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ABSTRACT OF THE DISSERTATION

Biophysical investigation of protein liquid-to-solid phase transitions and their modulation by
small heat shock proteins

by

Raymond Berkeley

Doctor of Philosophy in Chemistry
University of California San Diego, 2023

Professor Galia Debelouchina, Chair

Many of the proteins found in the pathological protein fibrils and aggregates that are
associated with neurodegenerative disease also exhibit tendencies for liquid-liquid phase
separation (LLPS) both in vitro and in cells. The transition between the LLPS state and the
aggregate state can be modulated by protein chaperones that can block the liquid-to-solid
transition and help maintain the LLPS state. In this dissertation, we characterize structural
features exhibited by FUS LC, a protein that has been demonstrated to facilitate LLPS and form
fibrils, as it undergoes a liquid-to-solid transition from the LLPS state to the fibril state. We
subsequently examine the a-crystallin chaperone HSPB1 as it interacts with FUS LC in the

LLPS state, and compare the structural features of HSPB1 without a client protein to its

XX1



structural features in the presence of a phase-separated and an aggregated client protein. The
heterogeneous nature of the chaperone and client system and the wide range of dynamics
adopted by the component proteins present unique challenges for structural interrogation. We
therefore integrate solid-state magic angle spinning NMR spectroscopy, coarse-grained
molecular dynamics simulations, and cryo-EM to build a model for the structures and dynamics
adopted by FUS LC during the liquid-to-solid transition and HSPB1 as it interacts with client
proteins, with a specific focus on the role of the N-terminal domain of HSPBI1 in client

recognition and chaperone function.

xXxil



An introduction to protein self-assembly and structural biology

Introduction and synopsis

Life is the result of a series of complex interactions between four major classes of biomolecules.
Each class has historically been assigned a specific role in the cell: Proteins are molecular
machines that do work, nucleic acids are information carriers, glycans are platforms for energy
storage and load-bearing, and lipids facilitate compartmentalization. However, like all processes
in the real world of biology, the biomolecular division of labor is not so clear-cut. The ribosome
is perhaps the most prominent example of this—one of the most important cellular machines,
responsible for manufacturing all of the protein in the mammalian cell, is constructed from RNA.
It is just one of many RNA enzymes!-2. Similarly non-canonical functions exist for other nucleic

acids, as well as proteins, glycans, and lipids.

Proteins, which are typically functional molecular machines, can also act as signaling
molecules?, structural elements in organelles or in the cell*>, carriers of heritable information®”,
or as scaffolds that facilitate the organization of other biomolecules®!2. Many of these non-
canonical protein functions are the result of protein self-assembly. Self-assembly enables protein
function on length- and timescales that are inaccessible to monomers. Dynamic assembly and
disassembly allows for an additional layer of regulation for the behavior of protein self-
assemblies that does not exist for individual protein molecules. These features in turn facilitate
the non-canonical roles for proteins listed above, which require proteins to act on large length

scales and short timescales.



This dissertation is concerned with the structure, dynamics, and function of proteins that sit in-
between the traditional definition of proteins as molecular machines, and a burgeoning role of
protein assemblies as scaffolds for the organization and concentration of other biomolecules in
space and in time. Many of the proteins that exist at this intersection are partially or entirely
intrinsically disordered, and their bulk chemistry plays as much of a role in their behavior as the
folded structures that they may—or may not—adopt. These intrinsically disordered proteins self-
assemble through liquid-liquid phase separation (LLPS), a process that generates a dynamic
protein compartment with a discrete phase boundary!®-!2, The unique chemical environment
inside an LLPS droplet enables LLPS droplets of different compositions to sequester and
concentrate other biomolecules whose properties favor the LLPS environment over the
environment outside of the LLPS droplet. LLPS droplets provide a mechanism for fine
spatiotemporal control over the location and concentration of other biomolecules in the cell, and
thereby act as crucibles for biochemical activity. The mobile and dynamic nature of LLPS
droplets and the intrinsically disordered proteins that comprise them provides an environment

within which sequestered proteins and other biomolecules can engage in their function.

Proteins that undergo LLPS also often have a tendency to form rigid structures such as
aggregates and amyloid fibrils. Although amyloid-like assemblies are sometimes beneficial and
can have distinct biological roles!?, amyloid and protein aggregation are more often associated
with neurodegenerative diseases including Alzheimer’s, amyotrophic lateral sclerosis, and
Parkinson’s disease'*. The connection between LLPS of intrinsically disordered proteins and

pathological phase transitions into more solid structures has been demonstrated in vitro and is a



possible etiological factor in neurodegenerative disease!. The question of whether pathological
protein aggregation proceeds through an intermediate LLPS state, occurs from monomeric
disordered protein, or is the result of some combination of these two processes is unclear. The
impact of understanding the mechanisms that link LLPS and pathological aggregation therefore
extend beyond fundamental science, as these processes are implicated in diseases that impact

public health.

The goal of this dissertation is to characterize the relationship between protein LLPS and
pathological protein aggregation. This includes the study of chaperone proteins that can

modulate LLPS and protein phase transitions. By chapter, the major areas of focus are:

Interactions that drive pathological liquid-to-solid transitions of intrinsically disordered

proteins (Chapter 2);

e Changes in structure and dynamics that occur within populations of proteins during
liquid-to-solid transitions (Chapter 2);

e The structural features of chaperone proteins that can modulate phase transitions, and the
changes in structure and dynamics that occur within these multifaceted proteins as they
engage clients in LLPS or aggregated states (Chapters 3 and 4);

e A review of small molecules and other chemical tools that can modulate protein liquid-

liquid phase separation and protein liquid-to-solid transitions (Chapter 5).

All of the proteins under study in this dissertation undergo self-assembly, either into LLPS

droplets, gels, aggregates, or oligomers that regulate protein function. To face the challenges



inherent in studying systems that form high-order assemblies, we employ a range of chemical
tools and structural biology methodologies. Magic angle spinning solid-state nuclear magnetic
resonance (MAS NMR) spectroscopy is our method of choice for extracting molecular level
information from our samples, which exhibit a high degree of heterogeneity in both structure and
dynamics. MAS NMR enables the characterization of these heterogeneous samples at room
temperature, and it allows us to capture the changes in dynamics and structure that they exhibit
over time. To supplement our NMR studies, we employ coarse-grained molecular dynamics
(CG-MD) simulations to capture the behavior of individual protein monomers in LLPS droplets,
as well as cryogenic electron microscopy (cryo-EM) to characterize the overall architecture of
protein oligomers. The remainder of this introduction will focus on a discussion of proteins,
protein folding, and protein self-assembly, along with a brief introduction to each of the

structural biology methods employed in this work.

Protein folding in real time

Proteins are polymers of amino acids that are translated into linear chains by the ribosome using
an mRNA template. Each amino acid is added to the growing chain via an amide coupling
reaction that occurs between the C-terminus of the nascent polypeptide chain, which is linked to
the previous tRNA in the P site of the ribosome, and an aminoacyl-tRNA in the A site of the
ribosome. Each amino acid is linked via an amide bond that is the result of a dehydration
reaction between the amine and carboxylic acid moieties on each amino acid. Resonance in the
amide bond confers partial double bond character across the peptide bond. The torsion angles

about the N-Ca and Ca-C’ bonds are referred to as the ¢ and y angles, respectively (Fig. 1.1



). As the chain of amino acids is constructed from within the ribosome, the linear polypeptide

extends from the ribosome exit site'®.

-

Figure 1.1: The protein backbone as illustrated by G.N. Ramachandran. Note the ¢
and y (here denoted ¢') angles. Reprinted from Ramachandran, G. N.,
Ramakrishnan, C. & Sasisekharan, V. Stereochemistry of polypeptide chain
configurations. J Mol Biol 7, 95-99 (1963) with permission from Elsevier.

Even before clearing the ribosomal exit site, the polypeptide begins to explore conformations
towards the adoption of a final, low-energy conformational state. The final structure of the folded
polypeptide is determined by a myriad of processes. Most fundamentally, the folded structure is
encoded in the chemistry embedded within the protein’s sequence, with the final folded state
being that which results in the most thermodynamically favorable arrangement of polar and
nonpolar chemistries in the sidechains and peptide backbone of the protein in the water solvent!’.
The planar character of the amide bond and steric hinderance restricts rotation about the ¢ and v
angles, limiting the final protein conformation'8. The kinetics of translation can influence the

final fold of the protein!®-?

, and promote the adoption of a fold that sits at a local or global
thermodynamic energy minimum on the protein’s folding landscape?®!. The final structure of

newly synthesized proteins is also influenced by third parties—usually other proteins that either



install post-translational modifications or engage in protein-protein interactions to bias the
nascent peptide chain towards a particular final conformation. The combination of the many
processes that contribute to protein folding means that protein folding is not the result of a true
random search of conformational space??, but rather a directed process that proceeds towards a

final low-energy folded state?’.

The most basic elements of protein structure are a-helices and B-sheets, collectively referred to
as secondary structure. Secondary structural elements are formed via a repeated network of
hydrogen bonds between amide protons and carbonyl oxygens in the protein’s amide backbone.
In an a-helix, an amino acid will form hydrogen bonds with the amino acid four positions up or
down the sequence, forming a compact coil like structure in which the peptide backbone forms a
spiral (Fig. 1.2A). In a B-sheet, the peptide backbone is relatively flat and each amino acid is
engaged in hydrogen bonding interactions with an adjacent strand of the protein that can be
positioned anywhere in the sequence (Fig. 1.2B). Stable -sheets can form between parallel (i.e.
both protein backbones running from the N to C terminus) or antiparallel peptide sequences. The
local nature of secondary structure, especially a-helices, means that these structures often form

early in the protein folding process, sometimes even in the exit tunnel of the ribosome?*.
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Figure 1.2: Protein Secondary Structure. (A) Backbone hydrogen bonding in an a-helix.
(B) Backbone hydrogen bonding in a -sheet. (C) Stick and ribbon representation of PDB
1KNA, which contains both -sheet and a-helical elements.



Tertiary protein structure refers to larger structures that consist of combinations of secondary
structure elements (Fig. 1.2C%). Many tertiary folds have been characterized and common
tertiary folds can be observed in proteins with different primary sequences. As proteins begin to
adopt secondary structure, it is likely that tertiary structure is accessed through small, partially

folded subunits that are referred to as “foldons”26-27,

The entire process of protein folding generally occurs on millisecond timescales, although some

proteins can take much longer to fold into their final state?®?

. Once folded, proteins are highly
dynamic molecules that engage in motion and conformational changes throughout their lifetime.

Conformational plasticity is often required for proteins to engage in their desired function. The

initial folding process merely marks the beginning of a protein’s dynamic existence.

The rise and fall of the structure-function relationship in protein folding

The idea that protein function follows form is central to our understanding of biology. The
structure-function paradigm was probably first put into writing by Emil Fisher at the turn of the
20™ century, when he compared a-glucoside hydrolysis in beer yeast extracts as requiring an
interaction between an enzyme and sugar like a “lock and key*°. In the 1920s, the reversibility
of protein denaturation and the relationship between protein function and denaturation were
demonstrated experimentally®!-**, This work culminated in a basic theory of protein structure and

a structure-function relationship, initially posited by Hsien Wu in 19313336

and subsequently
developed in an influential paper by Alfred Mirsky and Linus Pauling in 1936%’. Further work on

globular protein structure followed, most notably on the roles of hydrogen bonding in the



maintenance of a-helices and B-sheets by Linus Pauling®%-

and the role of hydrophobic
interactions in protein structure by Walter Kauzmann*’. The first generally accepted solution of a

protein’s structure was performed for myoglobin by John Kendrew and coworkers in 1958 and

19604142,

Most natural proteins have a free energy landscape with pronounced minima that represent
folded, low energy states. The transition from the unfolded nascent polypeptide to the final
folded state is thought to be bridged by an intermediate “molten globule” state that is rich in
secondary structure but still searching for the most favorable tertiary structure represented in the
final folded state**-*®, Until the late 1980s, the field of structural biology focused on these folded
states, and generally adhered to Anfinsen’s dogma, which states that protein structure is
determined by the amino acid sequence alone, and each sequence corresponds to a single, low-
energy functional structure that is kinetically accessible and reasonably stable!”. The idea that
folded protein structure is necessary for protein function is a logical one. The widespread use of
crystallography for characterizing biomolecular structure amplified the focus on folded protein

structure.

As the field of structural biology further came into its own, however, it became clear that not all
proteins respected Anfinsen’s conclusions about protein folding-many proteins did not have a
low-energy folded state at all, and instead retained their lack of order after translation while also
carrying out biological functions in this disordered state*’. Functional intrinsically disordered

proteins (IDPs) go against the paradigm that protein structure confers function, and instead



suggest that conformational ensembles, or the chemical properties of populations of proteins in

the bulk phase, can be an essential factor in protein function and behavior.

IDPs have turned out to be ubiquitous in all areas of biology. Rather than classifying proteins as
IDPs or folded proteins, it is more accurate to say that all proteins exist along a continuum of
structure, with entirely disordered IDPs on one end and highly structured proteins on the other.
Most proteins contain domains that exist at various locations along this continuum. Predictions
of disorder in eukaryotic proteomes suggest that more than 30% of proteins contain disordered
regions of 50 or more residues®!. Measured by expression level, proteins containing disordered
regions are highly represented in some of the most abundant classes of protein in the cell,
including transcription factors, proteins involved in packaging DNA, and subunits of the

ribosome??.

Without a structural component to satisfy the structure-function paradigm, IDP behavior must be
characterized through the ensemble of conformational states sampled by the IDP. Often, when
IDPs participate in protein-protein interactions, they undergo a transition from disorder to order,
also known as “folding upon binding’>*%. Disorder-to-order transitions enable behaviors that go
beyond the one-to-one lock-and-key binding paradigm, such as allowing a single protein to bind
to multiple targets®’, or facilitating protein trafficking behavior that would not be accessible to

the folded state’8-°.

Other IDPs engage in protein-protein interactions while retaining their disorder®. There are

numerous examples of biologically significant interactions between folded proteins and



disordered binding partners®!-%4. In extreme cases, high-affinity protein-protein interactions occur
between two IDPs which retain their disorder during binding®®. The fact that IDPs engage in
biologically meaningful interactions while retaining their disorder has forced a reevaluation of
the structure-function paradigm and broadened our understanding of how proteins can adopt their

role as molecular machines in the cell.

Mesoscale protein assemblies and liquid-liquid phase separation

Higher-order assemblies of IDPs can take on the role of scaffolding and compartmentalization
platforms for other biomolecules. In cells, biomolecular organization is usually achieved through
lipid bilayer membranes, which form boundaries that can separate groups of biomolecules into
distinct areas. Compartments created by lipid bilayers often contain groups of biomolecules that
enact a particular cellular function as organelles. To enter or exit an organelle, a molecule must

cross the lipid bilayer that encloses it.

There are some organelles, like nucleoli, that are not encapsulated by membranes. The structural
integrity of these membraneless organelles is maintained by networks of interactions between
their constituent biomolecules, rather than a lipid bilayer. In 2009, it was demonstrated that P
granules, a class of membraneless organelle, have liquid-like properties®. For example, P
granules can wet surfaces, flow, fuse, and drip. Additionally, the formation of P granules was
shown to occur through condensation and dissolution. Further investigation of similar
membraneless organelles has revealed that many of these structures form as the result of protein

liquid-liquid phase separation (LLPS)!%-!2, The recent recognition of the fact that membraneless
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organelles form through the dynamic process of LLPS, rather than a more static means of
assembly, has brought on a deep shift in our understanding of biomolecular organization and

regulation in the cell.

cation-Tt charge-charge

Figure 1.3: Liquid-liquid phase
separation. (A) Fluorescently labeled
LLPS droplets in vitro. (B) The four
categories of intermolecular
interactions that drive protein LLPS.

11



In protein LLPS droplets (Fig. 1.3A), transient multivalent interactions between proteins
maintain the integrity of the droplet rather than an encapsulating lipid bilayer. The nature of
these interactions produces a liquid-like, mobile environment within the LLPS droplet. The low
density and high permeability of LLPS droplets promotes the inclusion of other biomolecules
that may prefer the chemical environment within the LLPS droplet®’. IDPs and disordered
regions within proteins are often drivers of LLPS. IDPs are enriched in hydrophilic residues that
engage in n-7t, dipole-dipole, cation-mt, and charge-charge interactions that support LLPS (Fig.
1.3B)%%%°, Environmental changes or post-translational modifications on IDPs can induce phase
transitions that enable a layer of organizational regulation that would not be achievable with a
membrane-bound compartment. The ability of LLPS to rapidly compartmentalize biomolecules
means that it is often associated with processes that require finely-tuned spatiotemporal control,
like DNA damage repair, regulation of transcription and gene expression, and mRNA

processing.

In the case of LLPS, the role of proteins that facilitate droplet formation extends beyond that of
molecular machines. IDPs that drive LLPS behave as scaffolds for the recruitment and
concentration of third-party biomolecules, forming dynamic, mesoscale protein assemblies that
act as crucibles for biochemical reactions!®-!2, The dynamic nature of LLPS droplets, and their
ability to condense and dissolve in response to stimuli, provides cells with a system that can

quickly react to environmental demands.
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Pathological protein aggregation and liquid-to-solid phase transitions

The conformational plasticity of IDPs is driven by the fact that interactions of IDPs with the
solvent are favorable—IDPs are often enriched in hydrophilic residues, or they do not contain
hydrophobic residues with sequence distributions that promote the formation of the hydrophobic
cores present in globular proteins. This does not mean that it is impossible for IDPs to fold or to
form rigid structures—the conformational landscape simply contains fewer or less stable low-
energy conformations. If the solvent environment is not favorable, or if a population of IDPs
samples a low-energy folded state to a sufficient degree, conformational collapse to a rigid,

folded state can occur.

Since the sequence of an IDP does not predispose it towards a folded state, the most stable static
conformation for most IDPs is typically a B-sheet mediated by backbone hydrogen bonds rather
than structure encoded in amino acid sidechain chemistry’®. Rigid B-sheet-rich aggregates can
form self-templating fibrillar assemblies that promote fibril formation by other copies of the IDP.
If a stable B-sheet is not sufficiently favored, or if an IDP experiences unfavorable conditions but
does not have time to sample the fibril state, the protein can collapse into a conformationally
amorphous but dynamically rigid state. This process is referred to as protein aggregation. If
conditions disfavor the soluble disordered state for an IDP, the progression towards a
thermodynamically favorable B-sheet-rich structure like an amyloid fibril or a kinetically
favorable amorphous aggregate will depend on whether or not the system can overcome the free-
energy barrier inherent in the adoption of a low-energy fibril state’!. For both amorphous

aggregates and [-sheet fibrils, the dense network of hydrogen bonds and hydrophobic
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interactions that form the foundation of these self-assemblies produces very stable structures that
are difficult to reverse or disassemble. The presence of irreversible protein aggregates and fibrils

in the brain are hallmarks of numerous neurodegenerative diseases’?.

The set of sequences in IDPs that promote LLPS overlaps significantly with the set that can lead
to protein aggregation. Indeed, most of the proteins found in pathological aggregates in
neurodegenerative diseases, like tau”®, a-synuclein’, TDP-437°, and FUS'>7¢ undergo LLPS both
in vitro and in cells. A significant body of evidence that LLPS droplets may act as nucleation
points for pathological aggregation, or that LLPS and aggregation are linked in some other way,
has emerged over the last few years!>74%3, This relationship is not only significant in that it
represents a novel and biologically relevant route to pathological fibril formation, but also in that
it represents a disconnect between traditional approaches to fibril preparation in vitro and
biological modes of fibril formation. Understanding how the formation of fibrils proceeds in the
biologically relevant context of LLPS, coupled with new approaches for studying patient-derived

protein fibril samples®+%7

, could provide insights into fibril formation and neurodegenerative
disease etiology that were inaccessible with fibrils generated in vitro from seeds. Characterizing

the changes in IDP structure and dynamics that occur during the liquid-to-solid transition

described here is the primary focus of Chapter 2 of this dissertation.

Molecular Chaperones

The pathological nature of protein aggregation and the error-prone nature of protein folding in

general is addressed by a class of proteins called molecular chaperones. Some molecular
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chaperones actively influence protein folding by hydrolyzing ATP and kinetically partitioning
partially folded proteins towards their folded states®®!. This class of molecular chaperones is
usually represented by structurally complex oligomeric protein machines such as HSP10/HSP60,
HSP70, and HSP90. Although these molecular chaperones are powerful facilitators of protein
folding, they require significant energy investment to perform their function. They also cannot
engage a structurally diverse set of clients—they often interact with nascent proteins at or just
downstream of the ribosome, or they require cooperation with other proteins to engage specific
misfolded clients in the cytosol. Examples of this cooperative behavior can be found with HSP70

9294 or the priming of aggregated

and the wide array of HSP40 facilitator proteins in eukaryotes
proteins by small heat shock proteins for disaggregation by HSP70°3¢, In both cases, however,

HSP70 requires a second protein to facilitate its function.

ATP-independent molecular chaperones have simpler structures and functions compared to their
ATP-dependent counterparts. While ATP-dependent chaperones can actively disaggregate or
facilitate the folding of client proteins, ATP-independent chaperones primarily bind to unfolded
or misfolded proteins in a passive manner. In this aspect they can be considered to act as buffers
that physically block or modulate aberrant folding while priming misfolded proteins for active
refolding by ATP-dependent molecular chaperones. For this reason, ATP-independent
chaperones are often referred to as “holdases”, a designation that perhaps does a better job of

capturing their role in the cell.

The most common class of ATP-independent molecular chaperones are the small heat shock

proteins (sHsps). The simplicity of sHsp function is mirrored in the simple structure and domain
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architecture that they exhibit: all sHsps have a tripartite domain architecture with an N-terminal
domain (NTD) of variable length that is generally rigid but disordered, a folded a-crystallin
domain (ACD) that is highly conserved across sHsps, and a disordered and dynamic C-terminal
domain (CTD). In the absence of client proteins, sHsps self-assemble into pseudosymmetric
oligomers that form polydisperse populations. Although sHsps have a simple structure and
domain organization, the complexity of these polydisperse oligomers presents challenges for
structural studies. A full discussion of the structure and organization of sHsps in the absence of

client proteins can be found in the introduction to Chapter 3 of this dissertation.

The ubiquitous nature of sHsps and their passive, ATP-independent mechanism of action
positions them in a central role in the protein quality control machinery. As “first-responders” in
the unfolded protein response, sHsps can engage a diverse array of unfolded or misfolded clients.
Emerging evidence suggests that different sHsp domains are responsible for engaging clients in
different classes of self-assembly, with the disordered but rigid NTD being responsible for
engaging misfolded, aggregated clients and the B-sheet rich ACD engaging fibrillar, B-sheet-rich
clients””-1%°, Additionally, there is functional evidence that sHsps interact with aggregation-prone
proteins in their disordered, monomeric state!®!, and can directly modulate the LLPS state®’-102-
195 The role of sHsps as protective agents in models of neurodegenerative disease suggests that
their ability to prevent against aberrant liquid-to-solid transitions of disease-associated proteins is
linked to their role in preventing neurodegenerative disease!'%1%°, The changes in dynamics that
sHsps exhibit when interacting with different types of clients and the contributions of different

domains to its chaperone activity are the subject of Chapter 4 of this dissertation.

16



The structural biology toolbox

Fundamental discoveries in structural biology are often propelled by advances in technology and
the development of new methods for examining biomolecular structure and dynamics. The
protein systems examined in this dissertation exhibit a wide range of sizes and dynamics—from
small, mobile, disordered proteins in LLPS droplets to massive, rigid protein assemblies like
those found in aggregates and amyloid fibrils. We employ a range of structural biology
methodologies to face the challenges inherent in the biological systems under study, most
notably nuclear magnetic resonance spectroscopy, cryo-electron microscopy, and molecular
dynamics simulations. In this section of the introduction, we provide a brief primer for each of
these methods, and an overview of how each method contributes to the characterization of the

biomolecular systems in this dissertation.

Nuclear magnetic resonance spectroscopy

The primary method of investigation in this dissertation is magic angle spinning solid-state
nuclear magnetic resonance spectroscopy (MAS NMR). Although there is no one-size-fits-all
methodology in structural biology, the versatility of MAS NMR makes it the ideal choice for
characterizing the structurally and dynamically diverse biomolecular systems under study here.
For example, MAS NMR is the only technique capable of delivering information at atomic
resolution for biomolecules occupying the broad ranges of dynamics exhibited by samples
undergoing liquid-to-solid transitions!!%-!!2, Tn addition to the ranges of dynamics that can be

characterized by NMR, the ability to dissect heterogeneous samples using experiments that filter

17



on dynamics, and to do so at room temperature, is unique to MAS NMR and extremely valuable
for real-world biological samples. The flexibility of NMR underscores its value as a probe for
biologically relevant samples that recapitulate the wide range of structure and dynamics found in

the milieu of a living cell.

The NMR experiment is enabled by the fact that atomic nuclei possess an intrinsic quantized
angular momentum, or spin, as well as an intrinsic magnetic moment'!*!!4, The relative
magnitude of the magnetic moment of a nucleus is described by a property called the
gyromagnetic ratio, or y, which is parallel (for nuclei with a positive y) or antiparallel (for nuclei
with a negative y) to the spin orientation!!>. In the presence of an external magnetic field, nuclear
spins will align with or against the magnetic field and precess around it at a frequency
proportional to y, a process referred to as Larmor precession. The degree of alignment and the
population of spins aligned with or against the field is dependent on the gyromagnetic ratio and
is proportional to the strength of the external magnetic field (Fig. 1.4). Small differences in the
interaction energy between nuclear magnetic moments, whose orientation is determined by their
spin state, and the external magnetic field exist due to differences in the incidence angle of this
interaction. Since spin states are quantized, these energy differences are discrete and therefore

manifest as splitting in observed energy levels, a phenomenon known as the Zeeman effect!!6.

For a spin-%2 nucleus, the NMR signal represents the difference between two spin states, “spin

up” and “spin down” along the alignment vector. The energy difference between these two spin

states is described by the following equation'!?:
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AE = yh(1 — 0)B, (1)

Here, AE is the energy difference; y is the gyromagnetic ratio, a fundamental property of every
isotope describing its precession frequency at a given magnetic field strength; A

is the reduced Planck’s constant; o is the chemical shielding constant, a value that quantifies the
effect on the magnetic field around a given nucleus by its surrounding electrons; and By, is the
strength of the external magnetic field!!%!!3, Differences in the gyromagnetic ratio of different
isotopes can dictate their sensitivity in NMR experiments. A number of spin-’2 isotopes are
available for nuclei abundant in biomolecules, with the most useful being 'H (y = 267.5-10° rad
s -T™!, or 500 MHz at 11.74 T), 1*C (y = 67.3-10°rad -s™! “T"!, or 125.7 MHz at 11.74 T), and
BN (y=-27.1-10°rad -s™! “T"!, or 50.7 MHz at 11.74 T)!!3. Although the natural abundance of
'H is 99.9%, 13C is 1.1%, and "N is 0.3%'!7, the low receptivity of '*C and >N can be
circumvented by recombinantly expressing proteins in *C- and "N-enriched media and thereby
uniformly labeling protein with NMR-active nuclei. Approaches to selective!'® or segmental

119

labeling' " also exist that can be used as a tool to provide more detailed insight into the behavior

of complex biomolecules!'?’,

In practical terms, Equation 1 tells us that the measurable energy difference in an NMR
experiment scales with the magnetic field strength and that changes in the electronic
environment around a given nucleus can induce small changes in the behavior of that nucleus.
The measurable change in behavior is perhaps more intuitive if we reframe the equation in

frequency terms by removing the reduced Planck’s constant:
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woev =Y(1 —0)B, (2)

Here, w, v represents the precession frequency of a nucleus under the influence of an external
magnetic field B, and chemical shielding 0. To decouple measured w, values from the external
magnetic field strength, NMR spectra are usually presented as chemical shift values in parts per
million (ppm) away from a reference compound (usually tetramethyl silane for solution NMR
and adamantane for MAS NMR) at the external magnetic field strength. This facilitates the
comparison of NMR spectra acquired on different magnets operating at different magnetic field

strengths.

The spin polarization anisotropy (the actual ratio of nuclei in each spin state) for a given 4E,
which determines the amount of measurable signal in an NMR experiment, can be calculated

using the Boltzmann distribution!!%!13:

N, _AE  _yh(1-0)B
N— —=e kT = ¢ KT (3)

Equation 3 tells us that magnitude of the spin polarization anisotropy (the ratio of “spin up” and
“spin down” nuclei for a spin-2 nucleus) is proportional to the ratio of magnetic (via AE) and
thermal (T) energies. The magnitude can therefore be increased by increasing the external
magnetic field B, or reducing the temperature T. Unfortunately, the small energy difference
between the spin up and down states means spin polarization anisotropy at commercially
available external magnetic field strengths is still very low, especially when compared to electron

spin anisotropy!!>!13, For example, most of the experiments in this dissertation were performed
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at a magnetic field strength of 750 MHz 'H Larmor frequency, or approximately 17.6 Tesla, at
275 K. Evaluating the equation for the Boltzmann distribution with these parameters reveals that
the 'H spin polarization anisotropy corresponds to only about 1 in 7,700. The situation is even
worse for 1*C and !N, with spin polarization anisotropies of approximately 1 in 30,100 and 1 in

75,400, respectively.
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Figure 1.4: The influence of magnetic fields on nuclear spin polarization anisotropy.
The degree of anisotropy is amplified for the purpose of illustration.

Even in the presence of a strong external magnetic field, magnetization from nuclear spin
polarization anisotropy along the axis of B, is very weak—so weak that it is difficult to detect and
impractical to use for routine experiments. To circumvent this, NMR experiments are performed

by detecting spin magnetization in the transverse plane.

In a basic NMR experiment, nuclear spins precessing at w, are manipulated by irradiation with
electromagnetic energy at a resonant frequency. For most biomolecular NMR experiments, the

external magnetic field strengths that are used place this frequency in the radiofrequency (RF)
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regime. Starting from a population of spins at thermal equilibrium, with a magnetization vector
along the axis of By, an RF pulse is applied whose frequency is set to match the Larmor
frequency of the nuclei being manipulated. The amplitude and duration of the pulse is tailored to
provide the energy required to move the magnetization 90° from the B, axis, a process called
excitation. After excitation, spin magnetization returns to the equilibrium state over time through
a process referred to as relaxation. The precession of the nuclear magnetization vector that
occurs in the transverse plane as spins relax produces an electromagnetic field that produces
current in a coil surrounding the sample. This current is the signal that is measured in an NMR

experiment.

Relaxation is straightforward to understand when presented on the Bloch sphere, a polar
coordinate set that can be used to describe the magnetization vector generated by a population of
spins (Fig. 1.5A). In the context of our basic NMR experiment, the axis of the external magnetic
field B, lies along Z, and our signal is measured in the transverse plane that spans X and Y.
Figure 1.5A uses the Bloch sphere to illustrate the basic 90° pulse NMR experiment described
above, where an RF pulse rotates spin magnetization from Z to Y, and the magnetization
gradually relaxes back to thermal equilibrium along Z. Two distinct processes are responsible for
spin relaxation. The first is longitudinal relaxation, described by the time constant 71 (Fig. 1.5B).
This process represents the return of spin magnetization to thermodynamic equilibrium along Z
after excitation. The second process is transverse relaxation, described by the time constant 7>
(Fig. 1.5C). T relaxation represents the decoherence, or dispersion, of spin magnetization in the
transverse plane. This type of relaxation is the consequence of variation between the magnetic

microenvironments experienced by the individual nuclei that make up the population of spins in
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our sample. 71 and 7> times are intimately linked to the dynamics of the system at hand. Because
T describes the return of magnetization to the B, axis, it is affected by molecular rotational
correlation times. Nuclei that are tumbling or moving at frequencies near their Larmor frequency
at a given magnetic field strength will have fast 71 times, and 71 will decrease as the rotational

frequency diverges from the Larmor frequency.

Molecular motion also has a large effect on 73 relaxation, which is the direct result of the
influence of the local environment of a spin. Because the influence of the local interactions that
impact 7> (which are discussed later in this chapter) tends to be more pronounced in rigid
systems, 7> relaxation is more rapid in large or rigid protein assemblies. The relationship
between molecular motion and 7> relaxation can be useful for interpreting macromolecular

dynamics, both for global motion (like tumbling) and local motion within macromolecules.

The combined effect of 71 and 7> relaxation on a population of excited spins is a signal whose
oscillation frequency and rate of decay encode information about both the chemical environment
of the precessing nuclei in this population of spins and the dynamics of the molecules that
contain them (Fig. 1.5D). This signal is detected in the transverse plane as a “free induction
decay” (FID)—a decaying signal that represents the sum of the precession frequencies of the spins
in our sample. This signal can be transformed from the time to frequency domain (usually using
a Fourier transform) to provide an interpretable picture of the spin precession—and, by proxy, the

chemical environment and dynamics—of the spins in our sample.
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Figure 1.5: Relaxation on the Bloch sphere. (A) Magnetization vector over time after the
application of a 90° pulse. (B) Longitudinal relaxation. (C) Transverse relaxation. (D)
Magnetization trajectory under the influence of both longitudinal and transverse relaxation.

Multidimensional nuclear magnetic resonance spectroscopy

The first NMR experiments characterized the chemical environment within samples through
NMR absorption by delivering RF pulses at fixed frequencies and sweeping the external
magnetic field strength!2!122, Soon after these experiments, improvements in hardware delivered

123, This improved

better magnetic field homogeneity which in turn enhanced resolution
resolution enabled finer detection of chemical shielding effects (o) and the ability to detect and

manipulate spin-spin couplings between nuclei'?*. This advance provided the opportunity to

perform NMR experiments that report upon connectivity and distance between individual nuclei
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by selectively detecting spin-spin couplings with different frequencies and constructing an

additional spectral dimension through the information encoded therein.

Spin-spin couplings are particularly useful in that they can provide information about distances
between spins and connectivity within molecules. Multidimensional NMR experiments can be
performed to extract this information. Multidimensional NMR experiments are composed from a
series of one-dimensional experiments that iterate across a second frequency parameter (the
evolution time) in order to capture interactions between the coupled nuclei. A Fourier transform
across the first (detected) dimension produces what is effectively an absorption spectrum in the
second dimension (Fig. 1.6). A 2D Fourier transform produces a contour plot with signal

corresponding to coupled nuclei along each frequency axis (Fig. 1.6).
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Figure 1.6: A 'H-'>N HSQC 2D NMR spectrum after 1D and 2D Fourier
transformation. Note the evolution time axis on the 1D FT spectrum (left).
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Solid-state nuclear magnetic resonance spectroscopy and magic angle spinning

In Equation 2, we showed that precession frequency w is determined by the gyromagnetic ratio
Y, the external magnetic field strength B, and the chemical shielding constant o. Since the
gyromagnetic ratio is a fixed property of an isotope, and the magnetic field is generally
homogeneous in biomolecular NMR experiments, the chemical shielding constant is often the
primary source of information about the chemical environment of a given population of spins in
an NMR experiment. For proteins, chemical shift values derived from slight changes in chemical
shielding correlate strongly enough with unique chemistries in amino acids to make confident
assignments of amino acid types. Supplementing these assignments with the connectivity
information provided by higher dimensional NMR experiments often allows for the

unambiguous assignment of atoms in proteins.

Although Equations 1 and 2 are sufficient to describe the energy of an isolated spin in an NMR
experiment, other interactions can influence the local magnetic environment around an atom. In
the complex world of biomolecular NMR, it is rarely the case that an isolated spin is being
considered. For spin-’2 isotopes, one of the most useful interactions is the dipolar coupling
interaction, which occurs through space between the magnetic field of two nuclear spins. Its
strength is proportional to the gyromagnetic ratio and scales as the cube root of the internuclear
distance, making it a valuable source of distance information between spins. In isotopes with
more complex magnetic moments, through-space quadrupolar interactions also exist. Lastly, J-
coupling interactions, mediated by the electrons in covalent bonds between nuclei, also exist and

can be leveraged to extract information about through-bond connectivity in molecules. The sum
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of these interactions can be used to describe the total energy experienced by spins in an NMR

experiment, which can be expressed as the NMR Hamiltonian:

ﬁNMR = ﬁZeeman + H] + Hcs + ﬁDD + HQ “4)

The relative orders of magnitude of each interaction are important for understanding the role of

each in the NMR experiment:

Table 1.1: Properties of NMR Hamiltonains

Hamiltonian Name Magnitude (Hz) Isotropy
Hyeoman Zeeman 108 Isotropic
H, Quadrupolar 108 Anisotropic
Hes Chemical Shift 10° Isotropic and anisotropic
Hyp Dipole-Dipole 10° Anisotropic
A, J 10 Isotropic

It is important to note that many of these interactions are anisotropic, which means that their
magnitude is dependent on the orientation of the interaction with respect to the external magnetic
field. For a population of spins situated at random orientations with respect to the external
magnetic field, it follows that the effect of these interactions would span a range of magnitudes.
The result of this is an NMR spectrum with broad lines that are the result of the wide range of

precession frequencies exhibited by spins in the sample.
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Small soluble proteins often tumble in solution at frequencies higher than the magnitude of
anisotropic chemical shift and dipole-dipole interactions. This means that the line-broadening
effects of these interactions do not manifest in an NMR spectrum as the broadening induced by
them is effectively “averaged out”. The result are peaks in the NMR spectrum that are centered
at the chemical shift (Fig. 1.6). As rotational correlation time increases, however, anisotropic
interactions are no longer averaged and spectra become difficult or impossible to interpret. As a
rule of thumb, this limitation precludes the use of most standard solution NMR experiments for

proteins with a molecular weight higher than approximately 50 kDa.

To circumvent this issue, we can employ magic angle spinning (MAS) to remove the undesirable
effects of anisotropic interactions!!%12>126 This is achieved by taking advantage of the fact that
the magnitude of the relevant anisotropic interactions have a 3 cos? 8 — 1 relationship with the
external magnetic field, where 0 is the angle between the internuclear axis (for dipolar
couplings) or the axis with the largest deshielding value (for the anisotropic component of the
chemical shift) and the external magnetic field. Setting 0 to an angle that sets this relationship to
zero reduces the anisotropy from three to two dimensions, allowing simple spinning along the 6
axis to completely average the anisotropy in three dimensions. This angle is 54.74°, often
referred to as the “magic angle” (Fig. 1.7A). Just like isotropic tumbling in solution NMR, the
MAS frequency must be greater than the magnitude of the anisotropic interactions for effective
averaging to occur. The line broadening effects of anisotropic NMR interactions, and their
resolution by MAS, can be seen in the first reported double-resonance MAS experiment depicted

in the figure below (Fig. 1.7B)!%°.
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Figure 1.7: Magic-angle spinning. A) The magic angle and its orientation with respect to the
external magnetic field B,. The angle is depicted using an MAS rotor. B) An early example of
solid-state NMR spectra of polymers with and without MAS compared to solution NMR
spectra of the component monomers. Adapted with permission from Schaefer, J. & Stejskal, E.
Carbon-13 nuclear magnetic resonance of polymers spinning at the magic angle. Journal of the
American Chemical Society 98, 1031-1032 (1976). Copyright 1976 American Chemical
Society.

The control over anisotropic dipolar and chemical shift interactions afforded by MAS offers a
few key benefits over solution NMR. The first is the obvious fact that it enables the analysis of
large rigid systems by NMR. Even though MAS NMR experiments are performed in a different
format (i.e. in a MAS rotor), solution NMR experiments can be performed under MAS
conditions with only minor modifications. This key advantage means that systems that exhibit
heterogeneous dynamics can be dissected using a single MAS NMR sample. In this dissertation
we take full advantage of this by examining systems that undergo time-dependent liquid-to-solid
transitions from LLPS droplets to aggregates and fibrils, a process that involves broad transitions
across regimes of structure and dynamics that would be impossible to characterize by any other

method.

To characterize systems that exhibit heterogeneous dynamics, we can employ MAS NMR

experiments that leverage polarization transfer steps that are only efficient for spins adopting a
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particular regime of dynamics. To examine dynamic components within a heterogeneous system,
such as those that are moving on timescales that could be associated with a liquid, we can use
experiments based on the Insensitive Nuclei Enhanced by Polarization Transfer (INEPT) pulse
sequence!?’. INEPT-based experiments leverage J-coupling interactions to establish correlations
between coupled spins and to provide polarization enhancement for dilute spins such as *C or
5N by transferring polarization from high-y spins such as 'H. This means that correlations are
observed through bonds, and 1D, 2D or 3D spectra will only have peaks that correspond to spins
coupled through a covalent bond. Additionally, the evolution time necessary for INEPT
polarization transfer to occur is longer than the 7> relaxation time for rigid systems—this means
that INEPT-based experiments are selective for dynamic components of our sample, while rigid

spins are invisible in the NMR spectrum.

The complement to INEPT-based pulse sequences are cross-polarization (CP)-based
experiments!'?®12°, CP leverages polarization transfer through the dipolar coupling interaction to
provide polarization enhancement and correlation information between spins. Because the
dipolar coupling interaction is only measurable for systems engaged in dynamics that are slower
than the magnitude of the dipolar interaction (Table 1.1), the CP experiment is not efficient for
dynamic systems and therefore acts as an effective filter for rigid components of our NMR
sample. In this dissertation, we use CP-based experiments extensively to characterize the rigid
subpopulations of proteins undergoing liquid-to-solid transitions (Chapter 2) and the rigid

components of high-order oligomers of chaperone proteins (Chapter 4).
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Molecular dynamics and coarse graining

Molecular dynamics (MD) simulations are a valuable complement to empirical structural biology
studies. With MAS NMR, distances between atoms and general regimes of dynamics can be
calculated which provide a population-level description of the behavior of biomolecular systems.
Simulations are often used to produce snapshots of the behavior of individual molecules based
on the bulk measurements performed by other empirical methods in order to yield a

comprehensive picture of the structure and dynamics of biomolecules.

Molecular dynamics simulations use forces derived from first principles or from experimental
observation to calculate the motion of a molecule in discrete timesteps. Generally, this involves
calculating the forces acting on each individual atom in a system and modeling the changes in
position and motion that those forces import. More modern approaches involve the integration of
force fields that describe the sum of a number of different forces acting on every atom in a
biomolecular system. Due to the sheer number of calculations required to simulate the complex
array of forces that govern biomolecular motion, MD simulations are often computationally
intensive. For example, a single NVIDIA RTX 3090 can compute about 13 ns of simulation time
per day for the ribosome, a system with about 2 million atoms, using GROMACS 2022130-132,
This limitation makes it difficult to simulate large biomolecular systems such as protein self-

assemblies, or to capture rare events.

Strategies exist to counter the computational restraints imposed on MD. To capture rare events in

a reasonable amount of time, enhanced sampling methods can be employed to introduce bias
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against frequently sampled states in a simulation'**. Enhanced sampling approaches generally
either lower potential energy barriers between rare states, therefore increasing the probability
that a structure will transition between low energy states (a notable example of this approach is
the umbrella sampling approach!**) or increasing the free energy in the system and selecting rare
conformations as starting points for continued simulation (a notable example of this approach is
replica exchange molecular dynamics'3?). To simulate large systems, tradeoffs in accuracy can
be made. The most common approach here is coarse graining, which involves treating groups of
atoms—usually every amino acid for proteins—in a biomolecule as a single entity and establishing
a collective set of interaction parameters for that entity. This allows for the simulation of larger
systems by reducing the interactions experienced by all atoms in an amino acid in a protein down

to a single parameter set.

In this dissertation, we simulate proteins in the LLPS state using a coarse-grained model that has
been shown to be capable of recapitulating phase separation in silico'3®. Modeling of LLPS is
achieved using only three potentials. Bonds between the beads that represent each amino acid in

the protein are modeled with a harmonic potential:
1
V(r) = Ek(r Ok Q)

Where V is the potential energy at some displacement r from the resting bond length 1y and k is
the spring constant. Long-range electrostatic interactions are modeled using Coulomb’s law with
Debye-Hiickel electrostatic screening to scale the interaction to simulate a salt concentration of

100 mM in aqueous media!3®137:

Al

B = (grp) ©)
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Where E is the energy between two charges at some distance , q; and q; are the particle
charges, D is the dielectric constant, and x is the Deby screening length. Finally, all short-range
interactions, including Pauli repulsion and London dispersion forces, are captured in the

Lennard-Jones potential:

on12 g\ 6
Where 7 is the interaction distance, € is the dispersion energy, and o is the bead size. The

Lennard-Jones potential is scaled using a hydrophobicity score A3 as & ; + (1 — Ve ifr <
2(1/6)5 (the repulsive part of the Lennard-Jones potential) or as Ad, jifr = 2(1/8)g (the

attractive part of the Lennard-Jones potential). These potentials, combined with the efficiency

afforded by coarse-graining, enable the study of large protein LLPS systems by MD.
Cryo-electron microscopy

The final method in the structural biology toolbox utilized in this dissertation is cryo-electron
microscopy (cryo-EM). Although the resolution revolution is in full swing!3°, we leverage cryo-
EM for its ability to provide insight into very large structures rather than very small ones—
namely, the architecture of oligomeric structures adopted by molecular chaperones. Solid-state
NMR has been used to characterize chaperone oligomers in the past'#’, but cryo-EM offers a
more straightforward route towards the determination of the ensemble of oligomers likely

formed by many sHsps in the absence of client proteins'#!.
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Cryo-EM uses a focused, homogeneous electron beam to image biomolecules that have been
frozen in vitreous ice. Electrons that interact with biomolecules in the ice are diffracted and
refocused to form a two-dimensional image. A large number of images of individual proteins are
collected and images that share the same orientation in the ice sample are aggregated into 2-
dimensional “views” of the protein. An ideal cryo-EM experiment will collect views of the target
protein from every possible angle around the protein of interest, providing a 360° perspective of
the protein. This collection of two-dimensional views can be reconstructed into a three-

dimensional structure of the protein.

With MAS NMR, interactions between atoms are discovered via coupling between spins. In
monomeric proteins, each spin has a unique chemical shift that can be determined during the
assignment process. In a protein self-assembly, however, multiple copies of the same protein
exist in an oligomeric structure. This adds a significant challenge to the determination of
structure within monomers in the oligomer, and of the oligomer itself, because we need to
determine whether a through-space coupling is being made between a spin within the same
protein, or the same spin in another copy of the protein that is nearby due to the oligomer
architecture. In cryo-EM, this problem doesn’t exist—the architecture of the oligomer is its most
obvious feature. This positions cryo-EM as a complement to MAS NMR as it provides
information that would be more difficult to access with an NMR-based approach. Our use of
cryo-EM as a complement to MAS NMR is discussed in more detail in Chapter 3.
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ABSTRACT A subset of the proteins found in pathological protein fibrils also exhibit tendencies for liquid-liquid phase sepa-
ration (LLPS) both in vitro and in cells. The mechanisms underlying the connection between these phase transitions have
been challenging to study due to the heterogeneous and dynamic nature of the states formed during the maturation of LLPS
protein droplets into gels and solid aggregates. Here, we interrogate the liquid-to-solid transition of the low-complexity domain
of the RNA-binding protein FUS (FUS LC), which has been shown to adopt LLPS, gel-like, and amyloid states. We employ
magic-angle-spinning NMR spectroscopy, which has allowed us to follow these transitions in real time and with residue-specific
resolution. We observe the development of §-sheet structure through the maturation process and show that the final state of
FUS LC fibrils produced after LLPS is distinct from that grown from fibrillar seeds. We also apply our methodology to FUS
LC G156E, a clinically relevant FUS mutant that exhibits accelerated fibrillization rates. We observe significant changes in dy-
namics during the transformation of the FUS LC G156E construct and begin to unravel the sequence specific contributions to
this phenomenon with computational studies of the phase-separated state of FUS LC and FUS LC G156E.

SIGNIFICANCE The presence of protein aggregates in the brain is a common pathological sign of neurodegenerative
disease. Recent work has revealed that a subset of the proteins found in these aggregates can also form liquid-liquid
droplets and gels. Although the interconversion from one state to another can have vast implications for cell function and
disease, the molecular mechanisms that underlie these processes are not well understood. Here, we combine magic-
angle-spinning NMR spectroscopy with other biophysical and computational tools to follow the transitions of the RNA-
binding protein FUS. This approach has allowed us to observe real-time changes in structure and dynamics as the protein
undergoes these transitions, and to reveal the intricate effects of disease-relevant mutations on the transformation
process.

INTRODUCTION neuronal aggregates can exist in different biophysical states
that span a broad range of dynamic regimes, including
liquid-liquid droplets, hydrogels, and amyloid fibrils.
Some examples include proteins associated with Alzheimer
disease (tau) (5-10), Parkinson’s disease («-synuclein) (11—
14), and frontotemporal lobar degeneration (TDP-43 and
FUS) (15,16).

Recent work has started to establish connections between
these biophysical states in vitro. For example, the repeated
coacervation and dissolution of liquid droplets of RNA-
binding proteins such as hnRNPAT1 has been shown to accel-
erate the formation of protein aggregates (17). Imaging
experiments often show fibrils that grow from the center
Submitted October 19, 2020, and accepted for publication February 8, of TDP-43, FUS, and hnRNPA1 droplets, suggesting that

Neuronal protein aggregates are hallmarks of neurodegener-
ative disease whose biological genesis is still poorly under-
stood (1,2). Although their cellular functions may vary,
proteins found in these aggregates can contain intrinsically
disordered domains with low-complexity (LC) charge-
patterned sequences. These sequences not only promote
the adoption of fibrillar or aggregated states but are also
important drivers for liquid-liquid phase separation
(LLPS) and the formation of membraneless organelles
(3,4). As such, many proteins that are found in pathological

2021. phase-separated protein environments may serve as centers
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FUS segments have also been found embedded within hy-
drogels (21). Although it is known that phase separation is
not a requirement for the growth of fibrils in vitro (6), the
growing body of evidence linking mature LLPS protein
droplets and hydrogels to aggregates and fibrils suggests
that the aberrant transition between these states could be a
physiologically relevant factor in disease pathogenesis
(7,16,19).

The current biophysical toolbox contains well-estab-
lished methodologies that can characterize each of those
states separately. For example, liquid droplets have been
analyzed with a variety of imaging, spectroscopic, and
computational approaches that have provided valuable in-
formation regarding the sequence requirements and the na-
ture of protein-protein interactions that drive LLPS (20,22—
34). On the other hand, magic-angle-spinning (MAS) NMR
spectroscopy and cryoelectron microscopy (cryo-EM) have
revealed the common structural principles that underlie the
formation of stable, 3-sheet-rich amyloid fibrils (5,16,35—
37). Although more challenging because of their viscous,
dynamic, and heterogeneous nature, hydrogels have also
been amenable to characterization by MAS NMR ap-
proaches (38,39). Yet, to establish a comprehensive view
of how these states are connected on the molecular level
and how these connections may break in disease requires
a strategy that can ideally observe these transformations in
real time and in the same sample at atomic resolution.
Here, we explore the capability of MAS NMR spectroscopy
to achieve this goal.

MAS NMR spectroscopy is a versatile structural tech-
nique that allows the investigation of biological samples
of different sizes, complexity, and material state (40,41).
Although the NMR resonances arising from these proteins
may show line broadening because of slow molecular tum-
bling, strong dipolar interactions, and chemical shift anisot-
ropy, the line broadening can be removed by spinning the
sample at 54.7° (the magic angle) (42,43). During MAS,
tailored pulse sequences can reintroduce the magnetic spin
interactions in a controlled manner that allows the extraction
of structural information such as the chemical shift, the pro-
tonation state, the distance between atoms, or their relative
orientation. Spin-spin interactions can be reintroduced
based on the scalar couplings between covalently bonded
atoms, similar to solution NMR, enabling the description
of the mobile components in the sample (44). On the other
hand, dipolar-based pulse sequences can be used to identify
protein regions or sample components that experience slow
motions and detectable dipolar interactions through space
(45). The combination of the two approaches provides the
opportunity to dynamically edit the NMR spectra and to
describe both the mobile and rigid components of the sam-
ple (46).

In previous work, we have used MAS NMR spectroscopy
to follow the transition from the liquid droplet to the gel
state of the chromatin related protein HPla (47). This

Liquid-to-solid transition of FUS LC

approach allowed us to detect specific serine residues that
experience large changes in mobility and that appear to be
important for the formation of cross-linking interactions in
the gel state. Here, we extend this approach to the LC
domain of the RNA-binding protein Fused in sarcoma
(FUS), and we follow the transformation of individual sam-
ples of FUS LC from the liquid droplet to the gel and amy-
loid states in real time. We also compare the wild-type
sequence and a sequence that harbors a pathogenic G156E
mutation known to increase the likelihood of amyotrophic
lateral sclerosis-spectrum diseases in patients (19). This mu-
tation is particularly interesting from the biophysical point
of view as it introduces additional negative charge in the
sequence of FUS LC. However, unlike other FUS modifica-
tions such as phosphorylation or phosphomimetic substitu-
tions that introduce negative charge and impede LLPS, the
G156E mutation not only supports LLPS but also greatly ac-
celerates the onset of FUS fibrils in vitro (16,19,48). To gain
further insight into the molecular origins of this puzzling
behavior, we complement our experimental studies with
coarse-grained simulations of wild-type and G156E FUS
LC and uncover subtle differences in the protein-protein
interaction landscape of their liquid-droplet states. These
differences may be amplified through the subsequent steps
of the transformation process leading to the increased aggre-
gation propensity of the G156E mutation.

MATERIALS AND METHODS
Expression of FUS LC and related constructs

FUS LC was prepared from recombinant Rosetta (DE3) competent Escher-
ichia coli cells (MilliporeSigma, Burlington, MA) that had been trans-
formed with a plasmid encoding the 6xHis-MBP-TEV-FUS (1-163)
sequence. This plasmid was a gift from Nicolas Fawzi (RRID: Addg-
ene_98653; Addgene plasmid no. 98653; http://n2t.net/addgene:98653,
Addgene, Watertown, MA) (48). Seed cultures were grown to saturation
from freshly transformed colonies and inoculated at a 1% v/v ratio into
either Luria-Bertani or "°N/'*C-M9 medium supplemented with kanamycin
(50 pug/mL). The cultures were grown at 37°C to an OD600 of ~0.7 and
protein expression was induced by the addition of 1 mM isopropyl-G-D-thi-
ogalactoside. The cultures were allowed to express protein for 4 h at 37°C
before being harvested by centrifugation at 10,000 x g and 4°C for 30 min.
After decanting the supernatant, cell pellets were stored at —80°C for later
use. In addition to the wild-type FUS LC fusion protein, the pathogenic
mutant FUS LC G156E protein was prepared. To generate the mutant,
the requisite G to E mutation was introduced to the wild-type FUS LC
plasmid using an NEBuilder HiFi DNA Assembly Cloning Kit (New En-
gland Biolabs, Ipswich, MA). Expression and purification conditions of
the G156E mutant protein were identical to those of the wild-type.

Purification of FUS LC and related constructs

Here, we followed the published protocol by Burke et al. with some modifi-
cations (31). The frozen cell pellet was thawed, resuspended in lysis buffer
(20 mM sodium phosphate, 300 mM sodium chloride, Roche cOmplete
EDTA-free Protease Inhibitor Cocktail (MilliporeSigma, Burlington, MA)
(pH 7.4, 4°C), and lysed by pulsed sonication for 30 min at 4°C using a Qson-
ica sonicator (Qsonica, Newton, CT) with a 1/8” diameter probe tip at 12 kHz
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(60%) output. The lysate was cleared by centrifugation at 20,000 x g for
30 min and the supernatant was incubated with Thermo Scientific HisPur
Ni-NTA Resin (Thermo Fisher Scientific, Waltham, MA) for 30 min at
4°C. The suspension of beads was washed with 10 column volumes of lysis
buffer containing 10 mM imidazole, and protein was eluted with two column
volumes of lysis buffer containing 250 mM imidazole. The eluted protein was
incubated with 6xHis-tagged Tobacco Etch Virus (TEV) protease at a ratio of
1:150 TEV to MBP-FUS LC for 5 h and 25°C to cleave MBP from FUS LC.
FUS LC crashes out upon cleavage to yield a cloudy suspension with white
clumps of aggregated protein. After TEV cleavage, 8 M urea was added to the
reaction mixture to solubilize the aggregated FUS LC. The TEV reaction was
monitored by SDS-PAGE (note that FUS LC does not bind Coomassie, so
cleavage was verified by the gel shift of the MBP band). The mixture contain-
ing solubilized FUS LC was diluted to 2 mg/ml with 20 mM CAPS and
150 mM sodium chloride (pH 11), and subjected to size-exclusion chroma-
tography over a GE HiLoad 16/600 Superdex 75-pg column (GE Healthcare,
Chicago, IL). Purity was verified by high-performance liquid chromatog-
raphy (HPLC), mass spectrometry, and by comparing the A260 and A280
absorbance to verify that no nucleic acid contaminants were present in the
sample. This protocol generally yields 10-15 mg of FUS LC per liter of cul-
ture in both Luria-Bertani and M9 media.

Protein labeling with small molecule fluorophores

To produce Cy3-labeled FUS LC, an FUS LC fusion protein with a Cys-
Ser-Gly C-terminal tag (effectively FUS LC(1-166) S164C) was generated
by introducing the requisite sequence to the wild-type FUS LC plasmid us-
ing an NEBuilder HiFi DNA Assembly Cloning Kit. The 6xHis-MBP-FUS
LC(1-166) S164C construct was expressed and subjected to Ni-NTA puri-
fication as described above. The eluent containing 6xHis-MBP-FUS LC (1-
166) S164C was diluted to a final concentration of 20 uM with reaction
buffer (20 mM sodium phosphate, 300 mM sodium chloride (pH 7.4)),
and 500 uM TCEP and 80 uM Cy3-maleamide (4 M eq.; APExBIO, Hous-
ton, TX) were added. The reaction was allowed to proceed for 60 s at 25°C
in the dark before quenching with excess 8-mercaptoethanol (>200 M eq.).
The reaction mixture was then transferred to dialysis tubing with 10 kDa
molecular weight cutoff and dialyzed twice into 20 mM sodium phosphate,
300 mM sodium chloride, and 100 uM TCEP (pH 7.4) at 4°C. Once the ma-
jority of the residual Cy3 was removed by dialysis, the labeled protein was
removed from the dialysis tubing and subjected to TEV cleavage and size-
exclusion chromatography as described above. The labeling efficiency was
~30% as determined by analytical HPLC and mass spectrometry.

Microscopy of liquid-liquid phase-separated
droplets

LLPS was induced by the dilution of 1.8 mM stock solutions of FUS LC
(with 5% FUS LC(1-166) S164C-Cy3) in 20 mM CAPS, 150 mM sodium
chloride (pH 11) with 20 mM sodium phosphate, and 150 mM sodium chlo-
ride (pH 7.4) at 25°C. To mitigate the risk of aggregation and to ensure
quick mixing of the components, the phosphate buffer was added to the pro-
tein stock solutions. Phase separation was apparent by the sample rapidly
becoming cloudy and opaque. The phase-separated protein was added to
a microscope slide and allowed to incubate quiescently over the course of
the imaging experiment. To prevent both the evaporation of the buffer
and the mechanical perturbation of the droplets, the borders of the micro-
scope coverslips were coated with a small amount of vacuum grease that
served to raise the slide and to hermetically seal the sample.

Fluorescence recovery after photobleaching

Droplet samples were prepared as described above and imaged on an
Olympus FV1000 Confocal microscope (Olympus Scientific Solutions
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Americas Corp., Waltham, MA). Six droplets with 5- to 10-um diameter
were subjected to photobleaching. A circular region with a diameter of
one-half of the droplet diameter was bleached for each droplet. The
diameter of the bleach region spanned from the center of the droplet
to the droplet edge. Photobleaching was performed for 2 s using an
FV3000 Hybrid Scan Unit (Olympus Scientific Solutions Americas
Corp.) in Tornado Scanning mode. Fluorescence intensity was recorded
within the bleached region every 2 s. Data were normalized to the pre-
and postbleach fluorescence. All microscopy images were processed
with Fiji/ImageJ (49,50) and data were analyzed and visualized with
SciPy tools (51-54).

Thioflavin T assays

Spectra were recorded at 25°C on a Molecular Devices SpectraMax i3x
Fluorometer (Molecular Devices, San Jose, CA). The excitation wave-
length was 440 nm, and emission was recorded from 465 to 520 nm at
a scan speed of 1 nm/s. LLPS was induced by the dilution of 1.8 mM stock
solutions of FUS LC (stored in 20 mM CAPS and 150 mM sodium chlo-
ride (pH 11)) with 20 mM sodium phosphate and 150 mM sodium chlo-
ride (pH 7.4) to a final concentration of 300 uM FUS LC. A phase-
separated stock solution was kept, and an aliquot was drawn at each
time point for analysis. Each aliquot contained 30 uM FUS LC and 20
uM thioflavin T (ThT) diluted with 20 mM sodium phosphate and
150 mM sodium chloride (pH 7.4).

Solid-state nuclear magnetic resonance
experiments

All experiments were performed using 3.2-mm thin-walled zirconia MAS
rotors with 50 uL sample volume. LLPS of 30 mg °N, '*C-labeled FUS
LC or N, '*C-labeled FUS LC G165E was induced as described above
at a concentration of 300 uM and the droplets were transferred into the rotor
by gentle centrifugation at 3000 x g using a device built in-house. This
condensed the sample into a single proteinaceous phase with final concen-
tration of ~400 mg/ml (23 mM). This concentration was determined based
on the difference between the initial A280 absorbance of the protein sample
and the final absorbance of the supernatant after rotor packing. This resulted
in ~20 mg of protein inside the rotor. Spectra were acquired on a 750-MHz
(17.6 T) NMR spectrometer equipped with a 3.2-mm E™® triple resonance
HCN MAS probe (Bruker Biospin, Billerica, MA). All experiments were
performed at MAS frequency of 11.11 kHz. The sample was cooled with
a stream of dry nitrogen gas maintained at 285 K while we estimate that
the sample temperature during the MAS experiments is 10-15° higher.
More details regarding the MAS NMR experimental settings are given in
the Supporting materials and methods. Data were visualized and analyzed
with NMRFAM-Sparky (55). The Sparky files have been deposited at
https://doi.org/10.5281/zenod0.4521765.

Statistical analysis of NMR chemical shifts

Chemical shift and protein coordinate data were acquired from the Protein
Data Bank (PDB) and Biological Magnetic Resonance Bank (BMRB)
with PACSY Maker (56). For each amino acid in FUS LC, the PACSY
database was filtered using secondary structure classifications generated
by STRIDE (57) to produce a data set of chemical shifts associated
with residues in PDB structures that are in either $-sheet or random coil
conformations. Only chemical shifts with unambiguous assignments
were considered. Because the BMRB only contains one-dimensional
(1D) assignments, chemical shifts were projected into two dimensions
by considering atom connectivity for each amino acid and plotting theoret-
ical correlations using the chemical shifts for directly bonded atoms on a
per-protein basis. Data were analyzed and results were visualized using



SciPy tools (51-54). Bruker NMR data were parsed with Nmrglue (58).
All codes are available upon request. It should be noted that this approach
is similar to that taken by PLUQ (59).

Coarse-grained molecular dynamics simulations

Molecular dynamics simulations were performed with HOOMD-blue (60)
using a set of hydrophobicity-scaled pair potentials initially described by
Dignon, et al. (27). This model has been shown to be effective for simu-
lating LLPS of FUS LC and other proteins (32,48,61,62). Briefly, the model
defines three interaction potentials: a potential for bonded interactions, a
single potential representing short-range nonbonded interactions, and a po-
tential representing electrostatic interactions. Bonds are represented by a
harmonic potential with a bond length of 3.8 A and a spring constant of
10 kJ/A2. Short range nonbonded interactions are represented by a standard
Lennard-Jones potential that has been scaled to the hydrophobicity of each
interaction pair. This scaled Lennard-Jones potential was utilized as imple-
mented in the azplugins package for HOOMD-blue (63), and the hydropho-
bicity scaling parameters were identical to those described in Dignon, et al.
(27,64). Electrostatic interactions were represented by the Yukawa potential
with a Debye screening length of 1 nm and a dielectric constant of 80 to
mimic an aqueous solvent containing 100 mM salt. For each simulation,
100 FUS LC or FUS LC G156E monomers were prepared in a linear config-
uration using mBuild (65). The coordinates of each particle in each mono-
mer were then randomized such that each bond length was fixed at 3.8 A
and no particles overlapped. Monomers were then packed into a 50 x
50 x 50 nm simulation cell using PACKMOL (66), resulting in a protein
concentration of 22 mg/mL (1.3 mM) before phase separation. Charges
and masses were assigned to each particle within HOOMD-blue. Produc-
tion simulations were performed on a single NVIDIA Tesla K80 GPU.
Each simulation was run for a total of 1.1 us with 10 fs timesteps using a
Langevin integrator at 300 K. Simulations were analyzed and contact
maps were visualized using tools from the SciPy software stack (51-54).
Simulation snapshots were visualized using Ovito Pro (67). Two 300-ns
replicates of each simulation were performed and analyzed to confirm
that contact map results were not dependent of the initial configuration of
the simulation.

RESULTS AND DISCUSSION

Liquid droplets of FUS LC undergo transition to
gels and fibers at neutral pH

The full-length FUS protein can undergo a liquid-to-solid
phase transition that is accelerated by the presence of a clin-
ically relevant G156E mutation (19). We chose to work with
the N-terminal LC domain comprising residues 1-163 of the
protein (FUS LC) to investigate the differential behavior of
FUS LC and the pathological FUS LC GI156E mutant
in vitro. The LC domain of FUS has been extensively stud-
ied in the LLPS state (31,32,48) and includes segments that
are known to form rigid fibril cores (16,68). We prepared re-
combinantly purified protein (Fig. S1 and S2) mixed with
5% Cy3-labeled FUS LC and initiated phase separation un-
der physiological pH and low-salt conditions. We observed
the immediate formation of liquid-liquid phase-separated
droplets that were subsequently placed in hermetically
sealed microscope slides and monitored for several weeks
(Fig. 1 A). The well-defined droplets coarsened into gel-like
structures over the course of several days. As the droplets
continued to age, fibrillar structures developed that appeared

Liquid-to-solid transition of FUS LC

to protrude from the gel cores in a manner consistent with
previous reports for FUS and other proteins with LC se-
quences capable of undergoing liquid-to-solid phase transi-
tions (12,21). After incubation for a full month, these
fibrillar structures had grown into a dense network covering
the microscope slide. Two-month-old samples were also
subjected to negative staining and transmission electron mi-
croscopy (TEM) in which dense clumps of fibers were also
observed (Fig. S3). In contrast to wild-type FUS LC, the
FUS LC GI156E mutant formed fibrillar species much
more rapidly, with clear fibrillar protrusions appearing after
only a day of incubation (Fig. I B). Thus, the FUS LC and
FUS LC GI156E constructs recapitulate the transformation
behavior of the full-length protein at neutral pH as described
previously (19,69,70).

The maturation of FUS LC droplets was further interro-
gated by fluorescence recovery after photobleaching
(FRAP) experiments (Fig. S4 A). Although the recovery ki-
netics of FUS LC droplets decreased over the course of
several weeks, fluorescence recovery was not completely
abrogated even after 8 weeks, suggesting that mobile com-
ponents remained in the phase-separated structures even af-
ter this long period of incubation. The FUS LC G156E
sample also exhibited fast recovery at the beginning
(Fig. S4 B) but transitioned quickly to a fibrillar state with
limited mobility.

The observation of fibrillar structures in our FUS LC and
FUS LC GI156E samples by microscopy prompted us to
determine whether these structures have the characteristics
of B-sheet-rich amyloid fibers. ThT is a switchable small
molecule fluorophore that is often used as a test for the pres-
ence of amyloid (71). We initiated LLPS of FUS LC and
FUS LC GI156E samples and performed a binding assay
with ThT (Fig. 1 C). Consistent with the trends observed
in the microscopy experiments, FUS LC G156E formed
fibers within the first 2 days and with similar kinetics to a
positive control sample containing the amyloidogenic AS-
peptide. On the other hand, ThT fluorescence of the wild-
type FUS LC sample started to increase after approximately
a week, whereas a negative control sample containing solu-
bilized FUS LC in high pH CAPS buffer did not form amy-
loid over the course of the experiment. Although ThT
fluorescence is also sensitive to the viscosity of the solvent
(72) and may increase in the liquid droplet and gel environ-
ments, the changes in fluorescence intensity are consistent
with the timeline of fibrillar protrusion formation in the mi-
croscopy experiments. Therefore, we interpret the increase
in ThT fluorescence for the FUS LC and the FUS LC
G156E samples as an indication of $-sheet amyloid forma-
tion. We also performed the experiment in the presence of
1,6-hexanediol, a small molecule known to disrupt protein
droplets (Fig. S5; (73)). In this case, no ThT fluorescence
was observed over the course of this experiment indicating
that under our experimental conditions LLPS and amyloid
formation are coupled.
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Microscopy and ThT analysis of FUS LC and FUS LC G156E maturation. (A) Maturation of wild-type FUS LC droplets. Droplets coarsen and

loosen their spherical character after 48 h. Fibrils begin to appear after 144 h. After a full month, a dense fibril network is visible. (B) Maturation of FUS LC
G156E droplets. The progression of the G156E mutant is accelerated, with aggregates and fibrils appearing after 24 h. (C) Fibrillization rates of FUS LC and
FUS LC GI156E characterized by ThT. The AS peptide was used as positive control whereas FUS LC in CAPS buffer (pH 11) served as negative control. The

error bars represent standard deviation from three independent measurements.

Taken together, the imaging, FRAP, and ThT data indi-
cate that wild-type FUS LC droplets can coarsen into gel-
like states and mature into amyloid fibrils over time under
near-physiological conditions. For the FUS LC GI156E
mutant, the transition from droplets to gels is more abrupt
and the formation of the amyloid state is significantly
accelerated.

The structure and dynamics of FUS LC change
during the transformation process

The interactions and dynamics of FUS LC in the liquid-
droplet state have been characterized extensively by solu-
tion NMR (31,32,48). On the other hand, solid-state MAS
NMR spectroscopy and cryo-EM have revealed several
possible amyloid states that can be formed by FUS LC
(16,35,36,68). We sought to establish a connection between
these observations by following the transformation from
droplet to amyloid on the molecular level in real time using
MAS NMR. The maturation of FUS LC droplets into gels
and fibrils is ideally suited to this approach as the transfor-
mation of the wild-type protein takes several weeks and,
thus, allows sufficient time for the collection of multidimen-
sional NMR experiments at different time points.

To capture the range of dynamic regimes within the sam-
ple, we performed two different types of MAS NMR exper-
iments. First, the INEPT-based pulse sequence was used to
capture mobile components in the sample. This can include
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the mobile segments of an otherwise slow tumbling protein
system or the mobile subpopulation of proteins in a hetero-
geneous sample (16,47,74,75). Second, dipolar-based ex-
periments such as cross-polarization (CP) were used to
describe the slow tumbling (rigid) components of the sam-
ple like those subpopulations in the gel and amyloid states
(76,77). As control, we also used a direct polarization
(DP) B3C experiment which detects all carbon atoms in the
sample irrespective of their mobility. We prepared two sam-
ples, one of 15N,BC FUS LC and one of 15N,13C FUS LC
GI156E, and subjected each to LLPS. The LLPS droplets
were then gently collapsed into a single condensed phase
and into an MAS NMR rotor. The final concentration of
both FUS LC constructs was ~23 mM; within the range
of the expected concentration of FUS LC in LLPS droplets
(32). We used INEPT, CP, and DP experiments to follow the
transformation of the samples over the course of 30 days for
FUS LC and 12 days for FUS LC G156E (Fig. 2).

The two samples exhibited different behavior over the
course of these experiments. For the wild-type FUS LC sam-
ple, the CP signal started to increase after a week, eventually
reaching a plateau at 3.5 times the original integrated signal
(Fig. 2, A and C). This indicates the emergence of rigid com-
ponents in the sample with a timeline that is consistent with
the formation of the fibrillar species detected by microscopy
and ThT fluorescence. Furthermore, a comparison of the
initial and final CP spectra shows the appearance of several
new peaks (Fig. 2 A; Fig. S6, A and B). This includes peaks
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FIGURE 2 Characterization of FUS LC and FUS LC G156E maturation by MAS NMR spectroscopy. (A) Early and late-stage FUS LC CP spectra are
shown. (B) Early and late-stage FUS LC INEPT spectra are shown. (C) Integrated signal intensity of the aliphatic region of FUS LC over time for CP, INEPT,
and DP experiments is shown. (D) Early and late-stage FUS LC G156E CP spectra are shown. (E) Early and late-stage FUS LC G156E INEPT spectra are
shown. (F) Integrated signal intensity of the aliphatic region of FUS LC G156E over time for CP, INEPT and DP experiments is shown. The error bars are

based on the integrated noise level and are too small to visualize.

consistent with the chemical shifts of threonine, serine, and
potentially glycine, asparagine, aspartate, and tyrosine.
These peaks represent new chemical environments and sug-
gest that the rigid components in the sample undergo a struc-
tural change over time, perhaps from an unstructured or
oligomeric state to a §-sheet-rich amyloid fold. In contrast,
the FUS LC GI156E sample changed much more rapidly
over the course of a week (Fig. 2, D and F). A comparison
of the CP spectra shows a 3-fold increase in signal and the
appearance of new structural environments during this
time (Fig. S6, C and D). Overall, the initial and final CP
spectra have similar shapes between the two samples
although there are differences in intensity and line width
for some peaks (Fig. S7, A and C).

The time course of the INEPT experiments is also note-
worthy. Although the INEPT spectra of the wild-type pro-
tein changed very little over the course of three weeks
(Fig. 2, B and C), the signals of the G156E sample decreased
significantly during the first week, and then stabilized at
~50% of the initial intensity (Fig. 2, E and F). In these
heterogenous samples, the INEPT signals are consistent
with random coil confirmation and potentially arise from
three different processes. First, they may reflect mobile
monomers or low-molecular-weight oligomers that experi-
ence fast diffusion and rotational correlation times. These
mobile components should also be detectable in FRAP ex-
periments and, as our data indicate, their contribution dimin-
ishes over time (Fig. S4). Second, the INEPT signals may

48

result from the gel phase. The gel state forms early on and
involves the formation of noncovalent cross-linking interac-
tions between monomers. These interactions may involve
only certain regions of the monomer while other segments
remain mobile enough to be detected by INEPT. We have
observed this scenario in other protein systems that undergo
gelation (47). And finally, the INEPT signals may arise from
mobile regions of the amyloid state. For example, the pub-
lished structure of seeded amyloid fibers of FUS LC (1-214)
has a rigid §-sheet core that spans 57 residues (39-95),
while the C-terminus is dynamic and unstructured and
clearly visible in INEPT experiments (16). In addition, the
relative ratio of gel to amyloid might determine the INEPT
trajectory. For example, in the wild-type sample the buildup
of B-sheet structure is slow, and the majority of the protein
most likely remains in the gel state throughout the time
course of the experiment. In a situation where the gel state
dominates and there is a large mobile component, the
INEPT signal should remain relatively constant over time,
which is what we observe for the FUS LC sample. On the
other hand, the G156E mutant sample quickly converts to
amyloid, thus reducing the contribution of the gel state.
Even if the final fibril structure contains mobile regions,
the overall INEPT signal may still decrease. A final note
regarding dynamics is that in heterogeneous and viscous
samples such as this one, there are often motions on an in-
termediate timescale that are too slow for INEPT-based ex-
periments and too fast for CP-based experiments (46). Thus,
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it is possible that our experimental strategy is “blind” to
some of the cross-linking interactions that contribute to
the gel state or to some of the oligomeric species that lead
to amyloid formation.

It should be noted that the slow transformation from a
liquid-like to a more rigid $-sheet-rich state described here
is distinct from the temperature dependent formation of
reversible gels. Previous work has indicated that, upon cool-
ing, FUS LC liquid condensed phases rapidly become a rigid,
opaque gel, resulting in line broadening and loss of signal in
the '"H-""N HSQC spectra acquired under solution NMR
conditions (31). This reversible gel state forms quickly
(within seconds), melts quickly (with seconds of heating),
and is distinct from the “hydrogel” state (78), which forms
by transition (rather than phase separation) of a solution of
concentrated protein into amyloid fibrils. Using MAS NMR
spectroscopy, we observe a similar reversible phenomenon
with our initial stage FUS LC droplet samples (Fig. S8).
When the sample temperature was decreased by 15°C, the
3C INEPT signals almost disappeared. At the same time,
the CP signals arising from rigid components increased in in-
tensity but also in line width. The process was reversible, as
an increase in temperature brought back the signals to their
initial intensity and linewidth (although some small changes
in the shape of the CP spectrum were noted). Similar to the
solution NMR case, this behavior is consistent with the for-
mation of reversible gels. Unlike the slow transformation
described above, however, the CP signals at low temperatures
did not indicate the formation of new (-sheet structures.

LLPS results in amyloid fibers with distinct
structures

Intrigued by the structural changes detected in the 1D MAS
NMR experiments described above, we recorded two-
dimensional (2D) correlation spectra of the end-states of
the two samples (30 days for FUS LC and 12 days for
FUS LC G156E). In particular, we extended the 1D INEPT
experiment into a 2D "H-'>C INEPT correlation spectrum
that provides a more detailed picture of the residues that
remain mobile at the end of the time course (Fig. 3 A).
The 2D INEPT spectra of the wild-type and G156E samples
contain similar amino acid types (including glycine, threo-
nine, serine, glutamine, alanine, proline, and methionine)
with chemical shifts that are consistent with random coil.
The INEPT spectrum of the G156E construct has lower in-
tensity overall despite the comparable number of scans and
sample amount in the rotor, consistent with the 50% reduc-
tion of INEPT signal observed over the course of the 1D ex-
periments. Despite the general overlap between the two
spectra, a careful comparison reveals differences in the
glycine region where one set of glycine residues remains
the same and another set experiences a different chemical
environment. This is also supported by the 1D INEPT
spectra (Fig. S7, B and D) in which the G156E Gly Ca-re-
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gion clearly shows two peaks. Although we were not able to
assign these two different glycine groups, there appears to
be subtle differences between the dynamic environments
in the wild-type and mutant FUS LC samples.

To complement the residue-specific studies of mobile
sample components, we also recorded 2D '*C-'*C DARR
spectra of the final state (Fig. 3 B). This experiment relies
on a dipolar-assisted rotational resonance condition to re-
couple "*C atoms in protein regions that experience reduced
motions and rotational correlation times (79). Given the
composition of the two samples, this experiment is expected
to report on the rigid core of the final amyloid state. Both
samples gave rise to relatively well-resolved DARR spectra
where many individual crosspeaks could be identified and
analyzed. To determine whether the spectra indeed report
on a (-sheet-rich amyloid fold, we compared the position
of the crosspeaks against a statistical analysis of chemical
shifts deposited in the BMRB and the PDB (Fig. S9). Plot-
ting these distributions with our DARR spectrum reveals
that many of the correlations lie nearer to the center of the
B-sheet distribution than the coil-like distribution. These ob-
servations suggest that the rigid components appearing in
our DARR spectrum contain §-sheet structure.

Unlike previous studies of FUS LC fibrils (16,35,68),
which used seeded fibers in isolation, our samples are a het-
erogeneous mixture of gel-like and fibrillar states. There-
fore, the signal-to-noise in the dipolar experiments is
relatively low, and this precluded the collection of other
multidimensional MAS NMR correlations (e.g., three-
dimensional NCACX and three-dimensional NCOCX).
While this prevented us from performing site-specific as-
signments of the DARR spectra, we were able to compare
our data with the DARR spectra of the published FUS LC
(1-214) structure of seeded amyloid fibers (Fig. S10;
(16)). This comparison revealed significant differences be-
tween the two spectra. First, our spectrum is relatively
broader, indicating the presence of heterogeneity and/or in-
termediate dynamics that can interfere with the timescale of
the NMR experiment and cause line broadening. This is ex-
pected as our sample is more heterogenous and dynamic by
design. Second, a significant number of crosspeaks appear
to be shifted or missing from our spectrum. This includes
crosspeaks for the unique residues Asp46 and Pro72 that
appear to be substantially shifted as well as crosspeaks for
residues such as GIn93 that are not present altogether. Other
residues that potentially experience different environments
or are not part of the core include Thr45, Thr47, Ser70,
Thr78, and Ser90.

Recent structural studies of FUS LC fibrils have indi-
cated the presence of two possible 3-sheet cores (16,68).
In constructs that comprise residues 1-214 or 1-110, the
(-sheet core spans residues 39-95 and has the same struc-
ture in both cases. In a construct that lacks the N-terminal
portion of the sequence and covers residues 111-214,
a different (-sheet core can be formed by residues
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FIGURE 3 2D correlation spectra of FUS LC and FUS LC G156E. (A)
End-state 'H-'>C INEPT spectra of FUS LC (orange) and FUS LC
GI156E (black) are shown. The asterisks denotes a new glycine cross-
peak that appears in the FUS LC G156E sample. (B) End-state '*C-'>C
DARR correlation spectra of FUS LC (orange) and FUS LC G156E (black)
are shown.

112-150. Because our spectrum clearly contains aspartate
and multiple threonine residues, amino acids that are only
present or enriched in the N-terminal portion of the
sequence, we conclude that the core of the LLPS fibrils
investigated here is generally located in a similar region
as the 39-95 (-sheet core. However, the structure of the
core is different for the LLPS-derived fibrils as manifested
by the significant chemical shift changes for some cross-
peaks. The missing signals for some residues (e.g.,
GIn93) might also indicate that the (B-sheet core of the
LLPS-derived fibrils is smaller compared to the 39-95
core of the seeded FUS LC (1-214) fibers. It should also
be noted that our DARR spectrum contains a much more
intense tyrosine Ca-C(@-region, potentially implying a
more prominent role for these residues in the structure
and dynamics of the final state.

Liquid-to-solid transition of FUS LC

Finally, we compared the DARR spectra of the wild-type
FUS LC and the G156E mutant (Fig. 3 B). The two spectra
are much more similar to each other than to the DARR spec-
trum of the seeded FUS LC (1-214) amyloids. Common
features among the LLSP-derived samples include the over-
lapping signals for Pro72 and Asp46, the prominently
missing GIn93 signal, and the overlapping shapes of the
threonine and serine regions of the spectra. Therefore, it ap-
pears that the LLPS-derived fibers of FUS LC and FUS LC
G156E share a similar $-sheet core located in the N-termi-
nal segment of the protein sequence. The structure and dy-
namics of the two folds, however, are not completely
identical, as indicated by the loss of intensity and small
chemical shift changes for some crosspeaks in the G156E
sample.

Therefore, the combined analyses of the INEPT and
DARR spectra discussed above reveal several important ob-
servations. LLPS-derived FUS LC (1-163) amyloid fibrils
have a disordered C-terminus similar to the seeded fibers
of FUS LC (1-214). Similarly, the LLPS-derived fibers
favor an N-terminal $-sheet core approximately centered
around residues 39-95 of the protein sequence. This core,
however, is potentially smaller and distinctly folded
compared to the N-terminal core of fibers obtained through
seeding. Therefore, the liquid droplet environment appears
to influence the structure of the coupled amyloid state.
The crowded conditions during LLPS may favor different
types of protein-protein interactions that lead to the
observed differences. For example, the valence and
patterning of tyrosine residues is an important determinant
of FUS LLPS (4), and amyloid formation involves the for-
mation of steric zippers with good side-chain complemen-
tarity (16,68,80). The interactions of the tyrosine residues
therefore may fine tune the exact position of the steric zip-
pers in the FUS LC fibers. FUS is an important component
of cellular stress granules which have LLPS properties and
are often misregulated in amyotrophic lateral sclerosis
(81,82). Thus, LLPS conditions may also influence the
structure of pathogenic FUS fibers in neurodegenerative
disease.

The G156E mutation exposes the amyloidogenic
core of FUS LC

Previous work has shown that phosphorylation of serine and
threonine residues in the FUS LC domain can inhibit LLPS
(16,48). Incubation at high pH also disrupts LLPS likely
because of the deprotonation and subsequent negative
charge of tyrosine side chains in FUS LC under these con-
ditions (31). It is therefore noteworthy that the disease-rele-
vant G156E mutant, which introduces a negatively charged
residue into FUS LC, can not only undergo LLPS but also
exhibits faster aggregation kinetics than the wild-type.
Furthermore, based on the published structures of seeded fi-
brils (16,68) and our MAS NMR analysis, this residue does
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FIGURE 4 Coarse-grained simulations of FUS LC and FUS LC G156E droplets. (A) Intermolecular contact map for FUS LC is shown. Regions with a
large number of contacts appear in orange, whereas regions with a relatively low number of contacts appear in white. (B) Intermolecular contact map for FUS
LC G156E is shown. The color coding for both maps is the same and both maps represent contacts within a 15-A cutoff. Distance is measured from the bead
centers. (C) Difference map in which red indicates regions where FUS LC makes more contacts, whereas blue indicates regions where FUS LC G156E makes
more contacts. The purple rectangles denote the fibril core of FUS LC (1-214) as determined in Ref. 16.

not appear to participate in the ordered fibril core. There-
fore, it is still unclear how this mutation promotes amyloido-
genesis from an LLPS state. To gain insight into the early
events that may drive this behavior, we used coarse-grained
molecular dynamics simulations to model interactions in
liquid droplets formed by wild-type FUS LC and the FUS
LC GI56E mutant. We applied a hydrophobicity scale
model (64), initially described by Dignon et al., which is
capable of recapitulating LLPS in silico and has been used
to analyze interactions in wild-type FUS, FUS LC, and
phosphomimetic substitutions of FUS LC (27,32).

Separate simulations of 100 dispersed FUS LC or FUS
LC G156E monomers in random configurations were pre-
pared and allowed to proceed for 1.1 us. In both simulations,
dispersed monomers rapidly coalesced into a dynamic
droplet-like state within 30 ns. The droplet persisted
throughout the simulation (Fig. S11), with some monomers
occasionally breaking free from the LLPS droplet and re-
joining after a few ns. We analyzed the coalesced state by
constructing intermolecular contact maps that represent
the number of pair-wise amino acid contacts within a spec-
ified radius. For each simulation run, 100 frames from the
droplet state were extracted and interparticle distances
were measured for all particles in the simulation. Particles
that were within the specified distance radius were counted
as a contact. Intramolecular (i.e., intramonomer) interac-
tions were not counted. The mean number of contacts across
all frames and monomers was used to construct the contact
maps.

In alignment with previous simulations of FUS LC,
there are no notable regions of high contact propensity
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within a contact radius of up to 7 A (Fig. S12; (32)).
This is also consistent with experimental literature that
suggests that LLPS of FUS LC is not driven by specific
regions in the sequence (32). At longer contact distances
(8-15 ;\), however, some features start to appear in the
contact map for FUS LC (Fig. 4 A; Fig. S12). This in-
cludes 1) fewer contacts between the regions surrounding
the two native negatively charged residues, Asp5 and
Asp46, and 2) increased contacts between a segment en-
compassing residues 15-25 and another segment
comprising the more aliphatic region of FUS LC between
residues 99-110. It is noteworthy that those interacting re-
gions flank the rigid fibril core of the seeded fibers (39—
95) but are not part of it.

The 15 A contact map for FUS LC GI156E appears
similar to the contact map of the wild-type construct
(Fig. 4, B and C) with one exception. The introduction of
a negative charge at position 156 decreases the number
of contacts between the C-terminus and the N-terminal
Asp5 and Asp 46 so that two additional repulsive regions
are observed in the map. Overall, the repulsion between
these negatively charged residues results in reduced inter-
actions of the C-terminus with the N-terminal part of the
protein. On the other hand, the higher contact propensities
of regions 15-25 and 99-110 do not appear to be affected
by the presence of the additional negative charge. These
conclusions hold across three different simulations with in-
dependent starting conditions for each sample and are not
caused by surface effects (Fig. S13 and S14). In light of
these observations, we propose that the introduction of
the GI56E mutation into FUS LC reduces the number of



nonproductive interactions between the termini and
leads to greater exposure of the inner segments of the pro-
tein. This increases the propensity for protein-protein inter-
actions that, in turn, leads to amyloid formation on an
accelerated timescale.

CONCLUSION

The LC domain of FUS can undergo phase transitions that
lead to the formation of liquid droplets, gels, and amyloid.
Our work demonstrates that that FUS LC droplets formed
at neutral pH mature into amyloid-like states over the course
of several weeks, a transition that can be significantly accel-
erated by the disease-relevant mutation G156E. The slow ki-
netics of the process allowed us to follow this transition by
MAS NMR spectroscopy and to observe the formation of
characteristic 3-sheet signatures at residue-specific resolu-
tion in real time. Whereas the resulting 3-sheet core of these
LLPS-derived fibrils is located in the same region of the
sequence as the rigid core formed by seeded fibers, the
core structure of the LLPS-derived fibrils appears to be
different. Furthermore, when the LLPS environment was
eliminated by the addition of 1,6-hexanediol, no amyloid fi-
brils were observed in the course of the experiment. These
observations imply that liquid droplet environments can in-
fluence both the efficiency of fibril formation and their
structural signatures. As FUS is often located in stress gran-
ules in the cell (81), the crowded conditions promoted by
LLPS may play an important role in its pathogenic amyloid
formation.

In contrast to the differences observed between the fibril
core structure of seeded FUS LC fibrils and LLPS-derived
fibrils, the fibril core structures of the LLPS-derived FUS
LC and FUS LC G156E constructs appear relatively similar
to each other. The most striking differences between the
wild-type protein and the pathological mutant were matura-
tion rate rather than the final structure, with the FUS LC
G156E protein forming fibrils much earlier than its wild-
type counterpart under the same conditions. Although the
wild-type FUS LC sample has a significant mobile compo-
nent even after several weeks, the G156E mutant matures
much more rapidly and loses mobility over the course of
several days. Thus, a single negatively charged mutation
at a region of the sequence that does not participate in fibril
core interactions can have dramatic consequences on the fi-
brillization process. Our coarse-grained simulations suggest
that the presence of this negatively charged residue near the
C-terminus increases the repulsion between the termini and
promotes enhanced intermolecular contacts between inner
regions of the protein. This mechanism may also explain
the increased aggregation propensity of the full-length
G156E mutant (19).

Our approach presented here combines imaging, MAS
NMR spectroscopy, and computational methods to provide
new molecular insights into the elusive transformation of
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a protein from the liquid droplet to the gel and amyloid
states. Our strategy is versatile and provides a platform for
the analysis of other proteins that exhibit similar behavior
in viscous and heterogeneous environments. This approach
can also be extended to explore the role of relevant biolog-
ical components and small molecules on phase separation,
gelation and amyloid formation.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2021.02.008.
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Figure S1. A) The sequence of FUS LC (1 -163) used in this work. The N-terminal glycine is left
after cleavage with TEV protease. The seeded fibril core determined by Murray et al.l is
highlighted in bold, and the site of the G156E mutation is marked in red. B) Amino acid
composition analysis of the FUS LC construct. C) Solution NMR spectrum of 150 uM FUS LC
obtained at 800 MHz in 20 mM MES, pH 5.5 at 25 °C similar to the conditions used by Burke et
al.> where FUS LC can form droplets but not amyloids.
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Figure S2. (A-B) Representative analytical C18 reverse-phase HPLC chromatograms of purified
FUS LC and FUS LC G156E, respectively. (C-D) ESI-MS of the purified proteins.
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Figure S3. Representative transmission electron microscopy (TEM) images of a wild-type FUS LC
sample after two months of maturation.
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Figure S4. A) FRAP recovery curves of Cy3-labeled FUS LC droplets (5% Cy3-labeled protein)
followed over the course of several weeks as they mature into gels and fibrillar species. During
the first few days, recovery is highly heterogeneous as not all droplets have reached the same
gel-like state. Six unique droplets were photobleached for each time point and data are plotted
as the mean recovery with a 95% confidence interval. B) FRAP recovery of FUS LC G156E droplets
recorded immediately after LLPS initiation indicating a high degree of mobility at the initial stages
of the transformation process. Six unique droplets were photobleached for each time point and
data are plotted as the mean recovery with a 95% confidence interval. The data were fit with the
one phase association model in GraphPad Prism using the equation Y = Y, + (Plateau — Y;) *

1- e_t/f) where Y, represents the beginning of the FRAP curve and is set to zero. The Plateau
represents the mobile fraction which is 0.50 + 0.01 for the WT FUS LC sample and 0.71 + 0.01 for
the G156E FUS LC mutant. T represents the characteristic recovery time which is 32 + 2 s for the
WT FUS LC sample, and 30 + 2 for the G156E FUS LC mutant.
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Figure S5. A) Thioflavin T fluorescence assay of FUS LC amyloid formation in the presence and
absence of 10% 1,6-hexanediol. Experiments were done in triplicate. B) Imaging of Cy3 labeled
FUS LC samples in the presence and absence of 10% 1,6-hexanediol. C) Cy3 labeled FUS LC
samples with and without 10% 1,6-hexanediol. Inhibition of LLPS is apparent in the hexanediol
sample (left).
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Figure S6. A) Representative CP spectra of the FUS LC sample acquired on different days along
the transformation process. B) The same spectra as in (A) but normalized to the highest intensity
peak of the day 19 spectrum to highlight changes in chemical shifts throughout the
transformation process. C) Representative CP spectra of the FUS LC G165E sample acquired at
different days along the transformation process. D) The same spectra as in (C) but normalized to
the highest intensity peak of the day 11 spectrum to highlight changes in chemical shifts
throughout the transformation process. The asterisks highlight peaks where significant changes
are observed. Note that changes in the 40 — 45 ppm region may arise from Gly Ca, Asp CP, Asn

CB or Tyr CPB resonances.
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Figure S7. Comparison of the initial and final states of the FUS LC and the FUS LC G156E samples.
A) CP spectra acquired on day 0, B) INEPT spectra acquired on day 0, C) CP spectra acquired on
day 19 for FUS LC and day 11 for FUS LC G156E, D) INEPT spectra acquired on day 19 for FUS LC
and day 11 for FUS LC G156E. Each set of spectra is normalized to the highest intensity peak. The
FUS LC data were acquired with 128 scans, while the FUS G156E spectra were acquired with 1600
scans (see also Table S1).
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Figure S8. Temperature dependence of the FUS LC CP, INEPT and DP MAS NMR spectra. The
reported temperature values reflect the temperature of the cooling gas, while we estimate that
the actual sample temperature is 10 - 15 °C higher. The bottom spectra compare data obtained
at 285 K before (dashed line, same as top spectrum) and after (solid line) cooling the sample.
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Figure S9. Analysis of the B-sheet content of the 2D DARR correlation spectra of FUS LC based on
chemical shift statistics from the BMRB. For each residue type, red densities denote the statistical
distribution of B-sheet chemical shifts, while blue densities represent random coil chemical shifts.
Although there is some overlap between B-sheet and coil densities, the correlations observed in
our DARR experiment fall well within the B-sheet statistical distributions, suggesting that the final
state of FUS LC contains B-sheet secondary structure.
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Figure S10. Comparison of the DARR spectra of the FUS LC(1-163) sample used in this work
(orange) and the DARR spectra of FUS LC(1-214) from Murray et al. (blue)'.The assighments
correspond to the FUS LC(1-214) sample as determined by Murray et al.
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Figure S11. Snapshots of the production coarse-grained molecular dynamics run of FUS LC with
FUS LC monomers colored by cluster. Clusters are separated by at least 3.2 nm. Particles
representing 100 FUS LC monomers were placed into a 50 nm x 50 nm x 50 nm simulation cell at
the beginning of the run. As the simulation progressed, the protein rapidly condensed into a
discrete droplet. The droplet integrity was maintained throughout the entire run, with few
monomers occasionally breaking free and then rejoining the droplet.
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Figure S12. Intermolecular contact maps for FUS LC and FUS LC G156E with varying cutoff radii.
Distances are measured from bead centers. The contacts maps for each cutoff radius use the
same color coding for the number of contacts. A) Maps for FUS LC. B) Maps for FUS LC G156E.
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Figure S13. Contact maps generated for three independent replicates of the coarse-grained
simulations of A) FUS LC, and B) FUS LC G156E. Each replicate was run for 300 ns starting from
an independent initial condition and each contact map averages data over 300 frames in the
droplet state. The contact maps represent contacts within 15 A and use the same color coding
for the number of contacts.
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Figure S14. A boxplot depicting the distribution of distances from the center of the LLPS droplet
for each residue in A) FUS LC, and B) FUS LC G156E. The data are based on 100 simulation frames.
With 100 monomers in each simulation, the boxplot for each residue represents 100 x 100 =
10,000 observations. Median distances for each residue are presented in orange and the
approximate droplet radius is represented by a red dashed line. The median distance from the
droplet centeris 8.0—8.7 nm for each residue and the medians appear similar within each protein
and between the wild-type and the mutant protein. Since the droplets contain 100 monomers
and are small (the average droplet radius is ~ 14 nm), the surface to volume ratio is large.
However, based on these data we can conclude that there are no significant differences between
the two samples regarding how often a residue is on the surface or in the interior of the droplet.
Therefore, the observed differences in the contact maps presented in Figure 4 are not due to
surface effects. We note that G156E FUS LC monomers appear more likely to break off the droplet
as represented by the larger number of outliers in the boxplot for that sample. The presence of
these outliers does not have a significant effect the median distance from the droplet center as
the number of outliers is still small when compared to the total number of monomers
represented in the data.
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Table S1. Parameters for NMR experiments. All experiments were performed at MAS frequency
of 11.11 kHz, 285 K, 750 MHz 'H Larmor frequency with a 3.2 mm Ef¢ HCN probe.

Experiment FUS LC FUS LC G156E
Sample amount 20 | mg 20 | mg
CP

Number of scans 128 | scans 1600 | scans
Recycle delay 4 s 4 s

CP contact time 1.75 | ms 1.75 | ms
Decoupling SPINAL64 SPINAL64
Decoupling power 90 | kHz 90 | kHz
Acquisition time 9 | ms 9| ms
INEPT

Number of scans 128 | scans 1600 | scans
Recycle delay 4 s 4 s
BCn/2 5| ps 5| us

H /2 2.75 | us 2.75 | s
Refocusing parameter 140 | Hz 140 | Hz
Decoupling SPINAL64 SPINAL64
Decoupling power 90 | kHz 90 | kHz
Acquisition time 9| ms 9 ms
DP

Number of scans 128 | scans 1600 | scans
Recycle delay 4 |s 4 |s
BCcn/2 5| us 5| us
Decoupling SPINAL64 SPINAL64
Decoupling power 90 | kHz 90 | kHz
Acquisition time 9| ms 9 ms
2D-INEPT

Number of scans 32 | scans 32 | scans
Recycle delay 3]s 31s
1BCn/2 5| us 5| us

H /2 2.75 | ps 2.75 | us
Refocusing parameter 140 | Hz 140 | Hz
Decoupling swftppm swftppm
Decoupling power 90 | kHz 90 | kHz
t1 acquisition 333 | ms 333 | ms
tl points 500 500
CP-DARR

Number of scans 160 | scans 64 | scans
Recycle delay 4| s 4 s

CP contact time 1.75 | ms 1.75 | ms
Decoupling SPINAL64 SPINAL64
Decoupling power 90 | kHz 90 | kHz
'H power during DARR 11.1 | kHz 11.1 | kHz
DARR mixing 20 | ms 20 | ms
t1 acquisition 3.2 | ms 3.2 | ms
t1 points 256 256
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Chapter 3: The small heat shock protein HSPB1 forms cage-like oligomers in the absence

of a client

Introduction

Protein folding, like many processes in biology, is error-prone!-2. Proteins are flexible and
dynamic molecules, and their structural plasticity is often the result of marginal thermodynamic
stability that can lead to misfolding. Misfolded proteins are generally considered to be
undesirable and in many cases are implicated in aging and disease’?. In mammalian cells,
thousands of proteins are involved in preventing or resolving protein misfolding and maintaining
homeostasis in the folded protein population, an equilibrium referred to as proteostasis®’. Since
all proteins are capable of misfolding, the mechanisms that facilitate proteostasis must be
universal enough to prevent the pathological misfolding of all proteins. This one-to-many
relationship is compelling from a structural perspective—how can a protein-protein interaction be
general enough that it can address all of the possible routes of protein misfolding that are present

in the proteome?

One of the central classes of proteins involved in proteostasis are molecular chaperones, which
engage misfolded or partially folded proteins®. Molecular chaperones generally act either during
translation as trans-ribosomal facilitators of protein folding (providing a potential solution to
Levinthal’s Paradox®) or as modulators of a terminal unfolded or misfolded state where they bind
to protein aggregates and fibrils'®!!. The former category is mostly populated with ATP-

dependent chaperone complexes that bind to exposed hydrophobic residues in nascent
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polypeptides and transiently block aggregation in these regions, facilitating protein folding
through kinetic partitioning!!. Notable members of this class of molecular chaperones in
mammals are HSP10/HSP60'2, HSP70!3, and HSP90!415, The latter category of molecular
chaperones is more diverse and includes both ATP-dependent active molecular chaperones and
ATP-independent molecular chaperones that bind unfolded or misfolded proteins passively
without actively facilitating refolding. These passive molecular chaperones are often referred to
as “holdases”, a functional nomenclature that describes their role as binders that sustain unfolded
proteins in a folding-competent state and buffer the more complex functionality of active
chaperones such as HSP70 or HSP90. In many cases, protein folding or protein refolding
involves interplay between ATP-dependent active molecular chaperones and ATP-independent

holdases.

Small heat shock proteins (sHsps) are a superfamily of holdases that are some of the most
diverse and widespread molecular chaperones!®-?’. They are also some of the best studied— small
heat shock proteins were identified as a distinct class of proteins in the 1980s?!-22, were first
recognized to have chaperone activity in the early 1990s?*-%, and have been implicated in a wide
range of biological processes and disease pathologies since?. All sHsps share the same tripartite
domain architecture despite having a poorly conserved primary sequence?. The core component
is the a-crystallin domain (ACD), a 90 — 100 residue domain that adopts a characteristic [3-
sandwich fold containing two layers of five and three antiparallel B-sheet strands each. The N-
terminal domain (NTD) is of variable length and sequence, and it is generally considered to be
partially or totally disordered yet largely immobile. The evidence for this unusual conformational

heterogeneity without dynamic motion is chiefly provided by difficulties resolving the NTD with
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most structural biology methods, including solution NMR spectroscopy?’, cryo-EM?3-3°, and
crystallography®!-32. Some studies have resolved small regions of consistent secondary structure
within the NTD using solid-state NMR?? or by capturing sHsps complexed with short client
peptides®*. The C-terminal domain (CTD) is generally shorter than the NTD and ACD and is
disordered and dynamic enough to be observed by solution NMR. All three domains play

important roles in sHsp function.

Although the domain architecture of sHsps is simple, sHsps have been refractory to structural
characterization due to their formation of intricate polydisperse and heterogeneous
oligomers?®>3¢_ In addition to the different dynamics observed in the NTD, ACD, and CTD of
individual sHsp monomers, oligomers themselves are highly dynamic and engage in subunit
exchange which can further complicate structural characterization®’-8, Nevertheless, several
structures or structural models for full-length sHsps exist. Crystal structures of multiple
monodisperse sHsp oligomers have been determined, consistently revealing cage-like
symmetrical or pseudosymmetrical assemblies constructed from a dimer base unit*2-3*4,
Negative stain microscopy and cryo-EM have been used to show that polydisperse sHsps form
similar cage-like oligomer structures, with examples from aA-crystallin®®, aB-crystallin*!42,
Hsp16.54% Hsp212°, Hsp26%4, and Sip1%. Electron microscopy methods have the advantage
of being able to identify multiple oligomer states within a single sample, which can lead to
powerful analysis of both the architecture of oligomers and the relative distribution of each
oligomer?®, Lastly, a solid-state NMR structure of an aB-crystallin 24mer, the result of a tour-de-
force of MAS NMR spectroscopy, is one of the most comprehensive and detailed descriptions of

33,47

the structure of a sHsp oligomer in the literature’”*’. As expected from functional data, almost all
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sHsp oligomers are built from dimers that are formed across two ACD domains, with
interactions between the CTD (usually via a conserved IXI motif) and the $4/8 groove of an
adjacent ACD as well as interactions between the NTDs of adjacent dimers contributing to the

integrity of the cage-like structure in many cases.

The size distribution and degree of polydispersity exhibited by sHsp oligomers varies, and is tied
to the primary sequence of each sHsp**. In addition to primary sequence, abiotic factors such as
temperature, pH, concentration, oxidation state, and the presence of post-translational
modifications can also affect oligomer distribution?®2%48-32_ For a given sHsp, the oligomer
profile is directly linked to the capacity to act as a holdase, but the relationship is inconsistent—
both low?*%33->* and high*->> molecular weight oligomers have been implicated in molecular
chaperone activity. For example, in the case of aB-crystallin and HSPBI1, the two most abundant
mammalian sHsps, phosphorylation at three specific residues in the NTD shifts the distribution
of oligomer sizes towards smaller oligomers and increases chaperone activity>>37¢62, Ag a

counterpoint, heat shock of HSP18.1 from pea induces a transition from inactive monodisperse

dodecamers to a population of larger polydisperse oligomers that bind to clients®.

It is possible that different oligomer sizes expose different parts of the same sHsp in order to
bind different clients. For example, in a recent report by Liu et al, wild-type HSPB1, which
forms large oligomers, was shown to engage the intrinsically disordered protein FUS LC in the
monomeric state and prevent condensate formation while a phosphomimetic 3D-HSPB1
construct which forms smaller oligomers was shown to allow condensate formation but protect

against B-sheet formation of FUS LC®. Delbecq and Klevit recently demonstrated that the
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chaperone activity of HSPBS5 towards aLac at early monomeric, and late, aggregated stages of its
aggregation pathway were determined by the ability of HSPBS to alter its oligomeric
distribution®®. In a similar vein, there is growing evidence that individual domains of sHsps are
responsible for engaging different types of clients, with the NTD and ACD domains often being

implicated in binding different types of clients, or clients in different states®26465,

To investigate the role of sHsp domains in client chaperoning, we set out to explore the
relationship between HSPB1 and a series of intrinsically disordered proteins in multiple states.
There is already mounting evidence that HSPB1 is capable of interacting with FUS LC and
affecting the phase transitions of FUS LC between the monomeric, liquid-liquid phase separated,
and fibrillar state®?. The status of HSPB1 as the most highly expressed sHsp in the human
proteome and the functional evidence of the relationship between HSPB1 and FUS LC phase
transitions positions this system as an ideal one for investigating chaperone function through a
structural lens. In order to provide context for our investigation of HSPB1-client interactions
described in Chapter 4 of this dissertation, we first sought to characterize the structure of HSPB1
and HSPB1 oligomers in the absence of a client. Characterization of the oligomer structure of the
client-free state of HSPB1 provides context for the changes in HSPB1 structure and dynamics
observed when challenged with client proteins in phase separated, aggregated, and fibrillar

states.
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Materials and methods

Expression of HSPB1 and related constructs

HSPB1 was prepared from recombinant Rosetta (DE3) competent Escherichia coli cells
(MilliporeSigma, Burlington, MA) that had been transformed with a plasmid encoding the full-
length HSPB1 sequence (Fig. 3.S1). The HSPB1 sequence was sourced from a template plasmid
encoding the 6xHis-TEV-HSPB1 construct, a gift from Don Cleveland, from which the 6xHis-
TEV sequenced had been excised using an NEBuilder HiFi DNA Assembly Cloning Kit (New
England Biolabs, Ipswitch, MA) and custom primers (Integrated DNA Technologies, Inc.,
Coralville, TA). Seed cultures were grown to saturation from freshly transformed colonies and
inoculated at a 1% v/v ratio into Luria-Bertani medium supplemented with kanamycin

(50 pg/mL). Cultures were grown in LB at 37°C to an OD600 of ~ 0.6, at which time the
temperature was reduced to 18 °C and protein expression was induced by the addition of 1 mM
isopropyl-p-D-thiogalactoside. Cultures were allowed to express protein for 16 hours at 18 °C
before being harvested by centrifugation at 5,000 RCF and 4°C for 30 minutes. After decanting
the supernatant, cell pellets were either immediately used for purification of HSPB1 or stored at -

80°C for later use.

Purification of HSPB1 and related constructs

We found that TEV cleavage of the His-TEV-HSPB1 was unreliable, with some preparations

containing small amounts of uncleaved His-TEV-HSPBI1 in addition to the tag-free HSPB1
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cleavage product (possibly due to steric occlusion of the N-terminal TEV cleavage sequence in
HSPBI1 oligomers). To circumvent this, we turned to a tagless ammonium sulfate-mediated

purification inspired by approaches previously described in the literature*’-66-8,

Briefly, the HSPBI1 cell pellet was thawed if necessary, resuspended in lysis buffer (50 mM
sodium phosphate, 50 mM sodium chloride, Roche cOmplete™ EDTA-free Protease Inhibitor
Cocktail, pH 7.4) and lysed by pulsed sonication for 30 minutes using a Qsonica sonicator with a
1/8” diameter probe tip at 12 kHz (60%) output and 4°C. The lysate was cleared by
centrifugation at 30,000 RCF for 30 minutes and the supernatant was decanted into an
Erlenmeyer flask with a stir bar. To this was added saturated ammonium sulfate (4.1 M),
dropwise, to a final concentration of 40% saturation (1.64 M) at room temperature. The solution
was allowed to stir for 30 minutes, after which the precipitated protein was pelleted by
centrifugation at 30,000 RCF for 30 minutes at 4 °C. The supernatant was discarded and the
pellet was redissolved in 20 mM tris(hydroxymethyl)aminomethane, 10 mM magnesium
chloride, 30 mM ammonium chloride, pH 7.6 at room temperature. The resulting solution was
desalted by running over PD-10 desalting columns packed with Sephadex G-25 resin (Cytiva,
Marlborough, MA) equilibrated in the same buffer. The desalted HSPB1 solution was further
purified by ion exchange chromatography over a Mono Q anion exchange column (Cytiva,
Marlborough, MA) equilibrated in the same buffer. Protein was eluted from the column using a
0-250 mM NacCl gradient. The fractions containing HSPB1 were concentrated and subjected to
reverse-phase HPLC purification over a Waters XBridge Peptide BEH C18 OBD prep column
(130 A pore size, 10 pm particle size, 19 mm X 250 mm) using a Waters 2535 Binary Gradient

Module equipped with a 2484 UV/Vis detector (Waters Corporation, Milford, MA). Sample
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purity was confirmed using a Waters XBridge Peptide BEH C18 column (300 A pore size, 5 pm
particle size, 2.1 mm X 100 mm) on the same HPLC system. Sample identity was confirmed by
intact mass QTOFMS using an Agilent 1260 Infinity Binary LC coupled to a 6230 Accurate-
Mass TOFMS system (Agilent Technologies, Santa Clara, CA). All HPLC purifications utilized
a gradient method of water and acetonitrile with 0.1% trifluoroacetic acid as the mobile phases.
After HPLC purification, samples were lyophilized and refolded by dialysis at 4 °C from 6 M
guanidine hydrochloride, 50 mM sodium phosphate, 50 mM sodium chloride, pH 7.4, into the
same buffer without denaturant. If samples were not used immediately after preparation, they

were concentrated to ~1 mM and flash frozen at -80 °C for storage.

Analytical Ultracentrifugation

The analytical ultracentrifugation sedimentation velocity experiment was performed using a
ProteomeLab XL-I (Beckman Coulter, Brea, CA) analytical ultracentrifuge, with absorbance
detection at 280 nm. Samples of HSPB1 were prepared in 50 mM sodium phosphate, 50 mM
sodium chloride, +/- 2 mM tris(2-carboxyethyl)phosphine, pH 7.4 at 0.3 mg/ml (A280 = 0.5) and
loaded into 2-channel cells equipped with sapphire windows and spun using an An-50 Ti 8-place

rotor at 40,000 rpm and 20°C for 20 hours. Data were analyzed using Sedfit®.

Cryo-electron microscopy sample preparation and data collection

Samples of HPSB1 were prepared in 50 mM sodium phosphate, 50 mM sodium chloride, 5 mM

tris(2-carboxyethyl)phosphine, pH 7.4 at concentrations ranging from 0.5 mg/ml to 4 mg/ml.
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Samples were allowed to equilibrate at room temperature for at least 1 hour before application to
the grid. Freshly glow-discharged Quantifoil R 2/1 holey carbon-on-copper grids (Quantifoil
Micro Tools GmbH, Jena, Germany) were loaded into a Vitrobot Mark II System (Thermo
Fisher Scientific, Waltham, MA) and 4 pl of HSPB1 sample were applied at 4°C and 100%
relative humidity to prevent sample evaporation. The blotting parameters were set to blot for 4
seconds with a blot force of -10. After blotting, the grid was plunge-frozen into liquid ethane.
Following plunge freezing, the grids were clipped and stored under liquid nitrogen until data

collection.

For data collection, grids were loaded into an autoloader cassette and transferred into a Titan
Krios G3 transmission electron microscope equipped with a K2 Summit direct electron detector
with a Bioquantum energy filter. Movies were acquired at a 300 kV accelerating voltage with a
calibrated pixel size of 1.1 A/pixel. The total electron dose was 64.5 e-/A2, fractionated over

multiple frames to allow for dose-weighted motion correction during data processing.

Cryo-electron microscopy image processing

All cryo-EM data were processed using CryoSPARC v4.27%, Tmage preprocessing, including

patch motion correction, contrast transfer function estimation, blob picking, and initial 2D

classification was performed during data acquisition with CryoSPARC Live.

To prepare volumes for particle sorting via heterogeneous refinement, a dataset of ~3.48 M

particles was picked from 6,204 curated movies using an elliptical blob picker with a 100
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angstrom minimum radius and 300 &ngstrom maximum radius. Particles were extracted in 360
pixel boxes and Fourier cropped to 90 pixels. The resulting particle stack was pared down to
~1.34 M particles based on normalized cross correlation (NCC) score and power score cutoffs,
and further curated to ~377 k particles via 2D classification. The final 2D classes were used to
generate templates from which a subsequent round of template picking yielded ~4.09 M
particles. This particle stack was pared to ~499 k particles using NCC score and power score
cutoffs and further curated to ~424 k particles via 2D classification. These particles were used to
train a Topaz model’! using a learning rate of 3 x 10 over 20 epochs (Fig. 3.S2). This model
picked ~276 k particles. The resulting particle stack was curated to ~239 k particles via 2D

classification.

The particle stack provided by the Topaz model was subjected to multi-class ab-initio
reconstruction with C1 (no symmetry) and D3 symmetry. The volumes generated by these runs
were subsequently subjected to 3D classification. Three dominant classes emerged from the
symmetric dataset. These classes, along with unique classes from the asymmetric 3D

classification, were used as templates for heterogeneous refinement.

In order to circumvent potential issues with sampling, a fresh set of ~3.48 M particles were
extracted from the original set of curated movies. Particles were extracted using a box size of
360 pixels and Fourier cropped to 90 pixels. The resulting particle stack was pared down to
~2.93 M particles based on normalized cross correlation (NCC) score and power score cutoffs
and further curated to ~2.83 M particles via 2D classification. The resulting particle stack was

subjected to heterogeneous refinement using 4 structures from the asymmetric 3D classification,
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4 structures from the D3 symmetric 3D classification, and a T20S volume acting as a junk
class’. All classes resolved to between 10 and 11 angstrom at a Fourier shell correlation cutoff
of 0.1437,

Results

HSPB1 forms dodecameric oligomers after low-temperature refolding

It is well known that the oligomer state and polydispersity of small heat shock proteins are
dependent on concentration and temperature®®?443-52, To prepare pure samples of HSPB1, we
employed preparative HPLC, which circumvents challenges presented by the formation of
noncovalent assemblies of protein by denaturing the protein at high pressures in organic solvent
and separating monomeric protein over a reverse-phase C18 column. After refolding at 4 °C, we
found that HSPB1 exhibited an FPLC elution and AUC sedimentation profile that is most
consistent with a dominant dodecamer species (Fig. 3.1A, 3.1B). The wide FPLC and AUC
profiles suggest that the oligomer distribution is still polydisperse. This oligomer distribution
was invariant to thermal equilibration (Fig. 3.1A). The oligomer distribution was also unaffected
by reduction with 2 mM TCEP (Fig. 3.1B), which is consistent with previous reports that show
that reduction of HSPB1 enhances chaperone activity through the release of monomers rather
than modulation of the oligomer distribution®. Indeed, transmission electron microscopy data
with HSPB1 were more consistent with previous reports for reduced aA-crystallin, which
predominantly forms 12-, 16-, and 20mers that appear as largely uniform particles by negative

stain TEM and cryo-EM (Fig. 3.1C, 3.1D). In contrast to the primarily dodecameric species

83



obtained via HPLC purification, protein purified by size-exclusion chromatography alone

exhibited more
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Figure 3.1: Characterization of HSPB1 oligomer size and polydispersity. A) FPLC
elution profiles of HPLC-purified and refolded HSPB1 with and without thermal equilibration
at 37 °C. B) Analytical ultracentrifugation profiles of HPLC-purified and refolded HSPB1
with and without TCEP. C) A negative stain micrograph of HPLC-purified and refolded
HSPBI1. D) A cryo-electron micrograph of HPLC-purified and refolded HSPB1. E)
Analytical ultracentrifugation profile of FPLC-purified HSPBI.

pronounced polydispersity and a trend towards much larger oligomers, with the elution profile

centered around the 24mer (Fig. 3.1E).

The architecture of HSPB1 dodecamers is heterogeneous with at least two dominant cage-

like subtypes

In order to determine the 3-dimensional architecture of HSPB1 oligomers, we turned to cryo-
electron microscopy (cryo-EM). The dynamic nature and architectural heterogeneity of HSPB1

oligomers pose challenges for particle classification. Initial attempts at 2D classification of
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particles yielded many classes that appeared to represent symmetric or pseudo-symmetric
structures with partially blurry densities, likely representative of partial unfolding, domain
swapping, monomer or dimer exchange, or interconversion between oligomer states. Despite the
obvious heterogeneity in the 2D classes, many of the most highly represented classes look cage-
like and appear to have one or more symmetry axes (Fig. 3.2A). Many of the classes are

remarkably similar to those observed for aA-crystallin?®,

Clear indications of cage-like oligomer formation by HSPB1 can be seen in both raw
micrographs and in 2D classes (Fig. 3.1C, 3.1D, 3.2A). Despite this, attempts to generate 3D
representations of these cage-like structures using symmetry-free ab-initio reconstruction
approaches invariably lead to volumes that are poorly resolved on one side (Fig. 3.2B). While it
is possible that symmetry inherent in HSPB1 oligomers is causing asymmetric assignment of
particles onto the volume during the ab-initio reconstruction process, it is more likely that actual
heterogeneity in the oligomer integrity, dispersity, and architecture is leading to classification
problems that confound the ab-initio reconstruction algorithm. Attempts to resolve this
heterogeneity at the sample level by crosslinking with BS3 were unsuccessful, as were attempts
to use a detergent cocktail to improve oligomer homogeneity or view distribution. Micrographs
from grids prepared using manual plunge techniques’, a Vitrobot, or an SPT Labtech

chameleon’ all produced similar 2D classes and ab-initio reconstructions.

The heterogeneity observed in the data presents a significant classification challenge. In the

literature, this challenge has been addressed for similar sHsps by providing synthetic oligomer

models as templates for refinement®3. In an attempt to reduce the amount of bias in our
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classification and refinement approach, we instead carried out 3D classification using template
volumes derived from multi-class ab-initio reconstructions with and without imposed D3
symmetry under the expectation that many of the particles in the dodecamer state would adopt
this symmetry. This approach generated a number of volumes from which three dominant
symmetrical structural classes emerged. The first is a trefoil-like structure, which looks similar to
the structure of the Hsp21 dodecamer from Arabidopsis thaliana reported by Yu, et al. (EMD-
30261)%. The second is an elongated barrel-like structure that looks similar to the aA-crystallin
dodecamer reported by Kaiser, et al. (EMD-4895)%. The third is a flattened barrel-like structure
with distinct densities for the ACD domains in HSPB1 and a hollow center (Fig. 3.2C). These
structures can be fit with six copies of the structure predicted for the HSPB1 dimer by
AlphaFold-multimer (Fig. 3.S3B) in a pseudosymmetrical manner (Fig. 3.2C). Model fitting and
literature models suggest that the elongated and barrel-like volumes represent “stretched” and

“flattened” versions of the same HSPBI1 architecture. In all cases, it is likely that oligomer

Figure 3.2: HSPBI1 oligomers by cryo-EM. A) 2D classes of HSPB1 show structures
consistent with pseudosymmetrical cage-like oligomers. B) Ab-initio volumes without
enforced symmetry are only partially resolved. C) Forcing D3 symmetry generates volumes
that can be fit with predicted structures for HSPB1 dimers in reasonable oligomer geometries.
Note that the CTDs in the model remain in the disordered configuration predicted by
AlphaFold-multimer.
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integrity is maintained through NTD-NTD and ACD-CTD interactions. For the barrel and
trefoil-like volumes, NTDs are oriented towards the center of the oligomer. Scattered densities
are present inside the center of the oligomer. For the elongated volume, NTD-NTD interactions
occur along the edge of the barrel. In all three cases, insufficient space exists within the oligomer
to allow for a significant degree of NTD dynamics. While our cryo-EM data does not resolve the
CTD, the orientation of HSPB1 dimers in all oligomer models indicates the possibility of
dynamic interactions occurring between the ACD and CTD—an observation that is consistent

with the NMR results presented in Chapter 4, and with the HSPBI literature?’->1-7°,

Heterogeneity in oligomer architecture and dispersity preclude the solution of the structure

of an HSPB1 oligomer to high resolution

Having obtained plausible structural models for HSPB1 oligomers, we conducted a
heterogeneous refinement to sort particles into sets representing each oligomer architecture. In
general, refinement reduced the resolution of features in volumes derived from ab-initio
reconstruction or 3D classification (Fig. 3.3). Heterogeneous refinement can help quantify the
distribution of particles in each oligomeric state. For HSPB1, the majority of the particles in
symmetrical classes were assigned to the flattened (Fig. 3.3C) or elongated (Fig. 3.3B) barrel-
like architectures, and the minority fell into the trefoil architecture (Fig. 3.3A). However, in a
heterogeneous refinement with 4 D3-derived classes, 4 asymmetric classes, and one T20S junk
class’?, 26% of the particles were assigned to the T20S class, and the remaining particles were
divided almost evenly across the symmetric and asymmetric classes, suggesting that the

refinement algorithm had difficulty assigning particles to the correct volume. It is therefore likely
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Figure 3.3: Symmetric HSPB1 oligomer classes after heterogeneous refinement with C1
volumes and a T20S junk volume. A) The trefoil oligomer class. B) The elongated oligomer
class. C) The barrel oligomer class.

that classification challenges are preventing the refinement of HSPB1 oligomers, and that further
particle curation is required to push characterization of HSPB1 oligomers into a high-resolution

regime.

A number of avenues are open for further curation of the HSPBI1 particle stack. First, 2D classes
of HSPBI1 oligomers suggest that oligomers with D4 and D5 symmetry exist in the data in
addition to the D3 symmetrical structures that have been the focus of the HSPB1 data analysis so
far. Providing D4- or D5-symmetrical templates may provide more appropriate targets for
particle sorting during heterogeneous refinement. This can be achieved by either performing ab-
initio reconstructions with enforced symmetry, or by generating synthetic volumes in the mold of
Kaiser, et al?®. Sorted particles could be resubmitted to the standard cryo-EM data processing

pipeline for an unbiased analysis of each symmetry class.

A second possibility is that the trefoil state lies on a trajectory of continuous stretching motion

apparently occupied by the flattened and elongated barrel-like state identified in the current
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dataset. If a continuous transition between the three dominant D3 oligomer classes is represented
in the particle stack, this heterogeneity would hinder the performance of the standard cryo-EM
data processing approach described in this chapter despite the presence of a consistent, albiet
dynamic, structure within the data. Methods for capturing continuous motion within cryo-EM
data that leverage variational autoencoders trained on cryo-EM data are under active
development’’-8°. Although capturing global motion like that exhibited in the stretching of a
cage-like HSPB1 oligomer is currently not possible, future advances in approaches for capturing

continuous motion in cryo-EM data may facilitate the analysis of this dataset.

Finally, although a large amount of data has been collected so far, comprehensive sampling of all
oligomer views could still be an issue if many different oligomer states and many different
oligomer architectures for each state are present. The sampling problem is exacerbated by the
fact that it is clear in the raw micrographs that many of the HSPB1 oligomers are fragmented,
missing dimers, or aggregated into much larger high-order oligomer structures. This is
unsurprising given that the molecular mechanism of HSPB1 chaperoning likely involves
disruption of the oligomer, and the presence of these partially formed or high-order oligomers
may be unavoidable even in a pure sample of HSPB1. It is possible that the acquisition of more
data or the merging of the multiple existing HSPB1 datasets could be necessary to provide

enough data to generate structures for all of the oligomer states present in an HSPB1 sample.

Conclusion
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HSPBI1 and other small heat shock proteins are challenging subjects of structural study due to
their propensity for forming heterogeneous, polydisperse oligomers. The central role of HSPB1
as a modulator of pathological protein phase transitions and protein misfolding makes it an
important structural biology target nonetheless. In the past, the NTD and ACD of HSPB1 have
both been implicated in its ability to act as a molecular chaperone. These regions of the protein,
along with the CTD, are also important for maintaining the integrity of oligomers of the inactive,
client free state. In this work, we set out to understand the high-order architecture of HSPB1
oligomers in order to build models for oligomer structure that will contextualize studies of
HSPBI1 in the client-bound state. We find that the 12mer is the predominant oligomer state of
HSPBI1 after low-temperature refolding, and that there are likely multiple 12mer architectures
present in the HSPB1 oligomer population. Despite the heterogeneity in the structure of HSPB1
oligomers, all of the models derived from our cryo-EM data analysis suggest that NTD-NTD and
ACD-CTD interactions are responsible for maintaining the integrity of HSPB1 oligomers.
Additionally, the orientation of the NTD in our models implies that there is insufficient space to
allow for movement of the NTD. These results are consistent with our observations regarding the
structure and dynamics of the NTD and ACD in the next chapter, and provide insight into the

changes that may be occurring the in structure of HSPBI1 as it engages client proteins.

In the next chapter of this dissertation, we investigate the dynamics of HSPB1’s NTD, ACD, and
CTD domains in the presence of client proteins in different states of self-assembly using magic-
angle spinning solid-state NMR. Integrating the architectural information regarding HSPB1

oligomers in the absence of client with dynamics information about HSPB1’s domains in the
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presence of both liquid-liquid phase separated and fibrillar client proteins yields key information

into the structure-function relationship of HSPB1’s tripartite domain architecture.
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1 MTERR VPFSL LRGPS WDPFR DWYPH SRLFD QAFGL PRLPE EWSQW LGGSS
51 WPGYV RPLPP AAIES PAVAA PAYSR ALSRQ LSSGV SEIRH TADRW RVSLD
101 VNHFA PDELT VKTKD GVVEI TGKHE ERQDE HGYIS RCFSR KYTLP PGVDP
151 TQVSS SLSPE GTLTV EAPMP KLATQ SNEIT IPVTF ESRAQ LGGPE AAKSD
201 ETAAK *

Figure 3.S1: The sequence of HSPB1. The NTD is green, the ACD is orange, and the CTD is
purple.
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Figure 3.S3: Characterization of HSPB1 in vitro and in silico. A) QTOF-MS data and a
representative analytical HPLC chromatogram for purified HSPB1. B) AlphaFold-multimer
predicted structure for the HSPB1 dimer. The NTD is presented in green, the ACD in orange,
and the CTD in purple. C) Predicted Aligned Error (PAE) for the AlphaFold-multimer
predicted structure for the HSPB1 dimer. D) AlphaFold-multimer predicted structures for
4mer, 6mer, and 12mer of HSPB1.The 4mer and 6mer predictions are colored by pLDDT.
The 12mer prediction is colored by chain. PLDDT scores for all predictions are provided in
Figure 3.S3E. E) Predicted Local Distance Difference Test (pLDDT) scores for all
AlphaFold-multimer predictions. Scores for the top 5 predicted structures for each oligomer
class are presented, with the best score represented by a solid opaque line and the remaining
scores presented as dashed semi-transparent lines.
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Characterization of the small heat shock protein HSPBI1 in the presence of a liquid-liquid

phase separated client

Introduction

The discovery of protein liquid-liquid phase separation (LLPS) and its role in biomolecular
organization in the cell has introduced a new dimension to the study of protein self-assembly!.
Unlike the interactions that underpin the formation of fibrils, aggregates, and other static protein
assemblies, LLPS is driven primarily by transient, nonspecific interactions between residues in
participating proteins®. This process yields mesoscale structures in which proteins retain their
intrinsic disorder and exhibit a range of dynamics, which extend from rapid motions comparable
to those observed for monomeric proteins’ to very slow and rigid dynamics®.

At length scales beyond those of the component proteins, LLPS droplets can adopt material
states ranging from liquids to gels and solids*!2. Liquid-like LLPS assemblies exhibit emergent
properties of liquids such as wetting and fusion'?, phenomena that result from surface tension at

the phase boundary of the droplet'*!.

Many proteins known to undergo LLPS are also prone to forming aggregates and fibrils. LLPS
droplets have been observed to undergo phase transitions between material states in vitro,
maturing from liquid-like droplets to gels and aggregates with time®-!2, The relationship between
the liquid droplet state and the solid aggregate state and the factors that contribute to phase
transitions between these two states are not fully understood. It is probable that the protein-

protein interactions that contribute to the maturation of LLPS droplets into gels in vitro play a
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role in the formation of pathological protein aggregates and fibrils in vivo. Studies have shown
that mutations in proteins implicated in neurodegenerative disease etiology can accelerate the
maturation of LLPS droplets formed by these proteins. For example, the FUS G156E mutation
discussed in Chapter 2, which has been shown to accelerate the liquid-to-solid transition of
FUS! and FUS’ low-complexity domain (FUS LC)'2, is associated with familial amyotrophic
lateral sclerosis!’. Similar irreversible liquid-to-solid transitions have been identified in proteins
that are found in pathological aggregates in neurodegenerative disease, including tau'®, a-
synuclein!®, and TDP-432°, and it is likely that mutations and dysregulation in post-translational

modifications contribute to the onset of pathological aggregation in these proteins as well.

Pathological aggregates are targets for association by molecular chaperones, particularly small
heat shock proteins (sHsps). Unlike other molecular chaperones, sHsps are striking in their lack
of substrate specificity and ability to engage client proteins in different states?!. Similar to
pathological liquid-to-solid transitions, the exact mechanism of action of sHsps is not completely
understood, with the only common denominator being that they participate in interactions with
proteins as part of the unfolded protein response, particularly as a reaction to cellular stress. The
versatility of sHsps in client binding stands in contrast to the relatively simple tripartite domain
architecture and structure of sHsps, which are discussed at length in Chapter 3 of this
dissertation. Emerging evidence suggests that the disordered NTD plays an outsized role in
engaging amorphous clients and that the B-sheet-rich ACD is responsible for binding -sheet-rich
fibrillar clients?>?3. Regardless of the binding mode, sHsps have been shown to interact with
intrinsically disordered clients, aggregates, and fibrils, which suggests that they are capable of

engaging client proteins at every stage of the LLPS droplet maturation process. Indeed, a number
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of recent studies have shown that sHsps are present during and capable of modulating liquid-to-

solid transitions of proteins both in vitro and in vivo®%.

In this chapter, our aim is to characterize the structure and dynamics of the sHsp HSPB1 during
interactions with client proteins at each step of a liquid-to-solid transition. This work builds
directly on Chapter 3, where we investigated the architecture of HSPB1 oligomers in the absence
of any client protein using cryo-electron microscopy. To model LLPS systems, we use phase-
separated FUS LC, which HSPB1 has been shown to interact with in both the LLPS and fibril
state?®. As a point of comparison, we use a-synuclein fibrils, which are also known to be clients
of HSPB1?’. These models of HSPBI1 in the client-free, LLPS-bound, and fibril-bound state
allow us to dissect the structure and dynamics of the three domains of HSPBI1 in order to better

understand the role of each domain in binding clients in different states.

To address the challenges associated with the structural plasticity and tendency towards self-
assembly of each of the proteins involved in this study, we employ magic angle spinning (MAS)
NMR spectroscopy. MAS NMR is uniquely capable of extracting information about both
structure and dynamics from the heterogeneous systems under study at physiological
temperatures. MAS NMR has been used to investigate the structural characteristics and
dynamics of sHsp oligomers in the past?*-**. Our approach uses a suite of experiments that
leverage insensitive nuclei enhancement by polarization transfer (INEPT)?! and cross
polarization (CP)*? to enhance the NMR signal. INEPT uses J-coupling interactions to transfer
polarization between nuclei that are connected by a covalent bond. Although the J-coupling

interaction is isotropic and is therefore not subject to line broadening induced by anisotropy, the
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faster 7> relaxation times associated with rigid molecules can eclipse the time needed for
coherence transfer between two nuclei. The practical consequence of this is that INEPT-based
polarization transfer is only efficient for molecules engaging in rapid motions with longer 7>
times, and that INEPT-based experiments will filter for mobile components of an NMR sample.
Unlike INEPT, CP uses anisotropic dipolar coupling for polarization transfer between nuclei.
This interaction occurs through space and is efficient only for nuclei that are engaging in slow
motions. Taken in conjunction, we can apply INEPT-based and CP-based experiments to
interrogate protein systems with heterogeneous dynamics by capturing dynamic, mobile parts of
the protein with INEPT-based experiments and rigid parts of the protein with CP-based
experiments. In this work, we use this approach to dissect the structure and dynamics of the
NTD, ACD, and CTD of HSPBI in the presence of clients such as FUS LC and a-synuclein, and

in the context of LLPS and amyloids.

Materials and methods

Expression and purification of HSPB1 and related constructs

HSPB1 was purified via ammonium sulfate precipitation and preparative HPLC as described in
Chapter 3 of this dissertation. Briefly, the HSPB1 cell pellet was thawed if necessary,
resuspended in lysis buffer (50 mM sodium phosphate, 50 mM sodium chloride, Roche
cOmplete™ EDTA-free Protease Inhibitor Cocktail, pH 7.4) and lysed by pulsed sonication for
30 minutes using a Qsonica sonicator with a 1/8” diameter probe tip at 12 kHz (60%) output and

4°C. The lysate was cleared by centrifugation at 30,000 RCF for 30 minutes and the supernatant
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was decanted into an Erlenmeyer flask with a stir bar. To this was added saturated ammonium
sulfate (4.1 M), dropwise, to a final concentration of 40% saturation (1.64 M) at room
temperature. The solution was allowed to stir for 30 minutes, after which the precipitated protein
was pelleted by centrifugation at 30,000 RCF for 30 minutes at 4 °C. The supernatant was
discarded and the pellet was redissolved in 20 mM tris(hydroxymethyl)aminomethane, 10 mM
magnesium chloride, 30 mM ammonium chloride, pH 7.6 at room temperature. The resulting
solution was desalted by running over PD-10 desalting columns packed with Sephadex G-25
resin (Cytiva, Marlborough, MA) equilibrated in the same buffer. The desalted HSPB1 solution
was further purified by ion exchange chromatography over a Mono Q anion exchange column
(Cytiva, Marlborough, MA) equilibrated in the same buffer. Protein was eluted from the column
using a 0-250 mM NaCl gradient. The fractions containing HSPB1 were concentrated and
subjected to reverse-phase HPLC purification over a Waters XBridge Peptide BEH C18 OBD
prep column (130 A pore size, 10 pm particle size, 19 mm X 250 mm) using a Waters 2535
Binary Gradient Module equipped with a 2484 UV/Vis detector (Waters Corporation, Milford,
MA). Sample purity was confirmed using an analytical Waters XBridge Peptide BEH C18
column (300 A pore size, 5 pm particle size, 2.1 mm X 100 mm) on the same HPLC system.
Sample identity was confirmed by intact mass QTOF-MS using an Agilent 1260 Infinity Binary
LC coupled to a 6230 Accurate-Mass TOF-MS system (Agilent Technologies, Santa Clara, CA).
All HPLC purifications utilized a gradient method of water and acetonitrile with 0.1%
trifluoroacetic acid as the mobile phases. After HPLC purification, samples were lyophilized and
refolded by dialysis at 4 °C from 6 M guanidine hydrochloride, 50 mM sodium phosphate, 50

mM sodium chloride, pH 7.4, into the same buffer without denaturant. If samples were not used
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immediately after preparation, they were concentrated to ~1 mM and flash frozen at -80 °C for

storage.

All HSPBI intein constructs were prepared using HiFi Assembly (New England Biolabs,
Ipswich, MA). Constructs bearing a 6x-Histidine tag were purified by Ni-NTA affinity
chromatography. Briefly, the cell pellet was thawed if previously frozen, resuspended in lysis
buffer (50 mM sodium phosphate, 50 mM sodium chloride, Roche cOmplete™ EDTA-free
Protease Inhibitor Cocktail, pH 7.4) and lysed by pulsed sonication for 30 minutes using a
Qsonica sonicator with a 1/8” diameter probe tip at 12 kHz (60%) output and 4°C. The lysate
was cleared by centrifugation at 30,000 RCF for 30 minutes and the supernatant was incubated
with 3 mL Thermo Scientific HisPur Ni-NTA Resin per liter of culture (Thermo Fisher Scientific,
Waltham, MA) for 30 min at 4°C. The suspension of beads was washed with 10 column volumes
of lysis buffer containing 10 mM imidazole, and protein was eluted with two column volumes of
lysis buffer containing 250 mM imidazole. Ni-NTA binding was confirmed using an SDS-PAGE
gel. For non-intein constructs, the eluted protein was incubated with 6xHis-tagged Tobacco Etch
Virus (TEV) protease at a ratio of 1:100 TEV to protein for 4 h and 25°C to remove the 6x-
Histidine tag. For intein constructs, this step was performed after intein splicing followed by a
round of preparative HPLC to purify the spliced 6xHis-MBP-TEV-HSPBI1 construct. The TEV
splicing reaction mixture was subjected to reverse-phase HPLC purification over a Waters
XBridge Peptide BEH C18 OBD prep column (130 A pore size, 10 um particle size, 19 mm X
250 mm) using a Waters 2545 Binary Gradient Module equipped with a 2484 UV/Vis detector
(Waters Corporation, Milford, MA). Sample purity was confirmed using an analytical Waters

XBridge Peptide BEH C18 column (300 A pore size, 5 pm particle size, 2.1 mm X 100 mm) on
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the same HPLC system. Sample identity was confirmed by intact mass QTOFMS using an
Agilent 1260 Infinity Binary LC coupled to a 6230 Accurate-Mass TOFMS system (Agilent
Technologies, Santa Clara, CA). All HPLC purifications utilized a gradient method of water and
acetonitrile with 0.1% trifluoroacetic acid as the mobile phases. After HPLC purification,
samples were lyophilized and refolded by dialysis from 6 M guanidine hydrochloride, 50 mM
sodium phosphate, 50 mM sodium chloride, pH 7.4, into the same buffer without denaturant. If
samples were not used immediately after preparation, they were concentrated to 1-2 mM and

flash frozen at -80 °C for storage.

Intein Splicing and Purification

Initial attempts to perform splicing reactions with HSPB 1ntp-CfaN-6xHis and 6xHis-Cfa®-
HSPB1acp-cro (Fig. 4.S1A) were confounded by poor solubility of the CfaN construct. Although
splicing did proceed under these conditions, we sought to improve splicing performance by
introducing an MBP solubility tag to the CfaN construct to produce a final 6xHis-MBP-TEV-

HSPB Intp-CfaN-6xHis fusion protein (Fig. 4.S1B). This construct was more soluble.

To prepare segmentally labeled HSPB1, 1N, !*C-6xHis-MBP-TEV-HSPB In1p-CfaN-6xHis and
6xHis-Cfa®-HSPB1acp-ctp were subjected to Ni-NTA chromatography as described in the
previous section. Fractions containing the intein products were diluted in 50 mM sodium
phosphate, 200 mM sodium chloride, | mM EDTA, 2 mM TCEP, pH 8.0 and incubated for 30
minutes at 30 °C before mixing to a final concentration of 15 uM >N, *C-6xHis-MBP-TEV-

HSPB Intp-CfaN-6xHis and 30 uM 6xHis-Cfa®-HSPB1cp-crp. The intein splicing reaction was
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allowed to proceed overnight. The splicing reaction was quenched by adding 8 M guanidine HCl
and 4% trifluoroacetic acid at a 3:1 v/v ratio of reaction to quenching solution and purified by

preparative HPLC as described in the previous section.

Expression and purification of FUS LC

FUS LC was purified as described previously'?. FUS LC was prepared from recombinant Rosetta
(DE3) competent Escherichia coli cells (MilliporeSigma, Burlington, MA) that had been
transformed with a plasmid encoding the 6xHis-MBP-TEV-FUS (1-163) sequence. This plasmid
was a gift from Nicolas Fawzi (Addgene plasmid no. 98653; Addgene, Watertown, MA)?*3. Seed
cultures were grown to saturation from freshly transformed colonies and inoculated at a 1% v/v
ratio into either Luria-Bertani or ’N/!3C-M9 medium supplemented with kanamycin

(50 pg/mL). The cultures were grown at 37 °C to an OD600 of ~0.7 and protein expression was
induced by the addition of 1 mM isopropyl-p-D-thiogalactoside. The cultures were allowed to
express protein for 4 h at 37°C before being harvested by centrifugation at 10,000 x g and 4 °C
for 30 min. After decanting the supernatant, cell pellets were stored at —80 °C for later use. In
addition to the wild-type FUS LC fusion protein, the pathogenic mutant FUS LC G156E protein
was prepared. To generate the mutant, the requisite G to E mutation was introduced to the wild-
type FUS LC plasmid using an NEBuilder HiFi DNA Assembly Cloning Kit (New England
Biolabs, Ipswich, MA). Expression and purification conditions of the G156E mutant protein

were identical to those of the wild-type.
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To purify recombinantly expressed FUS LC, we followed the published protocol by Burke et al.
with some modifications’. The frozen cell pellet was thawed, resuspended in lysis buffer (20 mM
sodium phosphate, 300 mM sodium chloride, Roche cOmplete EDTA-free Protease Inhibitor
Cocktail (MilliporeSigma, Burlington, MA) (pH 7.4, 4°C), and lysed by pulsed sonication for
30 min at 4°C using a Qsonica sonicator (Qsonica, Newton, CT) with a 1/8" diameter probe tip
at 12 kHz (60%) output. The lysate was cleared by centrifugation at 20,000 x g for 30 min and
the supernatant was incubated with Thermo Scientific HisPur Ni-NTA Resin (Thermo Fisher
Scientific, Waltham, MA) for 30 min at 4°C. The suspension of beads was washed with 10
column volumes of lysis buffer containing 10 mM imidazole, and protein was eluted with two
column volumes of lysis buffer containing 250 mM imidazole. The eluted protein was incubated
with 6xHis-tagged Tobacco Etch Virus (TEV) protease at a ratio of 1:150 TEV to MBP-FUS LC
for 5 h and 25°C to cleave MBP from FUS LC. FUS LC crashes out upon cleavage to yield a
cloudy suspension with white clumps of aggregated protein. After TEV cleavage, 8 M urea was
added to the reaction mixture to solubilize the aggregated FUS LC. The TEV reaction was
monitored by SDS-PAGE (note that FUS LC does not bind Coomassie, so cleavage was verified
by the gel shift of the MBP band). The mixture containing solubilized FUS LC was diluted to

2 mg/ml with 20 mM CAPS and 150 mM sodium chloride (pH 11), and subjected to size-
exclusion chromatography over a GE HiL.oad 16/600 Superdex 75-pg column (GE Healthcare,
Chicago, IL). Purity was verified by high-performance liquid chromatography (HPLC), mass
spectrometry, and by comparing the A260 and A280 absorbance to verify that no nucleic acid
contaminants were present in the sample. This protocol generally yields 10-15 mg of FUS LC

per liter of culture in both Luria-Bertani and M9 media.
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Expression and purification of a-synuclein

Samples of a-synuclein were prepared via an ammonium sulfate-based approach similar to the
one described for HSPB1 in Chapter 3 of this dissertation. Recombinant a-synuclein was
prepared from Rosetta (DE3) competent Escherichia coli cells (MilliporeSigma, Burlington,
MA) that had been transformed with a plasmid encoding the wild-type a-synuclein sequence.
Seed cultures were grown to saturation from freshly transformed colonies and inoculated at a 1%
v/v ratio into either Luria-Bertani or '’N/'*C-M9 medium supplemented with ampicillin

(100 pg/mL). The cultures were grown at 37 °C to an OD600 of ~0.6 and protein expression was
induced by the addition of 1 mM isopropyl-p-D-thiogalactoside. The cultures were allowed to
express protein overnight at 18 °C before being harvested by centrifugation at 10,000 x g and 4

°C for 30 min. After decanting the supernatant, cell pellets were stored at —80 °C for later use.

To purify a-synuclein, the cell pellet was thawed if previously frozen, resuspended in lysis buffer
(50 mM sodium phosphate, 50 mM sodium chloride, Roche cOmplete™ EDTA-free Protease
Inhibitor Cocktail, pH 7.4) and lysed by pulsed sonication for 30 minutes using a Qsonica
sonicator with a 1/8” diameter probe tip at 12 kHz (60%) output and 4°C. The lysate was cleared
by centrifugation at 30,000 RCF for 30 minutes and the supernatant was decanted into an
Erlenmeyer flask with a stir bar. To this was added saturated ammonium sulfate (4.1 M),
dropwise, to a final concentration of 40% saturation (1.64 M) at room temperature. The solution
was allowed to stir for 30 minutes, after which the precipitated protein was pelleted by
centrifugation at 30,000 RCF for 30 minutes at 4 °C. The supernatant was discarded and the

pellet was redissolved in 20 mM tris(hydroxymethyl)aminomethane, 10 mM magnesium
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chloride, 30 mM ammonium chloride, pH 7.6 at room temperature. The resulting solution was
desalted by running over PD-10 desalting columns packed with Sephadex G-25 resin (Cytiva,
Marlborough, MA) equilibrated in the same buffer. The desalted a-synuclein solution was
concentrated and subjected to reverse-phase HPLC purification over a Waters XBridge Peptide
BEH C18 OBD prep column (130 A pore size, 10 pm particle size, 19 mm X 250 mm) using a
Waters 2535 Binary Gradient Module equipped with a 2484 UV/Vis detector (Waters
Corporation, Milford, MA). Sample purity was confirmed using a Waters XBridge Peptide BEH
C18 column (300 A pore size, 5 um particle size, 2.1 mm X 100 mm) on the same HPLC system.
Sample identity was confirmed by intact mass QTOFMS using an Agilent 1260 Infinity Binary
LC coupled to a 6230 Accurate-Mass TOFMS system (Agilent Technologies, Santa Clara, CA).
All HPLC purifications utilized a gradient method of water and acetonitrile with 0.1%
trifluoroacetic acid as the mobile phases. After HPLC purification, samples were lyophilized and
refolded by dialysis at 4 °C from 6 M guanidine hydrochloride, 50 mM sodium phosphate, 50
mM sodium chloride, pH 7.4, into the same buffer without denaturant. If samples were not used
immediately after preparation, they were concentrated to ~1 mM and flash frozen at -80 °C for

storage.

Fibril formation of a-synuclein

Our approach to preparing a-synuclein fibrils was based on protocols described in the

literature**. Monomeric a-synuclein was prepared in 500 pl aliquots at 5 mg/ml in 50 mM

sodium phosphate, 50 mM sodium chloride, 2 mM TCEP, pH 7.4. Aliquots were incubated for 7
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days at 37 °C with constant agitation at 1,000 RPM on an orbital shaker. Fibril formation was

confirmed by negative-stain TEM.

Negative Staining and TEM

Freshly glow-discharged Formvar 300 mesh carbon-on-copper grids (Electron Microscopy
Sciences, Hatfield, PA) were placed onto 10 ul drops of sample arrayed on a Parafilm sheet.
After allowing protein to adsorb onto the grids for 5 minutes, the grids were washed with buffer
3 times and applied to drops of 1% w/v uranyl acetate (Ladd Research Industries, Williston, VT)
arrayed on a Parafilm sheet and allowed to stain for 1 minute. After staining, excess uranyl
acetate solution was wicked from each grid and the grids were allowed to dry for at least an hour
before insertion into the microscope. Grids were viewed using a JEOL JEM-1400Plus
transmission electron microscope operating at 80 kV and micrographs were recorded using a

Gatan OneView digital camera.

Solid-state nuclear magnetic resonance experiments

For samples containing HSPB1 only, protein was concentrated in 10 kDa MWCO centrifugal
concentrators and packed into the rotor either by pipetting or scooping the material (in the case
of the hydrogel observed at extremely high HSPB1 concentrations). For experiments with LLPS
FUS LC, stocks of 1.2 mM monomeric FUS LC in 20 mM CAPS, 150 mM sodium chloride, pH
11 were subjected to LLPS by rapid dilution into 50 mM sodium phosphate, 300 mM sodium

chloride, 5 mM TCEP, 0.1% sodium azide, pH 7.4 with HSPB1 to a final concentration of 300
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uM FUS LC and 150 uM HSPBI1. For experiments with a-synuclein fibrils, fibril stocks were
pelleted by ultracentrifugation and resuspended in 50 mM sodium phosphate, 50 mM sodium
chloride, 5 mM TCEP, 0.1% sodium azide, pH 7.4 with HSPB1. Samples were packed at a final

concentration of 3 mg, or 2.51 mM N, 3C-HSPBI, and 20 mg, or 27.66 mM a-synuclein.

All experiments were performed using 3.2 mm zirconia MAS rotors with either 30 pL or 50 pL
(thin-walled) sample volumes. Spectra were acquired on a 17.6 T (750 MHz 'H Larmor
frequency) NMR spectrometer equipped with a 3.2 mm Ef*¢ H/C/N MAS probe (Bruker Biospin,
Billerica, MA). All reported experiments were performed at an MAS frequency of 11.11 kHz.
The temperature was set to 275 K, although control CP, INEPT, DP, and CP-DARR experiments
were acquired for HSPBI at 15 kHz MAS and 275 K as well as 11.11 kHz MAS and 298 K with
no notable differences in the spectra. We estimate that the true sample temperature during all
experiments is 10-15K higher than the set temperature based on temperature shift experiments

with water. Pulse parameters and other details are provided in the supporting materials.

Al NMR data were analyzed and visualized with POKY?’, nmrglue*®, and matplotlib*’.
Statistical analyses of chemical shift data were performed with the help of PACSY?. For 2D
distributions of proline chemical shifts, BMRB assignments for proline were collected and a
tuple of theoretical assignments was generated for every pair of carbons in each assigned proline.
This approach results in a dataset of pairs of chemical shifts representing every assigned pair of
proline carbons in the BMRB, and can be taken as a proxy for expected cross-peaks in CP-

DARR experiments.
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Results

HSPB1 forms dodecamers in which the NTD is sequestered and rigid in the absence of a

client protein

In our hands, HPLC-purified and refolded HSPB1 forms dodecameric oligomers as determined
by size-exclusion chromatography and analytical ultracentrifugation (Fig. 3.1). We have also
shown that refolded HSPB1 forms cage-like oligomer structures by cryo-EM (Fig. 3.2, 3.3).
Model fitting to these densities suggests that the oligomers are maintained via NTD-NTD
interactions that occur either inside of the cage or around the edge of the cage depending on the

oligomer architecture.

Studies on the structure and dynamics of sHsp domains typically agree that the NTD of sHsps
are disordered and rigid, the ACD is rich in B-sheet secondary structure and rigid, and the CTD is
disordered and dynamic*®. To characterize the local structure and dynamics of HSPB1 in the
absence of a client protein, we performed MAS NMR experiments on samples of full-length
HSPBI1. As demonstrated in previous studies, we found that the high molecular weight of HSPB1
oligomers and the sedimentation effects of MAS precluded the need for PEG precipitation or any
other treatment in order to achieve efficient cross-polarization (CP) for oligomeric HSPB1
samples***, We also prepared samples at a range of concentrations (400 ug, 15 mg, and 35 mg;
corresponding to approximately 340 uM, 13 mM, and 30 mM, respectively, in a 3.2 mM thin-
walled MAS NMR rotor), and found that although HSPB1 forms a gel at concentrations above

30 mM, the shape of the NMR spectra and the relative intensity of correlations in the spectra are
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similar. This suggests that the range of HSPB1 concentrations used in this study does not impact
oligomer integrity, and that changes in the structure and dynamics observed in the presence of
client proteins are the result of interactions with client proteins rather than a concentration effect

(Fig. 4.3, 4.84).

We recorded a suite of CP- and INEPT-based experiments to capture the different dynamics
exhibited by the three domains in HSPB1 (Fig. 4.1). Consistent with the high mobility reported
for the CTD, resonances in 1D and 2D HN-INEPT, HC-INEPT, and INEPT-TOBSY experiments
performed with HSPB1 samples are consistent with the residue distribution in the CTD of
HSPBI (Fig. 4.1A, 4.1B). The identity of correlations in our HN-INEPT experiments matches

assigned '"H-"N HSQC data present in the literature (Fig. 4.1B)°.
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Figure 4.1. Characterization of HSPB1 by MAS NMR. (A) 1D !3C CP and INEPT spectra
of the aliphatic region of HSPB1. Green bars represent probability distributions for diagnostic
proline chemical shifts in the BMRB. (B) 'H,'>N-INEPT spectrum of HSPB1. Assignments
for residues in the CTD are taken from Alderson et al., 2017°. (C) *C-13C CP-DARR of
HSPBI1. Green hexbin plot represents the distribution of chemical shifts for all carbon-carbon

pairs in proline.
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Based on our cryo-EM data with HSPB1, as well as MAS NMR data and structural models for
other sHsps?®#2, we expected that both the NTD and ACD regions would be rigid enough to
generate signal in CP-based MAS NMR experiments. Even if the NTD is rigid enough to be
observed by CP-based MAS NMR, it is possible that the disordered nature of the NTD would
induce line broadening severe enough to preclude the interpretation of signal from the NTD.
Indeed, we observed significant line broadening in all of our CP-based experiments, likely due to
structural heterogeneity in the NTD and the overall structural and architectural heterogeneity of
HSPBI1 oligomers. These effects are particularly noticeable in the DARR, with obvious line-
broadening between 52 and 60 ppm and 25 and 45 ppm, the general area where Ca-Cf

correlations would be expected, respectively (Fig. 4.1C).

Despite the line-broadening effects of heterogeneity in HSPB1’s structure, a number of
diagnostic residues enable interpretation of CP-based spectra of HSPB1. Analysis of the amino
acid composition of the NTD and ACD reveals that there are three unique residues in the ACD
(lysine, asparagine, and cysteine) and no unique residues in the NTD (Fig. 4.2A). There are also
a handful of residues whose relative abundance in either domain makes them good
representatives of their respective domain, such as threonine or valine in the ACD and proline,
alanine, and leucine in the NTD (Fig. 4.2A). To leverage a unique residue in an analysis by MAS
NMR without resonance assignments, the residue must contain atoms with non-degenerate

chemical shifts.

Given the requirements for diagnostic residues, the only signal capable of disambiguating the

ACD and NTD contributions is that of lysine Ce, which is both unique to the ACD and exhibits a
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characteristic chemical shift that does not overlap with any of the other residues in HSPB1 (Fig.
4.2B). In our HSPBI1 experiments, lysine Ce manifests as a clear, sharp peak at 42.1 ppm (Fig.
4.2B). The narrow linewidth of this peak suggests that the chemical environment of the part of
HSPBI1 containing lysine is more or less uniform, an observation that is consistent with the fact
that all of the lysines in the ACD are present in rigid, folded regions of the HSPB1 ACD and they
point out towards the solvent in the dodecamer models of HSPB1 presented in Chapter 3 of this
dissertation (Fig. 4.3A). In addition to lysine Cg, threonine and valine Cy are also reasonable

indicators for the ACD that exhibit signals between 21.5 and 22.5 ppm (Fig. 4.2B).

Although there are no residues that are totally unique to the NTD, proline serves as a good
indicator due to its relative abundance in the NTD as compared to the ACD (Fig. 4.2A) and non-
degenerate Ca and Cd chemical shifts. Proline correlations appear in the DARR spectrum as five
distinctive peaks on each side of the diagonal that correspond to each combination of through-
space correlations between carbons around the proline ring. The identity of these peaks can be
confirmed using chemical shift statistics for proline in the BMRB, overlaid on our spectra in a
green hexbin plot for the DARR or green bars for the 1D CP and INEPT spectra (Fig. 4.1A,

4.1C, 4.3B).

To confirm that the diagnostic proline residues in our CP spectra do indeed correspond to
prolines in the NTD, we developed an intein-mediated segmental labeling approach for HSPB1.
(Fig. 4.2C). Although there is a single cysteine residue in the middle of the ACD (C136), we
elected to introduce an S83C mutation at the juncture of the NTD and ACD to unequivocally

separate the NTD and ACD in our NMR spectra. We chose to use the Cfagep engineered split
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Figure 4.2. Dissecting NMR signals from the NTD and ACD with split inteins. (A) A
stacked bar plot representing the residue distribution of the NTD and ACD of HSPBI1. Bars
representing the NTD are orange and bars representing the ACD are green. Bar height
represents the number of residues in each domain, indexed on the left of the plot. The line
represents the absolute difference in residue abundance between the NTD and ACD, indexed
on the right of the plot. (B) 1D 3C CP spectra of the segmentally labeled HSPB1 construct in
red and the uniformly labeled HSPB1 construct in blue. Notable residues are labeled. (C) An
overview of the protein splicing approach, with the '>N,!3C-labeled construct in yellow and
the natural abundance construct in gray.

intein system to catalyze splicing due to its rapid kinetics, insensitivity to extein sequence, and
demonstrated performance under a range of splicing conditions*****. We also introduced an MBP
fusion tag to enhance the otherwise poor solubility of the NTD-CfaN construct. This strategy

enabled the preparation of enough segmentally labeled HSPB1 for MAS NMR studies.

CP spectra of segmentally labeled HSPB1 S83C containing a '’N,'*C-labeled NTD show that a
significant amount of resolvable signal is derived from the NTD despite its largely disordered

nature (Fig. 4.2C). Signals associated with residues that are overrepresented in the ACD, such as

118



those for lysine Ce and threonine and valine Cy, are absent from the spectrum (Fig. 4.2B).
Perhaps most importantly, the shape of the spectrum suggests that a significant portion of the
proline CP signal comes from prolines in the NTD. This result indicates that the characteristic
proline Ca and C9 signals are effective indicators for NTD behavior in CP-derived MAS NMR

spectra of HSPBI.

The NTD of HSPB1 becomes more dynamic in the presence of phase-separated FUS LC
HSPBI has an established role in modulating LLPS and blocking pathological liquid-to-solid
phase transitions of FUS LC and similar RNA-binding proteins®**. The NTD and ACD domains
of sHsps have been functionally implicated in engaging disordered and fibrillar clients,
respectively??2?, but there is little information regarding the structure of HSPBI1 in the presence
of either class of client, nor any information regarding the structure of any sHsp in the presence

of an LLPS client.

To characterize the interactions between HSPB1 and an LLPS client, we prepared mixed samples
containing FUS LC and '°N, '3C-labeled HSPB1. Spectra acquired with a sample containing 15
mg of FUS LC and 15 mg °N, 3C-HSPBI appeared similar to spectra of 1°N, 3C-HSPBI
without FUS LC, suggesting that the majority of HSPB1 remained in the oligomeric state under
these conditions (Fig. 4.S3). To capture HSPBI1 in a highly activated, client-engaged state, we
instead leveraged the fact that HSPBI1 partitions into FUS LC LLPS droplets by gently packing
LLPS droplets of FUS LC in the presence of '°N, 3C-HSPB1 into an MAS NMR rotor by gentle
centrifugation’!2. To prepare this sample, we induced LLPS of monomeric FUS LC in CAPS

buffer at pH 11 by dilution into a phosphate buffer at pH 7.4 containing '°N, 3C-HSPB1 for a
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final concentration of 300 uM FUS LC and a 2:1 molar ratio of FUS LC:!°N, 3C-HSPBI1. The
sample was incubated for 30 minutes on ice to further promote LLPS and the resulting sample
was packed into an MAS rotor. FUS LC LLPS was weaker in the presence of HSPB1, with only
42% of FUS LC demixing into droplets (Fig. 4.S4A) as compared to ~66% under similar buffer
conditions in the absence of HSPB1'2. Notably, very little HSPB1 partitions into FUS LC
droplets (Fig. 4.S4A) in general, with the majority of the labeled HSPB1 remaining in the
supernatant after centrifugation of the LLPS droplets into the MAS rotor. Comparisons to dilute
HSPB1 samples in the absence of client protein suggest that 250-500 ug of HSPBI1 are present in

the copartitioned sample (Fig 4.S4B).

Spectra for CP-based experiments of the copartitioned HSPB1 sample reveal several key
differences when compared to spectra of HSPB1 in the absence of client (Fig. 4.3B, 4.3C). The
most striking feature is that the distinctive proline Ca and Co peaks are much less prominent in
both the CP and DARR spectra. In the CP spectrum (Fig. 4.3B), the loss of proline signal is
particularly striking for C3. Despite a significant change in the proline signal, the lysine Ce
signal is much less affected, aside from a possible small reduction in intensity. Thus, when the
two key diagnostic residues in HSPB1 are considered, and a substantial reduction of signal is
observed for proline Ca and C$ without a concurrent loss of signal for lysine Ce, differential
behavior of the NTD and ACD is evident. Given the poor efficiency of CP-based experiments for
highly mobile regions of protein, it is likely that the NTD of HSPB1 is becoming more dynamic

in the presence of FUS LC without a concurrent increase in dynamics for the ACD.
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Figure 4.3. MAS NMR data for HSPBI1 copartitioned with FUS LC LLPS droplets (A) An
overview of the structural distribution of diagnostic residues in the NTD and ACD of HSPB1 as
predicted by AlphaFold2. Prolines are rendered in green, lysines in orange, threonines in purple,
and alanines in yellow. The diagnostic power of the labeled residues for the NTD or ACD is
noted. (B) 1D 3C CP spectra for HSPB1 in blue overlaid with the spectrum for the HSPB1 and
FUS LC LLPS copartitioned sample in pink. Chemical shift probability distributions for proline
residues from the BMRB are denoted in green. (C) *C-*C CP-DARR spectra of HSPB1 only
(blue) and the HSPB1 and FUS LC LLPS copartitioned sample (pink). Correlations
representing diagnostic residues other than proline are labeled.

In addition to the changes observed in signal intensity of diagnostic proline and lysine residues,
there is a significant increase in signal upfield of 20 ppm. The only carbon chemical shifts in that
region for proteins are alanine Cf and isoleucine Cd and Cy2. Alanine is enriched the NTD,

although there are a number of alanines present in the ACD B-sheet formed by strands 3, 38,
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and B9 (Fig. 4.3A). Isoleucine, on the other hand, is enriched in the ACD. The fact that every
isoleucine residue contributes two CP signals increases its relevance in a comparative analysis of
the NTD and ACD. Further work is required to determine which residues are responsible for this

change.

Although poor signal-to-noise hinders detailed interpretation of the DARR spectrum, it is
apparent that densities for proline, as well as threonine and alanine—unambiguous residues with
diagnostic potential for either the NTD or ACD-have all become indistinguishable from the
noise (Fig. 4.3C). Despite this, the broad signal in the region corresponding to Ca-Cf
correlations from 25 to 45 ppm in the first dimension and 52 to 60 ppm in the second dimension
remains visible despite being less intense than the proline, threonine, or alanine correlations in

the client-free DARR. Finally, peaks corresponding to lysine Ce remain strong in in the DARR.

In addition to changes in features in CP-based spectra, differences in signal intensity reveal
changes in the overall mobility of HSPBI in the presence of client. To establish a more accurate
comparison for the copartitioned sample and to determine whether the observed changes were
not merely a result of concentration effects, we prepared a dilute sample containing 400 pg
HSPBI1. Noteworthy changes in the copartitioned sample, such as the decrease in proline signal
intensity, were absent in the HSPB1 dilute sample (Fig. 4.S2B). Interestingly, the copartitioned
sample exhibited higher signal intensity in the CP spectrum but lower intensity in the INEPT
spectrum compared to the dilute sample despite identical experimental parameters for CP and
INEPT experiments between the two samples (Fig. 4.S2B). This suggests that the overall
mobility of HSPBI is reduced when LLPS FUS LC is present, either through protein-protein

interactions with the client, or due to the viscous nature of the LLPS environment, or both.
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Taken together, changes in CP-based spectra induced by the LLPS FUS LC client imply that the
degree of dynamics in HSPB1 have increased, especially in the NTD as reported by a significant
reduction in proline signal. The fact that the only truly diagnostic residue in HSPB1, lysine,
remains largely unaffected by the introduction of LLPS FUS LC indicates that the ACD remains
relatively rigid and immobile even when LLPS FUS LC is present. A structural model of the
HSPBI dimer (Fig. 4.3A), along with our cryo-EM models for HSPB1 oligomers, can help
contextualize the differences observed between HSPB1 spectra acquired in the presence and
absence of LLPS FUS LC. The NTD, rich in proline and alanine residues, is tucked beneath the
folded ACD, likely engaging in interactions with the NTD of adjacent HSPB1 dimers to maintain
oligomer integrity in the absence of a client. Note that although transient secondary structure is
thought to exist in HSPB1 and is predicted by AlphaFold2 in the structural model, the NTD is
thought to be largely disordered and the AlphaFold2 confidence in the NTD structure prediction
is relatively low (Fig. 3.S3C, 3.S3D, 3.S3E). This rigidity manifests as strong proline signal in
the HSPB1 CP spectrum. Threonines are spread throughout the ACD and are absent from the
NTD aside from T2, which is unlikely to be observable in our CP-based experiments. Lysine, the
diagnostic residue least affected by LLPS FUS LC, is only present in the upper -sheet
consisting of the B4, 5, and f6+7 strands. In our models of HSPB1 dodecamers, the upper B-
sheet faces the outside of the oligomer. Upon introduction of a dynamic and disordered LLPS
client, the NTD is exposed and free to engage in transient, dynamic interactions with FUS LC. It
is possible that this change does not necessarily lead to oligomer decomposition, as ACD-CTD
interactions are also involved in maintaining oligomer integrity and oligomer architectures that

partially or completely expose the NTD have been established for other sHsps*. Indeed, the
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slower bulk dynamics of HSPBI in the copartitioned sample is consistent with previous reports
for sHsps demonstrating that amorphous clients promote the formation of larger oligomers*® and

that the large oligomer state is predominant in the presence of LLPS droplets®>.

Changes in the dynamics of the NTD are distinct in the presence of a-synuclein fibrils

The ACD of sHsps is most often implicated in interactions with fibrillar clients?2. To determine
whether the distinction between the NTD and ACD’s role in engaging disordered or fibrillar
clients holds true for our system, we prepared samples of a-synuclein fibrils as model fibrillar
clients for HSPB1. HSPBI1 appears to interact with a-synuclein fibrils at various ratios, with
obvious client engagement occurring at all tested ratios of HSPB1 and a-synuclein (Fig. 4.4A).
Using a similar rationale to the copartitioned FUS LC samples, we attempted to bias the
population of HSPB1 in our sample away from HSPB1 oligomers and towards a-synuclein-
bound HSPB1 by maximizing the ratio of HSPB1:a-synuclein. To this end, we resuspended 20
mg a-synuclein fibrils with 3 mg >N, *C-HSPB1 (a 1:10 molar ratio) and packed the resulting
slurry into a MAS NMR rotor. To reinforce our conclusions from this sample, we also prepared a
second rotor with a similar amount of natural abundance a-synuclein. Data acquired on the o-
synuclein sample were adjusted to account for differences in signal-to-noise resulting from
differences in the number of scans (the CP spectrum the natural abundance sample was divided
by V2 to account for its acquisition with twice the number of scans) and subtracted from the

mixed a-synuclein and °N, *C-HSPB1 sample.
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The CP spectrum of the copacked HSPB1 and a-synuclein sample shows broader linewidths
overall, and the profile of the spectrum does not change significantly after subtracting the a-
synuclein spectrum (Fig. 4.4B). Other than the broader peaks in the copacked sample, there are
fewer striking differences between the client-free HSPB1 sample and the copacked a-synuclein
sample than there are when comparing the client-free HSPB1 sample and the copartitioned LLPS
FUS LC sample. The diagnostic proline signal absent in the copartitioned LLPS FUS LC and
HSPB1 sample are present in the a-synuclein sample, especially the Ca. The intensity changes in
the aliphatic region of the spectrum observed for the copartitioned LLPS sample also do not
seem to occur for the copacked a-synuclein sample. Overall, this suggests that the NTD does not
experience the changes in dynamics seen for the LLPS sample when presented with a fibrillar

client. Further work is required to fully evaluate the effect of fibrillar client binding by HSPB1,

a-synuclein
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Figure 4.4. Characterization of HSPBI1 interactions with a-synuclein fibrils (A) Negative
stain TEM images of HSPB1 and a-synuclein fibrils at low and high ratios. (B) 1D '*C CP
spectra of HSPBI in the absence and presence of a-synuclein at a 1:10 molar ratio. HSPB1 in
the absence of a-synuclein is in blue, a spectrum of natural abundance a-synuclein is in gray,
and a spectrum of the HSPB1 sample copacked with a-synuclein fibrils is in dashed orange. A
difference spectrum of the natural abundance a-synuclein data subtracted from the copacked
data is in orange.
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but these results suggests that the mode of binding for fibrillar clients is distinct from that of

LLPS clients.

Conclusion

HSPBI1 and related small heat shock proteins have the ability to interact with client proteins
across various states of pathological self-assembly. This versatility is a key component of the
unfolded protein response and is vital for maintaining proteostasis. Attempts to unveil the
structural mechanism of the promiscuity of sHsps towards clients have been confounded by the
propensity of sHsps to themselves self-assemble into dynamic, polydisperse oligomers. In this
chapter, we attempt to dissect the tripartite domain architecture of HSPB1 using MAS NMR in
order to understand to behavior of HSPB1 domains in the presence of clients in different states.
In particular, we focus on as-yet uncharacterized interactions between HSPB1 and an LLPS
client. Using information about the architecture of HSPB1 oligomers presented in Chapter 3 of
this dissertation to contextualize our results, we characterize the differences in MAS NMR
spectra acquired in the absence and presence of FUS LC in the LLPS state. Based on the
observed signals in CP and DARR spectra of HSPB1, we find that the NTD domain of HSPB1
becomes more dynamic in the presence of an LLPS client, and that changes observed in the
presence of an LLPS client are distinct from those observed in the presence of a fibrillar client.
These results not only build upon previous findings related to the structural differences in sHsps
when bound to fibrillar or aggregated cleints??, but also begin to provide a structural rationale for
the ability of HSPB1 to modulate the liquid-to-solid phase transitions of FUS and other RNA-

binding proteins?*%,
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Table 4.S1. Parameters for MAS NMR experiments. Experiments were performed at a MAS
frequency of 11.11 kHz at 275 K unless otherwise indicated. All experiments were performed at

a magnetic field strength corresponding to a 750 MHz 'H Larmor frequency using a 3.2 mm Efr

HCN probe. Note that multiple experiments were acquired for HSPB1, and the HN-INEPT, HC-
INEPT, NCA, and INEPT-TOBSY were performed on a sample containing 20 mg HSPB1.

Experiment

Sample Amount

CP

Number of scans
Recycle delay

B3C n/2

'H n/2

CP contact time
Decoupling program

Decoupling power
Acquisition time
INEPT

Number of scans
Recycle delay

BC /2

'H n/2
Refocusing parameter
Decoupling program

Decoupling power
Acquisition time
DP

Number of scans
Recycle delay

BC /2
Decoupling program

Decoupling power
Acquisition time
CP-DARR

Number of scans
Recycle delay
BCn/2

'H n/2

CP contact time
Decoupling program

HSPBI

30

8

5

50

80.6

1000
SPINAL64
74.6

160

9.9

64
4

50

80.6

140
SPINAL64
74.6

160

9

4
5

50
SPINAL64
87.9

160

10.2

64

5

50

80.6

400
SPINAL64

mg

scans

kHz
kHz

us

kHz

ms

scans

kHz

kHz

kHz

ms

scans

kHz

kHz

ms

scans

kHz
kHz

us
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HSPB1 + FUS LC
15/15 mg

64  scans
5 s
50 kHz
80.6 kHz
1000 ps
SPINALG64
74.6 kHz
160 W
99 ms

64  scans
4 s

50 kHz

80.6 kHz
140 Hz
SPINAL64
74.6 kHz
160 W

9 ms

64  scans
5

50 kHz
SPINAL64
87.9 kHz
160 W
10.2 ms

64  scans
5 s
50 kHz
80.6 kHz
400 ps
SPINALG64

<1/10

10240

5
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80.6

1000
SPINAL64
74.6

160

9.9

10240
4
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80.6

140
SPINAL64
74.6
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9

10240
5
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SPINAL64
87.8

160
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384

5
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80.6

400
SPINAL64

HSPBI1 + FUS LC LLPS

mg

kHz
kHz

us

kHz

ms

kHz

kHz

kHz
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kHz

kHz

ms

kHz
kHz

us



Table 4.S1. Parameters for MAS NMR experiments. Experiments were performed at a MAS

frequency of 11.11 kHz at 275 K unless otherwise indicated. All experiments were performed at

a magnetic field strength corresponding to a 750 MHz 'H Larmor frequency using a 3.2 mm

Efr©e HCN probe. Note that multiple experiments were acquired for HSPB1, and the HN-INEPT,
HC-INEPT, NCA, and INEPT-TOBSY were performed on a sample containing 20 mg HSPBI.

Decoupling power
DARR mixing time

'H power during DARR

sequence
t1 acquisition

t1 points
HN-INEPT
Number of scans
Recycle delay

5N n/2

'H n/2
Refocusing parameter
Decoupling program

Decoupling power
t1 acquisition

t1 points
HC-INEPT
Number of scans
Recycle delay
BCn/2

'H n/2
Refocusing parameter
Decoupling program

Decoupling power
t1 acquisition

t1 points
INEPT-TOBSY
Number of scans
Recycle delay

BC /2
'H n/2

74.6
160

20

11.11
3.2
256

160
3

42

79.4

92
SW{-TPPM
100

160

13
320
227

64

5
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80.6

140
SW{-TPPM
74.6

160

33.3
500
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64
4
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83.3

kHz
W
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scans
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kHz
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scans
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ms
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kHz
kHz
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42
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Table 4.S1. Parameters for MAS NMR experiments. Experiments were performed at a MAS
frequency of 11.11 kHz at 275 K unless otherwise indicated. All experiments were performed at
a magnetic field strength corresponding to a 750 MHz 'H Larmor frequency using a 3.2 mm
Efr©e HCN probe. Note that multiple experiments were acquired for HSPB1, and the HN-INEPT,
HC-INEPT, NCA, and INEPT-TOBSY were performed on a sample containing 20 mg HSPBI.

Refocusing parameter 140 Hz
Decoupling program SW{-TPPM

98 kHz
Decoupling power 160 W
t1 acquisition 9 ms
t1 points 720
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Table 4.S1. Parameters for MAS NMR experiments. Experiments were performed at a MAS
frequency of 11.11 kHz at 275 K unless otherwise indicated. All experiments were performed at
a magnetic field strength corresponding to a 750 MHz 'H Larmor frequency using a 3.2 mm
Efr©e HCN probe. Note that multiple experiments were acquired for HSPB1, and the HN-INEPT,
HC-INEPT, NCA, and INEPT-TOBSY were performed on a sample containing 20 mg HSPBI.

Experiment HSPBI1 + a-Synuclein fibrils a-Synuclein
Sample Amount 3/20 mg 20 mg
CP 21
Number of scans 10240 20480
Recycle delay 5 s 5 s
BCn/2 50 kHz 50 kHz 50
'H n/2 80.6 kHz 80.6 kHz 80.6
CP contact time 1000 ps 1000 ps
Decoupling program SPINAL64 SPINAL64

80.6 kHz 80.6 kHz
Decoupling power 160 W 160 W
Acquisition time 9.9 ms 99 ms
INEPT 33
Number of scans 10240 20480
Recycle delay 4 s 4 S
BCn/2 50 kHz 50 kHz
'H /2 80.6 kHz 80.6 kHz
Refocusing parameter 140 Hz 140 Hz
Decoupling program SPINAL64 SPINAL64

80.6 kHz 80.6 kHz
Decoupling power 160 W 160 W
Acquisition time 9 ms 9 ms
DP 20
Number of scans 10240 20480
Recycle delay 5 5
BCn/2 50 kHz 50 kHz
Decoupling program SPINAL64 SPINAL64

87.8 kHz 87.8 kHz
Decoupling power 160 W 160 W
Acquisition time 10.2 ms 10.2 ms
CP-DARR 30
Number of scans 384
Recycle delay 5 s
BCn/2 50 kHz
'H /2 80.6 kHz
CP contact time 400 ps
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Table 4.S1. Parameters for MAS NMR experiments. Experiments were performed at a MAS
frequency of 11.11 kHz at 275 K unless otherwise indicated. All experiments were performed at
a magnetic field strength corresponding to a 750 MHz 'H Larmor frequency using a 3.2 mm
Efr©e HCN probe. Note that multiple experiments were acquired for HSPB1, and the HN-INEPT,
HC-INEPT, NCA, and INEPT-TOBSY were performed on a sample containing 20 mg HSPBI.

SPINAL64

Decoupling program
74.6 kHz

Decoupling power 160 W
DARR mixing time 20 ms
'H power during DARR
sequence 11.11 kHz
t1 acquisition 3.2 ms
t1 points 256
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1 MTERR VPFSL LRGPS WDPFR DWYPH SRLFD QAFGL PRLPE EWSQW LGGSS
51 WPGYV RPLPP AAIES PAVAA PAYSR ALSRQ LSSGV SEIRH TADRW RVSLD
101 VNHFA PDELT VKTKD GVVEI TGKHE ERQDE HGYIS RCFTR KYTLP PGVDP
151 TQVSS SLSPE GTLTV EAPMP KLATQ SNEIT IPVTF ESRAQ LGGPE AAKSD
201 ETAAK *

1 MKSSH HHHHH VKIIS RKSLG TQNVY DIGVG EPHNF LLKNG LVASN CGVSE
51 IRHTA DRWRV SLDVN HFAPD ELTVK TKDGV VEITG KHEER QDEHG YISRC
101 FSRKY TLPPG VDPTQ VSSSL SPEGT LTVEA PMPKL ATQSN EITIP VTFES
151 RAQLG GPEAA KSDET AAKx

c

1 MGSDK IHHHH HHSSG T

51

101

151

201

251

301

351 NSG SDITS LYKKA EGGT
401 TER RVPFS LLRGP SWDPF RDWYP HSRLF DQAFG LPRLP EEWSQ
451 WLGGS SWPGY VRPLP PAAIE SPAVA APAYS RALSR QLSCL SYDTE ILTVE
501 YGFLP IGKIV EERIE CTVYT VDKNG FVYTQ PIAQW HNRGE QEVFE YCLED
551 GSIIR ATKDH KFMTT DGQML PIDEI FERGL DLKQV DGLPH HHHHH =*

Figure 4.S1: Amino acid sequences of the constructs used in this work. A) Sequence for
HSPBI1. B) Sequence for 6xHis-Cfa®-HSPB1acp-ctp. CfaN is pink, the ACD is orange, and the
CTD is purple. His tag and linker sequences are gray. C) The amino acid sequence of 6xHis-
MBP-TEV-HSPB1ntp-CfaN-6xHis. MBP is gold, the TEV cleavage sequence is blue, the NTD
is green, and CfaC is brown. His tag and linker sequences are gray. D) Sequence for the
segmentally labeled construct of HSPB1. The TEV cleavage scar is blue, the NTD is green, the
residual Cfa cysteine is pink, the ACD is orange, and the CTD is purple. The '°N, *C-labeled
residues are highlighted in yellow. E) Sequence for a-synuclein.
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1 TER RVPFS LLRGP SWDPF RDWYP HSRLF DQAFG LPRLP EEWSQ WLGGS
51 SWPGY VRPLP PAAIE SPAVA APAYS RALSR QLSCG VSEIR HTADR WRVSL
101 DVNHF APDEL TVKTK DGVVE ITGKH EERQD EHGYI SRCFT RKYTL PPGVD
151 PTQVS SSLSP EGTLT VEAPM PKLAT QSNEI TIPVT FESRA QLGGP EAAKS
201 DETAA Kx

1 MDVFM KGLSK AKEGV VAAAE KTKQG VAEAA GKTKE GVLYV GSKTK EGVVH
51 GVATV AEKTK EQVTN VGGAV VTGVT AVAQK TVEGA GSIAA ATGFV KKDQL
101 GKNEE GAPQE GILED MPVDP DNEAY EMPSE EGYQD YEPEA *

Figure 4.S1: Amino acid sequences of the constructs used in this work. A) Sequence for
HSPBI1. B) Sequence for 6xHis-Cfa®-HSPB1acp-ctp. CfaN is pink, the ACD is orange, and the
CTD is purple. His tag and linker sequences are gray. C) The amino acid sequence of 6xHis-
MBP-TEV-HSPB1ntp-CfaN-6xHis. MBP is gold, the TEV cleavage sequence is blue, the NTD
is green, and CfaC is brown. His tag and linker sequences are gray. D) Sequence for the
segmentally labeled construct of HSPB1. The TEV cleavage scar is blue, the NTD is green, the
residual Cfa cysteine is pink, the ACD is orange, and the CTD is purple. The '°N, *C-labeled
residues are highlighted in yellow. E) Sequence for a-synuclein.
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Figure 4.S2. HPLC-MS data for constructs used in this work. A) HPLC-MS data for
uniformly >N, 3C-labeled HSPB1. B) HPLC-MS data for segmentally labeled HSPB1.
Note that this construct contains a >N, 3C-labeled NTD. C) HPLC-MS data for a-

synuclein.
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A HSPB1 + FUS LC (15 mg/ 15 mg)
HSPB1
CP-DARR

10
20-

30
40

50+

13C chemical shift (ppm)

60+

Yy
70- /

80 70 60 50 40 30 20 10
13C chemical shift (ppm)

Figure 4.S3. Characterization of a low ratio sample of HSPB1 and
FUS LC. A) A 3C-13C CP-DARR experiment of HSPB1 in blue
overlaid with the same experiment performed on a sample containing
approximately 15 mg HSPB1 and 15 mg FUS LC in green.

139



Pre-centrifugation FUS LC shaded peak area ratio =0.58
Post-centrifugation HSPB1 shaded peak area ratio = 1.00

800, HSPB1
600/

400 FUSLC

200/

5 10 15 20 25 30 35 40
Retention Time (min)

Response

HSPB1 (dilute)
cpP

pa
OV
ot

80 70 60 50 40 30 20 10
13C chemical shift (ppm)

INEPT

80 70 60 50 40 30 20 1

0

13C chemical shift (ppm)

Figure 4.S4. Quantitation of HSPB1 in FUS LC LLPS droplets. A) Analytical HPLC
traces of HSPB1 and LLPS FUS LC before rotor packing and the supernatant of the same
sample after rotor packing by centrifugation. Peaks representing FUS LC and HSPB1 are
shaded and integrated. B) 1D '*C CP and INEPT spectra of a dilute sample containing 400 pg
of HSPBI in blue overlaid with the spectra from the HSPB1 and FUS LC LLPS copartitioned
sample. Experimental parameters for the CP and INEPT experiments are identical between
the two samples.
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Chemical tools for study and modulation of
biomolecular phase transitions

Raymond F. Berkeley ' and Galia T. Debelouchina

Biomolecular phase transitions play an important role in organizing cellular processes in space and time.
Methods and tools for studying these transitions, and the intrinsically disordered proteins (IDPs) that
often drive them, are typically less developed than tools for studying their folded protein counterparts. In
this perspective, we assess the current landscape of chemical tools for studying IDPs, with a specific
focus on protein liquid—-liquid phase separation (LLPS). We highlight methodologies that enable imaging
and spectroscopic studies of these systems, including site-specific labeling with small molecules and the
diverse range of capabilities offered by inteins and protein semisynthesis. We discuss strategies for
introducing post-translational modifications that are central to IDP and LLPS function and regulation. We
also investigate the nascent field of noncovalent small-molecule modulators of LLPS. We hope that this
review of the state-of-the-art in chemical tools for interrogating IDPs and LLPS, along with an associated
perspective on areas of unmet need, can serve as a valuable and timely resource for these rapidly

rsc.li/chemical-science expanding fields of study.

Introduction

Intrinsically disordered proteins and intrinsically disordered
protein regions (henceforth collectively referred to as IDPs) are
common in the proteome.** All IDPs share a relatively flat
folding energy landscape, and often completely lack a detect-
able folded low-energy state.® Unlike proteins constructed from

Department of Chemistry and Biochemistry, University of California San Diego, La
Jolla, CA, USA. E-mail: gdebelouchina@ucsd.edu

Ray Berkeley is a PhD candidate
in the Chemical Biology
program at UC San Diego
working under the supervision of
Professor Galia Debelouchina.
Ray's work focuses on using
solid-state NMR to understand
the molecular interactions and
structural features that drive
protein phase transitions. He is
also interested in chemical tools
that modulate intrinsically
disordered proteins and protein
liquid-liquid phase separation. Prior to UCSD, Ray earned his B.S.
in Molecular & Cell Developmental Biology with a minor in Bio-
informatics from UC Santa Cruz, where he worked in Scott Lokey's
laboratory studying yeast chemical genetics and the properties of
cyclic peptide macrocycles.

random amino acid sequences, which are also often intrinsi-
cally disordered, proteomic IDPs typically exhibit low sequence
complexity with primary sequences enriched in a small number
of amino acids.** Despite their unfolded or conditionally folded
nature, IDPs can act as important regulators of cellular func-
tions, often through low-affinity interactions that are driven by
the bulk chemical properties of residues in the IDP.> Many IDPs
can also undergo a process called liquid-liquid phase separa-
tion (LLPS) that allows them to concentrate into dynamic and
spatially resolved condensates.” This capability allows IDPs to
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spectroscopy with chemical biology approaches to investigate the
molecular interactions that drive protein phase transitions.
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Perspective

rapidly and selectively recruit other biomolecules and
entrenches their role as regulators of intracellular organization,
with many common IDPs such as p53, FUS, and a-synuclein
exhibiting pleiotropic regulatory behaviors that are essential for
cell viability.*®

IDPs present unique challenges to structural biologists -
their conformational plasticity and the range of dynamics that
they can exhibit are difficult to characterize with tools that have
been optimized for folded proteins. While early structural
studies of IDPs often focused on proteins that fold upon
binding, this behavior is not universal. For example, some IDPs
engage in high affinity interactions while retaining their
disorder, while others engage in nonspecific low affinity inter-
actions that drive biomolecular LLPS and are dependent on
their intrinsically disordered nature.'®** In addition to the
conceptual challenges brought on by the unstructured nature of
these proteins, the sensitivity of IDPs to environmental condi-
tions requires special consideration when working with them in
vitro. Characterizing the structure-function relationship of
IDPs, therefore, necessitates a shift in the way that we think
about protein structure and a coincident shift in the methods
and tools that we use to interrogate it, especially in the context
of LLPS.»»**

In this perspective, we discuss how chemical biology can aid
structural studies of IDPs, with an emphasis on chemical tools
that are compatible with LLPS. This will include strategies for
the recombinant preparation of IDPs, tools that enable the
efficient and site-selective introduction of chemical probes and
isotopic labels, and chemical modulators of IDPs and LLPS. We
take an application-centric approach to highlight real use cases
that are enabled by the current state-of-the-art in IDP chemical
biology. We hope to provide insight into best practices for
handling and studying these systems, along with a call for the
development of minimally perturbative small-molecule chem-
ical tools to aid their analysis and functional manipulation.

IDPs present distinct challenges for
biophysical investigations in vitro

When working with IDPs in vitro, their intrinsic disorder brings
considerations that are not present for folded proteins. IDPs are
often less soluble than their globular counterparts near their
isoelectric points due to the lack of a distinct fold, and they are
often prone to LLPS or aggregation under these conditions due
to nonspecific interactions between hydrophobic residues.” On
the other hand, the lack of a need to maintain a fold can
facilitate IDP survival at extreme pH levels and temperatures
that would lead to denaturation and aggregation of folded
proteins, which can enable unique purification and manipula-
tion strategies. The conditions under which IDPs are handled
must therefore be chosen with these considerations in mind. In
this section, we will discuss challenges associated with working
with IDPs in vitro, along with approaches for purification that
are distinct from those of typically folded proteins. We will
highlight examples of IDP preparations that strategically
employ pH, temperature, and other abiotic factors in ways that

Chemical Science

would not be applicable for folded proteins. This section will
also provide some context for the challenges that need to be
overcome when developing chemical tools to aid the structural
and functional analysis of IDPs. For a more comprehensive
overview of strategies and recommendations for purifying IDPs,
the interested reader is referred to two excellent resources by
Graether and Alberti et al.**"

Whether expressed in E. coli or other recombinant expres-
sion systems, one of the challenges in handling IDPs is avoiding
undesirable aggregation or LLPS during the purification
process. Fusing solubility tags such as MBP or GST to an IDP of
interest can be a useful strategy for maintaining its solu-
bility."®* As these solubility tags are large and may interfere
with downstream functional and biophysical assays, they are
typically removed at the end of the purification process through
a suitably engineered cleavable site. This requires an additional
purification step to remove the cleaved tag. Cleavage of a solu-
bility tag after purification can be a facile approach for per-
forming LLPS studies.” In a compelling recent example of this
approach, Morin et al. use an MBP-KIf4 fusion protein to
construct a model describing the role of prewetting in the
sequence-specific surface condensation of the transcription
factor Klif4, which forms small LLPS condensates on DNA. In
this work, the MBP-KIf4 fusion is capable of adsorbing onto
DNA, but does not undergo LLPS. After adsorption, the MBP tag
is removed and Klf4 condenses into droplets around sequences
known to promote Klf4 binding.** This strategy allows for the
disambiguation of Klf4 adsorption and LLPS. In this case,
a solubility tag is used to enable an LLPS study in an environ-
ment that would be sensitive to other means of LLPS initiation,
such as a pH jump or changing the IDP or salt concentration.

Since IDPs are often enriched in hydrophilic and charged
residues, tuning the pH can be a straightforward way to improve
the performance of a purification protocol. Although there are
reports that leverage pH in order to purposefully precipitate the
IDP of interest,* in most cases the selection of a buffer that
optimizes solubility is preferred. Buffers that maintain unusu-
ally high or low pH conditions are often advantageous, and the
disordered nature of the IDP means that pH-induced denatur-
ation is not an issue. As an example, some purification
approaches for the low-complexity domain of Fused in Sarcoma
(FUS LC), which undergoes LLPS and/or aggregation at neutral
pH, involve the extensive use of N-cyclohexyl-3-
aminopropanesulfonic acid (CAPS), a buffer that maintains
a pH of 10-11. At such high pH, the tyrosine residues on FUS are
deprotonated and the protein is highly charged, which
promotes solubility and enables the subsequent purification of
the LC domain by size-exclusion chromatography without the
need for a denaturant.”®**>* On the other hand, low-pH condi-
tions are often used to purify a-synuclein.>® This first step in the
purification process precipitates many undesired -cellular
proteins, thereby leveraging a-synuclein's resistance to pH-
dependent denaturation. A potential disadvantage of pH-
based purification protocols is that they may not be compat-
ible with chemical biology approaches for protein labeling or
modification, as the reactions are typically sensitive to pH.
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Temperature is another practical consideration that may
require a different approach than that taken for a typical glob-
ular protein. Since there is no fold to maintain, some IDPs are
resistant to high temperatures, a unique property that can be
exploited with  high-temperature protein  purification
approaches. Tau and a-synuclein, for example, are often puri-
fied by boiling crude cell lysate, which denatures and precipi-
tates most cellular proteins and leaves a soluble fraction that is
highly enriched in the desired protein.”® On the other hand,
many IDPs undergo thermoresponsive phase transitions which
may require the use of mild temperatures around 25 °C
throughout the protein preparation,” a characteristic that is
counter-intuitive to those who are used to maintaining
temperatures closer to 4 °C throughout the purification of
a globular protein. Tolerance to higher temperatures may be
beneficial for chemical labeling approaches of IDPs as it can
speed up the relevant reactions.

For IDPs that are especially aggregation-prone, chemical
denaturants are often necessary to achieve reasonable yields
from a recombinant protein preparation. In many IDP prepa-
rations, chaotropes such as urea or guanidinium hydrochloride
can be used to redissolve aggregated protein or to maintain
solubility at a pH or temperature that would otherwise induce
aggregation or LLPS.” Chemical denaturants may also be
required to keep IDPs soluble during size-exclusion or ion-
exchange chromatography purification steps. In some cases,
the IDP will be sequestered into inclusion bodies during
expression, and urea or guanidinium hydrochloride may be
required for extracting proteins from the inclusion body and for
mitigating the risk of aggregation in subsequent steps.”®
Chemical denaturants are often compatible with cysteine
chemistry and even intein-based segmental labeling
approaches, and can therefore be useful in the preparation of
modified and labeled IDPs.*

Introduction of chemical probes for
imaging and spectroscopic studies

Understanding the structure, dynamics, interactions, and
functions of IDPs often relies on fluorescence-based approaches
such as fluorescence recovery after photobleaching (FRAP) and
fluorescence resonance energy transfer (FRET), and/or spec-
troscopic studies by nuclear magnetic resonance (NMR) and
electron paramagnetic resonance (EPR).*°*?> A common
requirement for these techniques is the site-specific installation
of chemical probes that report on the properties of the IDP or its
environment. A wide range of technologies for site-specific
labeling have been demonstrated, and many of these
approaches are applicable to IDPs.*** Here we review the
applications of cysteine chemistry, unnatural amino acid
incorporation through genetic means (amber suppression),
inteins, and sortase, with a particular emphasis on the unique
challenges presented by IDPs and LLPS. We focus primarily on
the installation of small chemical probes such as fluorescent
labels, rather than the use of large fusion fluorescent proteins,
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as these approaches may be less familiar to the reader and may
have distinct advantages in certain applications.

Cysteine is the chemical handle of choice for facile labeling of
IDPs

A wide range of small-molecule chemical tools are available for
the site-selective modification of proteins under aqueous
conditions.***” Of these, the most robust and practical reactions
take place at nucleophilic cysteine residues. Cysteines are
particularly rare in IDPs and are therefore valuable reactive
handles that can be targeted selectively if present or added into
the recombinantly-produced proteins if needed. The potent
nucleophilicity of the cysteine thiol allows for chemoselectivity
even in the presence of other nucleophiles such as the primary
amines on lysines and protein N-termini.

Covalent labeling at cysteine residues is a popular strategy
for introducing small-molecule fluorescent probes in proteins
including IDPs (Fig. 1A). This is most often achieved through
maleimide or iodoacetamide functionalized dyes and there are
many commercially available options covering a wide range of
absorbance and emission properties, including cyanine-based
probes, the Alexa Fluor® series, and the BODIPY family of
dyes.*® Labelling at a cysteine residue with a maleimide-based
probe is often as simple as incubating the dye with the
protein for less than an hour and subsequently removing the
unreacted dye wvia gel (filtration or reverse-phase
chromatography.**** In the case of IDPs, it may be beneficial
to perform the labeling step while the protein is still fused to the
solubility tag or under denaturing conditions to avoid issues
with aggregation or premature LLPS. The straightforward and
robust nature of cysteine chemistry make this the preferred
method of choice for labeling IDPs, especially if the purification
protocol is challenging and delivers relatively low yields.
Sometimes, it may also be possible to use the primary amines of
lysine residues to attach fluorescent probes through N-hydrox-
ysuccinimide ester chemistry.”> However, there are typically
many more lysine residues in a protein compared to cysteine
and it is difficult to control the specificity of these reactions,
especially in the context of IDPs where all side-chains are
solvent exposed and accessible. The unique reactivity of the o-
amine of a protein's N-terminus can also be exploited to attach
imaging or spectroscopic probes through chemical or enzy-
matic means. Interested readers are referred to the compre-
hensive review of these methods by Rosen & Francis.*

In addition to fluorescent labeling, cysteine is a useful
handle for introducing spin labels for NMR- and EPR-based
methods. A common NMR approach for IDP studies is the
paramagnetic relaxation enhancement (PRE) experiment.**
PREs are particularly powerful in detecting weak intra- and
inter-molecular interactions at residue-specific resolution in
dynamic biological systems and are often applied to charac-
terize the molecular basis of LLPS.'®**?%%34¢ In a PRE experi-
ment, the protein of interest is labeled with a paramagnetic
relaxation enhancement probe, typically a nitroxide-based
stable radical moiety such as S-(1-oxyl-2,2,5,5-tetramethyl-2,5-
dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate
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Fig. 1 Cysteine approaches for introducing imaging and spectro-
scopic probes in IDPs. (A) Alkylation reactions with maleimides are
often used to attach fluorescent probes. (B) The EPR probe MTSL can
be introduced through a disulfide oxidation reaction. (C) The distance
between two MTSL probes can be measured through an experiment
called double electron—electron resonance (DEER).

(MTSL).** The addition of MTSL results in an oxidation reaction
and the formation of a disulfide bond with the targeted cysteine
residue (Fig. 1B). The nitroxide moiety on the probe can induce
distance dependent relaxation effects that reduce the peak
intensity for residues within a 10-25 A radius.” This informa-
tion can be used to construct a map of the residues that
participate in intra- or intermolecular interactions for IDPs. For
example, PRE-based NMR experiments have been used to
describe the transient interactions formed by the low
complexity domains of FUS, TDP-43, hnRNPA1, and hnRNPA2
in LLPS environments.>*>*4%47:48

The MTSL probe can also enable the characterization of IDP
behavior by EPR. For example, MTSL-labeled tau was used to
characterize tau dynamics within liquid-liquid droplets and to
report on tau-water interactions.”” In this case, the native
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cysteine residues of tau were mutated to serine, and a new
cysteine was introduced at a different position in the protein
sequence for labeling so that the relevant interactions could be
captured. A commonly used EPR experiment is double electron-
electron resonance (DEER), which measures up to 10 nm
distances between two electron spin probes.* DEER is
conceptually similar to FRET experiments and can be used to
build a structural model of the protein of interest and to char-
acterize protein-protein interactions (Fig. 1C).”>** If intra-
molecular DEER is performed, then two spin labels need to be
introduced in the protein. As DEER can probe distances
between two identical spin probes, labeling can be easily ach-
ieved by introducing two cysteine residues at the relevant
positions in the IDP. For example, in a recent study, DEER of
a doubly-labeled construct of the FUS LC domain was used to
interrogate the dynamics and conformational distributions of
the protein within a phase separated sample.”> EPR and DEER
can also be performed with Gd**-based spin probes attached
through cysteine chemistry.>>

Despite their popularity, some important considerations
need to be taken into account when working with cysteine-
based labeling approaches. When oxidation-based reactions
are used for labeling (e.g. with MTSL), the protein cysteines
need to be reduced and available before the labeling reaction
takes place.** Once the disulfide bond between the protein and
the probe is formed, care must be taken to avoid reducing
conditions or agents in the sample buffer. Even the more
chemically resilient maleimide labeling reactions can be
susceptible to hydrolysis and thiol exchange, processes that can
be exacerbated by higher pH and long storage in aqueous
solutions.” Cysteine-based reactions are also not bioorthogonal
and are therefore not suitable for in-cell applications. Finally,
using cysteine labeling approaches, it is difficult to introduce
two different probes on the same IDP as may be required for
intramolecular FRET experiments. In this case, cysteine chem-
istry may be combined with unnatural amino acid incorpora-
tion by genetic means and bioorthogonal labeling reactions, as
discussed below.

Unnatural amino acids provide flexibility for specific and
multiple labeling

In cases where labeling at a cysteine is not an option, or
a second distinct chemical probe needs to be site-specifically
introduced to an IDP of interest, the incorporation of an
unnatural amino acid (UAA) can help expand the reactive scope
of the target protein.*>*” The introduction of an entirely unique
chemistry into the IDP with a UAA precludes any cross-reactivity
with other nucleophilic residues or issues with multiple
labeling that come along with the classical thiol-reactive
chemical probes described in the previous section. Unnatural
amino acids can be introduced by genetic means through
a technique often referred to as amber suppression
(Fig. 2A).°%°%% In this case, the amber stop codon, UAG/TAG, is
assigned to the UAA and cloned at the desired position in the
protein sequence. At the same time, the cells are transformed or
transfected with a second plasmid that encodes an engineered
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Fig.2 Amber suppression as a tool for studying IDPs. (A) An overview of the amber suppression strategy. (B) Bioorthogonal CuAAC reaction for
protein labeling. (C) Bioorthogonal labeling reaction based on tetrazine—norbornene chemistry.

tRNA/tRNA-synthetase pair. The tRNA synthetase can recognize
the UAA and load it onto the cognate tRNA. The loaded tRNA, in
turn, recognizes the amber stop codon and delivers the UAA to
the ribosome for incorporation into the growing protein
sequence.

Amber suppression is often used to introduce a chemical
handle for bioorthogonal chemical reactions, such as an azide,
tetrazine, strained alkene or alkyne.®** These chemical moie-
ties can then be targeted with a suitable “warhead” carrying the
fluorescent or spectroscopic probe of interest. The bio-
orthogonal reactions can be performed both in vitro on the
purified protein and in cells. For example, copper-catalyzed [3 +
2] azide-alkyne cycloaddition (CuAAC) reactions have been used
to attach EPR probes to proteins in mammalian cells, while
tetrazine-based reagents have been used to tether fluorescent
probes (Fig. 2B and C).®>® If a suitable engineered tRNA/tRNA-
synthetase pair has been developed, fluorescent probes, spin
labels, or other suitable moieties, can be introduced directly as
the UAA.>¢%%% For example, several reports from Schmidt et al.,
describe the evolution and subsequent application of a tRNA™!/
pyrrolysyl-tRNA-synthetase pair capable of installing a spin-
labeled nitroxide-based amino acid.”*® This allows for the
direct introduction of a probe without the need for performing

chemistry on the target protein after expression, a capability
that could prove especially useful for IDPs that are sensitive to
abiotic conditions.

From a conceptual point of view, amber suppression is
relatively straightforward to implement as it requires only the
addition of two plasmids and the UAA before protein expres-
sion. In practice, it can often severely reduce the yield of the
desired protein as truncation products are very common. This
problem is even more pronounced if two or more UAAs need to
be installed.*”® Despite these shortcomings, amber suppression
has great potential for the biophysical studies of IDPs. For
example, it can be used in combination with cysteine chemistry
or alone to install two distinct fluorescent and spectroscopic
probes on the same protein. More importantly, as these reac-
tions can be performed in cells, bioorthogonal chemistry and
amber suppression can provide an alternative to fluorescent
proteins for LLPS studies in the cellular milieu. In the context of
spectroscopic probes, these strategies can enable the structural
characterization of IDPs by EPR or PRE NMR in a native envi-
ronment.®®”® While there are currently few examples in the
literature of successful applications to IDP and LLPS studies,”
we expect that continuing developments to improve efficiency of
UAA incorporation and speed of bioorthogonal labeling will
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make these approaches a reliable and useful option for
biophysical analysis both in vitro and in cells.”>”*

Inteins and sortase are versatile tools for segmental labeling
of IDPs

While IDPs are often studied by NMR, their repetitive sequences
and low chemical shift dispersion can make resonance assign-
ments challenging.” In such cases, it is helpful to segmentally
label the protein, so that only a portion of the sequence is visible
by NMR while the properties of the full-length polypeptide are
preserved.”>”® Segmental labeling is often performed with split
inteins, protein engineering tools that can connect two separate
protein segments through a native peptide bond in a process
called trans-splicing (Fig. 3A).”” To perform segmental labeling,
the protein of interest (i.e. the extein) is divided into two frag-
ments called the N- and C-exteins, respectively. Each fragment
is fused with the corresponding N- or C-intein and the fusions
are expressed and purified separately, so that each fusion
construct can be labeled as desired (e.g. >N and natural abun-
dance, or >N and "C respectively). After purification, the two
constructs are mixed and the N- and C-inteins come together
through non-covalent electrostatic interactions and adopt the
functional intein horseshoe-like fold.”® Upon folding, the
assembled intein performs trans-splicing of the extein frag-
ments and releases the newly ligated native protein of interest.
Since most optimized split inteins use cysteine chemistry to
carry out the trans-splicing reaction, segmental labeling
requires that the extein is split at a native cysteine residue or
that a cysteine is introduced at the desired location. Some
inteins may also require a few additional residues beyond the
junction cysteine, although the most efficient engineered intein
so far, Cfa GEP, is quite tolerant to variations in the extein
sequence.”>”*® Some inteins can also carry out splicing reac-
tions at serine or threonine junctions, although their full extein
dependency is less known.*>*>

While inteins are gaining traction as segmental labeling
tools for a variety of proteins, the biggest challenge for their
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application to most IDPs is the requirement that the ¢rans-
splicing reaction is performed under denaturing conditions to
keep the reactants and final product soluble. The presence of
urea or guanidinium can interfere with the folding of the intein
and severely reduce the efficiency of splicing. The best intein to
use in such cases is the Cfa GEP intein, which was engineered to
withstand harsh conditions and can carry out splicing in buffers
that contain up to 4 M guanidinium hydrochloride and 6 M
urea.”””® There are also inteins that are tolerant to very high salt
concentrations and can in principle be used for splicing in such
conditions that often prevent phase separation of the protein of
interest.®® Extein-intein fusions may also have increased
expression levels and higher solubility when compared to the
full-length IDP construct, although this may be highly protein
dependent. In cases where the solubility and purification of the
extein-intein needs to be improved, solubility or affinity tags
such as MBP or Hisg can be fused on the intein-side of the
construct.>** At this position, the tags do not interfere with the
splicing reaction and are automatically removed from the extein
when splicing takes place.

In addition to segmental labeling, inteins have other useful
applications. For example, they can be adapted to attach C-
terminal small molecule fluorophores to proteins of
interest.”””>** In this case, an engineered or native contiguous
intein is fused to the C-terminal side of the extein. The fused
intein can be cleaved in the presence of a thiol which generates
a C-terminal thioester on the extein. The thioester can then be
reacted with a small peptide bearing the desired fluorophore,
thus generating the labeled protein. This strategy may be useful
when fluorescent proteins such as GFP are not compatible with
LLPS studies (i.e. if they interfere with LLPS) and when cysteine
labeling is not an option. In a different adaptation of this
strategy, the intein can be hydrolyzed from the extein at slightly
basic pH.**®** If a suitable affinity tag is attached on the intein
side, e.g. a Hise or chitin, then the intein can be hydrolyzed
directly during affinity purification. In this case, the intein and
the tag remain on the column while the pure protein of interest
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Fig. 3 Approaches for segmental labeling of IDPs for NMR studies. (A) Intein mediated protein trans-splicing. (B) Ligation of recombinant or

synthetic polypeptides by sortase.

147

© 2022 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2022, 13, 14226-14245 | 14231



Chemical Science

is released in solution. This strategy circumvents the need for
a protease cleavage step to remove the affinity tag and may be
a useful option when such steps are problematic in the IDP
purification protocols.

An alternative tool for segmental labeling and protein
modification is the transpeptidase sortase (Fig. 3B). This
protein can stitch together two polypeptides in trans, provided
that they carry an appropriate signal peptide.®*** The recogni-
tion signal typically consists of the LPXTG sequence (where X is
any amino acid) on one peptide, and one to five glycine residues
on the other peptide.” The two peptides are mixed and sortase
is added in trans to carry out the ligation reaction, resulting in
a minimum six residue “scar” in the newly formed protein. If
one of the peptides is prepared in minimal isotopically labeled
media, the resulting full-length protein will be segmentally
labeled. In the context of IDPs and LLPS, there are several
important considerations that need to be kept in mind.****
First, to carry out the ligation reaction, sortase needs to be
folded, which precludes the use of high concentrations of
denaturants. Second, the reaction requires the presence of Ca**
ions in the buffer, which may be incompatible with LLPS
studies for some proteins.”> And third, as the product poly-
peptide also contains the LPXTG recognition motif, the sortase
reaction may be reversible and care must be taken to remove the
product quickly and to minimize the generation of undesired
products.” Nevertheless, the sortase-based ligations are
conceptually elegant and may provide a useful alternative when
the protein of interest is incompatible with intein splicing (e.g.
if the protein charge interferes with the binding and folding of
the intein fragments which proceeds through electrostatic
interactions). Sortase has also been used extensively to attach
proteins to surfaces and to add IDRs to the folded regions of
proteins.®® Interestingly, sortase has an IDR which undergoes
a disorder-to-order transition upon binding of the signal
peptide and Ca®" ions.*’

Introduction of post-translational modifications

Innate biological LLPS is often controlled by post-translational
modifications (PTMs) including phosphorylation, acetylation,
methylation, and ubiquitination.*®*® Faithfully recapitulating
PTMs in vitro is therefore crucial for constructing experiments
that interrogate LLPS. While there are a variety of chemical and
biochemical tools for installing or modelling PTMs after
a protein has been recombinantly purified, IDPs present unique
challenges for the applications of these tools.”® Here, we review
enzymatic approaches, bioisostere substitutions, cysteine
chemistry and native chemical ligation, with the goal to give
a range of options to biophysicists and biochemists interested
in understanding the role of PTMs in IDPs and LLPS mecha-
nisms and interactions.

The most common strategy to introduce PTMs in recombi-
nantly produced IDPs is enzymatic modification. This approach
is flexible as it can generally be applied to any substrate protein
if the appropriate enzyme can be purchased or expressed and
purified in house. Enzymes also introduce the same chemistries
that are seen in cells, avoiding issues that may arise with PTM
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isosteres or PTM mimetics that result from other methods for
PTM installation. The chemical accuracy and ease of use of this
approach has made it the method of choice for many studies
involving a variety of combinations of IDPs and PTMs,
including phosphorylation of tau,'® acetylation of FUS,'* and
mono-, di-, and trimethylation of histone tails'** (among many
others). The major drawback with enzymatic PTMs is that the
activity of the enzyme can be difficult to control, and the
resulting protein can be either overmodified (with the PTM
present at multiple sites on the protein) or undermodified
where the desired PTM is not installed efficiently. Controlling
the installation site is also an issue, especially in unfolded IDPs
whose residues are entirely solvent exposed. The proteins that
result from mixtures of sites and distributions of PTMs that are
generated by enzymes are often hard to separate from each
other. These factors limit the enzymatic approach to cases
where an appropriately active enzyme is available and there is
either only one specific substrate residue in the protein or
a distribution of modifications is desired, similar to the cases
illustrated above.

A second straightforward strategy to incorporate PTMs is to
genetically encode a bioisostere into the protein of interest.
Bioisosteres, commonly used in medicinal chemistry and
chemical biology, are atoms or functional groups with similar
chemical and physical properties.’® In the context of PTMs,
perhaps the best known example is the substitution of phos-
phorylated serine or threonine residues with glutamic acid.
Similar to enzymatic PTM incorporation, ease of application is
a major benefit with this approach: bioisosteric residues can be
encoded in the protein with cloning, and no further modifica-
tion is required after protein purification. The drawback is that
few good bioisosteres for PTMs exist among the canonical
amino acids. Despite this limitation, this strategy has been
commonly used in the literature, especially in the context of
phosphorylation.** This includes a number of studies by the
Fawzi group that reveal the influence of site-specific phos-
phorylation on the structural distributions and LLPS propen-
sities of both FUS and TDP-43.>** As more tRNA/tRNA
synthetase pairs that encode pre-modified amino acids are
developed, we expect that the incorporation of chemically
accurate PTMs via genetic encoding by amber suppression will
become a valuable strategy for incorporating PTMs into IDPs. It
is already possible to encode phosphotyrosine and acetyllysine,
for example, and new tRNA/tRNA synthetases are actively being
developed.'*>1%¢

Cysteine chemistry presents a convenient way to introduce
PTM mimics that are inaccessible with genetically encoded
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Fig. 4 Cysteine alkylation can be used to prepare methyl lysine
mimics.
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Fig. 5 Native chemical ligation can be used to ligate two synthetic or
recombinant polypeptides. One of the peptides ends with a C-terminal
thioester while the other peptide contains an N-terminal cysteine
residue.

bioisosteres. Mimics of lysine methylation are common targets
for this approach (Fig. 4). To use this strategy, a lysine residue is
substituted with a cysteine, which is then alkylated with
appropriate reagents to generate a mono-, di-, or trimethyllysine
as desired.'” This produces a sidechain that is the same length
as lysine but bearing a sulfur instead of a carbon atom at the y
position. The reaction is compatible with denaturing conditions
and is very popular in chromatin studies as it presents a rela-
tively straightforward way to generate methylated histones.**”**°
It is important to note that in binding studies, alkylated cyste-
ines display slightly higher Ky values compared to native
methylated lysine residues.'® They are, however, a good option
when large amounts of methylated protein are needed, and are
especially useful in the context of isotopic labeling for NMR
studies.’® Similarly, cysteine-based chemistries have been
leveraged to introduce acetyl-lysine and methyl-arginine mimics
into histone tails after cysteine mutations at endogenous lysine
or arginine residues.'"** Asymmetric disulfide linkages can

Chemical Science

also be used to attach ubiquitin at well-defined positions in
a protein sequence."*»'*

Native chemical ligation (NCL) represents another versatile
option for the site-selective introduction of PTMs in IDPs
(Fig. 5).*****” Unlike most of the methods discussed above, this
technique can generate proteins with multiple well-defined
PTMs, enabling the construction of highly accurate models of
post-translationally modified systems in vitro. In this case,
a synthetic peptide bearing the necessary modifications is
prepared through Fmoc- or Boc-mediated solid-phase peptide
synthesis. The peptide is then ligated to another synthetic or
recombinant fragment to build the full-length protein of
interest. To perform NCL, the N-terminal fragment must
contain a C-terminal a-thioester, while the C-terminal fragment
needs to start with a nucleophilic amino acid such as cysteine.
The thioester can be generated synthetically (native chemical
ligation) or via the use of an intein that is fused to a recombi-
nant protein or peptide fragment (expressed protein ligation,
EPL)."'*'*® The a-thioester serves as a reactive handle for the
formation of a native amide protein backbone via a trans-thio-
esterification reaction with the cysteine sidechain of the second
peptide fragment. Since the development of NCL, however, the
range of chemistries that can be formed at this ligation site has
extended far beyond cysteine to include many other natural and
unnatural amino acids,"® with recent methodologies expanding
the scope to extremely challenging residues such as proline.***
Another notable improvement in the NCL methodology is the
development of the C-terminal hydrazide as a more stable and
flexible replacement for the C-terminal a-thioester.*** It should
also be noted that the ligation reaction can proceed in the
presence of urea or guanidinium hydrochloride and is therefore
compatible with the production of IDPs that are prone to
aggregation or premature LLPS."*

The primary advantage of using NCL or EPL to introduce
PTMs into IDPs is that these techniques offer the capability to
site-specifically introduce multiple distinct PTMs if desired. An
excellent illustration of the value that this capability can offer to
IDP research is provided by recent work by Ge et al., in which
a semisynthetic construct of the partially disordered JARID2
protein was produced using NCL." In this report, multiple NCL
reactions were utilized to generate a protein construct con-
taining two distinct post translational modifications on indi-
vidual residues in a site-specific manner. NCL and EPL have
also been used extensively to produce a-synuclein and tau
bearing a wide variety of PTMs, sometimes in combination with
segmental isotopic labeling for NMR studies.>****

Noncovalent small-molecule chemical
tools for modulating LLPS and IDP
behavior

One of the most exciting frontiers for IDP chemical biology is
the development of noncovalent modulators of IDPs and LLPS.
Disordered proteins do not offer hydrophobic pockets or other
defined structural features that can serve as targets for small
molecules. IDPs are therefore often avoided in high-throughput
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screens for small-molecule effectors due to the high potential
for failure. Despite this, successful screens for high-value
protein targets such as AB, Myc, and a-synuclein are present
in the literature,"*%* suggesting that screening is a viable
strategy for the discovery of chemical tools and drug leads that
target IDPs directly.*** Rational structure-based design has also
been challenging although there is now at least one example of
a successful structure-activity relationship (SAR)-based
campaign against IDPs in the literature.”*® Given the central
roles of IDPs and LLPS in cell biology and disease, the dearth of
small-molecules capable of selectively engaging IDPs for use as
chemical probes or therapeutic leads is an important problem
in the field and makes this area of research especially
exciting.”® In this section, we will outline the precedent and
explore the prospects for the discovery and development of such
small-molecule modulators of IDPs and LLPS.

The current chemical landscape of LLPS modulators is sparse
and lacks specificity

The chemical tool most often used to study LLPS is 1,6-hex-
anediol, a general disruptor of this process. Akyl alcohols
including 1,6-hexanediol were first used to probe interactions
between the FG-nucleoporins that gate the nuclear pore
complex, which are IDPs that exhibit behavior consistent with
LLPS."*”** Since its demonstration as a modulator of FG-
nucleoporins, 1,6-hexanediol has been used as a convenient
probe for assaying the properties of droplet-like structures in
cells, for the rapid characterization of LLPS in vitro, or for
differentiating between LLPS droplets and solids.****** Despite
its widespread use, 1,6-hexanediol is typically added at high
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concentrations of 5-10% wj/v. Such high concentrations can
interfere with the analysis of in vitro LLPS systems that are
sensitive to abiotic conditions as well as with studies done in
cells where 1,6-hexanediol disrupts a broad spectrum of cellular
processes and can be cytotoxic.***"*'*> Additionally, 1,6-hex-
anediol works primarily by disrupting hydrophobic interac-
tions, a mechanism that does not address electrostatic, dipolar,
and cation- interactions that are also known to drive LLPS.?
This suggests that the efficacy of 1,6-hexanediol in disrupting
LLPS droplets may vary.>'**'*” Conclusions drawn from experi-
ments that rely on 1,6-hexanediol must therefore be considered
with care and with the limitations of this tool in mind.

In addition to 1,6-hexanediol, a number of alkyl alcohols
have been used to characterize LLPS. As a general trend, less
hydrophobic alkyl alcohols (2,5-hexanediol and 1,2,3-hexane-
triol, for example) are less effective at disrupting LLPS droplets,
which is consistent with the proposed mechanism of action.™**
This difference in efficacy can be used as a tool for differenti-
ating between phase-separated structures with different
susceptibilities to disruption by alkyl alcohols.*®

On the other end of the spectrum from 1,6-hexanediol and
related disruptors lie small-molecule promoters of LLPS.
Promoters include physiologically-relevant small molecule
hydrotopes such as ATP, which can enhance the propensity of
FUS to wundergo LLPS in a concentration-dependent
manner."**'** A synthetic example of a hydrotope capable of
enhancing LLPS is 4,4’-dianilino-1,1-binaphthyl-5,5"-disulfonic
acid (bis-ANS). This molecule, along with a handful of similar
but less effective naphthalene sulfonate derivatives, has been
shown to promote LLPS for a number of common LLPS-prone
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Fig. 6 Noncovalent small molecule modulators of IDPs. (A) Unique modes of action for small molecule modulators of IDPs, with A—F repre-
senting arbitrary populations of conformers. (B) Two small molecule modulators discussed in the text.

150

14234 | Chem. Sci,, 2022, 13, 14226-14245

© 2022 The Author(s). Published by the Royal Society of Chemistry



Perspective

model proteins such as TDP-43 low complexity domain, tau,
and FUS LC."° The study that introduces bis-ANS further
demonstrates that Congo Red, a small molecule probe that is
used as a reporter for amyloid, is capable of promoting LLPS in
a similar manner to bis-ANS. This work suggests that bivalent,
negatively charged compounds with hydrophobic cores can
serve as hydrotopic drivers for LLPS. Some biologically impor-
tant small molecules have also been shown to be capable of
maintaining LLPS and modulating the onset of the liquid-to-
solid transition of LLPS droplets. In one of the few systematic
studies of its kind, Jonchhe et al. found that hydrophobic
moieties in small molecules delay the onset of a liquid-to-solid
phase transition in tau LLPS droplets.” In the same work,
TMAO is shown to be an especially potent inhibitor of the
liquid-to-solid transition, which is consistent with the obser-
vation that amphiphilic compounds like bis-ANS and ATP can
drive LLPS.

Although they do not necessarily modulate LLPS directly,
LLPS-sensitive probes that fluoresce or otherwise report on
LLPS, are valuable tools for characterizing this process and may
prove superior to disruptive reporters such as 1,6-hexanediol in
many experimental contexts. Molecular rotors such as thio-
flavin T are sensitive to viscosity and can be used to probe LLPS
while also serving as a tool for identifying and visualizing
protein aggregation and fibrilization."® Recently, a novel
aggregation-induced emission fluorogen, sodium 1,2-bis[4-(3-
sulfonatopropoxyl)phenyl]-1,2-diphenylethene (BSPOTPE), was
demonstrated to be capable of reporting on LLPS by partition-
ing into droplets in vitro and fluorescing in a viscosity-
dependent manner." The continued development of chem-
ical tools capable of reporting on LLPS without the need for
toxic or otherwise disruptive concentrations of 1,6-hexanediol
will allow for less perturbative in vitro and in-cell assays.
Molecules designed to non-perturbatively probe LLPS charac-
teristics may also be useful for providing SAR data for chemis-
tries capable of selectively partitioning into LLPS droplets. Just
like biological LLPS condensates, whose composition is tuned
by the chemistry of the client and scaffold proteins, it is feasible
that small molecules could be tuned to partition into LLPS
droplets with a particular set of chemical properties.>*** For
example, recently, a handful of cancer therapeutics were shown
to selectively partition into biomolecular LLPS condensates
both in vitro and in cells.” It is our hope that further devel-
opment of selective small-molecule LLPS modulators will lead
to better chemical tools for studying LLPS and better thera-
peutics for addressing clinically-relevant LLPS dysregulation.

Rethinking the physicochemical basis of binding to IDPs

In order to develop more effective small molecule modulators of
IDPs and LLPS, it is important to first consider the properties
that would make a modulator effective in the first place. In
general, three outcomes are available for small molecule
binding to an IDP (Fig. 6A). First, the conformational distribu-
tion of an IDP may be changed or the conformational space
available to an IDP may be reduced, a mechanism referred to as
a population shift or conformational restriction.'****”

Chemical Science

Alternatively, the conformational states available to an IDP may
increase, a mechanism referred to as entropic expansion.'*'*
Lastly, a small-molecule IDP modulator may bind to and induce
a single conformation of an IDP, which we refer to as confor-
mational trapping.

The population shift mechanism relies on transient
enthalpy-driven binding of a small molecule to an IDP. Many
IDPs adopt transient secondary structure, either due to
a predominant low-energy conformation or as the result of
a transient interaction with another protein (in the case of LLPS,
this interaction is often with another copy of the same protein).
As an example, adoption of transient secondary structure by an
IDP has been demonstrated by Conicella et al., who showed that
transient a-helices in the C-terminal domain of TDP-43 exist
both in the dispersed and LLPS phase, and that mutations that
enhance the propensity for the formation of a-helices also
enhance the propensity for LLPS.***** Molecular dynamics and
NMR are particularly powerful for providing insight into the
role of transient secondary structure in the behavior of IDPs and
IDP interactors. In a recent study, Zhu et al. integrated solution
NMR data with all-atom molecular dynamics to provide
a structure-based explanation for SAR differences between
a family of bisphenol A-based modulators of the intrinsically
disordered transactivation domain of the androgen receptor.'*
Rational design of IDPs that target transient structure has been
achieved by clustering snapshots from molecular dynamics
simulations and using favored structural ensembles as targets
for docking experiments."*>

The discovery and optimization of a molecule that confers
a population shift in an IDP can also be performed in the
absence of a full structural ensemble, as illustrated in work
described by the Shelat, Zuo, and Kriwacki groups that shows
the discovery and optimization of a small molecule capable of
engaging the IDP p27%'P'. An initial fragment-based NMR
screen against p27%"P* yielded SJ403 (Fig. 6B), which can bind
transient clusters of hydrophobic residues.*® SJ403 is shown to
induce a population shift through this binding mode, and
further SAR work on this molecule generated a compound
capable of sequestering p27*'P* into small soluble oligomers via
the hydrophobic binding mechanism.™>'*¢ This effort provides
an elegant example of the implementation of well-established
drug discovery and optimization approaches to discover
a small-molecule modulator of an IDP.

The entropic expansion mechanism introduces a much
stronger focus on the entropic contributions to interactions
between a small-molecule modulator and IDPs.**® In the
conformational trapping mechanism, and to a lesser degree
the population shift mechanism, binding can be optimized
through rational design principles against a favored IDP
conformation. The strategy mirrors that of lead optimization
for a folded protein, where the main goal is to introduce
changes to a small molecule binder in order to decrease the
enthalpy of binding."** In the entropic expansion approach, on
the other hand, the entropic benefit of introducing more
diversity into the conformational ensemble of a population of
IDPs is considered. Enthalpic contributions provide a degree
of target specificity through transient, weak interactions with
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structural or sequence motifs in IDPs, while the entropic
contribution favors interactions with the IDPs and effectively
reduces unwanted LLPS or aggregation by expanding the range
of conformations that the proteins can adopt.’®® The only
example to date of a molecule that works through the entropic
expansion mechanism is 10074-G5 (Fig. 6B), a small molecule
inhibitor of amyloid-B,, aggregation discovered by the
Knowles, Dobson, and Vendruscolo groups.'®® Since many
IDPs undergo pathological conformational collapse into
aggregates and fibrils, it is clear that molecules that exploit the
entropic expansion mechanism could be viable therapeutic
leads. It is possible that other small molecules that protect
against aggregation of IDPs while preserving their wild-type
function work through this mechanism.'**'*” Further efforts
exploring the entropic expansion mechanism will be valuable
for the development of better chemical tools for studies of IDPs
and LLPS.

For both the population shift and entropic expansion
mechanisms, a framework for initial small-molecule binding
and selectivity must exist. For enthalpically driven binding,
selectivity can be explained in some cases by the existence of
transient binding pockets. Recently, Robustelli et al. provided
an alternative mechanism for selectivity in small molecule
binders of IDPs. Using all-atom molecular dynamics simu-
lations and solution NMR studies of a fragment of o-synu-
clein and fasudil, a known ligand for a-synuclein, Robustelli
and coworkers demonstrated that the spacing of low-affinity
binding sites for fasudil along the a-synuclein sequence can
compensate for the lack of a single well-conserved or high-
affinity binding site. This mechanism for selectivity, called
“dynamic shuttling” provides a compelling explanation for
small-molecule selectivity towards specific IDP sequences
that is compatible with both the population shift and
entropic expansion paradigms for small-molecule-IDP
interactions.'®®

A final mechanism for IDP interactions with small molecules
is conformational trapping. Due to the large entropic cost
associated with restricting an IDP to a single conformation, this
mode of interaction is challenging to achieve with a small
molecule. An example of conformational trapping can be found
in the biotinylated 5-aryl-isoxazole-3-carboxyamide molecule (b-
isox) described by Kato et al. In this case, the microcrystalline
form of b-isox is the active modality. Grooves on the crystal
surface provide binding sites capable of overcoming the
entropic penalty associated with conformational trapping of
IDPs, and multiple IDPs associated with RNA granules can be
trapped and subsequently isolated using b-isox as a chemical
tool.**

Future directions

A quarter of a century of IDP research has revealed that
unstructured polypeptides carry out a vast number of important
and precise functions in the cell.'>*”*'"* Despite these advances,
there is still much to learn regarding how cells translate
a multitude of non-specific interactions into specific biological
outcomes, and how the cellular machinery perceives functional
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and pathological states of IDPs. Further developments in both
structural biology and protein chemistry will be crucial to these
efforts.

Here, we have reviewed the current state of the art in
chemical and biochemical approaches that allow the prepara-
tion of IDPs for imaging and structural studies and enable the
investigation of PTMs in physiologically relevant contexts
(summarized in Table 1). While these tools have become much
more efficient and versatile over time, the handling require-
ments and aggregation propensity of many IDPs still present
a tremendous challenge. The development of the Cfa GEP
intein, for example, enabled trans-splicing and segmental
labeling of many new proteins, including IDPs such as
FUS.?*7®17% Yet, more can be done to improve the efficiency of
inteins in high concentrations of guanidinium hydrochloride
and urea, conditions that are essential for the handling of many
aggregation and LLPS prone IDPs. The development of cysteine
alkylation approaches to mimic lysine methylation, on the other
hand, has allowed NMR spectroscopists to study the role of this
modification using specifically methylated, biologically relevant
samples.'*”'%%11° The design of similarly robust and easy to
implement methodologies to create acetylation and phosphor-
ylation mimics or modifications on recombinantly produced
templates, would be highly beneficial.

Going forward, we expect that protein engineering efforts
on IDPs will shift more and more to the cellular environment.
This reflects a recent increase in efforts from imaging, NMR
and EPR spectroscopy to understand how cells shape the
conformational ensembles, interactions, and dynamics of
IDPs and LLPS-based compartments.*"”*>'* While most
imaging efforts so far have relied on fusion fluorescent
proteins such as GFP, the significant bulk of these tags may not
be compatible with all IDPs or LLPS studies.** In these situa-
tions, alternative labeling approaches with small molecule
fluorescent probes are needed. Here, we expect that unnatural
amino acid incorporation through amber suppression and
bioorthogonal labeling methodologies would be particularly
valuable. In addition to the delivery of fluorescent probes in
cells, this technology is also gaining traction for EPR and
sensitivity-enhanced NMR spectroscopy in cells.®*”® Recent
developments have focused on improving the efficiency of UAA
incorporation, and in particular, the installation of two or
three UAAs in mammalian cells.®®”>”* It should also be
mentioned that the intein approach can also be adapted to
studies in cells, where it can be used to control IDP function
and for the installation of PTMs.'7>'7¢

Perhaps the greatest challenge facing the IDP chemical
biology field is the development of specific small molecule
modulators that allow regulation of IDP and LLPS functions in
cells. These efforts invariably tie back to more detailed under-
standing of the structural ensemble, dynamics, and interac-
tions of the IDP of interest. These developments will no doubt
require close collaborations between synthetic chemists,
structural biologists, and computational chemists. A number of
NMR studies, often complemented with all atom molecular
dynamics simulations, have already provided valuable infor-
mation regarding the interactions between small molecules and
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Table 1 Summary of chemical tools suitable for IDP labeling and modulation, as discussed in the text

Goal Strategy

Advantages

Disadvantages References

Purification under
denaturing conditions

Purification of IDPs

Purification at extreme pH

Purification at extreme
temperature

Maleimide or
iodoacetamide-based probes

Labeling with spectroscopic
or imaging probes

N-Hydroxysuccininimide
ester-based chemistry

Fusion protein-based
approaches

Bioorthogonal chemical
approaches and amber
suppression

Native chemical ligation and
expressed protein ligation

Segmental labeling for NMR Cfa GEP
spectroscopy

MCM2

Sortase

e In principle, compatible
with all IDP/IDRs

e Denaturant must be 27,28 and 172
removed

e Refolding required for

constructs that contain both

folded and IDR domains

o Straightforward recovery of e Applicable to only a small 18 and 22-26

target protein

subset of proteins

o Straightforward recovery of e Applicable to only a small 26

target protein

o Site-specific at cysteine
residues

e Compatible with isotopic
labeling for NMR

e Site-specific at lysine
residues

e Compatible with isotopic
labeling for NMR

e Genetically encoded
o Applicable in cells

e Genetically encoded

e Applicable in cells

o Site-specific labeling

e May be compatible with
isotopic labeling for NMR
e Site-specific labeling

e Multiple probes can be
introduced at the same time
e Access to a wide range of
chemical probes

e May be compatible with
isotopic labeling for NMR

e Trans-splicing can be
achieved under denaturing
conditions

e High efficiency

® Robust to a range of extein
sequences

e May be applied in cells

e Salt-inducible splicing can
be used to control intein
activity

e Robust reactivity under
high-salt conditions

e Serine-based reaction
mechanism provides
versatility

o A possible alternative to
intein-based methods

e May be used to attach
proteins to cell surfaces
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subset of proteins

e Not applicable in cells 36-41

e Potential labeling at

multiple sites

e Probes may perturb IDP

function and LLPS

o Not applicable in cells 42

e Potential labeling at

multiple sites

e Probes may perturb IDP

function and LLPS

e Large fusion proteins may See ref. 41 and 183 for

perturb IDP function and  comparison of the effects on

LLPS LLPS of small molecule
labeling vs. fusion protein
labeling

o UAA incorporation may be 56, 61-67, 70, 184 and 185

inefficient and lead to low

protein yields

e Probes may perturb IDP

function and LLPS

e Segments must be 77,79, 116 and 118
accessible synthetically

o Difficult to label sites away Also see relevant references
from the N- or C-terminus for introducing PTMs

e Final protein yields may be through NCL and EPL below
low

e Not applicable in cells

e Probes may perturb IDP
function and LLPS

o Splicing reaction must
take place at a cysteine
residue

29,79 and 172

e Splicing cannot be 83
performed under

denaturing conditions

e May not be applicable in
cells

e Splicing rate and extein
sequence compatibility are
poor compared to Cfa

e Requires the insertion of 90-96 and 186
a five/six amino acid scar

into the target protein

e Continued reaction

between reactants and
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Table 1 (Contd.)

Goal Strategy Advantages Disadvantages References
desired product may reduce
yield

Introduction of post- Enzymatic methods o Straightforward e Lack of control over 100-102

translational modifications

Genetic encoding of
a bioisostere

Amber suppression

Cysteine alkylation

Native chemical ligation and
expressed protein ligation

introduction of native PTMs

o Straightforward
introduction of PTM mimics
o Applicable in cells

e Introduction of native
PTMs or PTM mimics

o Applicable in cells

o Efficient and specific
introduction of methyl-
lysine mimics

e Reactions are compatible
with denaturing conditions
e Site-specific introduction
of PTMs

stoichiometry and location

of PTM installation

e Scope of PTMs is limited to 23, 46 and 104
those that can be mimicked

effectively by a bioisostere

e Scope of PTMs is limited to 105 and 106
those that have a tRNA

synthetase available

e UAA incorporation may be

inefficient and lead to low

protein yields

e Methyl-lysine mimic may 41, 107, 109 and 110

not faithfully reproduce the
function of the native PTM
e Not applicable in cells

e Segments must be
accessible synthetically

125-128, 187 and 188

e Multiple PTMs can be
introduced at the same time

e Access to a wide range of

modifications

IDPs,135156:158.163,165,168 There have also been exciting develop-
ments in the coarse-grained simulations of LLPS"7** and we
are looking forward to the extension of these studies to all atom
simulations and the incorporation of small molecule
modulators.**"'%>

While IDPs present significant challenges to chemical and
structural biologists, they also put forward valuable opportu-
nities to hone existing chemical and biophysical methodologies
and to develop more efficient and precise tools. Such develop-
ments will have far reaching implications for the chemical and
biological fields and will undoubtedly enrich our under-
standing of protein function in health and disease.
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o Difficult to introduce PTMs
away from the N- or C-
terminus

e Final protein yields may be
low

o Not applicable in cells
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