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Resumo

A compartimentalizacdao sub-celular permite a organizagdo de reagdes bioquimicas
complexas no espago e no tempo, subjacentes a processos vitais como homeostasia,
divisdo e desenvolvimento. No entanto, varios compartimentos ndo contém uma
barreira fisica. Estes organelos ndo membranares sdo normalmente constituidos por
mRNA imobilizado e por proteinas que sdo sujeitas a separacgao de fase liquido-liquido
(LLPS), sendo denominados de granulos de ribonucleoproteina (RNP). Estes liquidos
proteicos estdo geralmente envolvidos na regulagdo da expressdo genética e no
processamento de acidos nucleicos.

Proteinas que guiam o processo de LLPS contém normalmente uma composicdo
nao estruturada, sendo referidas como proteinas intrinsecamente desordenadas
(IDPs). Fused in sarcoma (FUS) é uma IDP ubiquamente expressa, composta por
varios dominios desordenados, como o dominio de baixa complexidade (LC), trés
dominios arginina-glicina-glicina (RGG) e um sinal de localizacdo nuclear de prolina-
tirosina (PY-NLS). FUS contém ainda dois dominios globulares envolvidos em fungées
relacionadas com RNA, o dominio de reconhecimento de RNA (RRM) e o dominio zinc
finger (ZnF). Em certas condicOes de stress, a FUS sofre LLPS no citoplasma levando
a formacdo de granulos de stress. A formagdo destes granulos de RNP aumenta o
risco de formacdo de fibrilas proteicas detetadas em doencas neurodegenerativas.

Embora se saiba que o ambiente celular desempenha um papel crucial na mediacao
da formacdo de granulos de RNP, os mecanismos e determinantes moleculares que
levam a LLPS ainda ndo sdo claros. Neste contexto, o objetivo principal deste trabalho
¢é elucidar a influéncia do ambiente na formagdo de granulos de FUS e compreender
0s mecanismos por detras do processo de LLPS. Para tal, explorou-se a influéncia da
temperatura, pH e metabolitos celulares abundantes, no processo de LLPS.

Usando ensaios de turbidez em microplacas, foi possivel avaliar o grau de LLPS da
FUS sob diferentes condigbes. A FUS apresentou uma temperatura de solugdo critica
superior (UCST), submetendo-se a separagdo reversivel de fases a baixa
temperatura. Observou-se que a separacdo de fases é significativamente
intensificada quando a FUS apresenta uma carga global neutra (pH 9.40), e na
presenca de concentracbes oOtimas de metabolitos carregados, indicando que o
processo de LLPS é mediado por interagoes eletrostaticas. Além disso, os metabolitos
gue induzem compactagdo de proteinas e que destabilizam interagdes hidrofébicas,
inibiram a LLPS da FUS, sugerindo que o processo possui também um carater
hidrofébico e que a desordem estrutural da FUS é crucial para a formacdo de
granulos. Através de espetroscopia de RMN, verificou-se que os dominios globulares
sofrem desnaturacdo reversivel a frio, a uma temperatura em que o processo de LLPS
é promovido. Juntamente com os ensaios de separacao de fase, que demonstraram
que o RNA e o Zn?* promovem a LLPS, propde-se que tanto o dominio RRM e o ZnF
estdo envolvidos no processo de separacdo de fases, mediando interacdes
intermolecular eletrostaticas ao sofrerem desnaturacdo. Notavelmente, foi também
demonstrado que a FUS mantém a sua estrutura geral apds a separagao de fases.
Através de ensaios de microscopia, foi possivel observar os granulos de FUS e
identificar caracteristicas de liquidos, como capacidade de molhar e fusdo. No geral,
foi demonstrado que o processo de LLPS é extremamente sensivel e controlado pelas
condigdes circundantes.

Palavras-chave: FUS; separacdo de fase liquido-liquido; organelos nd&o
membranares; proteinas intrinsecamente desordenadas, interacdes intermoleculares
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Abstract

Subcellular compartmentalization allows the organization of complex biochemical
reactions in space and time, underlying vital cell processes such as homeostasis,
division and development. Several compartments, however, lack a physical barrier.
These membraneless organelles are usually an assembly of stalled mRNA and
proteins that undergo liquid-liquid phase separation (LLPS), being termed as
ribonucleoprotein (RNP) granules. These proteinaceous liquids are usually involved
in regulation of gene expression and nucleic acid processing.

Proteins that drive LLPS process normally exhibit an overall unstructured
composition, being referred as intrinsically disordered proteins (IDPs). Fused in
sarcoma (FUS) is a ubiquitously expressed IDP, composed of several disordered
domains such as the low complexity (LC) domain, three arginine-glycine-glycine
(RGG) boxes and a proline-tyrosine nuclear localization signal (PY-NLS). In addition,
FUS contains two globular domains involved in RNA-related functions, the RNA
recognition motif (RRM) and the zinc finger (ZnF) domain. In certain stress
conditions, FUS can undergo LLPS in the cytoplasm leading to formation of stress
granules. Formation of these RNP granules increases the risk of self-templating
protein fibrils that underpin fatal neurodegenerative diseases.

Although the cell environment is known to play a crucial role in mediating RNP
granule formation, the mechanisms and molecular determinants that drive LLPS are
still unclear. In this context, the main objective of this work is to elucidate the
influence of the environment on the formation of FUS granules and to comprehend
the mechanisms behind LLPS process. For that purpose, it was explored the influence
of the temperature, pH and abundant cellular metabolites, on the LLPS process.

Using turbidity microplate assays it was possible to assess the degree of FUS LLPS
under different conditions. FUS presented an upper critical temperature solution
(UCST) phase separation, undergoing reversible phase separation at low
temperature. It was observed that phase separation is significantly enhanced when
FUS presents an overall neutral charge (pH 9.40) and in the presence of optimal
concentration of charged metabolites, indicating that LLPS is mediated through
electrostatic interactions. Moreover, stabilizing metabolites that induce protein
compaction and the destabilization of hydrophobic interactions inhibited FUS LLPS
process, suggesting that this process has also a hydrophobic character and that FUS
structural disorder is crucial for FUS granule formation. Through NMR spectroscopy
it was found that FUS globular domains undergo reversible cold denaturation at a
temperature in which LLPS is enhanced. Together with the phase separation assays
that demonstrated that RNA and Zn?* enhance LLPS, it is proposed that both RRM
and ZnF domain are involved in the phase separation process, undergoing
electrostatic intermolecular interactions upon unfolding at low temperature.
Remarkably, it was also showed that FUS maintains its overall structure upon phase
separation. Using microscopic imaging, it was possible to observe FUS granules and
to identify liquid-like characteristic such as wetting and fusion. Overall it was
demonstrated that FUS LLPS process is extremely sensitive and controlled by the
environmental conditions.

Keywords: FUS; Liquid-liquid phase separation; membraneless organelles;
intrinsically disordered proteins, intermolecular interactions
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1. INTRODUCTION

“Life, this anti-entropy, ceaselessly energy, is a climbing force, toward order amidst chaos...”

A. Claude
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1. Introduction

Inside the human body, millions of chemical reactions occur per second in each cell.
In order to organize these reactions, eukaryotic cells contain a series of membrane-
limited organelles which provide an independent and distinct chemical environment.!
This compartmentalization allows the organization of complex biochemical reactions
in space and time.23 Subcellular organization of macromolecules is essential for vital
cellular processes such as homeostasis, division and development.4®

In the cell, a compartment must have a boundary that permits separation from the
cytosolic environment. Moreover, the components must be able to diffuse freely
across it, so that chemical reactions can take place.?” Many organelles are delimited
by a lipid bilayer membrane including the mitochondria, the lysosome and the
nucleus.® Such membranes allow passive and active transport of large and small
molecules.®

Surprisingly, several cellular compartments lack a physical barrier. These non-
membrane-limited organelles, can compartmentalize and concentrate specific set of
molecules without the presence of a physical boundary.°

Membraneless organelles behave as fluid droplets, having liquid-like properties,
such as shear flow deformation, fusion, high viscosity and rapid exchange of
components with the cytoplasm (Figure 1).!1*2 The first example of a liquid
compartment was the P granules from Caenorhabditis elegans embryos.!3 P granules
are assembly of RNA and RNA-binding proteins that play a role in germ-cell
specification.!! P granules can target mRNA for decapping and degradation under
regular and stress conditions.'#

i6.2 min

e’

.

<

© b" % “-. ¢ .
-2.1 min nm=0 min

Figure 1 - Liquid-like properties of P granules - P granules (in green; GFP tagged) exhibit
liquid-like properties such as diffusion and fusion overtime in C. elegans embryos. Time relative
to pronuclear meeting (pnm). A — anterior, P- posterior. Modified from Brangwynne et a/.1!

A wide variety of membraneless organelles have been described ever since. These
structures are typically comprised of RNA and proteins, being termed as
ribonucleoprotein (RNP) bodies or granules. These include nuclear structures such as
Cajal bodies (CBs)!°, cleavage bodies'®, nucleoli'’, paraspeckles®, nuclear speckles!?,
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chromatin?®, histone locus bodies (HBLs)?!, nuclear stress bodies (nSBs)??,
Oct1/PTF/transcription (OPT) domains?3, polycomb bodies (PcG bodies)?4,
perinucleolar compartment (PNC)?°, promyelocytic leukaemia nuclear bodies (PML
nuclear bodies)?® and the Sam68 nuclear bodies (SNBs)?°. In the cytoplasm, RNP
granules are less numerous and diversified. These comprise centrosomes?’, neuronal
RNA bodies?®, P-bodies?® and stress granules3°. Moreover, in the mitochondria is
observed a unique subdomain structure, the mitochondrial RNA granule.3! Hence, a
variety of RNP bodies are present in the cytoplasm, mitochondria and nucleus of
eukaryotic cells. Despite their diversity in structure, morphology, function and
distribution, all of these membraneless subcellular structures are ubiquitous in cells,
and contribute to numerous vital biological functions, including processing and
storage of RNA and other biomolecules.*32

1.1 Stress granules

Stress granules are RNP cytosolic bodies that assemble from pools of untranslated
mRNA and RNPs.3%33 In the cytoplasm, stress granules regulate RNA stability and
protein translation in response to stress stimuli.34

Arising from mRNA stalled in translation initiation, stress granules contain several
translation initiation factors, RNA-binding proteins (comprising ~ 50%) and non-RNA-
binding proteins.3> Non-RNA-binding proteins are vital for RNA processes, including
post-translation modification enzymes, metabolic enzymes, and protein or RNA
remodeling complexes.3>-37

1.1.1 Morphology and function of stress granules

Stress granules are not uniform structures, normally containing two distinct layers:
a core protein-rich structure and a dynamic shell.33:37 The shell is thought to be a
scaffold for dynamic exchange with the outside, while the core maintains the stress
granule structure and provides further confinement for biomolecule sequestration
(Figure 2).38

Stress granule formation is a dynamic and reversible process. Assembly of stress
granules begins with the formation of the core followed by the shell. The reverse
process is also a stepwise process that begins with the less-stable shell dissipation
followed by core clearance.38

Multiphase coexistence is well described outside living systems and can be
demonstrated with simple mixtures of organic solvents. A stress granule with lower
surface tensions tends to envelop one of higher surface tension.3°
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Figure 2 — Representative illustration of a stress granule composition - Stress granules
exhibit a biphasic composition, structured by a protein-rich core surrounded by a dynamic
shell.38

Stress granule assembly is known to be highly redundant since several and distinct
post-translational modifications such as protein methylation, phosphorylation and
glycosylation, influence differently the stress granule assembly.*%-42 In fact, several
stress-granule-promoting proteins contain specific motifs for such modifications, such
as RGG motifs, which are sites for arginine methylation.*3

Stress granules have a broad effect on the physiology of the cells, not accounting
for mRNA processing. Due to the high local concentration of components, stress
granules can recruit numerous proteins in certain stress responses. For example,
during viral infections, stress granules recruit several antiviral proteins such as RIG-
1 and PKR, enhancing the immune response and viral resistance.** Moreover, stress
granules can sequester numerous components, inhibiting several signaling pathways
such as the apoptosis stress-responsive MAPKS pathway, or the TNR-a-mediated NG-
kB proinflammatory signaling pathway, as a protective mechanism against the
apoptotic or inflammatory response under stress conditions.*>:4¢ In fact, having this
into account, there were developed chemotherapeutic agents that promote controlled
stress granule formation.4748

1.1.2 Stress granules in disease

Mutations that lead to functional impairment of stress granules have been implicated
with many neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS),
frontotemporal lobar degeneration (FTLD) and inclusion body myopathy (IBM).4° In
most cases, the mutations are directly on the RNA-binding proteins (e.g. FUS, TDP-
43, TIA1), increasing the stress granules self-assembly.4°->! Ultimately, this leads to
the accumulation of stable and irreversible amyloid-like structures, which can result
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in misregulation of RNA processing and signaling pathways, or defects in nuclear-
cytoplasmic transport of RNPs.52:>3

Stress granules present an evident mechanism of assembly through regulated
protein aggregation. However this process can soon evolve into pathological protein
aggregates.”*

The classical model for pathological protein aggregation, proposed by Dobson and
Lansbury, describes the conversion mechanism of soluble protein into insoluble
protein deposits.>>>® In this model, monomers of aggregation prone proteins can
undergo random misfolding, under certain conditions.'?!! The misfolded species
oligomerize and aggregate to form fibrils, through nucleated growth mechanism,
leading to non-functional deposits.!!

The rate of aggregation is dictated by mass action and energy minimization.>*
Stress granules are comprised of proteins containing high number of charged and
aromatic residues. These residues increase the propensity of oligomerization through
electrostatic and aromatic interactions. Paired with increased cytoplasmatic
concentration of these proteins, favored through mutation or persistent stress, the
assembly of pathological aggregates is promoted.>*>7

Hence, although stress granule formation is crucial for cell survival, their assembly
pathway through regulated protein aggregation is vulnerable to disruption, which can
lead to severe neurotoxicity.

1.2 Formation of membraneless organelles

As stated earlier a compartment must have a boundary and the components must
diffuse freely across it. For that purpose, and in order to understand the
compartmentalization through membraneless organelles, we need to understand the
mechanisms behind their assembly and how molecules can diffuse in and out.
Moreover, it is necessary to comprehend how such compartments can stay stable
under aqueous cytosol and what are the properties that drive their assembly.

1.2.1 Liquid-liquid phase separation

The liquid nature of nuclear and cytosolic membraneless organelles seems
counterintuitive. Thermodynamically, two miscible liquids mix in order to evolve
towards the state of higher entropy, according to the second Ilaw of
thermodynamics.>® However, stress granules can coexist in the cytosol without fusing
with the surroundings.?

Interestingly, liquids can undergo demixing process. In these cases, the phase
separation is driven by interactions between the molecules that constitute each liquid.
Thermodynamically, the system progresses towards lower energy if molecules of the
same species interact. Here, the gain in energy reduction overcomes entropy increase
tendency, driving the system towards demixing.?

The current accepted process that drives the cytosolic demixing and the consequent
formation of stress granules is liquid-liquid phase separation (LLPS).19:°°¢0 The LLPS
process occurs when a mixture of molecules form a network of multivalent weak
interactions, allowing components to become locally concentrated.33
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LLPS is a process mediated both by thermodynamics and kinetics.?%%2 The
composition of the two phases at equilibrium is dependent on temperature. For this
purpose, the LLPS mechanism is normally explained by temperature-composition
diagram. This phase diagram is characterized by a coexistence curve, in which the
boundaries show the composition of the phases that are in equilibrium in various
temperatures (at a constant pressure, normally 1 atm). The coexistence curve has a
critical point defined by a critical temperature (T¢) and a critical concentration (Cc),
temperature and concentration in which phase separation occurs.69:61

Proteins can exhibit two distinct types of phase separation behavior: upper critical
solution temperature (UCST) type of behavior, or a lower critical solution
temperature (LCST) type of behavior. The UCST is the highest temperature at
which phase separation occurs. Above this temperature the system is homogenous,
and hence, phase separation occurs at temperatures lower that the UCST. At LCST
regime, which is less common, phase separation occurs when temperature is higher
than LCST, and protein solubility is higher at lower temperatures.®°:61

Phase diagrams often represent also the spinodal curve. This curve separates the
metastable from the unstable region. Inside the unstable region occurs spontaneous
phase separation (i.e. the mixture is unstable and the phase separation occurs
spontaneously), whereas in the metastable region demixing only occurs if seeds are
present. Depending on the type of phase separation behavior, the LCST or UCST
point is where the coexistence and spinodal curves intersect (Figure 3).%3

>
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Figure 3 — Thermodynamics of liquid-liquid phase separation - Example of a UCST type
of phase separation behavior (A) LLPS is a thermodynamic process in which a binary mixture
can lower its free energy of mixing by decomposing in two distinct phases; (B) LLPS process
is dictated through temperature and concentration. Temperature-composition diagram of a
binary mixture contains a boundary that separates the single from the double phase
(coexistence curve - black curve), and a curve that separates the metastable from the unstable
region (spinodal curve - dashed curve). (C) In a binary mixture, when the equilibrium is
reached (G=0) phase separation occurs and components demix from the surroundings.0:61
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At Tcthe two phases are in equilibrium and the Gibbs free energy of the system is
minimized. Considering a simple mixture, the molar Gibbs energy (Gm) is equal to
the chemical potential (u). In brief, i is the measure of the potential that a substance
has for undergoing change in a system, in this case, phase separation. LLPS is
achieved when the system is at equilibrium, i.e. the chemical potential of the
substance is the same throughout the sample, regardless of how many phases are
presented. Hence, even when protein concentration is differently distributed, with a
protein-rich phase and a protein-power phase, p at those different locations is
equal.®! As stated earlier, in a cellular compartment, components must diffuse freely
through it. Considering a membraneless organelle formed by a protein in a cell, the
chemical potential of this protein is y1 inside the organelle, and u2 in the cytoplasm.
In order to keep the stability of this membraneless organelle, yl1 must be equal to
K2. Yet, since the protein can diffuse in and out the organelle, Gibbs energy of the
system changes, and thus p1 and p2 should be different.2:%!

For example, when an infinitesimal amount dp of the protein is transferred from
the organelle to the cytoplasm, the Gibbs energy of the system changes by -uldp,
considering the removal of the protein from the organelle. On the other hand, the
Gibbs free energy of the system also change by +p2dp considering the protein that
is added to the cytoplasm. Hence, the overall change in Gibbs energy of the whole
system is dG=(u2- pl)dp. In these cases, the phase stability (when G=0) is
maintained since molecules move stochastically from one phase to another. Although
there is diffusion of protein in and out of the phase, Gibbs energy is zero since equal
number of molecules are going in and out of the phase. So, when the chemical
potential in one location is raised, the components diffuse into the other location,
maintaining the chemical potentials equal across the cell.%6!

The tendency to maintain G=0, and thus, maintain the phase separation, is dictated
by the competition of interactions between the protein and the solvent (i.e. the
cytoplasm).%*

The polypeptide backbone of protein is an array of dipoles. Since aqueous-based
solvent are also dipolar, there are three possible dipolar interactions: polypeptide-
solvent, polypeptide-polypeptide and solvent-solvent. The energetic balance between
the three types of interactions is quantified by the Flory-Huggins interaction
parameter, ¥.%°®® The poor solubility and preference of polypeptide backbones for
globules is due to the poor solvent feature of water (x > 0). Hence, when x > 0, the
net attraction between protein dipoles overcomes the protein-solvent interaction.
Consequently, the energetic polypeptide-polypeptide term surpasses the mixing
entropy, favoring the bulk phase separation at higher concentrations.®*

Therefore, even when there is a protein concentration gradient across the cell, and
when there is diffusion in and out of the phase, the net attraction between the protein
dipoles drives the system towards equilibrium, reaching phase separation.?

As a result, it is easy to comprehend that not all proteins benefit from interacting
with other proteins instead of the solvent, and hence do not undergo LLPS.

Protein associated with membraneless organelles normally exhibit an overall
unstructured composition, being referred as intrinsically disordered proteins
(IDPs).57:68

The hydrophobic deficient and polar enriched amino acid sequence of IDPs encode
an intrinsic preference for conformational disorder, which inhibits the proper folding
into a well-defined three-dimensional structure.®® A particular subset of disordered

8
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regions, termed low complexity (LC) domains , are remarkably overrepresented in
proteins that drive LLPS.1240,70

In the LC domains, the sequences are often repetitive and enriched in glycine (G).
The side-chain of this amino acid does not participate in hydrogen bonding when
glycine is in the context of a protein and thus it cannot be regard as a polar residue.
However, it cannot also be estimated as hydrophobic, since the methane side-chain
is perhaps too small to have hydrophobicity contribution. Hence, since there is not
an unequivocal agreement on glycine polarity across several hydropathy scales, in
this study glycine will be regarded as having neutral polarity.”*-74

LC domains also contain additional polar side-chains such as glutamine (Q), serine
(S) and asparagine (N), positively charged side-chains such as arginine (R) and lysine
(K), negatively charged side-chains such as aspartic acid (D) and glutamic acid (E),
or aromatic side-chains such as phenylalanine (F) and tyrosine (Y).%*

The LC domain of the IDPs has been reported to play an imperative in the mediation
of RNP granules formation.>” In fact, specific sequences play an imperative role in
driving the LLPS process, such as YG/S-, Q/N-, FG-, RG-, GY-, KSPEA- and SY- rich
motifs, as well as sections of alternating charges. The repetitive patterns promote
multivalent inter-molecular interactions such as charge-charge, m-charge and m-m
stacking.6467

1.3 Fused in Sarcoma protein

Fused in sarcoma (FUS), also known as Translocated in liposarcoma (TLS), is a
nuclear nucleic acid binding protein involved in regulation of gene expression,
DNA/RNA processing and maintenance of genomic integrity.”>78 In certain stress
conditions, FUS undergoes liquid-liquid phase separation leading to stress granule
formation in the cytoplasm.”°:80

FUS has been implicated with several neurodegenerative diseases. Remarkably,
FUS is a major component of pathological inclusion in over 5% of all types of ALS
and 9% of FTLD cases.>3:8!

1.3.1 FUS structural architecture and function

Initially identified in 1993 as a fusion oncogene in human myxoid liposarcomas, FUS
is a ubiquitously expressed 526 amino acid (53.42 kDa) nuclear RNP.82.83

This multidomain protein contains a low complexity (LC) domain that is enriched
with glutamine, glycine, serine and tyrosine (QGSY) residues, a nuclear export signal
(NES) inserted in a RNA recognition motif (RRM), a cysteinez2-cysteine2 zinc finger
(ZnF) domain and a proline-tyrosine nuclear localization signal (PY-NLS).848> FUS has
also present three arginine-glycine-glycine (RGG) boxes in its structure, known to be
involved in mediation of protein-nucleic acid interaction (Figure 4). FUS has the
ability to bind to nucleic acids such as single- and double-stranded DNA, as well as
RNA.SS’SG
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Figure 4 - Schematic representation of human FUS structure - Representation of the
organization of FUS several domains. QGSY = glutamine, glycine, serine and tyrosine; RGG:
= arginine-glycine-glycine box; NES = nuclear export sighal; RRM = RNA recognition motif;
ZnF = zinc finger; PY-NLS = proline-tyrosine nuclear localization signal.

FUS is a member of the FUS/Ewing’s sarcoma (EWS)/TATA-binding protein-
associated factor 15 (TAF15) FET family, a group of abundant and ubiquitously
expressed RNPs.””87 FET proteins are found in multicellular organisms including
vertebrates, plants, nematodes and insects, and all share an homologous domain
architecture (Figure 5).”7

o]
Species Ne of '_:ET LC domain Structural architecture
proteins
Mammals 3 S/GYS/G | | |
Fish 3 S/GYS/G [ |
Sea urchin 1 S/GYS/G/N [ [ |
" “Drosophila Tt TToTTT oot
__rﬂﬁfgfzoggs_fzr_________I\Jf(i/_s_Y_N_/?__________________'_________________l__
Nematode 1 G/PY G/D | [ | |
" "Arabidopsis ., _ T oo
thaliana 1 G/SYG l | | !

LCdomain | |RGGbox | | RRMdomain | | znF finger

Figure 5 - Structural architecture of FET proteins across different species - The
structure of FET proteins is conserved among several multicellular organisms. Domain
organization, excluding Arabidopsis thaliana, is consistent. The number of LC domains repeats
can vary, which is accountable for different lengths of this domain within species. The number
and length of RGG domains can also diverge among organisms.””

The RRM domain of FET proteins are distinguished from other RNP RRMs due to the
extended “KK-loop” between the al and B2 of the Bla1B2B3a2p4 fold, and also the
lack of aromatic amino acids on B3 (Figure 6).888°

Lysine residues in the KK-loop of FUS are known to be crucial for RNA/DNA binding,
by providing an interacting positively-charged surface. Remarkably, substitution of
these residues impairs nucleic acid binding and, interestingly, FUS subcellular
localization.”

In FUS RRM, the conventional binding pocket formed by B1 and B3 is highly
distorted. Furthermore, the absence of key aromatic residues on B3, central for

10
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nucleic acid binding in most RRM domains, suggests binding that diverges from the
canonical RNA/DNA-RRM interaction,88:90.91

Figure 6 — RRM domain of human FUS - The RRM domain of FUS displays a Bla1pB2B3a2p4
type of secondary structure, with a unique KK-loop between al and 2. Consecutive lysine
residues in this loop (K315 and K316) are key for nucleic acid binding (PDB ID: 2LCW).88

The RGG motif and the ZnF domain also play a crucial role in FUS nucleic acid
binding.86:°2

RGG are a very abundant and evolutionary conserved intrinsically disordered
regions (IDRs), being present in more than 1000 human proteins.*® The RGG motifs
are the second most common RNA-binding domain in the human genome, mediating
interaction with distinct types of RNA, such as single- and double-stranded RNA and
G-quartets.®3°4 The high flexibility of the RGG domain provides a larger interacting
surface that can target a variety of RNAs.°> RGG motif-containing proteins are often
associated with a vast range of nucleic acid processing, such as regulation of
apoptosis, translational repression, regulation of transcription, DNA damage
signaling, and precursor mRNA splicing.*?

The ZnF is among the most abundant domains in eukaryotic proteins.®® This domain
mediates a variety of processes such as DNA recognition and RNA packing, and
regulates apoptosis, RNA transcription and protein folding.®®°7 All FET members share
a C4-type ZnF characterized by four cysteine residues coordinating a zinc ion.””:°? In
FUS, the ZnF binds to GGUG-containing RNA and, interestingly, plays a more
dominant role in RNA recognition that the RRM domain.®?

A characteristic domain found in FUS, and all FET members, is the N-terminal LC
domain. This unstructured region usually contains repeats of consensus motifs
(Figure 4).”7 In FUS, the LC domain (1-239 residues) is enriched with glycine
residues (28%), and contains several polar amino acids, such as serine (22.6%),
glutamine (18%) and tyrosine (12.1%).°® The FUS LC usually contains 20 repeats of
(S/G)Y(S/G) motif, spread across two tandem repeats (RAC1 and RAC2) and 16
single motifs.®°

The LC domain of FET proteins have an important role on protein self-association
through LLPS.100.101 Also, the LC can function as a transcriptional activation domain
since this motif directly binds to the C-terminal domain (CTD) of RNA polymerase 11,
recruiting this protein into FET fibrils.”®

11
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Recently, Burke et. al demonstrated that RNA polymerase II CTD interacts not only
with fibrillar forms of FUS LC but also with the phase-separated state. Moreover, RNA
polymerase II nucleates the self-assembly of FUS LC.192

The FUS LC domain has also a role in oncogenesis. Aberrant chromosomal
translocations can lead to fusion of the FUS LC domain to DNA-binding domains of
transcriptional regulators such as CHOP. In this case, the LC domain also functions
as a transcriptional activator, leading to abnormal tumor development, such as in
human myxoid liposarcoma.82:83,103

Finally, the LC domains have an important role on protein self-association through
LLPS. By promoting stress granule formation, these domains have large impact in
the modulation of the biological and pathological function of FET proteins.””

The multidomain character of FUS provides an exceptional array of broad functions
that mediate vital cellular processes, that go from transcriptional regulation to stress
response (Figure 7). Therefore, it is intuitive to comprehend that missense
mutations upon FUS gene can disrupt cellular homeostasis, triggering severe
pathogenesis.1%4

* Modulation of FUS self-assembly into stress granules + Translational repression
* RNA binding * DNA damage repair
* Regulation of apoptosis * mRNA splicing

* FTLD mutations

+ Kapp interaction for * Kapp interaction for
LC domain nuclear export nuclear import
* ALS mutation
A
r N 290 300
QGSY-rich region RGG1 || |NES| RRM RGG2 | ZnF | RGG3 |PY-NLS
1 165 240 267 285 371 422 453 501 526

Fusion to oncoproteins

Transcriptional regulation * RNA/DNA binding
Interaction with CTD RNA polymerase Il

Modulation of FUS self-assembly into

stress granules

* RNA/DNA binding
* Regulation of
apoptosis

e s s e

Figure 7 — Overview of FUS biological functions - FUS contains several functional domains
involved in an array of cellular processes. Functions of each color-coded domain are depicted
in boxes with the same representative color.

1.3.2 FUS localization and nuclear-cytoplasmatic shuttling

FUS is primarily localized in the nucleus where it regulates several nuclear functions
such as transcription, pre-mRNA splicing and DNA repair.1%® Still, FUS can shuttle
between the nucleus and the cytoplasm, participating in the biogenesis, transport
and processing of cytoplasmatic mRNA, 103,105

The nuclear-cytoplasmatic shuttling of FUS across the nuclear membrane is
mediated by nuclear transport proteins of the Karyopherin B family. This family is
responsible for most nuclear-cytoplasmatic translocation of proteins through the
nuclear pore complex.!% Karyopherin Bs interaction with FUS are made upon the PY-
NLS domain for nuclear import and the NES domain for nuclear export.%” Nuclear
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import of FUS is achieved through interaction of its non-classical C-terminal PY-NLS
(500-526 residues) with the nuclear transporter Karyopherin 2 (Kapp2), also known
as Transportin 1 (Figure 8).108:10°

Figure 8 - Structure of KapB2 in a complex with FUS PY-NLS - FUS PY-NLS (yellow)
occupies the C-terminal arch of KapB2 (red-grey-blue), interacting through the PY-NLS N-
terminal PGKM hydrophobic motif, a central arginie-rich a-helix and the C-terminal PY-motif
(PDB ID: 5VYG).110

Unlike the classical Importin a/B system which recognizes the compact and conserved
NLS, KapB2 interacts with PY-NLS, a more complex domain that lacks a consensus
sequence.%” Therefore, PY-NLS domains are normally described as a collection of
weak consensus motifs composed of a structural disordered hydrophobic or basic N-
terminal and a C-terminal RX2-sPY motif.!!! KapB2 can recognize and bind diverse
basic and hydrophobic N-terminal motifs, due to its acidic/hydrophobic surface.!%

Impairment of FUS nuclear import due to mutations that affect the PY-NLS, can
lead to accumulation of abnormal protein inclusions in the cytosol, which is found in
ALS and FTDL patients.!'? Moreover, in 2012 Dormann D. et al. demonstrated that
KapB2 can also recognize the RGG motif that precedes the PY-NLS, and that this
recognition is dependent on post-transcriptional arginine methylation of the RGG
motif. If the RGG motif is methylated, KapB2 is unable to recognize FUS, which halts
its nuclear import, leading to its accumulation in the cytoplasm.!13

1.3.3 FUS stress granules

In order to reestablish homeostasis in stress conditions, cells activate several
pathways that normally involve gene expression regulation or, ultimately,
apoptosis.104114 As stated earlier (see section 1.1 Stress granules) stress granules are
transient membraneless cytosolic structures that mediate the fate of gene
expression, degradation, or suppression, in response to cellular stress.!?

Mediating several stages of gene expression, is not surprising that FUS plays an
imperative role in cellular stress response.'% Cells exposed to environmental stress,
such as oxidative stress, hypoxia, viral infection or osmotic stress, actively recruit
cytoplasmatic FUS into stress granules.!!>"117 However, the stress environment does
not induce translocation of FUS from the nucleus to the cytoplasm.'!® Rather, FUS

13



Introduction FCT-UNL 2018

must be in the cytoplasm and already poised to enter stress granules during the
stress condition. Therefore, mutations that affect the PY-NLS domain of FUS, and
consequently, the reimport of FUS into the nucleus, contribute to FUS stress granule
accumulation. 110117

FUS undergoes LLPS in vivo and in vitro, self-assembling into liquid-like stress
structures, at incredibly low concentration (1 pM).119120 Cytoplasmatic demixing of
FUS allows rapid and local concentration of FUS and, presumably, a myriad of
additional factors required for stress response.'?! However, high local concentration
of FUS might trigger liquid-to-solid transition, from droplets granules into aggregated
inclusions. Hence, stress granules are presumably precursors to pathological
inclusions found in neurodegenerative diseases.!2°

The LC domain of FUS is crucial for self-assembly of FUS.192 The aromatic residues
of FUS LC mediate short range interactions that promote the LLPS. On the other
hand, the abundant hydrophilic character of this domain dictates the solubility of FUS,
consequently opposing LLPS once the aromatic interactions are degenerated.
Furthermore, phosphorylation of tyrosine and serine residues in FUS LC disassembles
liquid droplets.100102 Thys, the LC domain of FUS seems to modulate the protein
phase separation.

The RGG domains are also crucial for FUS LLPS.101122 Tn fact deletion of the RGG
domains, specially RRG1, reduces significantly FUS phase separation.'?3

FUS stress granules are highly dynamic, displaying constant exchange of
components with the cytoplasm and rapid internal rearrangement. Therefore, if the
cell uses a dynamic liquid compartment to perform physiological relevant functions,
it will have to constantly contradict thermodynamic driven aggregation. Hence, FUS-
related diseases are often associated with late onset pathology, when the quality
control machinery starts to degenerate.0:124

1.3.4 FUS in neurodegenerative disease

FUS cytoplasmatic inclusions is a common hallmark of both amyotrophic lateral
sclerosis (ALS) and frontotemporal lobar degeneration (FTLD).103.104

ALS is the most frequent neurodegenerative disease in the human motor system.!?>
Common manifestations encountered in ALS patients include muscle weakness and
atrophy, and fasciculation in the motor neurons and brain stem.!?>126 Progressive
weakening of the respiratory muscles leads to dyspnea and consequently respiratory
failure, leading to low survival rate.!?> About 50% of ALS patients die within 30
months of symptom onset and about 20% of patients survive between 5-10 years
after the symptoms appear.t?’

FTLD is the second most common cause of dementia in presenile age group
(<65%), behind Alzheimer's disease (AD). This neurodegenerative disease is
characterized by progressive degeneration of the frontal and anterior temporal lobes.
This leads to progressive alterations and disturbances in personality, and/or language
problems.!?8 Although the memory preservation in the initial phase of FTLD is higher
than in AD, the overall survival is shorter and the cognitive functions decline more
rapidly in FTLD.103.128
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ALS and FTDL form a clinical disease continuum, since up to 15% of ALS patients
meet the clinical criteria of FTLD and 15% of FTLD patients meet the clinical criteria
of ALS.1?°

ALS can be divided in two major groups: sporadic ALS and familial ALS. Sporadic
ALS accounts for about 90% of all ALS diseases, but its aetology is unknown. The
rest 10% of ALS cases are familial, which is a form of hereditary ALS.13°

In the familial ALS, several defects on genes have been identified in patients. These
include mutation in SOD1 that encodes for copper/zinc superoxide dismutase (20%
of familial ALS) and TARDBP that encodes for TDP-43 (5-10% of familial ALS).125131
In 2009, the FUS gene was identified as the primary disease-associated gene for
familial ALS6, which accounts for 5% of familial ALS.132 FUS-linked ALS and FTLD is
designated as ALS-FUS and FTLD-FUS, respectively.

Cytoplasmatic depositions of FUS stress granules containing is a common hallmark
for both FTLD-FUS and ALS-FUS subset.193:133 However, there are several distinctions
between the two diseases (Figure 9). In contrast to ALS-FUS, FTLD-FUS is rarely
associated with FUS gene mutations.3*

In FTLD-FUS there is a neuronal cytoplasmatic co-deposition of FUS and all other
FET family members (EWS and TAF15), along with Kapf2 Moreover, this
neurodegenerative disease also displays low nuclear concentration of all three FET
proteins.13°-137 Interestingly, protein inclusions in FTLD-FUS patients contain
unmethylated FUS (see section 1.3.2 FUS localization and nuclear-cytoplasmatic
shuttling).!!3 In this case, unmethylated RGG3 domain can cause overly tight binding
of the FET proteins to Kapf2, inhibiting the FET-KapB2 dissociation in the nucleus.
Hence, FET proteins are continuously re-exported to the cytoplasm which leads to
cytoplasmatic FET deposits.103

Opposed to FTLD-FUS, ALS-FUS show an exclusive deposition of FUS, excluding
EWS, TAF15 and KapB2.13® In this case, point mutations in the FUS gene that truncate
or modify the FUS PY-NLS domain, can lead to impairment of nuclear import.
Consequently, FUS accumulates in the cytoplasm and clusters into cytoplasmatic
aggregates.112/116

In both ALS-FUS and FTLD-FUS, cellular stress can further dysregulate the balance
of FUS nuclear import/export and mediate the assembly of cytoplasmatic FUS
inclusions in neuronal cells.%3
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Figure 9 - Pathological mechanisms of ALS-FUS and FTLD-FUS - In homeostatic
conditions, FET proteins (FUS, EWS and TAF15) are properly imported into the nucleus by
KapB2. In ALS-FUS, missense mutations in the FUS gene that affect the FUS PY-NLS domain,
cause impairment of the FUS-KapB2 interaction. This hinders the re-import of FUS into the
nucleus, which ultimately leads to cytoplasmatic deposits of aggregated FUS; In FTLD-FUS,
unmethylated RGG domain of FET proteins leads to irreversible binding to KapB2 which inhibits
the release of FET proteins in the nucleus, leading to cytoplasmatic deposits of aggregated FET
proteins.103

The toxicity of FUS fibrillar assemblies in motor neuron cells is supported by three
hypotheses that are not mutually exclusive: stress granule gain-of-function, stress
granule loss-of-function, and nuclear loss-of-function.*

16



Introduction FCT-UNL 2018

The first model proposes that dysregulated assembly of FUS leads to fibrillar
aggregates that perturb the physiological stress responses. Thus, there is a gain of
toxic properties of FUS protein aggregates.23:138

The loss-of-function model focus of the loss of FUS physiological role. As this protein
is recruited in stress granules, there is an impairment in the FUS cytoplasmatic
function,139:140

Lastly, nuclear loss-of-function is consistent with the fact that FUS has a crucial
physiological role in the nucleus. In both ALS-FUS and FTLD-FUS there is a depletion
of nuclear FUS, which impairs several nuclear processes such as transcriptional
regulation.>37>

Despite the cause of neurotoxicity, the inclusion of stable fibrillar FUS assemblies
is a requisite in motor neuron cells in ALS-FUS and FTLD-FUS diseases.”® Several
efforts are being carried in order to understand the biochemical mechanisms and
pathways that leads to FUS cytoplasmatic inclusions, with the hope of develop
solutions to mitigate these neurodegenerative diseases.!23:141-143

1.4 Outline and aim of the study

Given the importance of FUS stress granules in both physiological and pathological
conditions, the aim of this study is to elucidate the mechanisms and determinants
that drive their assembly.

The concept is based on the fact that cells have a complex milieu that impact and
tune several processes. The conviction is that different environments, and
consequently different interactions, can uniquely influence the FUS LLPS mechanism.

Therefore, the main objective is to assess the influence of diverse environmental
conditions in the formation of FUS stress granules and attempt to unravel the role of
the different FUS domains in their assembly. For this purpose, it is explored the
transition between dispersed and phase-separated WT-FUS wusing different
biochemical techniques such as NMR, microplate and microscopic assays.

Insights on the environment role can prove valuable in understanding the
physiological and pathological conditions that can trigger WT-FUS stress granule
assembly. This comprehension can help us link different cellular conditions to the
appearance of cytoplasmatic FUS stress granules, that are crucial templates for
pathological inclusions found in neurodegenerative diseases.

For that purpose, the main tasks set for this work are:

e Expression and purification of non-labeled and **N-labeled WT-FUS

e Study of the environment influence on FUS self-assembly, including pH,
temperature and abundant cellular metabolites, through microplate turbidity
assays

e Elucidation of the mechanisms involved in FUS LLPS

e Observation of FUS stress granules through microscopic imaging

e Comprehension of the impact of temperature on FUS overall structure by NMR
spectroscopy

e Elucidation of the structural transition between dispersed and phase-
separated FUS by NMR spectroscopy
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2. EXPERIMENTAL

PROCEDURES

“Information is not knowledge. The only source of knowledge is experience”

A. Einstein
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2. Experimental procedures

2.1 General methodologies and materials

In this section the general methodologies and commonly used materials will be
described and any alteration to the general procedures will be referred in the
appropriate section.

Buffers were prepared using distilled water or Milli-Q water, both obtained from
laboratory facility instruments. The pH measurements were made with Docu-pH
Meter (Sartorius).

Centrifugation steps were executed in different centrifuges according to the sample
volume. Microcentrifuge tube centrifugations (< 2 mL) were carried out by a MIKRO
120 centrifuge (Hettich). Centrifuge canonical tubes (< 30 mL) were centrifuged in a
centrifuge 5804R (Eppendorf) with a F-34-6-38 fixed-angle rotor (Eppendorf). For
higher volumes (< 500 mL), centrifugations were performed in an Avanti J-26 XPI
centrifuge (Beckman Coulter) with JA fixed-angle rotors (Beckman Coulter). Besides
from small volume samples (< 2 mL), centrifugations were carried out in Nalgene
PPCO canonical tubes (Thermo Fisher Scientific).

Small volume incubations were carried out in an Orbital Shaker-incubator ES-20
(Grant-Bio). For bacterial growth, incubations were executed in an Orbital Shaker-
incubator (Optic-Ivymen System). Optical density was measured in a UltroSpec 2100
Pro UV-Vis spectrophotometer (GE Healthcare) in polystyrene cuvettes (Sigma-
Aldrich).

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
prepared in a discontinuous manner, employing a Tris-tricine buffer system.#* In
brief, 10% separating gel and 4% stacking gel are independently prepared and
respectively casted at the bottom and at the top of the electrophoretic glass
apparatus. The separating gel allows effective separation of proteins with molecular
weights ranging from 1 to 100 kDa. Detailed composition of the Tris-SDS-PAGE gel
and Tris-tricine buffer system are described in the appendix (Appendix - Table A. I
and Table A. II). For the Tris-SDS-PAGE procedure, samples were prepared by
mixing 15 pL of protein sample and 5 pL of SDS-PAGE sample buffer (Appendix -
Table A. III). The samples were subsequently heated at 100°C for 5 min and
centrifuged at 14000 rpm for 1 minute. From the prepared sample, 18 UL were
applied to the gel along with 2 pL of protein marker (NZYTech Colour Protein Marker
IT, NZYTech) with reference bands covering a range of molecular weights from 11 to
245 kDa. The Tris-SDS-PAGE electrophoresis were executed in an electrophoresis
apparatus (Bio-Rad). The power supply settings employed were 200 mA, 200 V and
50 W. Each electrophoretic run proceeded for about 40 min. The gels were stained
and destained by Coomassie Blue Staining Method for 1 and 2 hours, respectively, at
37°C and 50 rpm (Appendix - Table A. IV).

Protein purifications were carried out in AKTA start chromatographic system (GE
Healthcare) following Azsonm using UNICORN Start software (GE Healthcare). Both
buffers and samples were filtered prior to each purification step using 0.22-um
membrane filters (GE Healthcare).
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All dialysis steps were achieved using 7K MWCO SnakeSkin Dialysis Tubing (Thermo
Fisher Scientific). Concentration and diafiltration of samples were performed using
Vivapsin Turbo 15 10 MWCO (Sartorius) for sample volumes up to 15 mL, and
Vivapsin Turbo 4 10 MWCO (Sartorius) for sample volumes between 2 and 4 mL.

Protein concentrations were obtained from A2sonm Mmeasured on a NanoDrop ND-
1000 UV-Vis spectrophotometer (Thermo Fisher Scientific), using the molar
extinction coefficients estimated by ProtParam ExPASy software (Appendix - Table
A. V).1%

2.2 Protein expression and purification

Recombinant MBP-FUS-FL-WT construct was kindly gifted by Nicolas Fawzi (Addgene
plasmid #98651). The plasmid was constructed using a PETM-41 vector, to express
the human WT-FUS full-length protein which included a Hiss-MBP moiety and a TEV
cleavage site (MBP-FUS) (Appendix - Figure A. 1).

2.2.1 General expression

Escherichia coli strain BL21 (DE3) competent cells were transformed with the MBP-
FUS plasmid through the heat shock method. For the transformation 1 pL (50 ng/uL)
of plasmid DNA encoding WT-MBP-FUS was mixed with 50 pyL pf E. coli BL21(DE3)
competent cells and kept on ice for 30 min. Then, cells were incubated at 42°C
(AccuBlock Digital Dry Bath, Labnet International) for 40 s and transferred to ice for
5 min. Finally, 950 uL of Luria-Bertani medium (LB) (Appendix - Table A. VI) was
added to the samples, and subsequently incubated at 37°C for 60 min.

The transformed E. coli cells were plated overnight at 37°C in agar LB (Appendix
- Table A. VII) supplemented with 50 pg/mL kanamycin (NZYTech). A single isolated
colony from the plated E. coli cells was chosen and incubated overnight at 37°C and
200 rpm, in 150 mL LB supplemented with 50 ug/mL kanamycin.

2.2.1.1 Non-labeled FUS expression

Non-labeled recombinant FUS was expressed in 1 L LB (x6) until mid-exponential
growth (ODsoonm~0.8), and subsequently induced with 0.5 mM isopropyl-p-d-1-
thiogalactoside (IPTG) (NZYTech) for 16 h at 18°C and 180 rpm. Cells were recovered
by centrifugation at 6700 rpm (JA-10 rotor) for 15 min, at 4°C. The cell pellet for
each liter of culture was resuspended in 30 mL of lysis buffer containing 20 mM
sodium phosphate buffer (Na2HPO4 — Honeywell, NaH2PO4 — Sigma-Aldrich), 300 mM
NaCl (Acros), 40 mM imidazole (Affymetrix), 10% glycerol (Scharlau), 5 mM B-
mercaptoethanol (BME) (Sigma-Aldrich), 2 mM benzamidine (Sigma-Aldrich) and 1
protease inhibitor tablet (cOmplete Mini EDTA-free Protease Inhibitor Cocktail,
Roche), at pH 7.50.

The cell lysis was performed through sonication, using an Ultrasonic Processor
UP100H 100-W dismembrator equipped with 1/8-inch tip (Hielscher), for 10 min
using a 2s on/2s off pulse program with 80% amplitude. The lysate was cleared by
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centrifugation at 20000 rpm (JA-25.50 rotor) for 60 min, at 4°C. The supernatant
was recovered for the subjacent purification steps.

2.2.1.2 Uniformly >N-labeled FUS expression

Uniformly !>N-labeled recombinant FUS was expressed in M9 minimal medium
(Appendix - Table A. VIII and Table A. IX), using ?°NH4Cl as the only nitrogen
source. The expression followed the previously described process (see section 2.2.1.1
Non-labeled FUS expression), being retrieved the supernatant for purification.

To maximize the yield of labelled protein, FUS was also recovered from inclusion
bodies. To accomplish this, after the sonication step a mild solubilization of the
inclusion bodies was performed, following the procedure reported by Singh et al.4®
In summary, the resulting pellet from 1 L of culture was resuspended in 1 mL H20
Milli-Q and solubilized in 9 mL of solubilization buffer containing 100 mM CAPS (Alfa
Aesar), 2 M urea (Sigma-Aldrich), 100 mM NacCl, 20% glycerol, 5 mM BME and 0.1%
(w/v) SDS (Panreac), at pH 12.00. The solubilized proteins were incubated at room
temperature for 30 min and later centrifuged at 11000 rpm (F-34-6-38 rotor) for 30
min, at 4°C. Then, for the refolding step, 10 mL of solubilized protein was added to
90 mL of refolding buffer containing 50 mM Tris-HCI (Fluka), 2 M urea, 100 mM NaCl,
10% glycerol, 5 mM BME and 1 protease inhibitor tablet, at pH 8.00. The refolding
was carried out at 4°C in a pulsatile manner, adding the solubilized protein at 1
mL/min to the refolding buffer, with constant stirring. The refolded protein was
cleared by centrifugation at 11000 rpm (F-34-6-38 rotor) for 45 min, at 4°C. Cleared
samples were diafiltrated against 20 mM sodium phosphate buffer, 40 mM imidazole,
300 mM NaCl, 10% glycerol, 5 mM BME, 2 mM benzamidine and 1 protease inhibitor
tablet at pH 7.50. The refolded protein was then added to the labeled protein
retrieved from the supernatant, for subsequent joint purification.

2.2.2 Purification of non-labeled and uniformly °N-labeled FUS

The purification of non-labeled and uniformly !°>N-labeled FUS followed the same
protocol. Recombinant MBP-FUS was primarily purified by ion metal affinity
chromatography (IMAC) using two 5 mL HisTrap FF crude Ni-NTA columns (GE
Healthcare), connected in series. The protein was applied to the equilibrated columns
and washed with the binding buffer containing 20 mM sodium phosphate buffer, 40
mM imidazole, 300 mM NaCl, 10% glycerol, 5 mM BME, 2 mM benzamidine and 2
protease inhibitor tablets, at pH 7.50. Protein elution was achieved with an imidazole
gradient (0-500 mM) settled by elution buffer containing 20 mM sodium phosphate
buffer, 500 mM imidazole, 300 mM NaCl, 10% glycerol, 5 mM BME, 2 mM
benzamidine and 1 protease inhibitor tablet, at pH 7.50. Fractions containing MBP-
FUS protein were pooled and further concentrated.

Protein desalting was performed to remove the excess imidazole and the protease
inhibitors, that interfered with the subsequent step. The protein was applied to a
HiTrap Desalting column (GE Healthcare) and eluted with a buffer containing 20 mM
sodium phosphate buffer, 300 mM NaCl, 10% glycerol and 5 mM BME at pH 7.50.

The removal of the MBP moiety was accomplished by TEV cleavage. The TEV
protease was added to the protein in a ratio of 1 A2gonm of TEV protease per 100 Azsonm
of MBP-FUS. The digestion was carried out overnight at 4°C. The cleaved product was
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then centrifuged at 11000 rpm (F-34-6-38 rotor) for 20 min, at 4°C, to remove the
precipitated TEV protease and some resulting precipitated protein. The cleared
product was applied to a second HisTrap Ni-NTA column (5 mLx2) following the same
procedure as referred in the first IMAC purification step. Such step removes the Hise-
MBP moiety since this affinity tag binds to the column while FUS is eluted in the flow-
through.

A second protein desalting step was performed in order to remove NaCl and
imidazole, that are incompatible with the downstream purification step. The protein
was applied to the desalting column and eluted with a buffer containing 20 mM Tris-
HCI, 10% glycerol and 5 mM BME, at pH 8.00. Fractions including FUS were pooled
and concentrated.

As the last purification step, FUS was purified by ion exchange chromatography
(IEX). The protein was applied to a cation exchange HiScreen SP FF column (GE
Healthcare) and washed with the binding buffer (20 mM Tris-HCI, 10% glycerol, 5
mM BME, at pH 8.00). The protein was eluted in a NaCl gradient (0-500 M) with 1 M
NaCl-containing buffer.

The resulting purified FUS was dialyzed against H20 Milli-Q, lyophilized and stored
at -20°C.

2.3 FUS phase separation assays

To assess the degree of FUS self-assembly through LLPS, turbidity assays were
performed by absorbance microplate reading. The influence of the temperature and
different cellular metabolites on FUS LLPS mechanism was evaluated as described
below.

All the assays were carried out with 5 pM of FUS in three different buffers with
different pH values (20 mM Tris-HCI pH 7.00, 20 mM CAPS pH 9.40 and 20 mM CAPS
pH 11.00), to take into account the effect of the overall protein charge on the LLPS
process. Exceptions were made when the pH influenced the solubility or the stability
of the metabolites, as referred ahead.

Presence of co-purified DNA and RNA, that could interfere with the turbidity
measurements, was verified. The Azsonm/280nm ratio of FUS was between 0.58-0.60
indicating a nucleic acid-free protein.

Buffer and the metabolites were mixed in reaction volumes of 100 pL in 96-well
clear microplates (Corning), and subsequently incubated for 60 min at the chosen
temperature. Lyophilized FUS was then added, incubated for additional 10 min and
briefly mixed, prior to the turbidity assays. The ODsosnm was monitored using a
Benchmark Microplate Reader (Bio-Rad). All measurements were made in triplicate.

2.3.1 Temperature influence on FUS liquid-liquid phase separation

To evaluate the effect of the temperature on the LLPS process, and to assess the FUS
phase separation behavior (see section 1.2.1 Liquid-liquid phase separation), turbidity
assays were performed at three different temperatures: 4°C, 25°C and 37°C.

The temperature control was distinct in two cases. At 25°C and 37°C, the
temperature was maintained constant by the temperature control system of the
microplate reader. At 4°C, the temperature was extrinsic to the apparatus, meaning
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that the temperature was maintained by the temperature in the room and not by the
microplate reader itself. The measurements were performed in a refrigerated room
with a constant temperature of 4°C. The microplate reader was incubated in the
refrigerated room for 3 h to ensure that the apparatus was cooled down before the
measurements. The room temperature was constantly verified by a thermometer.
Samples of FUS protein were prepared in buffer and incubated as described above.
Sample-containing microplates were mixed and the ODsgsnm Was retrieved.

2.3.2 Metabolite influence on FUS liquid-liquid phase separation

Abundant metabolites found in the cell, particularly in the cytoplasm, were selected
to determine their impact on the phase separation of FUS. The chosen metabolites
included salts (NaCl), sugars (glucose), charged amino acids (lysine and glutamate),
metallic ions (Ca?* and Zn?*) and ribonucleic acids (RNA).

Freshly prepared samples of FUS in different pH values (pH 7.00, pH 9.40 and pH
11.00) and increasing metabolite concentrations, were mixed and the ODsgosnm was
recorded. Final concentration range of metabolites in the microplates are summarized
in Table I.

Table I - Metabolite concentration range applied in FUS microplate turbidity assays

Metabolite Concentration range (mM)
NaCl (Acros) 0, 50, 150, 300
Glucose (Sigma-Aldrich) 0,1,2,3
Lysine-HCI (Sigma-Aldrich) 0,1,2,5
Na-Glutamate (Panreac) 0,1,2,5
ZnCl2 (Merck) 0,0.3,05,1
CaClz (Panreac) 0,0.3,0.5,1

The mass ratio between RNA:FUS went from 0:1 (0 pg:26.65 ug), 0.2:1 (5.33 pg:
26.65 ug), 0.4:1 (10.66 ug: 26.65 ug), 1:1 (26.65 pg: 26.65 ug), 2:1 (53.30 ug:
26.65 pug), and 4:1 (106.60 ug: 26.65 pg).

Turbidity of FUS in the presence of ZnCl> was only measured at pH 7.00, since this
metabolite presented insoluble at pH 9.40 and 11.00.

2.4 Imaging of FUS stress granules

For the protein droplets imaging, lyophilized FUS was resuspended in 20 mM CAPS
and 150 mM NacCl, at pH 9.40, to a final concentration of 200 uM and 1 mM. 10 pL
of FUS were loaded onto the glass slides and covered with glass coverslips. Samples
were analyzed using a LSM 710 META confocal laser scanning microscope (Zeiss) at
room temperature. All images obtained were processed using Fiji software.'4
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2.5 NMR experiments

All NMR experiments were acquired in a Bruker Avance III NMR spectrometer (Bruker
BioSpin) operating at 600 MHz H frequency, equipped with a 5 mm triple-resonance
cryogenic probe (CP TCI). In all samples, the 'H chemical shifts were calibrated
through indirect referencing using 50 uM DSS (Eurisotop). All data was processed
using Bruker TopSpin 3.5™ software (Bruker BioSpin).

2.5.1 Preparation of NMR samples

For NMR studies, lyophilized '°N-labeled FUS samples were resuspended in 90%
H20/10% 2H.0 (Eurisotop) and transferred into 3 mm NMR tubes. Protein samples
were prepared to a final concentration of 200 uM.

2.5.1.1 Dispersed FUS

Dispersed FUS sample was prepared by resuspending 2.13 mg of !°N-labeled
lyophilized FUS in 200 uL of buffer containing 20 mM sodium phosphate buffer, 2 mM
DTT (NZYTech), 10% glycerol, 0.05% sodium azide (NaNs3) (Panreac), 1 protease
inhibitor tablet and 10% 2H20, at pH 7.10.

2.5.1.2 Phase-separated FUS

In order to achieve phase separation, the dispersed FUS sample was diafiltrated using
a buffer containing 20 mM sodium phosphate buffer, 150 mM NaCl, 0.05% NaNs3, 1
protease inhibitor tablet and 10% 2?H»0, at pH 7.10. In brief, 200 pL of dispersed FUS
were diluted in 3 mL of buffer and concentrated to the initial volume (200 uL) at 5000
rpm (F-34-6-38 rotor) for 10 min, at 6°C. This step was repeated 4 times to ensure
the removal of the glycerol and DTT, and the complete addition of the NaCl.

In order to minimize the loss of phase-separated FUS, the resulting 200 yL of
diafiltrated product were transferred to the NMR tube and the following procedures
were applied directly to the tube.

The FUS sample was initially heated to 42°C for 5 min to clear initial cloudiness,
and then cooled to the room temperature. Subsequently, the sample was quenched
on ice for 10 min to further drive the LLPS. Finally, the NMR tube containing the FUS
sample was manually centrifugated to settle at the bottom the phase-separated FUS.
The supernatant was removed and Azsonm Was retrieved to ensure that FUS was in
phase-separated state and not in the supernatant. The supernatant was then applied
to the protein-dense phase and the solution was homogenized.

2.5.2 NMR experiments on dispersed FUS

To assess temperature influence on the structure of dispersed FUS, 2D-NMR H-1°N
HSQC spectra were obtained at 5°C, 15°C and 25°C. The 'H-!>N HSQC spectra
(hsqcetfpf3gpsi2 pulse sequence from Bruker library) were acquired with 512 scans
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on a matrix with 2048 x 128 complex points, and a sweep width of 9615.385 Hz
(centered at the water resonance frequency) x 2311.077 Hz (centered at 118 ppm),
in the 'H and '°N dimension, respectively.

On the same sample, consecutive spectra were recorded increasing the
temperature (5°C — 15°C — 25°C), followed by a mirrored experiment decreasing the
temperature (25°C — 15°C — 5°C).

2.5.3 NMR experiments on phase-separated FUS

To explore FUS overall conformational changes upon phase separation, 2D-NMR !H-
15N HSQC of phase-separated FUS was obtained. The spectrum was acquired with
the same acquisition parameters as referred previously for *H-1>N HSQC spectra of
dispersed FUS (see section 2.5.2 NMR experiments on dispersed FUS). To maximize
phase-separation the experiment was conducted at 5°C.
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3. RESULTS

AND DISCUSSION

“I am just a child who has never grown up. | still keep asking these ‘how” and “why” questions.
Occasionally, I find an answer”
S. Hawking
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3. Results and discussion

3.1 Expression and purification of non-labeled and uniformly °N
labeled FUS

Following the expression of non-labeled and uniformly >N-labeled FUS, both proteins
were purified by two consecutive steps of affinity chromatography, followed by a
cation exchange chromatography. Since the elution of both non-labeled and !>N-
labeled FUS followed similar profiles, it is presented the results for the °N-labeled
FUS purification process. All remaining data are present in the Appendix (Appendix
- Figure A. 2, Figure A. 3 and Figure A. 4).

After the isolation of solubilized recombinant protein, an IMAC step was performed
as the first purification step. The proteins of interest contained a N-terminal
polyhistidine tag that displayed high affinity to the Ni-NTA HisTrap column matrix.
The histidine imidazole ring has the ability to form coordination bonds with the Ni%*
metal ion immobilized on the column matrix. The proteins are then eluted adding
high concentrations of free imidazole to the column buffer, that competes with the
histidine imidazole group and releases the protein from the matrix.48

To elute the proteins bound to the column an imidazole gradient (0-500 mM) was
applied. The protein of interest was eluted at 150 mM imidazole (Figure 10).
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Figure 10 - First purification step of °N-labeled FUS by Ni-NTA affinity
chromatography - Elution profile for the first IMAC purification step of '°N-labeled FUS.
HisTrap column (5 mLx2) equilibrated with 20 mM sodium phosphate buffer, 40 mM imidazole,
300 mM NaCl, 10% glycerol, 5 mM BME, 2 mM benzamidine and 2 protease inhibitor tablets,
at pH 7.50. Primary and secondary y-axis correspond the to the variation in absorbance at 280
nm (solid line) and the imidazole gradient (dashed line), respectively. Protein eluted at 150
mM imidazole and fraction collected between 110 mL and 124 mL.
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Following the first purification step that removed most of the contaminants, the Hiss-
MBP moiety was cleaved from FUS by TEV digestion. A second IMAC purification step
was then applied to remove the affinity tag. Like the polyhistidine tag, the MBP moiety
is also an affinity tag on its own, being able to bind to amylose matrices. However,
MBP tags have a dual purpose, being able to assist not only on purification but also
on expression, improving target protein solubility. MBP is a naturally occurring 42
kDa E. coli protein known to significantly enhance the solubility of poorly soluble
proteins by a still unclear mechanism.!* In the case of FUS, the MBP improves the
stability of the protein in solution. Hence, after its cleavage protein tends to
precipitate. Due to the lack of Hise-MBP moiety, the protein of interest was eluted in
the flow-through and the Hiss-MBP moiety was eluted at about 330 mM imidazole
(Figure 11).
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Figure 11 - Second purification step of !°N-labeled FUS by Ni-NTA affinity
chromatography - Elution profile for the second IMAC purification step of 1°N-labeled FUS.
HisTrap column (5 mL x2) equilibrated with 20 mM sodium phosphate buffer, 40 mM imidazole,
300 mM NacCl, 10% glycerol, 5 mM BME, 2 mM benzamidine and 2 protease inhibitor tablets,
at pH 7.50. Primary and secondary y-axis correspond to the variation in absorbance at 280
nm (solid line) and the imidazole gradient (dashed line), respectively. Protein eluted in the
flow-through corresponding to the first peak in absorbance. Protein fraction collected between
2 mL and 21 mL. Hisg-MBP moiety eluted at 330 mM imidazole

As a final polishing step, a cation exchange chromatography was performed. FUS is
a very basic protein with an isoelectric point of 9.40, determined by ProtParam
ExPASy software.'*> Thus, under the conditions applied (at pH 8.00) FUS strongly
binds to the cation HiScreen SP column through electrostatic interactions. The bound
protein was then eluted with NaCl that competes for ionic binding to the column and
releases the protein from the matrix. FUS was eluted at 250 mM NaCl (Figure
12A).130
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Figure 12 - Final purification step of '5N-labeled FUS by ion exchange

chromatography — (A) Elution profile for the third and final IEX purification step of 1°N-
labeled FUS. HiScreen SP column equilibrated with 20 mM Tris-HCI, 10% glycerol and 5 mM
BME, at pH 8.00. Primary and secondary y-axis correspond to the variation in absorbance at
280 nm (solid line) and the NaCl gradient (dashed line), respectively. Protein eluted at 250
mM NaCl and fraction collected between 77 mL and 87 mL. (B) Inset of the protein purity
analysis by SDS-PAGE. Lane: M - Prestained protein marker, P - 1°N FUS after ion exchange
chromatography. Corresponding MW of the protein marker on the left.

After the purification steps, the purity of the protein was confirmed by SDS-PAGE
with a corresponding band in MW region of approximately 50 kDa, which goes in
agreement with the expected 54.15 kDa of >N FUS (Figure 12B).

The overall yields of purified FUS protein for the non-labeled and uniformly !°N-
labeled FUS, were 3.7 mg and 2.5 mg per liter of culture, respectively.

3.2 Temperature dependence of FUS liquid-liquid phase separation

Proteins and polymers that undergo self-assembly are highly influenced by the
temperature. Phase separation can exhibit two distinct types of behavior: either the
LLPS occurs above a critical solution temperature (LCST) or under the critical solution
temperature (UCST) (see section 1.2.1 Liquid-liquid phase separation). For example,
microtubule-associated protein Tau is known to have a LCST phase separation
behavior, while ALS-related protein hnRNPA1 exhibits a UCST behavior.>%:1>!

To investigate the dependence of FUS LLPS on temperature, turbidity of a 5 uM FUS
solution was measured at three distinct temperatures: 4°C, 25°C and 37°C. The
obtained results are presented in Figure 13.
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Figure 13 - Influence of temperature on FUS phase separation — Monitorization of 5 pM
FUS phase separation at three distinct temperatures. Data collection at each temperature
started 10 min after addition of lyophilized FUS to the solution. Data represented as the mean
of three independent measurements, with standard deviation error bars.

At 25°C and 37°C little solution turbidity was detected suggesting that FUS is present
as a dispersed monomeric protein at these temperatures. At 4°C, turbidity increased
by almost 20-fold indicating FUS granule formation. These results are in agreement
with previous reports.®®152 Along with the temperature dependence, it was also
observed that turbidity depended on the solution pH, reaching a maximum when pH
matched the protein’s pI (pH 9.40). At physiological temperature, turbidity is only
detected at pH 9.40, which might suggest that at this temperature stress granule
formation is promoted by other factors. The dependence of pH solution on FUS LLPS
is extensively discussed in the next section.

Data shows that FUS phase separation is promoted at lower temperature and is
rapidly reversible with increasing temperature. These results indicated that FUS has
a UCST-type of LLPS behavior.

Polymer phase behavior is significantly influenced by subtle chemical and structural
variations.!%3 In proteins, this behavior is determined by the amino acid composition.
High content on lysine residues is known to favor LCST-type of phase separation,
while high content on arginine residues is associated with UCST. This goes in
agreement with FUS amino acid content, since it contains a high percentage of
arginine residues but a low lysine content (Figure 14). Moreover, zwitterionic phase
separation is known to exhibit UCST behavior which agrees with the observed
increased turbidity at pH 9.40.1%*
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Figure 14 - Relative content of amino acids in FUS protein — Relative amino acid
frequencies calculated from a total of 526 amino acids of full-length WT FUS.

Intriguing, FUS phase separation seems to occur under relevant physiological
conditions, since at 37°C turbidity is almost non-detectable, only a small fraction is
present at pH 9.40. This might reveal that at the physiological context, stress granule
formation must be enhanced by additional factors.

3.3 Metabolite influence on FUS liquid-liquid phase separation

As stated in detail in the introduction, FUS is a nuclear protein able to shuttle to the
cytoplasm where its poised to form membraneless organelles through LLPS. Such
organelles are visible as an opalescent turbidity in solution, which can be quantified
by measuring the optical density at 595 nm.

The cytoplasm is a complex environment capable of modulating cellular functions
including protein folding, enzyme catalysis, intracellular signaling and transport, and
molecular localization.'®> The cytosol is the liquid phase of the cytoplasm of a
membrane-enclosed intact cell, excluding the organelles.'®*® The cytosol is mainly
composed by water, which makes up for about 70% of the content volume. However,
the cytosol is also highly crowded, being comprised of ions, metabolites and
macromolecules (proteins, nucleic acids, polysaccharides, etc.). In a prokaryotic E.
coli cell, the total protein concentration is in the range of 200-300 g/L while nucleic
acids range from 75 to 150 g/L.**” In mammalian cells, protein concentration ranging
from 50 to 250 g/L and nucleic acid concentration of 50 g/L have been determined,
varying according to the cell type.'*® In each case, macromolecules occupy about 10-
40% of the total cell volume.®>®

Such crowded environment has a great impact on the physiological reactions inside
living cells. Since two molecules cannot occupy the same space at the same time,
reactions that depend on available volume can be affected by the crowded
environment. This phenomenon is called volume exclusion effect which is the major
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mechanism by which macromolecular crowding affects proteins. Minimization of
volume exclusion and consequent maximization of entropy can be achieved through
changes in hydrodynamic volumes or in association rates. Hence, macromolecular
crowding can modulate protein stability, folding and compaction, or influence protein-
protein interactions, protein-nucleic acid interactions, protein oligomerization,
pathological aggregation and phase separation.°

Not accounting for the macromolecular crowding effects, in the cytoplasm FUS is
surrounded by cytoplasmatic metabolites. Small molecules such as metabolites have
negligible crowding effect (according to the their in-vivo concentration) but are able
to interact and influence biochemical reactions.'®® As a result, natural occurring
metabolites should influence the phase separation phenomena.

Taking all into account, the intended goal was to gain insight on the impact of
different natural abundant metabolites on the degree of FUS LLPS. In this study, the
influence of macromolecular crowding was not explored.

As reported in the previous section (see section 3.2 Temperature dependence of FUS
liquid-liquid phase separation), FUS displays a UCST-type of phase separation,
undergoing LLPS at low temperature. Hence, the turbidity assays were performed at
4°C, in order to maximize phase separation.

Although is difficult to provide an exact range of intracellular metabolite
concentration, due to tissue and specie specificity, the values in this section refer to
estimated intracellular concentrations found in the literature for mammalian cells and
were assumed as typical.

NacCl

The first abundant metabolite tested was NaCl. Inorganic ions such as sodium (Na™*)
and chloride (CI") have an extracellular concentration of ~144 mM and ~110 mM,
respectively. Intracellularly, Na* has a concentration of about 12 mM and CI- 10 mM.
However, the intracellular concentration of Cl- varies immensely depending on the
cell type, ranging from 5 mM in skeletal muscle to 80 mM in red blood cells.'®! The
influence of NaCl in FUS phase separation is presented in Figure 15.
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Figure 15 - Influence of NaCl on FUS phase separation — Monitorization of 5 pM FUS
phase separation in the presence of increasing NaCl concentration. Turbidity assays were
performed at 4°C. Data collected 10 min after addition of lyophilized FUS to the solutions. Data
represented as the mean of three independent measurements, with standard deviation error
bars.

The results obtained show that FUS phase separation is highly sensitive to the
presence of NaCl in a pH dependent manner.

When FUS has a global neutral charge, at pH 9.40, phase separation shows the
highest sensitivity to variation in ionic strength. At 150 mM NaCl, phase separation
increases significantly, dropping quickly when the concentration of NaCl is doubled
(300 mM).

At pH 7.00 and pH 11.00, when FUS is positively charged and negatively charged,
respectively, phase separation is less responsive to variation in NaCl concentration.
Changes in ionic strength are known to have pronounced effects on the
conformational properties of disordered proteins. IDPs are highly enriched in charged
amino acids, being referred as polyelectrolytes.®? Charge screening by dissolved
salts controls the interactions between polyelectrolytes, hence phase behavior is
strongly dependent on the solution ionic strength.63

The high degree of FUS phase separation at pH 9.40 suggest that FUS-FUS
interactions are attractive at the given pH. Protein-protein interactions in salt
solutions are poorly understood due to the sheer complexity of both proteins and salt
ions. The traditional way to approach these systems is to adapt colloid theories, such
as Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. The DLVO theory describes
the stability of colloidal solutions, modeling the interactions of charged colloidal
particles in a continuum solvent by the balance of repulsive long-ranged electrostatic
interactions and attractive short-ranged van der Waals interactions.6416> By this
approach, proteins are treated as colloidal spheres that interact isotropically with salt
ions through symmetric van der Walls and electrostatic interactions.

A simplified scheme of the DLVO interaction potential energy is represented in
Figure 16.
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Figure 16 - Schematic representation of DLVO interaction potential energy - The
DLVO interaction energy (green and orange line) results from the sum of the repulsive
electrostatic energy (red) and the attractive van der Walls potential (blue). Increased
electrolyte concentration and/or reduced particle charge density can lead to a minimum in the
potential energy. As a result, particles might undergo reversible aggregation due to the
decrease in the energy barrier.166

Interacting particles such as proteins exhibit an overall net charged surface based on
the pH of the solution and depending on the pl of the protein. Salt ions dissolved in
the solution are able to form counterion cloud around the protein surface, screening
the surface charge. By decreasing the DLVO interaction potential, salt ions effectively
decrease the repulsive interactions, promoting self-aggregation.166:167

Based on the DLVO theory, at pH 9.40, the electric double-layer repulsion between
the FUS proteins should be small (due to FUS neutral charge) and the net DLVO
interaction should mainly arise from the attractive van der Waals force. Due to
reduced surface charge density complemented with increasing salt ions concentration
(150 mM NacCl), the energy barrier falls below zero and the protein self-assembles
rapidly.

It would be expected that above a certain ionic strength value, the self-assembly
would be proportional to the NaCl concentration until it reached a plateau. Such value
is commonly termed as critical coagulation concentration (CCC), and it is defined as
the minimal required concentration of counterions to induce aggregation of colloidal
particles.68 As suggested by Mason et al., the fact that the LLPS process is sensitive
to the presence of electrolytes suggests that the intermolecular attractive interactions
have also an electrostatic character.'” In other words, the results obtained indicate
that certain NaCl concentrations might partially screen crucial intermolecular
electrostatic interactions, decreasing droplet formation as observed at 300 mM NaCl.
Hence, at 300 mM Nadl, ionic strength hinders intermolecular attractive interactions,
and aggregation promoting charge screening cannot be accountable.

In the case when FUS is not neutrally charged, a low variation in the degree of LLPS
in the presence of NaCl, is observed. Approaching once again through the DLVO
theory, these results suggest that charge screening by salt ions is ineffective, perhaps
due to the high protein charge density at pH 7.00 and 11.00. Hence, repulsive forces
cannot be canceled, and phase separation is not enhanced with increasing ionic
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strength. However, comparing the variation in turbidity with respect to changes in
ionic strength at pH 7.00 and 11.00, it is observed a higher variation in phase
separation behavior at pH 11.00. Moreover, at pH 7.00, phase separation remains
very insensitive to changes in ionic strength. To try to understand this difference, the
protein net charge with respect to the pH was calculated through Equation 1:

Net charge = Y7 qif; (1)

Where gi and fi are the charge and the fraction of the ith ionizable group in the
charged state, respectively.'®® The fraction of ionized negatively and positively
charged groups, derived from the Henderson-Hasselbalch equation, is expressed as
Equation 2:

10(PH-DPKq)

f(=) = 10(@H-PKa) + 1
(2)
10PKa—pH)

f(+) = 10®@Ka—pH) + 1

To calculate protein net charge as a function of pH, it was assumed the set of pKa
values of ionizable groups used by ExPASy software, from Bjellgvist et al.!’® The
results are presented in Figure 17.
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Figure 17 - Plot of FUS net charge as a function of pH - FUS is a basic protein with a pl
of 9.40. At pH 7.00 FUS has an overall positive charge of z=4+13.73, at pH 9.40 FUS is neutrally
charged with z=0 and at pH 11.00 FUS bears an overall negative charge of z=-39.78. Protein
net charged calculated according to the set of pK; values from Bjellqvist et a/.17°
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From the relationship between FUS net charge and pH, one might expect that since
charge density is higher in magnitude at pH 11.00, charge screening would prove
more difficult than at pH 7.00. Yet, the turbidity results suggest otherwise.

Explanation to these results might be based in the specific nature of each ion. The
Hofmeister series classify ions according to their ability to salt in or salt out proteins
(Figure 18).!

NH,* > K > Na* > L* > Mg* > Ca* > guanidinium*

SO,> > HPO,* > acetater > citratee > CI- > NO; > ClO; > I' >ClO, > SCN

Figure 18 - Cationic and anionic Hofmeister series — Ions are ordered by the ability to
stabilize or destabilize proteins, by salting out or salting in, respectively.172

Na* and ClI- are strongly hydrated cation and anion, respectively. Cations usually
follow the Hofmeister order, with strongly hydrated cations being less efficient in
salting out proteins than weakly hydrated ones. However, for anions is not
straightforward, having different effects when interacting with the protein backbone
or with charged side-chains. At the backbone, anions follow the Hofmeister order,
with strongly hydrates anions salting out more efficiently than weakly hydrated ones.
Still, when interacting with positively charged side-chains, anions follow a reversed
Hofmeister series with the effectiveness in salting out ordered as ClO4>SCN>I"
>ClO3>NOs >C|~,173

Although the FUS charge density magnitude at pH 11.00 is higher than at pH 7.00,
at the later pH FUS is highly positive, and following the reverse Hofmeister series, ClI-
is less effective in screening the positive charged residues. This might explain the low
variation of phase separation with increasing ionic strength at pH 7.00 when
compared to at pH 11.00.

Finally, Burke et al. showed that at pH 7.40, there was an invariance in turbidity
until 150 mM NaCl and a significant decline in turbidity at 300 mM NaCl.'’* This
decline was not visible in presented study, at pH 7.00. This difference might be
explained by the fact that FUS has a higher overall positive charge at pH 7.00 than
at pH 7.40, hence intermolecular attractive electrostatic interactions could not be
canceled even at 300 mM NacCl. Still, one question remains, the nonlinear dependence
of FUS phase separation with ionic strength until 150 mM NaCl, at pH 9.40 and pH
11.00.

Undoubtedly, the study of the effect of ions in proteins is very complex in nature
as a consequence of the complexity of both proteins and ions, and the wide range of
interplaying interactions and variables. Since Hofmeister, several efforts have been
made to rationalize the protein solution behavior in the presence of ions, and it is still
not completely understood.”3:17>-17% Adding the complexity of phase separation into
such equation, makes the observations much more difficult to justify. Further studies
would have to be carried out to gain insight on the exact influence of NaCl in the
phase separation mechanism of FUS.
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Glucose

The second abundant metabolite tested was glucose. This sugar is one of the most
abundant organic metabolites found in the human serum, with a concentration of ~5
mM. '8 The intracellular glucose concentration is estimated to be between 0 and 1
mM, since glucose is rapidly phosphorylated into glucose-6-phosphate inside the
cells.'8 The results of the turbidity assays of FUS in the presence of glucose are
represented in Figure 19.
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Figure 19 - Influence of glucose on FUS phase separation - Monitorization of 5 uM FUS
phase separation in the presence of increasing glucose concentration. Turbidity assays were
performed at 4°C. Data collected 10 min after addition of lyophilized FUS to the solutions. Data
represented as the mean of three independent measurements, with standard deviation error
bars.

In the presence of glucose, FUS phase separation in all tested pH values seems to
follow the same overall pattern, with droplet formation decreasing with increasing
glucose concentration. Only exception is at pH 7.00, when turbidity slightly increases
at 1 mM glucose.

Glucose is a well-known metabolite able to stabilize proteins through induced
preferential hydration. Addition of sugars to a protein solution results in a positive
free energy change, and its value is proportional to the protein surface area.!8?

In an IDP the surface area is higher when compared to a globular protein, hence
the contact of sugar with an IDP is thermodynamically more unfavorable than with a
globular protein (i.e. sugar molecules are largely excluded from the protein surface).
As a result, an IDP as a greater preferential hydration than a globular protein in the
presence of a sugar.'® In other words, in aqueous solution all points on the protein
surface must be in contact with water. In order to interact, solutes must displace
water molecules from the protein surface. Simplistically, preferential interactions are
balanced by the competition equilibrium between water and ligands at the surface of
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the protein.!8* Therefore, the free energy of binding at a protein site (AG?) is defined
by Equation 3:

AGY = AGE — AGYW (3)

Where AG-and AGY are the free energies of interaction of the protein with the ligand
and with water, respectively. If the free energy has a negative sign, there is a
preferential binding to the ligand. On the order hand, if the free energy has a positive
sign, there is a preferential binding to the water, and hence preferential hydration.
The positive change in chemical potential induced by sugars should favor the self-
assembly state of FUS, as the total surface area of the protein decreases upon FUS-
FUS association, which would result in reduction of the chemical potential.!®* Such
effect is not clear through the turbidity assays. A simple explanation might be in the
base that glucose can lead to compaction through intramolecular interactions rather
than intermolecular. This would suggest that the intrinsic disorder of FUS is important
for its phase separation, has the compaction can lead to inaccessibility of FUS
domains that participate in LLPS.

Moreover, over three decades ago, Na et al. observed that glycerol solution
inhibited the self-assembly of collagen fibrils. Glycerol, such as glucose, is known to
stabilize proteins through preferential hydration and has such, should also promote
self-assembly of structured proteins and not inhibit it.'8> They found that, the effect
of glycerol in the inhibition directly correlated with the critical association
concentration of collagen. Hence, with increasing concentrations of glycerol, higher
concentration of protein would be needed to promote self-assembly.8> Although
glycerol is a stabilizer co-solute, that promote protein compaction by preferential
hydration, is widely known that glycerol prevents protein aggregation, being routinely
used in protein refolding. Vincent et al. showed the mechanisms underlying the
contradicting effects of glycerol. Besides the known effect of the induced preferential
hydration that leads towards assembly and compaction, the researchers proposed
that glycerol prevents protein self-assembly by stabilizing aggregation-prone
domains of the protein through preferential interactions with hydrophobic residues
that favor the interface orientation of glycerol.8® This effect might justify the results
obtained. The inhibition of FUS phase separation by glucose might indicate that the
FUS LLPS is also mediated by hydrophobic interactions. In fact, it was observed
visually that 10% glycerol prevented FUS phase separation, even at low temperature.

A full thermodynamic analysis would have to be performed to confirm these results,
including the thermodynamic contribution of the cosolvent interactions and the
decomposition of measured preferential binding into the protein surface by cosolvent
and water. Nevertheless, the results obtained clearly indicate that glucose inhibits
FUS phase separation whether by the screening of crucial hydrophobic residues or by
FUS structural compaction.

Metal ions (Zn2* and CaZ2*)

The next step was to study the influence of calcium (II) and zinc (II) ions on FUS
phase separation. The intracellular concentration of free metallic ions such as Zn?*
and Ca?*is very low, ranging from ~0.5 nM for Zn?* and ~85 nM for Ca?*, since they
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are mostly bound to proteins or stored within organelles.!8”:18 These ions are known
to play crucial structural and functional roles in proteins.96:189-197

Zinc (II) is an essential trace element in eukaryotes. Despite its low intracellular
concentration, zinc is the second most abundant trace metal in higher animals, falling
only behind iron. On average, the adult human body bears about 2.3 g of zinc, taking
into account the free and bound form.'°? Intracellularly, the total concentration of
Zn?* is in the range of 180-250 puM.1%0

FUS contains a non-classical ZnF known to play a dominant role in RNA recognition
(see section 1.3.1 FUS structural architecture and function). Contrarily to the previous
studied metabolites, Zn?* can directly bind to FUS through the ZnF domain. The
influence of ZnClz salt ion in FUS phase separation was investigated and the results
are present in Figure 20.

[] pH7.00

0.045

0.040

0.035 1
0.030

0.025

ODSQSnm

0.020

—
—_

0.015

HH

0.010

0.005

0.000 L L -

[ZnCl,] (mM)

Figure 20 - Influence of ZnCl, on FUS phase separation - Monitorization of 5 pM FUS
phase separation in the presence of increasing ZnCl, concentration. Turbidity assays were
performed at 4°C only at pH 7.00 due to decrease in Zn%* solubility at higher pH values. Data
collected 10 min after addition of lyophilized FUS to the solutions. Data represented as the
mean of three independent measurements, with standard deviation error bars.

As mentioned before, the solubility of Zn?* decreases rapidly with increasing pH, with
formation of white precipitates at pH 9.40 and pH 11.00.1°8 As a result, the turbidity
assays were only performed at pH 7.00.

Up to this point, phase separation of FUS at pH 7.00 has not been significantly
enhanced by metabolites. However, in the presence of 0.3 mM ZnCl, the turbidity
increases almost by 2-fold compared in the absence of ZnCls.

In FUS, Zn?* can be coordinated by four cysteines at the structured ZnF domain.
The coordination of the Zn?* by cysteines is mediated through the cysteine side-
chains thiol groups. °! Hence, the ionization state of the thiol group of cysteine
residues modulates the ability of FUS to bind to Zn?*. Compared to all ionizable
residues, the pKa of cysteine thiol group is the closest to the physiological pH (about
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7.00).1%° As a result, small variation within the physiological pH range perturbs the
ability of cysteine groups to act as nucleophiles and confers significant electrostatic
changes.2%

In the reducing cytoplasmatic environment, disulfide bonds are very unstable
compare to thiolate- Zn%*-thiolate bridges. Such interactions allows Zn?* to be tightly
bound to the motif and yet available, since oxidant species can oxidize the sulfur
groups releasing Zn?*ions. This binding and releasing of zinc ions make ZnF domains
efficient redox switches.18%:201

This suggests that under cellular stress such as photooxidative stress, the
intracellular free Zn2*increases. Kroncke et al. proposed that free Zn?* activates the
phosphoinosite 3’-kinase (PI3K)/Akt signaling cascade which is consider a stress-
response cascade that mediates antiapoptotic and cytoprotective effects, gene
expression and insulin signaling.'®

Taking this into account, upon certain stress conditions Zn2* ions released from
zinc-binding proteins, activate the PI3K/Akt signaling cascade and at the same time
interact with FUS inducing its phase separation, as observed in the turbidity results.
This goes accordingly with the fact that FUS droplet formation is known to be induced
under stress conditions, including oxidative stress.292

Interestingly, in ALS, the PI3K/Atk cascade is normally inhibited which leads to
motor neuron apoptosis.?®3 In ALS, the inactivation of the PI3K/Atk might render an
unanswered response to stress stimuli. The resultant persistent stress might lead to
further increase in free Zn?* concentration. As a result, increasing cytoplasmatic Zn?*
ions are available to interact with FUS which might enhance FUS self-assembly and
ultimately FUS co-depositions, as observed in ALS-FUS.

Despite the role of Zn2* as direct ligand to the ZnF moiety of FUS, Zn?*is a divalent
metal ion that can also perform charge screening. Divalent metal ions are capable to
interact with the negatively charge side chains. At pH 7.00, both the aspartate and
glutamate side-chains are deprotonated, bearing a negative charge. In 2012, it was
shown that Zn?* ions screen more efficiently the negative charges, when compared
to several other divalent ions. This screening might be implicated in the influence of
Zn?* in the enhancement of FUS phase separation.?%* The influence of Zn?*in the
LLPS mechanisms is more complicated to justify due to the fact that this metabolite
can effectively bind to FUS. Nevertheless, it is clear that FUS phase separation is also
sensitive to ZnCla.

The second metal ion studied was calcium (II). Just like Zn?*, free Ca?* has a low
intracellular concentration. However, the total concentration of this metal ion is quite
high, going from 20 uM in the erythrocytes to 4 mM in the heart cells. Axons contain
between 200-400 pM Ca?*. Intracellular free Ca?* performs a fundamental task in
signaling of a large number of physiological activities in numerous subcellular
compartments. As a result, this metal ion undergoes large cytosolic concentration
fluctuations in response to stimuli.?%>

Since Ca?* is such an important ion in cellular functions and since free Ca?* can
reach high concentration in the cytosol, the influence of CaCl. in FUS LLPS was also
explored. The results are present in Figure 21.
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Figure 21 - Influence of CaCl, on FUS phase separation - Monitorization of 5 pM FUS
phase separation in the presence of increasing CaCl, concentration. Turbidity assays were
performed at 4°C. Data collected 10 min after addition of lyophilized FUS to the solutions. Data
represented as the mean of three independent measurements, with standard deviation error
bars.

The influence of CaClz on FUS phase separation seems to follow the same mechanism
as NaCl. It is observable that phase separation is enhanced at pH 9.40, when FUS is
neutrally charged. Ca?*, such as Na*, is a strongly hydrated cation, as a result is less
efficient in salting out proteins. However, strongly hydrated cations have strong
affinities for negative charged side-chain residues.!”3

The behavior of divalent transition metals and divalent alkali earth cations such as
Zn?* and Ca?* is different from that of monovalent cations such as Na*. Such metal
ions can form coordination complexes which leads to charge transfer between metal
center and binding ligand. As a result, these interactions lead to stronger binding
than those of Hofmeister-type ion pairing. As such, the ion-specificity of divalent first-
row metal ions to amines and thiols follows the Irving-Williams series (Figure 22).206

Mg?*/Ca?* < Mn?* < Fe** < Co* < Ni#* < Cu* > Zn*

Figure 22- Divalent Irving-Williams series — Divalent ions are ordered by increasing the
complex stability formed by the ions and target ligand accompanied by decreasing ionic radius.
The only exception is Zn2* that has lower ionic radius but leads to less complex stability.2%6

In this series, as the ionic radius decreases there is an increase in complex stability,
the only exception being Zn?*. The driving force in the Irving-Williams order is the
charge transfer between the metal and its ligand, which reaches a maximum for Cu?*
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and its weaker for the ions on the left of the series. Since Zn?* contains filled d
orbitals, the charge transfer is very weak. Nevertheless, these ions can also follow
the Hofmeister series, assuming that charge transfer processes with amines and
thiols are not involved.!”?

The complex stability between protein-Ca?* is lower than protein-Zn?*. However,
Zn?* can directly bind to FUS. Such facts might explain the different influence of both
metal ions on FUS phase separation. Nevertheless, the stronger binding between
metal ions and the protein comparing to Na* and Cl-ions, might justify the fact that
metal ions needs about 300-fold less concentration when compared to NaCl, to reach
approximately the same degree of LLPS.

At pH 9.40, FUS is neutrally charged, and as discussed, the electric double-layer
repulsion is minimal and phase separation is enhanced. At this pH, both aspartate
and glutamate residues have a charge of -2, which may lead to proper charge
screening by both metallic ions. At pH 11.00, both these residues also bear a -2
charge, however the charge screening might be ineffective due to the large protein
net charge. Again, as discussed in the NaCl case, the low variation in phase
separation at pH 7.00 might be justified by the fact that Cl- is poorly efficient in
screening positively charged side-chains. Just as discussed in the NaCl case, the
decrease in turbidity above a certain concentration might be due to the screen of
important electrostatic interactions.

Increase in intracellular Ca?* concentrations in postsynaptic neuron is known to
activate signaling cascade that modulates gene expression, neuronal survival and
synaptic plasticity.?%” Interestingly, perturbation in calcium homeostasis has been
observed in neurodegenerative diseases such as ALS. This deregulation ultimately
leads to Ca?* overload in the cytoplasm which causes severe damage to the cells,
mainly by the formation of reactive oxygen species.?®® Once again, FUS phase
separation in the cytoplasm might be enhanced by Ca?* overload, in these stress
conditions. In fact, high concentrations of cytosolic Ca?* promotes SOD1 protein
inclusions, which is a protein also linked to ALS.2%°

Charged amino acids (glutamate and lysine)

The influence of charged amino acids in FUS LLPS was exploit. The cells contain free
amino acids pools which provide monomers for protein synthesis and act as energy-
providing metabolic intermediates.?!° Glutamate is the most abundant amino acid in
the cells with a concentration of ~4.5 mM in the skeletal muscle cells and about 60
mM in synaptic vesicles.?!212 More than participating in protein synthesis and as a
metabolic intermediate, glutamate is the major excitatory neurotransmitter in the
nervous system.?!3 In average, a mammalian brain contains about 12.25 mM of
glutamate.?!3 Such high intracellular glutamate concentration must be experienced
by cytoplasmatic FUS. The influence of this neurotransmitter in FUS phase separation
is presented on Figure 23.
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Figure 23- Influence of NaGlu on FUS phase separation — Monitorization of 5 pM FUS
phase separation in the presence of increasing NaGlu concentration. Turbidity assays were
performed at 4°C. Data collected 10 min after addition of lyophilized FUS to the solutions. Data
represented as the mean of three independent measurements, with standard deviation error
bars.

As a free amino acid, glutamate contains three ionizable groups: the backbone amino
(-NH2) and carboxyl groups (-COOH), and the side-chain -COOH group. Depending
on the pH of the solution, these groups can be protonated or deprotonated, according
to their pKa values, which confers the overall charge of glutamate. The glutamate
charge according to the pH is represented on Figure 24.
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Figure 24 - Plot of free glutamate net charge as a function of pH - Free glutamate
contains three ionizable groups which confers a positive charge at pH below 3.55 and negative
charge above that pH. At pH 7.00, 9.40 and 11.00, this metabolite has an overall negative
charge. Amino acid net charged calculated according to the set of pK; values from Bjellgvist et
a/.170

As represented by Figure 24, the overall charge of glutamate is negative at every
pH employed in the turbidity assays.

In the presence of NaGlu, a low disparity in phase separation between each pH is
observed, as seen previously with glucose. A small increase in phase separation is
detected with 1 mM glutamate, followed by an accentuated decline with the increase
of the metabolite concentration.

In 1984, Tsutomu et al. studied the mechanism of action of NaGlu in protein
stabilization.?'* The authors demonstrated that for all studied proteins there was a
large preferential hydration in the presence of NaGlu. As discussed previously,
preferential hydration can lead to protein compaction or protein self-assembly, in
order to reduce the interacting surface. Moreover, over 4 decades ago, it was
observed that the mechanism of NaGlu action is largely dependent on its
concentration. NaGlu is able to stabilize tubulin at low concentrations and enhance
self-association at 1 M.215

The turbidity data seem to indicate that in the current case, and similar to the
glucose condition, NaGlu might be stabilizing FUS by compaction, inhibiting the LLPS.
As proposed earlier, intrinsic disorder might be crucial for FUS phase separation, as
compaction can lead to inaccessibility of FUS domains that participate in
intermolecular interactions.

On another hand, as observed at the time by Tsutomu et al., the stabilization by
NaGlu is largely influence by the chemical nature of the protein surface.?!* This might
be due to the ability of glutamate to directly interact with residues of the protein.
Negatively charged glutamate can form salt bridges with positively charged residues
on the protein surface.?!®
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As a result, not only accounting for the probable compaction of FUS that leads to
intermolecular interactions inaccessibility, glutamate might also be hindering
positively charged amino acids that are crucial for FUS phase separation.

The small increase in turbidity with 1 mM of glutamate, might be due to partial
screening of the positive charges by the negatively charged glutamate. This
enhancement is observed specially at pH 7.00 due to the positive net charge of FUS.
Nonetheless, it was detected that as NaGlu concentration raises there is a progressive
inhibition of FUS phase separation, which might be a result of the increase in
preferential hydration and salt bridge formation.

In ALS, neurons can release high amounts of intracellular glutamate which leads to
over-activation of glutamate receptor. Subsequently, there is an excessive synaptic
transmission that leads to a high influx of Ca?* ions into the neurons, and as referred
before, causes a widespread damage to cellular structures.?!” As a result, low
intracellular glutamate in ALS damaged neurons leads to high concentration of Ca?*,
which, as observed previously, leads to FUS phase separation. High glutamate
concentration in healthy neurons, buffers phase separation, inhibiting FUS droplet
formation.

In the human body, lysine participates mainly in protein synthesis, playing an
important role in protein structure due to its ability to form salt bridges with
negatively charged residues. The intracellular concentration of free lysine is quite
high, since it needs to be available to be incorporated in newly synthetized proteins.
The average concentration of free lysine in a cell is ~1.15 mM.?!2 The influence of
this positively charged amino acid in FUS droplet formation was studied and the
results are presented in Figure 25.
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Figure 25 - Influence of LysHCI on FUS phase separation - Monitorization of 5 uM FUS
phase separation in the presence of increasing LysHCI concentration. Turbidity assays were
performed at 4°C. Data collected 10 min after addition of lyophilized FUS to the solutions. Data
represented as the mean of three independent measurements, with standard deviation error
bars.
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Lysine is also a polar amino acid which bears a positive charge at physiological pH.
Such as glutamate, lysine as a free amino acid also has three ionizable groups: the
backbone -NH2 and -COOH groups, and the side-chain -NH> group. The charge of
lysine according to the pH is represented on Figure 26.
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Figure 26 - Plot of free lysine net charge as a function of pH - Free lysine contains three
ionizable groups which confers a positive charge at pH below 8.75 and negative charge above
that pH. At pH 7.00, this metabolite has an overall positive charge. At pH 9.40 and 11, free
lysine has a negative charge. Amino acid net charged calculated according to the set of pKj
values from Bjellqvist et al.170

Contrarily to glutamate and as observed in the Figure 26 , lysine has different
charges at the different pH values employed in the turbidity assays.

In the presence of LysHCI, it is observed a phase separation pattern similar to NaCl
and CacClz, in which there is an enhancement in LLPS at pH 9.40, at the approximate
physiological metabolite concentration.

Again, in the 1984 paper by Tsutomu et al/, the authors also explored the influence
of LysHCI in the stabilization of tubulin. Compared with NaGlu, LysHCI is a weaker
protein stabilizer reflected by the lower induced preferential hydration.?!4 As a result,
FUS compaction might not be as effective and consequently, LysHCI does not disturb
the intrinsic disorder of FUS that might be crucial for the phase separation process.

Lysine can interact directly with the protein, forming salt bridges with negatively
charged residues. This interaction would be expected only at pH 7.00, when lysine is
positively charged. Just as in the case of glutamate, one would expect that salt bridge
formation would inhibit phase separation due to blocking of important residues for
the LLPS process. However, by the data presented, it is observed that lysine does
not inhibit phase separation at pH 7.00. This might be due to the fact that at this pH
free lysine has a low positive net charge (z=+0.76) resulting in a weaker interaction
between lysine and protein residues. At pH 9.40 and 11.00, free lysine has an overall
negative charge and salt bridge formation with the protein is not expected. As
mentioned before, FUS phase separation in the presence of LysHCI highly resembles
the influence of NaCl and CaClz. At pH 9.40, although free lysine is negative, it has
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an overall net charge close to zero (z=-0.19). The zwitterionic character of lysine at
this pH, with a negative -COO" group and a positive -NH3*, might result screening of
the protein surface. Along with the neutral charge of FUS at this pH, phase separation
is enhanced. Such behavior of lysine would justify the resemblance of turbidity data
between LysHCI, NaCl and CaCla.

RNA

Finally, the influence of RNA on FUS LLPS was explored. As mentioned in the
introduction, membraneless cytosolic bodies are composed of RNA and RNPs that
assemble from pools of stalled mRNA. FUS is an RNP that is able to bind to RNA
through the RRM, RGG and ZnF motifs. Therefore, it was tested wheter RNA can drive
FUS phase separation and the results are presented on Figure 27.
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Figure 27 - Influence of total RNA on FUS phase separation — Monitorization of 5 pM
FUS phase separation in the presence of increasing RNA:FUS mass ratio. Turbidity assays were
performed at 4°C. Data collected 10 min after addition of lyophilized FUS to the solutions. Data
represented as the mean of three independent measurements, with standard deviation error
bars.

In agreement with previous work, it was observed that RNA promotes significantly
phase separation at very low RNA/protein ratios.'?2!® Remarkably, increasing
RNA/protein ratios led to inhibition of FUS assembly. Such behavior has been
observed by Maharana et al., and it was suggested that RNA as the ability to buffer
FUS self-assembly.?'® In the nucleus, the RNA concentration is higher than in the
cytoplasm. As such, in the nucleus FUS is kept soluble and in a non-toxic state. Upon
stress conditions, cytoplasmatic FUS undergoes phase separation and forms stress
granules. After the removal of stress, FUS can shuttle back to the nucleus where the
stress granules are dissolved, and the protein can return to its regular nuclear
functions.?!?
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Interestingly, in 2011, it was showed that ALS-causing FUS mutations increased
the interaction of FUS with cytoplasmatic RNA.®° As previously referred, ALS-FUS is
characterized by cytoplasmatic deposition of FUS due to improper reimportation of
FUS into the nucleus.!!%16 Increased FUS cytoplasmatic concentration together with
increased interaction with target cytoplasmatic RNA, supported by the ability of RNA
to drive FUS self-assembly, could reinforce the formation of FUS aggregates present
in ALS-FUS.

The mechanism by which RNA can enhance FUS phase separation and inhibition is
not completely understood. The first complication arises from the complexity of RNA.
RNA is a nucleic acid composed of an array of nucleotides. All nucleotides are
characterized by a phosphate group which is linked to a ribose that is in turn linked
to an organic base. In RNA, the organic bases are adenine (A), guanine (G), cytosine
(C) and uracil (U). Unlike DNA, RNA can assume an array of secondary structures
such as stem-loops, hairpins, pseudoknots, etc.??° The second complication arises
from the fact that RNA can bind to multiple FUS domains: The RRM, the ZnF and RGG
domains. The third complication comes from the array of different interactions that
are involved in protein-RNA complexes.??!

FUS contains a BaBBaB-type of RRM, which forms a four-stranded B-sheet packed
against two a-helices (see section 1.3.1 FUS structural architecture and function, Figure
6). The RRM-RNA interaction in this type of RRM topology is usually at the B-sheet
interface, through m-stacking, hydrogen bonding and electrostatic interactions.???
However, since in FUS several aromatic acids are absent in the RRM motif, m -stacking
is not the primary interaction mechanism between FUS-RNA. As a result, in the RRM
motif affinity and specificity towards DNA is very low.8 As referred in the
introduction, in the RRM domain the “KK” loop is known to be crucial for nucleic acid
binding through electrostatic interactions. In the RGG motifs, RNA binding is through
arginine residues that interact with nucleotide bases via hydrogen bonding and -
stacking.??3 In the ZnF domains, RNA recognition is usually modulated through
hydrogen bonding and 1 staking with the nucleotide bases.??*

Despite this intricate network in RNA-FUS interaction, it is clear that RNA
interaction, either through RRM, RGG or ZnF motif, enhances phase separation. This
suggests that these motifs contribute to FUS LLPS process. In fact, Burke et al.
demonstrated that RNA does not enhance FUS LC domain phase separation.'’4
Moreover, at high RNA:FUS ratios, all RNA must be bound to FUS which suggests
that inhibition is either mediated by the free RNA in solution, or by the continuous
interaction with FUS that hinders possible FUS-FUS interactions.

Taken together, it was shown that FUS droplet formation is readily reversible and
very responsive to changes in the environmental conditions. It was observed that
LLPS is highly sensitive to the nature and concentration of different metabolites in a
pH dependent manner. In detail, FUS phase separation is greatly induced when the
protein has an overall neutral charge. In such conditions, the electric-double layer
repulsion is reduced and FUS self-assembly is promoted through attractive
interactions. Charged electrolytes dissolved in solution, such as NaCl, ZnCl> and
CaClz, promoted FUS phase separation by effectively charge screening the protein’s
surface, resulting in a complemented reduction of the repulsive interactions between
FUS proteins. Divalent ions promoted FUS phase separation at a greater extent when
compared to monovalent ions, since they are able to form coordination complexes
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that lead to a more efficient charge screening at lower concentrations. The
zwitterionic character of lysine at pH 9.40 might also result in charge screening of
the protein surface, leading to an enhancement of LLPS. Moreover, stabilizing
metabolites that induce preferential hydration, such as glucose and glutamate,
inhibited phase separation by either protein compaction or destabilization of
important intermolecular interactions. Glucose is able to destabilize hydrophobic
interactions, while glutamate destabilizes electrostatic interactions. This might
suggest that LLPS is mediated by both hydrophobic and electrostatic interactions.
Inhibition by protein compaction suggest that intrinsic disorder of FUS is crucial for
the self-assembly mechanisms. Metabolites that can directly bind to FUS, such as
Zn?* and RNA, greatly induced FUS LLPS. This finding suggests that both domains
that bind to these metabolites, the RRM and ZnF motif, might mediate FUS self-
assembly.

Interestingly, more than being sensitive to the nature of the metabolites, it was
demonstrated that FUS LLPS is also highly dependent on their concentration.
Although phase separation inhibition by either glucose or glutamate followed a linear
dependence, with higher concentration of metabolite leading to a higher inhibition,
enhancement by promoting metabolites seemed finely tuned by the metabolite
concentration. Above a certain critical concentration that led to a maximum in FUS
self-assembly, there is a sudden inhibition of the LLPS process. Such finding
demonstrates that LLPS is very sensitive to an optimal concentration of promoting
metabolites. Above that concentration, charge screening might hinder crucial
electrostatic interactions and lead to inhibition of self-assembly, once again
reinforcing the idea that FUS LLPS has an electrostatic character.

3.4 Imaging of FUS granules

Direct observation of in vitro phase-separated FUS was performed using a confocal
laser scanning microscope at two FUS concentrations: 200 uM and 1 M.

Since measurements were performed at room temperature, phase separation was
induced in a 20 mM CAPS buffer at pH 9.40 containing 150 mM NacCl. Lyophilized FUS
was added as the last component to the sample to induce uniform phase separation.
The microscopic observations are presented in Figure 28.
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Figure 28 - Observation of in vitro FUS phase separation by confocal microscopy -
(A) Control sample containing phase separation buffer (20 mM CAPS and 150 mM NaCl, at pH
9.40) without protein. (B) Liquid-liquid phase separation of 200 uM FUS in solution. (C) Liquid-
solid phase separation of 1 mM FUS in solution. 10 pL of each solution was mounted on a glass
slide and covered with a glass coverslip. Images obtained were processed by Fiji software.14”
Scale bars represent 50 pm.

As a control, phase separation buffer was imaged and presented no visible droplets
(Figure 28A). At 200 uM FUS, it was observed the appearance of several droplets
throughout the entire sample indicative of FUS phase separation (Figure 28B).
However, phase-separated droplets normally exhibit a spherical fluid morphology in
solution due to the tendency of liquids to adopt a spherical shape to minimize their
surface area3*. In the images obtained, droplets seem to vary in morphology with
several displaying irregular shapes. In the glass apparatus used, adhesion forces
between the droplets and the glass overcome the cohesion forces between the
components in the droplet.??> As a result, droplets exhibit wetting on the glass
apparatus resulting in irregular shapes. Usually, phase-separated droplets are
imaged in suspension by the use of an inverted microscope along with suitable
vessels that contain surfaces with non-binding properties.!?4151219 As g result,
droplets are not enclosed between a glass slide and a cover slip, being possible to
image them in suspension. Even if they settle in the bottom, the non-binding surfaces
keeps the droplets spherical. Nevertheless, imaging droplets in the classical glass
apparatus can provide useful information.

Processing the obtained image in the Fiji software to detect edges, enables a better
visualization of the protein droplets (Figure 29).
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Figure 29 — Edge detection of the 200 pM FUS microscope image - Confocal microscope
image processed by Fiji software.4”

By edge detection it is easier to perceive the amount of protein droplets in the phase-
separated solution. The different sizes observed suggests fusion events between
droplets that result in the formation of larger droplets. Wetting and fusion behavior
is indicative of the liquid nature of FUS droplets.!?

At 1 mM FUS (Figure 28C), protein aggregation is observed throughout the sample
indicating a liquid-solid phase separation. The transition from liquid-liquid to liquid-
solid phase separation has been observed to be dependent on several factors,
including time and protein concentration. In fact, Avinhash et al. demonstrated that
FUS forms a fibrous hydrogel at 500 uM, which goes in agreement with the
aggregation observed at 1 mM FUS.?0 Protein aggregation observed was irreversible,
and its solubilization could not be achieved.

By in vitro microscopic observation it was possible to visualize FUS phase
separation. At 200 uM FUS, it was observed protein droplets spread across the entire
sample. The observed wetting and fusion behavior is indicative of the liquid nature
of FUS droplets. Moreover, as expected, FUS irreversible aggregation is dependent
on the protein’s concentration.

3.5 NMR experiments

FUS is an overall intrinsically disordered protein. From the total 526 amino acids, only
117 are contained within a structured region, meaning that almost ~78% of the
protein is structurally disordered.

The NMR technique plays a crucial role in the characterization of IDPs as it is the
only spectroscopic technique that provides atomic-level structural and dynamic
information of disordered and highly dynamic proteins.??® The use of two-dimensional
1H-15N HSQC, which correlates the nitrogen and the amide the proton present in the
backbone and side-chains of some amino acids, provides a signature of the protein.
Each perturbation upon the protein can be accompanied by the chemical shift
deviation of the affected amino acids. Such experiment is useful as it can easily
identify IDPs since the high flexibility and disorder of IDPs has several consequences
in the 'H-1°N HSQC spectra. The first consequence is the low chemical shift dispersion

55



Results and discussion | FCT-UNL 2018

in *H-1N HSQC spectra. This consequence arises from the conformational averaging
due to the high dynamic and flexibility of the disordered chains, which collapses the
chemical shifts in the random coil region (near 'H 8.50 ppm) and causes resonance
overlap. Chemical shifts are sensitive to local chemical environment of the given
nuclei. In an IDP, the constant interconverting conformations lead to an average
chemical environment, so chemical shifts resonate at nearly identical frequencies.
Low chemical shift dispersion is more pronounced in H than in other nuclei such as
13C and **N, since there is no hydrogen bond network that would result in dispersive
proton chemical shifts.??” The second consequence is the broadening of the 'H-°N
HSQC signals due to the exposure of the IDP’s backbone to the solvent. Such
exposure leads to extensive exchange processes between the amide protons and the
water protons, resulting in loss of 'H-1>N HSQC correlation signals.??® In the studied
case, although FUS is an overall IDP, it contains two globular domains that are
expected to give rise to dispersed chemical shifts. Moreover, although the
unstructured domains of FUS provide poor signals, if the temperature affects
significantly the unstructured domains of FUS, it can be possible to identify the
chemical shifts deviations.

3.5.1 Temperature influence on FUS structure

As previously observed, FUS phase separation is highly temperature dependent,
displaying a UCST LLPS behavior (see section 2.3.1 Temperature influence on FUS
liquid-liguid phase separation). As a result, it was interrogated if the temperature could
have an effect on the overall FUS structure. For that purpose, the structure of
dispersed FUS was examined by !'H-!°N HSQC experiments, upon variations in
temperature. To remove spectral analysis complications that would arise from the
droplet formation at low temperature, FUS was maintained dispersed throughout the
experiments by the use of 10% glycerol and 1 mM DTT. Since it was observed that
FUS droplet formation is not only dependent but also reversible with temperature,
two consecutive experiments were performed: the first one with decreasing
temperature following the order of 25°C — 15°C — 5°C, and the second one following
the reverse order 5°C —15°C — 5°C. The results of the first temperature experiment
on dispersed FUS are presented in Figure 30.

56



Results and discussion | FCT-UNL 2018

25°C " 5°C
105 " 1051
L
110 > 110
3 ‘ -2l
Y .
2 1154 & 115
=z L S .
w B 4 . .
- . % ‘a
120 e W 120
; o -
125 be o, 125
- . . L4
.
130 T T T T T T 130 T T T T T T
100 95 9.0 85 8.0 75 7.0 10.0 9.5 9.0 85 8.0 7.5 7.0
1
\ H (ppm)
15°C
105
110
— ]
g A0
L2 1154
=
v
-
120
¢ -
125 L
130 T T T T T T
10.0 9.5 9.0 85 8.0 7.5 7.0

'H (ppm)

Figure 30 - 'H-15N HSQC spectra of dispersed FUS in the presence of decreasing
temperature (25°C — 15°C — 5°C) - 'H-15N HSQC spectra of 200 pM !>N-labeled FUS
recorded at different temperatures following the order of 25°C, 15°C and 5°C, corresponding
to the blue, green and red spectrum, respectively. Sample of dispersed FUS prepared in 20
mM sodium phosphate buffer, 2 mM DTT, 10% glycerol, 0.05% NaNs, 1 protease inhibitor
tablet and 10% 2H,0, at pH 7.10. 'H chemical shifts referenced through 50 uM DSS.

In the obtained H-'>N HSQC spectrum at 25°C it is possible to observe the collapsing
of the chemical shifts near 'H 8.50 ppm, indicative of the intrinsic disorder of FUS.
The dispersed chemical shifts should arise from the FUS structured domains, the RRM
and ZnF motif.

First, dispersed FUS was incubated at 25°C for 10 min and the 'H->N HSQC was
obtained. Upon lowering the temperature to 15°C, it was possible to see dispersed
peaks disappearing and collapsing in the 'H 8.50 ppm region. Lowering the
temperature to 5°C, temperature in which it is expected phase-separation, almost all
cross-peaks collapsed in the random-coil region. 'H and '°N chemical shifts change
linearly with temperature as long as there are no major conformational changes. The
obtained results indicate that there are indeed conformational charges with the
variation of temperature. As expected, chemical shift goes upfield at higher
temperatures due to the thermal expansion of the hydrogen bond between the amide
and the carbonyl group, resulting in a shielding of the protons by the solvent (Figure
31).229.230
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Figure 31 - Superposition of the 'H-15N HSQC spectra of dispersed FUS in the
presence of decreasing temperature (25°C — 15°C — 5°C) - Overlay of 'H-1>N HSQC
spectra of 200 uM 1°N-labeled FUS recorded at different temperatures following the order of
25°C, 15°C and 5°C, corresponding to the blue, green and red spectrum, respectively. Sample
of dispersed FUS prepared in 20 mM sodium phosphate buffer, 2 mM DTT, 10% glycerol, 0.05%
NaNs, 1 protease inhibitor tablet and 10% 2H,0, at pH 7.10. 'H chemical shifts referenced
through 50 yM DSS.

At lower temperature, it would be expected that the dynamic disorder would be
reduced due to the favored low energy conformation, which would result in a
dispersion of the 'H-1>N chemical shift.??7:23! Interestingly, structured domains of FUS
seem to become more dynamic at low temperature as the dispersed chemical shifts
collapse into the random-coil region. Such phenomena seem to indicate that FUS
undergoes cold denaturation.

Denaturation of proteins at lower temperatures seems paradoxical. According to Le
Chatelier’s principle, a system that is under increasing temperature absorbs heat to
return to equilibrium, which results in the breaking of enthalpically favorable
interactions, and consequent increase in entropy. As a result, a protein that is
subjected to high temperatures should become disordered by the disruption of the
native protein structure. By the same argument, a decrease in temperature should
induce processes that lead to an increase in order, thus to the stability of the ordered
domains.?3?

The current accepted explanation for cold denaturation relies on changes in the
interactions between water and the protein’s hydrophobic groups. As the temperature
decreases, the free energy cost of the entropically unfavorable interactions between
water and hydrophobic residues becomes smaller, which leads to an increase in
solvation of nonpolar groups. Moreover, in cold denaturation, lower temperatures
lead to solvent-induced packing defects at the protein surface, allowing water to enter
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through the interstitial spaces, which favors water-protein core hydration. Such
hydration results in a destabilization of crucial hydrophobic interactions and
consequently the loss of the structure stability.232

The primary thermodynamic driving force for the formation of a globular structure
is the sequestration of nonpolar groups, by minimization of the hydrophobic surface
that is exposed to water.?33® The hydrophobic effect is due to the ability of water
molecules to form hydrogen bond networks with themselves, avoiding structural
rearrangements where such network is perturbed. As such, non-polar amino acids
tend to displace themselves from contact with water by forming structured
hydrophobic cores.?3* As a result, weakening of the hydrophobic interactions renders
a destabilized structure.?3> As expected, Both RRM and ZnF have high content in
hydrophobic residues, with ~37% and ~31% relative content, respectively. In
comparison, the unstructured LC domain contains only ~7%.

By the premise that FUS ability to phase separate is temperature dependent, and
assuming that the structural changes of dispersed FUS can be correlated to those in
phase-separated state, it was hypothesized that FUS cold denaturation should also
be reversible. This would further confirm that cold denaturation process is directly
linked the LLPS process. For that purpose, starting with dispersed FUS at 5°C, the
temperature was raised in the inverse order until 25°C (Figure 32).
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Figure 32 - 'H-135N HSQC spectra of dispersed FUS in the presence of increasing
temperature (5°C — 15°C — 25°C) - !'H-15N HSQC spectra of 200 pM !>N-labeled FUS
recorded at different temperatures following the order of 5°C, 15°C and 25°C, corresponding
to the blue, green and red spectrum, respectively. Sample of dispersed FUS prepared in 20
mM sodium phosphate buffer, 2 mM DTT, 10% glycerol, 0.05% NaNs, 1 protease inhibitor
tablet and 10% 2H,0, at pH 7.10. 'H chemical shifts referenced through 50 uM DSS.

In fact, upon increasing the temperature to the initial state at 25°C, it was observed
that cold denaturation was reversible, as the collapsed 'H and '°N chemical shifts
became dispersed. Overlaying the spectra from the first experiment (with decreasing
temperature) with the spectra from the second experiment (with increasing
temperature), it was possible to observe that 'H and >N chemical shifts returned to

the same frequencies (Figure 33).
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Figure 33 - Reversible cold denaturation of dispersed FUS - (A) Overlay of H-13N HSQC
spectra of 200 UM 15N-labeled FUS of the first experiment and second experiment, at 25°C and
15°C. Overlay of 'H-1°N HSQC spectra at 25°C, from experiment decreasing the temperature
(blue spectrum) and increasing temperature (light green). Overlay of 'H-1°N HSQC spectra at
15°C, from experiment decreasing the temperature (green) and increasing temperature
(purple). The spectra from the first experiment are not visible due to the perfect overlap with
the second experiment. (B) Schematic figure of the reversible cold denaturation of dispersed
FUS indicating that the 'H-!>N chemical shifts return to the original frequencies at each
temperature.

3.5.2 Phase separation impact on FUS structure

To further draw conclusions of the temperature influence on the FUS phase
separation, correlation of temperature structural changes of dispersed FUS with
phase-separated FUS had to be confirm. For that purpose, dispersed FUS was
converted in phase-separated FUS by methods mentioned in the experimental
section, and !H-!>N HSQC spectrum was obtained at 5°C (Figure 34). The
supernatant displayed a A280nm=0.02, indicating that about 2.81 uM of the total 200
MM of FUS, was present in the supernatant.
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Figure 34 — Superposition of the H-15N HSQC spectra of dispersed FUS and phase-
separated FUS - Overlay of 'H-15N HSQC spectra of 200 uM !>N-labeled FUS in the dispersed
and phase-separated state at 5°C, corresponding to the red and black spectrum, respectively.
Sample of dispersed FUS prepared in 20 mM sodium phosphate buffer, 2 mM DTT, 10%
glycerol, 0.05% NaNs3, 1 protease inhibitor tablet and 10% 2H,0, at pH 7.10 Sample of phase-
separated FUS prepared in the same buffer minus the glycerol and DTT, plus 150 mM NadCl,
pH 7.10. *H chemical shifts referenced through 50 uM DSS.

Indeed, overlays of the spectra of dispersed FUS with phase-separated FUS shows
high similarity, demonstrating that the overall structure of FUS is retained upon phase
separation. This indicates that phase separation is not a spontaneous process, but
indeed relies on the surrounding conditions. As such, if the temperature lowers, FUS
undergoes cold denaturation, and upon phase separation, the structural
rearrangement promoted by the environment is retained. As expected, upon the
formation of liquid droplets there is an increase viscosity, which leads to a slower
tumbling decreasing the intensity and broadening the signals.236

By these results, FUS seem to undergo cold denaturation at a temperature in which
undergoes LLPS. Upon increase in the temperature, and as observed (see section
2.3.1 Temperature influence on FUS liquid-liquid phase separation) protein droplets
dissolve and structured elements of FUS regain their native structure. Reversible cold
denaturation suggest that this phenomenon is directly linked to the FUS phase
separation. As observed, metabolites such as glucose can inhibit LLPS by protein
compaction and/or interactions with hydrophobic residues. Interestingly, as
mentioned, cold denaturation destabilizes protein’s structures by hydration of the
hydrophobic cores. As a result, it is expected that at low temperatures the
hydrophobic residues of both RRM and ZnF domains are stabilized, and thus cannot
participate in hydrophobic interactions. In this case, the destabilization of the overall
structure of these domains might enhance other intermolecular interactions rather
than hydrophobic ones. In fact, the RRM and ZnF domains have an extremely high
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content in charged residues, accounting for 18% and 27% of all residues in each
motif, respectively. Hence, cold denaturation might enhance LLPS by enabling
intermolecular electrostatic interactions by these domains. Nonetheless, the
reversibility of the cold denaturation might hint that there is a fine balance of the
hydration of the hydrophobic core. As a result, weak hydration shell around the
hydrophobic residues might be weak enough to allow displacement of water
molecules leading to residual intermolecular hydrophobic interactions.

Cold denaturation might be a process that promotes LLPS, as it leads to a higher
disorder of FUS structure and the exposure of charged residues that might be
involved in self-assembly interactions. Moreover, as observed previously, RNA has a
great impact on FUS phase separation, which suggests that both the RRM and ZnF
motifs contribute to FUS LLPS process. As suggested by Maharana et al., since
interactions between nucleic acids and FUS are rather weak, these motifs might be
involved in intermolecular interactions and participate in FUS self-assembly. 2'° Cold
denaturation allows the exposure of RRM and ZnF charged residues that undergo
electrostatic intermolecular interactions and promote FUS protein droplet formation.
Since it is observed reversibility in the cold denaturation process, it is proposed that
hydrophobic interactions might also play a role in the intermolecular interactions. As
a result, FUS phase separation is higher at lower temperatures but is reverted at
higher temperatures by the folding of the RRM and ZnF domains.
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4. Conclusions and future perspectives

The formation of cellular membraneless proteinaceous organelles, driven by LLPS,
constitute a ubiquitous effective responsive strategy for biological
compartmentalization, implicated in both cellular homeostasis and disease. In cellular
stress, FUS protein self-assembles leading to the formation of transient stress
granules that provide a microenvironment involved in RNA-related functions. These
granules provide templates for protein deposits found in several neurodegenerative
diseases. As a result, it is important to understand the process and conditions that
drive FUS LLPS which can potentially drive protein aggregation.

The main goal of the work presented in this thesis was to contribute towards
understanding the determinants and mechanisms that drive FUS LLPS process, using
microplate assays and NMR techniques. Additionally, microscopic imaging was used
to visualize FUS granules. Both non-labeled and °N-labeled FUS were successfully
expressed and purified.

In summary, the influence of three main variable conditions on FUS LLPS were
studied: temperature, pH and presence of distinct abundant cellular metabolites.
Remarkably, FUS LLPS process exhibited extreme sensitivity to all conditions.

Temperature revealed to be an important condition to which FUS granule formation
and stability is strongly dependent. FUS displayed a UCST phase separation behavior,
undergoing reversible LLPS at low temperature.

FUS phase separation was significantly enhanced when the protein contained an
overall neutral charge (at pH 9.40) and in the presence of charged metabolites such
as NaCl, CaClz, ZnCl2 and lysine-HCI. It is proposed that the reduction of the electric-
double layer repulsion complemented with charge screening of the protein surface,
effectively promoted FUS self-assembly. Interestingly, FUS granule formation was
tightly controlled not only by the charged nature of the metabolite but also by its
concentration. Above a certain optimal concentration that led to a maximum in phase
separation, it was observed an inhibition of the LLPS process. These findings suggest
that charge screening must be high enough to reduce repulsive interactions, but low
enough to prevent hindering of crucial intermolecular electrostatic interactions. The
charge dependence and regulation of FUS phase separation indicates that LLPS is
modulated by intermolecular electrostatic interactions.

One another hand, stabilizing metabolites such as glucose and Na-glutamate
progressively inhibited FUS phase separation. Induced preferential hydration by
these stabilizing metabolites can lead to protein compaction and destabilization of
hydrophobic interactions. These results suggest that FUS intrinsic disorder is crucial
for self-assembly and that hydrophobic interactions might also play a crucial role in
the LLPS process.

Through microscopy imaging, it was possible to visualize FUS droplets and to
identify liquid-like properties such as wetting and fusion. In addition, it was observed
irreversible protein aggregation at 1 mM FUS.

Through NMR spectroscopy, it was showed that FUS globular domains undergo
reversible cold denaturation at a temperature in which the LLPS process is enhanced.
Cold denaturation might promote LLPS by exposing the charged residues of the RRM
and ZnF motif. Together with the phase separation assays results that demonstrated
that both RNA and Zn?* significantly enhanced FUS phase separation, it is proposed

67



Conclusions and future perspectives | FCT-UNL 2018

that the RRM and ZnF domains mediate FUS phase separation at low temperature
through intermolecular electrostatic interactions. Nonetheless, since cold
denaturation is reversible, hydrophobic hydration might be weak enough to allow
transient hydrophobic interactions.

Moreover, through NMR spectroscopy it was possible to demonstrate that FUS
structure is retained upon phase separation. This indicated that phase separation is
not a spontaneous process and indeed relies on the surrounding environment. In fact,
FUS has to be already poised and structurally ready, just has in the case of cold
denaturation, to phase separate.

In conclusion, in this work, it was demonstrated that FUS droplet formation and
stability is highly responsive and tightly regulated by the surrounding conditions.
Moreover, although the LC domains are usually remarked as imperative for protein
self-assembly, in this work it was showed that globular domains might also mediate
FUS granule formation. Interestingly, FUS globular domains undergo cold
denaturation. This process might provide a pathway that allows accessibility of
additional fundamental residues for intermolecular interactions, leading to promotion
FUS self-assembly. Such finding might justify the UCST phase separation of FUS
protein. Remarkably, FUS retains its overall structure, modulated by the external
conditions, upon phase separation, giving additional insight on the crucial regulation
of LLPS by the environment.

The work presented on this thesis paved a path towards the comprehension of the
structural determinants, the interactions and conditions that drive LLPS of FUS
protein. These findings might provide crucial towards unraveling the mechanisms
that lead to stress granule formation and ultimately to protein co-deposition
encountered in several neurodegenerative diseases. Such knowledge might lead to
improved diagnosis and to the to the development of appropriate therapies.

Moreover, proteinaceous granules might have potentially as delivery systems in
biotechnological and pharmaceutical areas, as they are extremely sensitive and
responsive to external conditions.

As a future work, it is proposed the study of FUS phase separation in a wider range
of temperature in order to establish the exact upper critical solution temperature,
above which FUS granules are dissipated. Thermodynamic and kinetic assays would
prove valuable towards the rationalization of the charged metabolites impact on the
LLPS process. In addition, the study of FUS LLPS should be explore at physiological
conditions, to understand the triggering events that lead to stress granule formation
in the cellular context. The conditions studied in this work should be explored through
the protein point of view, making use of NMR spectroscopy, fluorescence
spectroscopy and microscopic imaging, to study the structure and dynamics of FUS
in the different environments.
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6. Appendix

6.1 Supplementary materials and methods

Table A. I - Composition of a discontinuous 10% Tris-SDS-PAGE gel (quantity for one gel)

Reagents Separating gel (10%)  Stacking gel (10%)
Water (mL) 1.75 1.95
(3mML)Tr|s-HCI/SDS pH 8.45 2.50 0.77
30% acrylamide (L) 2.50 0.40
Glycerol (uL) 750 -
10% APS (uL) 21 21
TEMED (pL) 7 7

APS - Ammonium persulfate (NZYTech)
TEMED - Tetramethylethylenediamine (Riedel-de-Haén)
Acrylamide (Fluka)

Table A. II - Composition of the Tris-tricine buffer for Tris-SDS-PAGE (per liter)

Running buffer 10X Anode buffer 10X
Reagents
(pH 8.3) (pH 8.8)
Tris-Base (g) 121.10 242
Tricine (g) 179.20 -
20% SDS (mL) 50 i
Water until 1 L until 1 L

Tricine (Amresco)
Dilution to 1X before use

Table A. III - Composition of the sample buffer for Tris-SDS-PAGE (per 50 mL)

Reagents Sample buffer 4X
1 M Tris-HCI pH 6.8 (mL) 10 mL
Glycerol (mL) 24 mL
SDS (9g) 8
DTT (g) 3.10
Coomassie Blue R250 (mg) 20
Water until 50 mL

Coomassie Brilliant Blue R250 (Panreac)
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Table A. IV - Staining and destaining solutions for visualization of protein bands in SDS-PAGE

gels
Reagents Staining solution Destaining solution
Coomassie Blue R250 0.1 )
(% v/v)
Methanol (% v/v) 50 40
Glacial acetic acid (% v/v) 10 10

Methanol (Sigma-Aldrich)
Glacial acetic acid (Panreac)

6.2 Supplementary production of FUS protein

Table A. V - Molecular weight and extinction coefficient values of non-labeled and >N-labeled
MBP-FUS and FUS

Molecular weight

Protein (kDa) Extinction coefficient (M'1/cm™)
MBP-FUS 98.10 139720
15N MBP-FUS 99.35
FUS 53.42
70390
1SN FUS 54.15
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6.2.1 General Expression
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Figure A. 1 - Map of the MBP-FUS-FL-WT plasmid — Plasmid constructed to express full-
length human WT-FUS including a Hise-MBP moiety and a TEV cleavage site (Addgene

#98651).

Table A. VI - Composition of LB medium (per liter)

Reagents LB medium
NaCl (g) 10
Tryptone (g) 10
Yeast extract (g) 5
Water until 1L

Tryptone (NZYTech)
Yeast extract (Cultimed)
Autoclave before use.

Table A. VII - Composition of LB-agar

Reagents LB-Agar
LB medium (mL) 100
Bacteriological agar (g) 1.50

Bacteriological agar (NZYTech)
Autoclave before use.

Cool until 55°C before adding antibiotic.
Pour into Petri dishes (25 mL/100 mm)
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Table A. VIII - Composition of M9 salts (per liter)

Reagents M9 salts
Na2HPO4.7H20 (g) 70
KH2PO4 (g) 30
NaCl (g) 5
Water until 1 L

KH2PO4 (Panreac)
Autoclave before use
Table A. IX - Composition of M9 minimal medium (per liter)

Reagents M9 medium
M9 salts (autoclaved) 100 mL
2 M MgS04 (mL) 1
100 mM CacClz (mL) 1
100 mM FeSO4 (mL) 1
Thiamine-HCI (mg) 10
Glucose (g) 1
15NH4Cl (g) 2
MEM vitamins (mL) 2.50
Water (autoclaved): until 900 mL

MgSO, (Panreac)

CaClz (Merck)

FeSO4 (Panreac)

Thiamine-HCI (Sigma-Aldrich)

5NH4Cl (Cambridge Isotope Laboratories)
MEM vitamins (Sigma-Aldrich)
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6.2.2 Purification non-labeled FUS
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Figure A. 2 - First purification step of non-labeled FUS by Ni-NTA affinity
chromatography - Elution profile for the first IMAC purification step of non-labeled FUS.
Column equilibrated with 20 mM sodium phosphate buffer, 40 mM imidazole, 300 mM NaCl,
10% glycerol, 5 mM BME, 2 mM benzamidine and 2 protease inhibitor tablets, at pH 7.50.
Primary and secondary y-axis correspond the to a variation in absorbance at 280 nm (solid
line) and the imidazole gradient (dashed line), respectively. Protein eluted at 150 mM imidazole

and fraction collected between 115 mL and 131 mL.
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Figure A. 3 - Second purification step of non-labeled FUS by Ni-NTA affinity
chromatography - Elution profile for the second IMAC purification step of non-labeled FUS.
Column equilibrated with 20 mM sodium phosphate buffer, 40 mM imidazole, 300 mM NacCl,
10% glycerol, 5 mM BME, 2 mM benzamidine and 2 protease inhibitor tablets, at pH 7.50.
Primary and secondary y-axis correspond to the variation in absorbance at 280 nm (solid line)
and the imidazole gradient (dashed line), respectively. Protein eluted in the flow-through
corresponding to the first peak in absorbance. Protein fraction collected between 2 mL and 12
mL. Hiss-MBP moiety eluted at 240 mM imidazole.
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Figure A. 4 - Final purification step of non-labeled FUS by ion exchange

chromatography - (A) Elution profile for the third and final IEX purification step of non-
labeled FUS. Column equilibrated with 20 mM Tris-HCI, 10% glycerol and 5 mM BME, at pH
8.00. Primary and secondary y-axis correspond to the variation in absorbance at 280 nm (solid
line) and the NaCl gradient (dashed line), respectively. Protein eluted at 320 mM NaCl and
fraction collected between 95 mL and 103 mL. (B) Inset of the purity analysis by SDS-PAGE.
Lane: M - Prestained protein marker, P - FUS after ion exchange chromatography.
Corresponding MW of the protein marker on the left.
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