
103Ala 8.71047 123.4162
104Gly 8.11951 109.4138
106Asn 8.79901 119.1524
107Thr 10.14642 110.361
108Asn 7.30178 120.6551
109Gly 9.10552 110.7996
110Ser 8.69425 117.1333
111GIn 8.30831 124.507
112Phe 7.99233 117.8902
113Phe 9.73842 116.5513
114lle 9.03984 118.545
115Cys 9.53795 125.554
116Thr 8.88208 115.767
117Ala 7.54 122.2741
118Lys 8.62329 119.862
119Thr 7.26519 119.1141
120Glu 9.01801 124.6321
121Trp 7.18192 117.8977
122leu 6.95544 120.0621
123Asp 7.54 122.2741
124Gly 9.46407 111.3194
125Lys 7.66719 115.6597
126His 7.50023 119.9018
127Val 8.40948 124.9601
128Val 9.40624 133.0835
129Phe 8.03716 117.9021
130Gly 7.23898 110.8054
131Lys 8.28885 115.3273
132val 8.96091 124.1956
133Lys 9.39701 131.8023
134Glu 7.47341 118.5122
135Gly 8.61428 108.0371
136Met 8.78163 122.6382
137Asn 8.84041 114.5091
138lle 7.57529 124.3082
139Val 7.17952 122.0105
140Glu 8.22961 117.4233
141Ala 7.42992 121.109
142Met 8.20523 117.7268
143Glu 7.7729 116.4378
144Arg 6.96519 114.6257
145Phe 7.55971 115.4477
146Gly 7.45499 104.7884
147Ser 8.13798 110.0482
149Asn 7.81088 111.63
150Gly 7.97429 110.2652
151Lys 7.46113 119.9168
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152Thr 8.7808 116.8136
153Ser 9.35034 117.0883
154Lys 7.46616 119.383

155Lys 8.72939 121.8806
156lle 9.53855 134.4216
157Thr 9.17943 117.1418
158lle 8.51892 121.7229
159Ala 8.81086 132.5717
160Asp 7.99694 111.5954
161Cys 8.52339 116.1621
162Gly 6.77736 104.1873
163GIn 8.99201 121.0616
164Leu 8.51077 126.113

165Glu 8.07086 126.3354
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Supplementary Table 4: Resonance Assignments of mutant PPIA(R55A)

Condition: 25 mM HEPES, 100 mM NaCl, 1 mM DTT, 10 % D20, pH 7.4, 298 K

Assign F1 Position F1 Position F2
1Met 8.4179 122.5605
2Val 8.02518 121.3422
3Asn 8.53521 126.5342
S5Thr 8.71281 115.0791
6Val 8.6753 120.4703
7Phe 8.8926 119.301
8Phe 9.48715 117.0589
9Asp 9.2082 124.3063
10lle 8.96533 124.3144
11Ala 9.54709 132.5731
12Val 8.88355 118.5042
13Asp 9.78027 131.1036
14Gly 8.48993 101.7577
15Glu 7.98329 123.409
17Leu 9.12801 126.1378
18Gly 7.18393 102.54
19Arg 8.27895 121.3047
20Val 9.30392 126.9956
21Ser 8.70375 120.3771
22Phe 9.45267 119.1561
23Glu 8.67766 123.2813
24leu 8.10747 122.5709
25Phe 8.76455 124.7926
26Ala 8.37014 129.0667
27Asp 8.99261 114.424
28Lys 7.48143 118.1524
29Val 8.30712 114.6203
31Lys 10.58761 123.8933
32Thr 10.21581 124.119
33Ala 9.22943 125.748
34Glu 7.95914 117.2974
35Asn 7.06246 115.7333
36Phe 6.95399 117.976
37Arg 8.88355 121.1843
38Ala 8.63003 119.1872
39Leu 8.11524 120.8491
40Ser 7.83102 119.3661
41Thr 7.91991 108.5728
42Gly 7.51377 108.4072
43Glu 7.94161 118.7963
44lys 9.03838 118.5214
45Gly 7.86688 105.6444
46Phe 6.36204 113.7787
47Gly 7.67088 104.6694
48Tyr 6.84767 114.0384
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49Lys 8.43166 125.1022
50Gly 9.40222 118.0282
51Ser 8.30019 116.5795
52Cys 9.9823 115.2759
53Phe 8.61678 123.1357
54His 7.39865 120.5841
55Ala 7.0571 124.284
56lle 9.11271 123.2785
57lle 8.75032 128.4764
59Gly 9.63893 114.2203
60Phe 8.12479 119.3847
61Met 8.05185 111.6046
62Cys 8.44434 115.4575
63GIn 9.69196 126.1885
64Gly 7.29105 111.1949
65Gly 9.36083 106.1514
66Asp 9.98903 124.2415
67Phe 6.56887 115.8372
68Thr 7.19945 108.8211
69Arg 8.61412 122.129
71Asn 7.4878 112.4259
72Gly 9.52381 110.4664
73Thr 7.83713 112.0289
74Gly 8.64914 114.2337
75Gly 8.05961 109.235
76Lys 6.92916 115.4871
77Ser 7.68255 114.4744
78lle 8.48516 111.2632
79Tyr 7.98329 120.9463
80Gly 7.03005 106.5723
82Lys 7.76507 112.449
83Phe 9.11376 116.6561
84Glu 9.18363 119.57
85Asp 8.53043 118.9181
86Glu 9.40352 131.8384
87Asn 6.98349 106.8517
88Phe 8.26478 113.0041
89lle 8.23687 119.9327
90Leu 7.68062 117.3246
91Lys 7.99105 119.0112
92His 10.64301 122.6301
93Thr 7.19169 110.4664
94Gly 7.42492 107.3612
96Gly 9.21079 110.2594
97lle 6.70014 121.501
98Leu 7.80609 128.8593
99Ser 8.20815 118.7677
100Met 8.47995 123.036
101Ala 7.87723 126.1068
102Asn 8.14031 113.4733
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103Ala 8.70137 123.3588
104Gly 8.12877 109.4373
106Asn 8.79947 119.1665
107Thr 10.15761 110.456

108Asn 7.30712 120.5982
109Gly 9.1306 110.8493
110Ser 8.70861 117.2616
111GIn 8.27303 124.6064
112Phe 8.02847 117.9655
113Phe 9.72818 116.7037
114lle 9.03838 118.5214
115Cys 9.53499 125.6056
116Thr 8.88355 115.8552
117Ala 7.53964 122.2708
118Lys 8.61709 119.8494
119Thr 7.26671 119.1872
120Glu 9.00139 124.5396
121Trp 7.1904 117.9454
122leu 6.9472 120.1157
123Asp 7.53964 122.2811
124Gly 9.47149 111.3353
125Lys 7.66639 115.7414
126His 7.49762 119.8493
127Val 8.41414 124.8993
128Val 9.40505 133.1109
129Phe 8.02571 117.9576
130Gly 7.24436 110.8004
131Lys 8.2795 115.3482
132val 8.95727 124.2132
133Lys 9.40352 131.8591
134Glu 7.47884 118.5353
135Gly 8.60842 108.068

136Met 8.7782 122.6438
137Asn 8.83698 114.4996
138lle 7.58361 124.3684
139Val 7.16487 122.0096
140Glu 8.22 117.366

141Ala 7.44974 121.2627
142Met 8.19588 117.7378
143Glu 7.71272 116.1477
144Arg 7.00124 114.7822
145Phe 7.57371 115.4955
146Gly 7.41842 104.6552
147Ser 8.23608 110.2147
149Asn 7.72123 111.7291
150Gly 7.94806 109.9683
151Lys 7.40868 119.6047
152Thr 8.78032 116.8761
153Ser 9.35049 117.1487
154Lys 7.4672 119.3941
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155Lys 8.73513 121.9563
156lle 9.55744 134.5288
157Thr 9.16423 117.0452
158lle 8.51879 121.6913
159Ala 8.79947 132.4903
160Asp 7.99632 111.617

161Cys 8.52696 116.1759
162Gly 6.77395 104.1509
163GIn 8.99478 121.0911
164Leu 8.5162 126.1378
165Glu 8.0725 126.3422
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