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Abstract

Proteins can prefer self-interaction over solvent-interaction, which leads to the formation
of protein-enriched biomolecular condensates. This phenomenon is known as phase
separation, which controls cellular organization and proteostasis. Aberrant phase
separation can result in the formation of cytotoxic aggregates that are hallmarks of several
neurodegenerative diseases. The post-translational modifiers (PTM) ubiquitin and SUMO
can control phase separation by mediating protein-protein interactions (classical effect),
but also by directly changing the biophysical properties of proteins undergoing phase

separation (intrinsic effect).

As this intrinsic effect is rather unexplored, | performed an in vitro screening to investigate
how PTMs alter phase separation of several internally disordered regions (IDRs) derived
from neurodegenerative disease-relevant hallmark proteins. | could show that both
ubiquitin and SUMO2 generally enhance condensate formation, while SUMO1 has an
ambivalent role that depends on the targeted IDR and can act both as an enhancer, but
strikingly also as an inhibitor of phase separation. By combining biochemistry methods,
structural mass-spectrometry and mammalian cell culture, | was able to reveal how the
SUMO1 N-terminus and B2-sheet inhibit phase separation of the TDP-43 low-complexity
domain (LCD) by blocking its self-assembly site. In contrast, | discovered that the SUMO2
N-terminus can switch from a cis-interaction with its surface to a frans-interaction on
another molecule when being attached to a self-assembling protein, which explains the

unspecific effect of enhancing condensate formation by SUMO2.

Lastly, | started to investigate the physiological consequences of ubiquitylation and
SUMOylation on TDP-43 in a cellular context. | was able to establish a high-throughput
platform for screening the effects of distinct PTM-deficiencies on TDP-43 LLPS.
Furthermore, | studied the effect of TDP-43 mutants deficient in self-interaction on
ubiquitylation and SUMOylation. In summary, these experiments can contribute to an
understanding of how ubiquitin and SUMO engage with aberrant TDP-43 phase

separation.






Zusammenfassung

Phasenseparierung entsteht, wenn Proteine eine starkere Praferenz zur Selbstinteraktion
statt zur Interaktion mit ihrem L&sungsmittel aufweisen. Dieses Phanomen tragt zur
Organisation zellularer Komponenten bei und steuert die Proteinhomdostase durch die
Bildung von biomolekularen Kondensaten. Stérungen in der Phasenseparierung kénnen
zur Entstehung cytotoxischer Aggregate flihren, welche ein entscheidender Faktor fir die
Entwicklung zahlreicher neurodegenerativer Krankheiten sind. Die post-translationalen
Modifikationen Ubiquitin und SUMO kdénnen Phasenseparierung regulieren, indem sie
Protein-Protein Interaktionen herstellen (klassischer Effekt). Des Weiteren haben sie
einen direkten Einfluss auf die biophysikalischen Eigenschaften von phasenseparierenden

Proteinen (intrinsischer Effekt).

Diesen intrinsischen Effekt habe ich untersucht, indem ich die Fahigkeit zur
Phasenseparierung ungefalteter Domanen aus krankheitsrelevanten Proteinen in
Konjugation mit Ubiquitin und SUMO getestet habe. Ich konnte demonstrieren, dass
Ubiquitin und SUMO2 Phasenseparierung verstarken, wahrend SUMO1 abhangig vom
konjugierten Protein sowohl verstarkend als auch hemmend auf die Phasenseparierung
wirken kann. Durch die Anwendung biochemischer Methoden, Massenspektrometrie und
humaner Zellkultur konnte ich zeigen, dass N-Terminus und B.-Faltblatt von SUMO1 die
Selbstinteraktionsdomane eines TDP-43-Fragments blockieren und somit dessen
Phasenseparierung inhibiert wird. Im Gegensatz dazu kann der N-Terminus von SUMO2
von einer cis-Interaktion mit dessen Oberflache zu einer frans-Interaktion auf einem
weiteren SUMOZ2-Molekil wechseln, was die Phasenseparierung unabhangig des

konjugierten Proteins verstarken kann.

Zuletzt habe ich die physiologischen Folgen der Modifikation von TDP-43 mit Ubiquitin und
SUMO in einem zellularen Kontext untersucht. Dazu etablierte ich eine Hochdurchsatz-
Plattform zur Ermittlung der Konsequenzen fehlender post-translationaler Modifikationen
unter zellularem Stress. Auflerdem analysierte ich die Modifikation von TDP-43 mit
Ubiquitin und SUMO, wenn Mutanten dessen Phasenseparierung verandern. Insgesamt
kénnen diese Experimente zu einem besseren Verstandnis der krankhaften Aggregation

von TDP-43 in einem neurotoxischen Kontext beitragen.
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Introduction

1 Introduction

Proteins are fundamental macromolecules defining cells as living matter. Cellular
organization of proteins is the key requirement for biological processes. This relies on the
ability of proteins to adopt precise structures, building catalytic units and forming binding
sites that promote interactions. While these processes often occur in organelles enclosed
by membranes, the formation of biomolecular condensates by phase separation can also
provide a defined reaction environment. In any case, proteins are further regulated by post-
translational modifications (PTMs). PTMs are of diverse nature, reaching from the
attachment of a small chemical group as for phosphorylation or acetylation, up to the
conjugation of whole proteins like the well-studied proteins ubiquitin and SUMO. As a sum
of these complex factors, cells require a tight regulation of protein integrity to maintain a
stable environment for the physiological execution of cellular processes. In the following
sections, | will introduce the ubiquitin/SUMO system with a particular focus on structural
aspects, and the physical process of phase separation in a biological context. The
interconnection between these topics and their physiological and pathological relevance
is the foundation of this work, aiming to contribute to the better understanding of the

development of neurodegenerative diseases.

1.1 Ubiquitin and SUMO

Ubiquitin is an essential protein with the size of 8.6 kDa that is attached as a PTM to lysines
and other target sites on a broad range of substrate proteins, leading to the regulation of
various cellular processes. The discovery of ubiquitin in 1975 led to the establishment of
a whole research field, highlighting its significance with the award of the Nobel Prize in
Chemistry in 2004 to Aaron Ciechanover, Avram Hershko and Irwin Rose (Goldstein et al.
1975). The complexity of the ubiquitin system originates in the diversity of ubiquitin-like
proteins (UbLs) and their ability to be modified with themselves via internal lysines. As a
result, polymeric chains of various geometries and compositions with distinct functions can
form (Cappadocia and Lima 2018). A simplified set of possible arrangements is shown in
Figure 1. The most prominent member of the UbL-family is the Small Ubiquitin-like
Modifier (SUMO), which has a similar fold like ubiquitin but exists in several isoforms in

mammals.

Post-translational modification of targets with ubiquitin and UbLs is a dynamic process that

is tightly controlled by dedicated enzymes, called “writers” and “erasers” of the ubiquitin
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code. The functional outcome relies on binding partners with dedicated interaction sites
that recognize the PTM in a highly specific manner, the so called “readers” (Dikic and
Schulman 2023). This can regulate both modified proteins or PTM-interacting proteins, for
example by functional activation or inhibition, translocalization throughout the cell, or by

affecting protein stability. (Komander and Rape 2012; Flotho and Melchior 2013).

Mono Multi Poly Branched Mixed

Figure 1: Post-translational protein modification with Ubiquitin and UbLs. Substrates can be
conjugated with a single modifier (mono), multiple modifiers (multi), polymeric chains (poly),
branched and in a mixed manner, including further modifications like e.g. phosphorylation and
acetylation of Ub and UbLs.

1.1.1 Structural and biophysical properties

Ubiquitin and UbLs share a common globular fold, consisting of a B-grasp arrangement
and an a-helix (Cappadocia and Lima 2018). While ubiquitin is highly conserved
throughout all eukaryotic organisms, SUMO can exist in different isoforms depending on
the organism. A single SUMO protein Smt3 exists in Saccharomyces cerevisiae, but in
contrast, eight SUMO isoforms have been identified in Arabidopsis thaliana (Morrell and
Sadanandom 2019). In mammalian cells, SUMO1, SUMO2 and SUMQO3 are well-studied,
while SUMO4 and SUMO5 are often considered as pseudogenes, as their expression is
still debated (Celen and Sahin 2020). While SUMO2 and SUMO3 are 98% identical and
often considered as SUMO2/3, they only share less than 50% of amino acid sequence
identity with SUMO1 (Figure 2 B). All SUMO isoforms have a sequence identity of less
than 20% with ubiquitin (Flotho and Melchior 2013).

SUMO differs from ubiquitin by its flexible and intrinsically disordered N-terminus (Figure
2 D). The size of the globular core of each modifier is 25-30 A in diameter, but the flexible
N-terminus of SUMO adds an additional element of another 25-30 A stretched length. Both
N-terminus of SUMO1 and SUMOZ2/3 are rich in charged amino acids and slightly differ in
their length (Figure 2 A).
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The secondary structural elements of the core fold are positioned in a comparable
arrangement, consisting of B1-B2-a-Bs-B4 that are connected by short unstructured loops.
Additional minor secondary structural elements are shown in Figure 2 A. The last two 3-
sheets are connected by a largely disordered loop that is negatively charged in case of
SUMO. In general, all SUMO isoforms have a higher number of charged amino acid
compared to ubiquitin, and furthermore having an overall negative net charge (Figure 2
C). Ubiquitin has a few well-defined surface patches that mediate protein-protein
interactions, as for example the hydrophobic 144- and 136-patches. In contrast, the SUMO
a-helix and B.-sheet provide a large groove as protein binding site (Perry et al. 2008;
Komander and Rape 2012). The mechanism of ubiquitin and SUMO recognition is further
described in section 1.1.3. All modifiers are rich in exposed lysines, which can contribute
to the formation of polymeric ubiquitin- and SUMO-chains (Ulrich 2008; Li and Ye 2008).

A common C-terminal GG-motif is shared between the modifiers, required for the
attachment to substrate proteins. The C-terminal region is exposed and flexible, enabling
interaction with the conjugation machinery, which is further elaborated in the next section
1.1.2. While the ubiquitin C-terminus is positively charged, SUMO1 harbors a single
negatively charged glutamate and SUMOZ2/3 is largely polar.

Both ubiquitin and SUMO are generally considered as stable and highly soluble proteins
under various conditions. These properties led to their usage as fusion partners for
recombinant protein production by heterologous overexpression (Panavas et al. 2009).
Indeed, even the stability and solubility of the fusion target can be altered due to a direct
modulation of its biophysical properties (Morimoto et al. 2016). This mostly relies on the
ability of the modifiers to act as solubilizer that stabilize the fold of aggregation-prone
proteins, similar to the maltose-binding protein (MBP), while the exact mechanism has not
been elucidated so far (Butt et al. 2005).

Sequence alignments and identity, structures and biophysical properties were extracted
from publicly available sequences and structures using common bioinformatic tools
(Gasteiger et al. 2005; Schroédinger and DeLano 2020; The UniProt Consortium 2024).
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z . Ubiquitin | 76 8.6 kDa 6.6 0
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(]
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Figure 2: Structural overview of ubiquitin and SUMO. (A) Sequence alignment of human
ubiquitin and SUMO isoforms generated with the Unitprot align tool. (B) Sequence identity
calculated with the Uniprot align tool. (C) Biophysical properties of SUMO. (D) Structures of ubiquitin
and SUMO visualized with PyMOL. Ubiquitin (PDB:1ubg), SUMO1 (PDB:2kgs), SUMO2
(PDB:2n1w).

1.1.2 Enzymatic machinery for conjugation and deconjugation

Ubiquitin and SUMO are conjugated to target proteins by a dedicated enzymatic cascade
(Figure 3). This results in their attachment via the C-terminal GG-motif to the €-amino
group of a substrate through the formation of an isopeptide bond. The general process is
conserved amongst ubiquitin and UbLs, whereas significant differences between both
systems will be highlighted. Ubiquitin is expressed as linear fusions to ribosomal proteins
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or as a linear polypeptide chain consisting out of several moieties (Finley et al. 1989). In
comparison, SUMO is expressed in an immature form, harboring a C-terminal extension
of 2-11 amino acid residues that highly differ between the isoforms (Xu and Au 2005).
These precursors are processed by specific proteases that are later described in this
section, which results in the exposure of the C-terminal GG-motif, which is the attachment
site to target proteins.

Precursor

( '( ( '( i RING, SUMO E3s
( S.ubstra.te ' @

28
o

N, ? ébt t
(f=0 ubstrate '

3 @®@u ¢

(Protease ) |
DUBs, SENPs SH s ?=o SH (l:=0
| |
o\ \_

| SH I
SH C=0

|
SH s NH,

A

i Substrate

|
=0

{ Protease )

/ DUBs, SENPs

_?7
>

HECT, RBR

Figure 3: Conjugation and deconjugation of ubiquitin and SUMO. Precursor forms of ubiquitin
and SUMO are processed by specific proteases. The modifier gets activated by E1s and transferred
to a substrate by E2s. Ligation to the substrate can occur in two different mechanisms depending
on the class of E3s. Proteases remove the modifier from the substrate. This figure is adapted from
different reviews to combine both the ubiquitin and the SUMO system in one scheme (Pichler et al.
2017; Damgaard 2021).

A multi-domain activating enzyme (E1) catalyzes adenylation of the glycine carboxyl-group
under the consumption of ATP and forms a highly reactive Ub/SUMO~E1 thioester with a
conserved cysteine at the catalytic side of the E1. All E1s have a conserved fold but still
show substantial differences. In contrast to the monomeric ubiquitin E1s UBA1 and UBAG,

the SUMO E1 SAE1/UBAZ2 is a heterodimeric protein consisting of separate subunits for
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adenylation and thioester. The activated modifier is then transferred to the catalytic
cysteine of a conjugating enzyme (E2) via transthiolation, leading to the formation of an
Ub/SUMO~E2 thioester bond (Lois and Lima 2005; Schulman and Harper 2009).

Most E2s belong to the UBC-family that share a highly conserved fold. Specific binding
sites enable interactions with E1, substrate and ligating enzymes (E3). More than 30
human E2 enzymes have been identified for ubiquitin and there are often distinct
combinations of E2s and E3s for targeting a particular substrate or generating a certain
type of polyubiquitin linkage (Stewart et al. 2016). This is classified into two major
mechanisms that depend on the class of E3 enzymes. HECT-type E3s have a catalytic
cysteine, which allows transthiolation from the charged E2, resulting in a direct ubiquitin
transfer from the E3 to the substrate. Really Interesting New Gene (RING) E3s catalyze
the ubiquitin transfer by mediating interactions between Ub~E2 and the substrate. The
mechanism of RING between RING (RBR) E3s is an intermediate of both other E3 classes,
as this kind of E3 harbors the positioning RING domains and an active site cysteine. This
generates a broad variety of enzymes, whereas to this date more than 600 E3 ligases
have been identified (Licchesi et al. 2020; Yang et al. 2021).

The combination of E2s and E3s govern the formation of distinct polyubiquitin chains. This
highly depends on the positioning of the enzymatic machinery in relation to the target lysine
within ubiquitin. Anchor points can be K6, K11, K27, K29, K33, K48, K63 and the N-
terminal methionine. An existing chain of a certain linkage type can be elongated on
additional lysines on ubiquitin, resulting in the formation of branched chains. The chain
geometry is defined by the position of the linked lysine, leading to different spacings
between the ubiquitin moieties. Differently linked polyubiquitin chains are often associated
with distinct cellular functions (Fushman and Walker 2010; Akutsu et al. 2016; lvanova et
al. 2024).

In contrast to ubiquitin, only Ubc9 is known as the sole E2 enzyme in the SUMO system,
which is in principle sufficient for the attachment of SUMO to substrates. Ubc9 directly
interacts with SUMO consensus motifs (SCMs) consisting of WKxE (W = hydrophobic
residue) on its substrates. This interaction is based on a weak affinity and the efficiency of
the SUMO transfer to its substrate is usually highly enhanced by E3 ligases. Most E3s do
so by stabilization of the interaction between SUMO~Ubc9 and the target, or by arranging
the components to enhance reactivity for a more effective transfer of SUMO to the acceptor
lysine. Since there is no preference of Ubc9 for one SUMO isoform, specificity is mediated
by E3 ligases. An exception of this mechanism is the nuclear pore protein RanGAP1 that

harbors a unique Ubc9 interaction site and is efficiently modified with SUMO in the
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absence of an E3 ligase (Bernier-Villamor et al. 2002; Yunus and Lima 2006;
Plechanovova et al. 2012). In contrast to the ubiquitin system, polymeric SUMO chains
have a lower correlation between geometry and function. Both SUMO1 and SUMO2/3
possess internal lysines that participate in chain formation. The most prominent
polySUMOylation site is a SCM localized around K11 in SUMO2/3. Moreover, the distal
SUMO can be capped with either SUMO1 or further modified with polyubiquitin (Xu et al.
2014; Hendriks et al. 2018; Sriramachandran et al. 2019).

Removal of ubiquitin and SUMO from substrates and depolymerization of chains is
accomplished by a set of dedicated proteases, deubiquitinating enzymes (DUBs) and
SUMO proteases that cleave between the C-terminal GG-motif and the lysine residue on
the target. Hydrolyzation of the isopeptide bond relies on various mechanisms. Cysteine
proteases like ubiquitin-specific proteases (USPs) and Sentrin-specific proteases (SENPs)
have an active site with a His-Asp-Cys catalytic triad. Proteins of the SENP family can
participate both in deSUMOylation and processing of the SUMO precursor. Another DUB
family are Zn?*-dependent metalloproteases with a catalytic serine, as for example the
K63-linked polyubiquitin-selective DUB AMSH. In any case, deubiquitylation and
deSUMOylation lead to release of intact modifiers to the cellular pool, enabling recycling
of ubiquitin and SUMO, either as a physiological procedure or in response to stress. The
opposing interplay of conjugation and deconjugation machinery and the variety of
deconjugating enzymes makes ubiquitylation with all related UbLs a highly dynamic
system that enables tight regulation of cellular processes. (Hickey et al. 2012; Clague et
al. 2019; Lange et al. 2022).

1.1.3 Biological functions
Ubiquitin and SUMO usually mediate their function by selective recognition of modified

proteins via downstream effectors that regulate various pathways.

Ubiquitylation is largely recognized by mostly helical ubiquitin binding domains (UBD).
Different classes of UBDs can be selective for monoubiquitylation but often bind to
polyubiquitin chains of distinct linkages. The lysine residue forming the linkage determines
the distance between the ubiquitin moieties, which is often described as open and closed
conformation of ubiquitin chains (Dikic et al. 2009). This geometry arranges hydrophobic
patches on the ubiquitin surface that are the major interaction sites with UBDs, with the
l44-patch being the mostly bound one (Randles and Walters 2012). The most prominent
function of ubiquitin is its role in the ubiquitin-proteasome system (UPS). By post-

translational modification with K48-linked polyubiquitin chains, proteins can be targeted for
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proteasomal degradation by the 26S proteasome via |44-interaction. As a result, the
modified protein gets degraded by hydrolysis of the peptide bonds (Chau et al. 1989;
Komander and Rape 2012). K63-linked polyubiquitin largely has non-degradative
functions, as for example in the modification of the DNA sliding clamp PCNA, which
enables error-free DNA damage bypass (Stelter and Ulrich 2003). Linear M1-linked

polyubiquitin chains

In contrast, the detection of SUMOylation is mostly mediated by so called SUMO
interaction motifs (SIM) that consist of short peptide stretches. A hydrophobic core forms
the foundation of this interaction, while the charged flanking amino acids define the isoform
selectivity (Rabiller 2007). As a result, SUMO interactions occur in a more unspecific way
compared to the well-folded UBDs, which often leads to the accumulation of SUMOylated
proteins in groups, such as in PML nuclear bodies (PML-NBs) as a response to oxidative
stress. The sheer amount of SUMO itself, SUMOylated proteins and proteins with SIMs
can form a multivalent network, leading to phase separation of the PML nuclear bodies in
a droplet-like dense phase (Sahin et al. 2014b; Banani et al. 2016). Similarly, the repair of
DNA double strand breaks by homologous recombination relies on the recruitment of
various DNA repair factors, which undergo group-SUMOylation that holds the repair
machinery together (Dou et al. 2010; Garcia-Rodriguez et al. 2016). This stress-related
conjugation is associated with SUMO2/3, while SUMO1 is mainly in a conjugated state
under physiological conditions. A large portion of SUMO1 is conjugated to RanGAP1,
mediating its localization to the nuclear pore complex protein RanBP2 where it mediates
nuclear protein import. In contrast, SUMO2/3 is mostly unconjugated under physiological
conditions. In general, SUMO has essential roles in cell cycle, cellular trafficking and
genome maintenance (Mahajan et al. 1997; Mohanty et al. 2022; Gutierrez-Morton and
Wang 2024).

An example of a complex intersection between the ubiquitin and SUMO systems are
SUMO-targeted ubiquitin ligases (STUbLs). RNF111/Arkadia is a STUbL that uniquely
recognizes SUMO2 chains capped with SUMO1 by specific tandem SIMs. In turn,
RNF111/Arkadia has RING finger E3 ligase activity, which enables polyubiquitylation of
the bound substrate and thus targeting it for proteasomal degradation (Erker et al. 2013;
Sriramachandran et al. 2019). Ubiquitin and SUMO can also compete for the same
attachment site, as has been shown for the NF-kB-inhibitor IkBa. The ubiquitin-mediated
proteasomal degradation of IkBa can be inhibited if SUMO1 is conjugated to the respective
ubiquitylation-site. Yet, the modification with SUMO2/3 even enhances ubiquitylation and
degradation of IkBa (Desterro et al. 1998; Aillet et al. 2012).
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In summary, the complexity of this system is a consequence of the interplay between
ubiquitin and other UbLs, highly specific binding domains and less specific interaction
motifs in a spatiotemporal manner. The overall highly dynamic nature of these processes

enables the tight regulation of countless cellular processes.

1.2 Biomolecular condensates form by phase separation

Spatial organization in the cell is largely facilitated by the enclosure of organelles by
membranes. The hydrophobicity of the lipid bilayer membrane with membrane-bound
proteins of specific functions ensures a boundary that determines the biochemical
reactions taking place in the organelle. Mitochondria are an example of how complex
functions rely on a multi-membrane system. While the outer membrane controls the uptake
of metabolites and proteins, the inner membrane contains the essential components of the
electron transport chain for generating ATP and generates a compartment with a suitable

environment for the citric acid cycle (Protasoni and Zeviani 2021).

In contrast, sophisticated cellular processes do not necessarily depend on membranes but
can also occur in membrane-less organelles (MLOs), such as nucleoli, stress granules
and Cajal bodies. Interestingly, MLOs contain a large number of molecules and yet, tightly
concentrate them together in the absence of a physical boundary. In recent years, this
phenomenon has been explained by the emerging concept of biomolecular condensates
formed by liquid-liquid phase separation (LLPS), which has been reviewed multiple times
(Hyman et al. 2014; Banani et al. 2017; Boeynaems et al. 2018). Based on theories derived
from polymer chemistry and soft matter physics, MLOs can be described as a droplet-like
dense phase within the cell. As a result, these droplets provide a distinct environment for
biochemical reactions to take place. Due to the liquid-like nature of these droplets, MLOs
can be highly dynamic and flexible. LLPS is mainly driven by networks of multivalent
interactions, as further explained on stress granules (SGs): G3BP1 is a protein with
internally disordered regions (IDRs) that provide multiple interaction sites for RNA under
cellular stress, leading to the formation of an MLO. As a consequence, RNA-binding
proteins (RBPs) are recruited, enriching the MLO in proteins and nucleic acids (Yang et
al. 2020; Guillén-Boixet et al. 2020). This temporarily protects all components from
damaging conditions in a spatiotemporal manner, making SG formation a reversible and

dynamic process (Sidibé et al. 2021).

The local accumulation of biological macromolecules at high concentration carries the risk
of phase transition into a solid-like irreversible condensate, often considered as

aggregation. This is suggested to be related to the development of diseases, as protein
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aggregation can disrupt major cellular functions. Especially in the context of
neurodegenerative diseases, solidification of liquid-like droplets into fibrillar structures has
been proposed as a significant factor of pathogenicity (Peskett et al. 2018; Morris et al.
2024). The origin of neurotoxic aggregation often lies in mutations and aberrant post-
translational modification of so-called hallmark proteins as TDP-43, FUS or Huntingtin
(Alberti and Dormann 2019).

1.2.1 Material states of biomolecular condensates
Biomolecular condensates can occur in multiple states, ranging from solid-like aggregates
to liquid-like droplets. Their nature can be described by applying basic principles of the

physical states of matter.

Solids rely on permanent positional arrangements of molecules, which results in a defined
shape. Elasticity is a key feature of solid objects, which enables a return to the original
shape after deformation. If the molecular interactions cannot compensate for the
deformation, the shape can either permanently change or the object can break (Kittel
2005). An example of a solid-like condensate are the neurotoxic beta-amyloid plaques,
which are formed by highly stable amyloid fibrils. The tight interaction of this structure
makes the formation of this condensate irreversible, which is often the case for solid-like
condensates (Chen et al. 2017).

In contrast, molecules in liquid objects are not arranged in a higher order, giving them a
flexible shape at a defined volume. As a result, this enables a rapid exchange of
components within the liquid, and droplets can undergo fusion or fission. The key factor
defining the behavior of a liquid is its viscosity. Liquids tend to minimize their boundaries
to a minimum, which is why they can appear as spherical droplets (Hamley 2007). An
example of an early identified cellular liquid-like condensate are P granules in that
dynamically form in germlines of Caenorhabditis elegans and consist of multivalent

interactions between proteins and RNA (Brangwynne et al. 2009; Smith et al. 2016).

Gelation is an intermediate state between solid-like and liquid-like behavior. A gel in a
biological context relies on the formation of an interaction network that is mainly formed by
weak forces. Thus, gel-like condensates display a higher order than liquid-like droplets,
but are yet more dynamic than solid-like aggregates. The nature of a gel is defined by its
viscoelastic properties (Lieleg and Ribbeck 2011). An isolated FG-repeat domain derived
from the nuclear pore complex (NPC) was able to form a hydrogel in vitro that resembled

the properties of NPCs (Frey and Gérlich 2007). Another example for a gel-like condensate
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is the maturation of fused in sarcoma (FUS) droplets into a hydrogel, which is held together

by cross-B interactions (Kato and McKnight 2021).
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Figure 4: Different material states of biomolecular condensates. Proteins are represented as
strings of beads, showing theoretical arrangements for each distinct condensate form. This figure
was adapted from (Boeynaems et al. 2018)

Biomolecular condensates can often not be exclusively assigned to one particular state.
They furthermore can transition from one state into another and change their dynamics,
either in a reversible or permanent manner. All aspects of these states must be considered

for understanding and describing phase separation in biological systems.

1.2.2 Molecular driving forces of phase separation

All systems tend to minimize their free energy. This must not necessarily result in the
complete solution of a molecule in a solvent. Instead, molecules can prefer self-interaction
over solvent-interaction if this state is thermodynamically more favorable. This largely
occurs when a certain threshold is exceeded, the so-called saturation concentration Csat
(Mittag and Pappu 2022). Transferring this concept into a cellular environment, it can be
described as the formation of a dense phase enriched in macromolecules, and a dilute
phase that would be represented by the cytoplasm. The dense phase can thus be
considered as a biomolecular condensate formed by phase separation (Banani et al. 2017,
Martin and Mittag 2018).

A key requirement for this process is multivalency of the condensate components.
Multivalency is based on intra- and intermolecular interactions that drive self-assembly
(Figure 5 A). Concepts derived from polymer chemistry elucidated that multivalent
molecules self-assemble into large oligomers while decreasing their solubility (Xu et al.

2023). Multivalency can be enabled by folded interaction domains (Banani et al. 2016).
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For example, RNA-recognition motifs (RRMs) in TDP-43 enhance phase separation by
mediating multivalent interactions between RNA and TDP-43 (Grese et al. 2021). Self-
assembly can also be promoted by internal oligomerization domains, as it is the case for
the ribosome biogenesis protein Nucleophosmin1 (Mitrea et al. 2018). Furthermore,
binding domains for post-translational modifications can also enhance phase separation.
A prominent mechanism is the ubiquitylation of histones, leading to the recruitment of
ubiquitin-binding proteins that enhance phase separation by forming multivalent networks
(Vaughan et al. 2021). Finally, isolated secondary structural elements can provide contact
sites for self-assembly such as helix-helix interactions or the formation of amyloid-like
structures by B-sheets (Conicella et al. 2016; Riek 2017).

On the other hand, multivalency can be provided by IDRs that consist of multiple weakly
interacting sequence elements. IDRs are especially associated with phase separation,
since their conformational flexibility enables promiscuous interactions within biomolecular
condensate. In some cases, IDRs can also transiently adopt secondary structures that
form or stabilize upon self-interaction. Several IDRs undergoing phase separation have
been classified as low-complexity domains (LCDs), which have a limited amino acid
residue diversity (Kumari et al. 2015). A subclass of LCDs are prion-like domains (PRDs)
that are usually rich in polar amino acids and secondary structure breakers like glycine
and proline (Alberti et al. 2009; Farag et al. 2022). LCDs are often composed of repetitive
patterns, enabling multivalency by connecting amino acids with reactive side chains
(stickers) with flexible amino acids (spacers). The principle of stickers and spacers is also
transferrable to multi-domain proteins, as described above. In this case, folded interaction
units (sticker) can be connected by unfolded linkers (spacer), enabling flexibility for

multivalent interactions (Choi et al. 2020).

The type of multivalent interactions of proteins undergoing phase separation relies on their
molecular grammar (Figure 5 B). The presence of uncharged polar amino acids enables
weak dipole-dipole interactions between polar regions, or the formation of hydrogen bonds
on specific sites. Some PRDs and LCDs contain tyrosine in their sticky motifs, which
facilitate r-stacking of the aromatic rings by their delocalized electrons. Aromatic amino
acids can further interact with cationic residues of positively charged amino acids.
Electrostatic interactions between positively and negatively charged amino acids can
promote self-assembly via specific interaction sites, while positively charged side chains
can also promote binding to nucleic acids. Finally, hydrophobic contacts reduce the
exposure to the solvent and in turn promote phase separation by a reduced solubility
(Wang et al. 2018b; Murthy et al. 2019; Dignon et al. 2020; Krainer et al. 2021; Farag et
al. 2023; Holehouse and Alberti 2025).
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Figure 5: Molecular driving forces of phase separation. (A) Motif-driven multivalent interactions.
Hetero- and homotypic self-assembly of unfolded IDRs or folded domain proteins (top). Exemplary
interaction of sticky IDR or folded RRM with RNA (middle). Interactions of secondary structure
elements (bottom). (B) Non-covalent interactions driving phase separation. Electron donor side
chains are colored in blue, electron acceptor side chains are colored in red. Figure adapted from
(Boeynaems et al. 2018; Nedelsky and Taylor 2019).

Electrostatic
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In summary, the diversity of multivalent interactions is very high and enables complex
compositions of biomolecular condensates. As a consequence, phase separation can

occur due to very distinct causes but also emerge in an unspecific manner.

1.2.3 Regulation of phase separation by environmental factors

Apart from the saturation concentration threshold mentioned above, biomolecular
condensates are usually susceptible to temperature changes, due to the critical solution
temperature of the scaffold proteins. A large portion of polar and aromatic amino leads to
upper critical solution temperature (UCST) behavior, meaning that a protein undergoes
phase transition below a certain temperature. Lower critical solution temperature (LCST)
phase transition is more associated with proteins containing more hydrophobic amino
acids, leading to the formation of a dense phase at higher temperatures. As a

consequence, cellular mechanisms emerged that lead to the compartmentalization of
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macromolecules upon temperature-related stress into protective granules (Riback et al.
2017; Dignon et al. 2020).

Especially acidic and basic amino acid residues alter their charge in a pH-dependent
manner. Cellular stress, for instance hypoxia, can change cellular pH by the production of
lactate. In this case, the decreasing pH neutralizes the charge of acidic amino acids, which
would prevent the formation of electrostatic interactions required for phase separation.
Even though pH 7.4 is considered as a physiological value, different cellular organelles
have distinct pH values, ranging between pH 4.7 in lysosomes and pH 8 in mitochondria.
Thus, translocation can severely alter the propensity of a protein to coacervate (Theillet et
al. 2014; Adame-Arana et al. 2020).

Phase separation is highly sensitive to the presence of salt as it determines the ionic
strength of a buffer system. Salt-ions are generally classified into salting-in and salting-out
effects by the Hofmeister series but the definitive effect on phase separation is determined
by the amino acid sequence composition (Baldwin 1996). Salt ions can have
concentration-dependent effects on the propensity to promote salting-in and salting-out
effects (Duan and Wang 2024). Overall, the impact of salt on phase separation is a
complex issue that is not yet fully elucidated. Cells challenge salt perturbations upon
osmotic stress, which can not only induce condensate formation but also transition into

higher ordered aggregate states (Nott et al. 2015; Krainer et al. 2021; Grizel et al. 2024).

In summary, temperature, pH-value and salt concentrations are important factors that

regulate phase separation, which can be perturbed by events of cellular stress.

1.2.4 Cellular organization of biomolecular condensates
Spatiotemporal regulation of phase separation can be controlled by several cellular
processes. If a certain event triggers self-assembly of proteins, this eventually leads to the

enrichment of macromolecules in a condensate.

Condensates can be composed out of complex networks between scaffold proteins that
drive phase separation and client molecules that are recruited into the condensates.
Scaffolds are the key components of condensates, which can undergo phase separation
if the protein concentration exceeds a certain threshold (Figure 6 A). Clients can be nucleic
acids that interact with specific binding domains of the scaffold, but also other proteins with
a limited valency that are less prone to undergo phase separation on their own (Banani et
al. 2016). For example, the RNA-protective role of stress granules (SG) emerges from the

cooperative self-assembly of G3BP with mRNA upon cellular stress, forming the scaffold
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components of SGs. Additionally, several ribonucleoproteins (RNPs) are enriched in SGs
as clients, while their phase separation largely relies on recruitment into the condensate
(Guilléen-Boixet et al. 2020; Yang et al. 2020).

Condensates can occur in heterogenous states resulting in the formation of multiple
phases. For example, a solid-like core can maintain condensate stability, while a liquid-
like shell provides an environment where the high concentration of macromolecules
enables biochemical reactions to take place efficiently (Figure 6 B). This can also be
exemplified with SGs, where RNPs like G3BP and PABP1 together with RNA form a dense
core of low dynamics, which stabilizes the condensate and enables specificity of client
recruitment. In contrast, the shell is of highly dynamic nature, which facilitates the rapid
exchange of components between SGs and cytoplasm (Jain et al. 2016; Wheeler et al.
2016). Another example for a multiphase condensate is the nucleolus, which is made up
of a fibrillar center, a dense fibrillar component and granular component that have been

show to be immiscible (Lamaye et al. 2011; Feric et al. 2016).

As several cellular processes rely on the consumption of energy, ATP is a key regulator
of phase separation (Snead and Gladfelter 2019). The depletion of ATP from cells
increases the viscosity of both SGs and nucleoli, which relies on the energy-dependent
maintenance of condensate dynamics (Brangwynne et al. 2011; Jain et al. 2016).
Furthermore, ATP itself has been described to act as a biological hydrotrope, promoting
the solubilization of proteins. The cytoplasm itself is densely packed with proteins up to a
concentration of 100 mg/ml. It has been hypothesized that the comparably high
concentration of 5 mM cytoplasmic ATP contributes to the maintenance of protein solubility
(Patel et al. 2017).
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A Client/Scaffold B Multiphase

Figure 6: Cellular organization of biomolecular condensates. (A) Scheme of a condensate
based on self-assembly of a scaffold protein (blue), which leads to the recruitment of clients (red).
(B) Multiphase condensate with a solid-like core with protein interactions of high order (dashed line)
and a liquid-like shell with protein interactions of low order. (C) Different theories of PTMs (red)
regulating self-assembly. Promotion by specific binding domains, inhibition by blocking interaction
sites, addition of multivalent interaction site, alteration of fold integrity. Figure adapted from Banani
et al., 2017 and Alberti and Hyman, 2021.

1.2.5 Regulation of phase separation by post-translational modifications
PTMs are versatile regulators of cellular processes and their impact on modulating phase
separation is diverse. As described in chapter 1.1, the attachment and removal of PTMs

is dynamic and can occur in a highly specific manner.

Small PTMs like phosphorylation, acetylation and methylation can alter interactions
between amino acids of phase separating proteins. The attachment of a phosphate-group
(-PO4?) adds a significant negative charge to the modification site, which can both promote
or inhibit electrostatic interactions. It was furthermore demonstrated, that phosphorylation
can reduce TDP-43 self-interaction by promoting protein-solvent interactions, leading to a
reduced localization in SGs (Gruijs da Silva et al. 2022). Acetylation (-COCHs3) of lysine
neutralizes the positive charge of its guanidinium group (Ali et al. 2018). This can
especially disrupt RNA-dependent phase separation, such as in acetylation of the RRM in
FUS (Arenas et al. 2020). Methylation (-CHs) alters charge distributions and bulkiness
leading to a reduced propensity to form hydrogen bonds (Fuhrmann et al. 2015). It has
been shown, that the self-assembly mechanism of FUS is perturbed upon methylation of
arginine in the C-terminus, which reduces the strength of cation-1 interactions with N-
terminal tyrosines, resulting in a decreased accumulation of FUS in SGs (Hofweber et al.
2018; Qamar et al. 2018).

16



Introduction

While the impact of small PTMs on biomolecular condensate regulation can often be
explained by the chemical nature of the modification, protein-based PTMs such as
ubiquitin and SUMO can affect phase separation in a more complex manner. The primary
mode of action of both modifiers is the regulation of protein-protein interactions (chapter
1.1.3). It is thus not surprising, that ubiquitin binding can promote phase separation by
mediating self-assembly of scaffold proteins through specific UBDs (Waite et al. 2024). In
case of the NF-kB modulator NEMO, binding of M1-linked ubiquitin chains induces phase
separation of NEMO, which is required for its kinase-activating function (Du et al. 2022;
Goel et al. 2023). Ubiquitin binding can also have the opposite effect by blocking self-
assembly sites. The protein quality control shuttle protein UBQLN2 self-interacts across
various domains, including an UBA domain. If this UBA domain is occupied by ubiquitin,
phase separation of UBQLNZ2 is disrupted via a reduction of multivalency (Dao et al. 2018).
Interestingly, polyubiquitin chain binding alters UBQLNZ2 phase separation depending on
chain geometry and the resulted exposure of the hydrophobic 144-patch. Closed
conformation K48- and K11-linked chains inhibit UBQLN2 phase separation, while open
conformation K63- and M1-linked chains act as enhancers, suggesting that ubiquitin
chains can follow self-assembly behavior of polymers, as described in chapter 1.2.2 (Dao
et al. 2022).

SUMO can regulate phase separation similarly like ubiquitin, as it can be illustrated on
PML-NBs. PML is the scaffold protein of PML-NB condensates and self-assembles by the
formation of disulfide-bonds upon oxidative stress (Zhang et al. 2010). This triggers the
recruitment of the SUMO-E2 Ubc9, resulting in SUMOylation of PML and a subsequent
enrichment of SIM-harboring proteins in the NBs, following the client-scaffold principles.
On the other side, PML itself harbors internal SIMs, leading to the sequestration of more
SUMOylated proteins (Sahin et al. 2014a). Upon this positive feedback loop, PML-NB
condensate size increases by excessive SUMOylation (Hirano and Udagawa 2022). The
STUbL RNF4 targets SUMOylated NB-components for proteasomal degradation, which

resolves the condensates. (Keiten-Schmitz et al. 2021).

These complex networks rely on multiple specific binding domains and motifs and can be

considered as the classical effect of how ubiquitin and SUMO regulate condensate

formation by mediating protein-protein interactions. However, several publications suggest
that ubiquitin and SUMO might regulate phase separation of conjugated substrates by
directly affecting their biophysical properties, which can be referred to as the intrinsic
effect. As described in chapter 1.1.1, both ubiquitin and SUMO are considered highly
soluble and stable. Experimental in vitro studies demonstrated that it requires high protein

concentrations of ~1 mM and the presence of molecular crowding agents (10% (w/v) PEG-
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8000) for ubiquitin to undergo phase separation, which seem to mainly rely on hydrogen
bonds and van der Waals interactions (Poudyal et al. 2023). SUMO1 has been shown to
phase separate at 120 yM in the presence of 15% (w/v) PEG-20000 (Arora et al. 2023).
These studies suggest both ubiquitin and SUMO have potential self-interaction sites under

certain conditions.

The stable fold of ubiquitin has been described to decrease upon chain formation with
increasing length, enabling the formation of amyloid-like fibrils after heat- or shear-stress
(Morimoto et al. 2015). The attachment of ubiquitin can even destabilize the fold of
conjugated substrates close to the attachment site. The capability of unfolding depends
on the type of secondary structure, while the strongest impact was observed when
ubiquitin was attached to a B-sheet (Morimoto et al. 2016). SUMO-conjugation has been
shown to induce a conformational change of the human thymine-DNA glycosylase (TDG)
controlling dissociation of abasic sites at damaged DNA. Although conjugation occurred
at the TDG C-terminus, SUMO mediates a cis-interaction with the N-terminal domain
(Steinacher and Schar 2005).

In summary, ubiquitin and SUMO can regulate phase separation beyond the promotion of
protein-protein interactions. Several studies suggest the relevance of an intrinsic effect on
the formation of biomolecular condensates that relies on PTM-induced fold alteration of
scaffold proteins and internal self-assembly sites within the PTM. A theoretical overview
of simplified models is provided in Figure 7. However, the actual impact of this intrinsic

effect on phase separation needs yet to be revealed.
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Figure 7: Regulation of self-assembly by PTMs. Different theories of PTMs regulating self-
assembly. Promotion by specific binding domains, inhibition by blocking interaction sites, addition
of multivalent interaction site, alteration of fold integrity. Self-assembly domains are generically
indicated as rectangles. PTMs are represented as red cirlces.
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1.2.6 Aberrant phase transition

Local accumulation of proteins through LLPS can promote the formation of aggregates,
which is a hallmark of several neurodegenerative diseases (Zbinden et al. 2020; Wu et al.
2024). As described in chapter 1.2.1, aggregates possess solid-like properties and display
both low dynamics and a highly ordered stable conformation. Neurotoxic solidification can
occur spontaneously or due to genetically inherited mutations in disease-related proteins
(Masrori and Van Damme 2020). These mutations can affect their multivalency and result
in altered mechanisms of self-assembly, increasing the propensity to undergo
solidification. Mutations in nuclear localization sequences (NLS) can induce cytoplasmic
accumulation. The resulting formation of mislocalized condensates can severely affect the
recruitment of macromolecules following the client-scaffold principle. Finally, mutations in
PTM conjugation sites and PTM binding domains can alter interactions with binding
partners or change the biophysical properties of biomolecular condensate components.
All these mechanisms can increase the propensity of self-assembling proteins to act as a
seed for aggregation through nucleation (Johnson et al. 2009; Suk and Rousseaux 2020;
Gupta et al. 2021).

While liquid-like condensates often display a certain dynamic that enables a specific
function, solidification can be associated with a toxic loss-of-function, but also gain-of-
function if perturbing factors are recruited (Hayes and Kalab 2022). Aggregation can
manifest by the irreversible formation of highly ordered structures, the entanglement of
disordered proteins or transient vitrification, forming highly viscous condensates. In any
case, solidification severely slows down or inhibits biological processes, which explains
why aggregates are mostly considered as cytotoxic (Watanabe 1999; Halfmann 2016;
Peskett et al. 2018).

1.2.7 Pathological relevance

Neurodegenerative diseases are classified by a progressive loss of neurons, leading to a
severe impairment of memory, cognition and motion (Gorman 2008). Each disease can
be associated with particular hallmark proteins, which often aggregate and mislocalization
into the cytoplasm, leading to the formation of neurotoxic inclusions (Liu et al. 2021; Wu
et al. 2024). How these hallmark proteins exert their toxicity is described using TDP-43,
FUS and Huntingtin and their associated diseases as examples. An overview of their
domain-organizations is shown in Figure 8, highlighting important disease-related
mutations and PTM-sites of ubiquitin and SUMO.
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Figure 8: Hallmark proteins of neurodegenerative diseases. Domain organization of TDP-43,
FUS and Htt-Ex1. Folded domains are colored in yellow, unstructured domains are colored in grey.
Approximate ubiquitylation and SUMOylation sites are implicated by red and blue circles. A set of
important disease-related mutation sites is implicated above each domain (X=22 substitutions).
Arrangement, mutations and PTM-sites are adapted from current publications and phosphosite.org
(Dormann and Haass 2013; Hornbeck et al. 2015; Jo et al. 2020; Elena-Real et al. 2023). Caspase-
cleavage sites are indicated by a scissor (Zhang et al. 2009).

1.2.71 TDP-43

Amyotrophic lateral sclerosis (ALS) is a fatal disease that results in the degeneration of
upper and lower motor neurons, which control voluntary muscle movements. With the
disease progression, patients face muscle weakening, paralysis and eventually respiratory
failure. ALS mostly occurs sporadically, while less than 10% can be related to familial
inheritance. Cytoplasmic aggregation of the TAR DNA-binding protein 43 (TDP-43) is a
key hallmark in ~97% of patients, suggesting a crucial role of this protein in the
development of ALS (Masrori and Van Damme 2020; Mead et al. 2023). TDP-43 also has
pathological roles in Frontotemporal dementia (FTD), which is discussed in the next
chapter 1.2.7.2

TDP-43 is a primarily nuclear multi-domain protein that has various functions in RNA
metabolism and undergoes phase separation under physiological conditions. As a splicing
factor, it can regulate exon skipping and inclusion of pre-mRNA (Cheng et al. 2024). Its

shuttling function allows the transport and stabilization of mMRNA in the cytoplasm (Ratti
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and Buratti 2016; Maraschi et al. 2021). Several studies further implicate that TDP-43
maintains neuronal physiology by transporting mRNA across axons, or regulating
branching of dendrites (Alami et al. 2014; Herzog et al. 2017).

TDP-43 is largely disordered, while some domains have distinct structures. The N-terminal
domain (NTD) is partially folded into an ubiquitin-like B-grasp arrangement, which induces
oligomerization and is essential for the splicing activity of TDP-43 (Mompean et al. 2016;
Jiang et al. 2017). A disordered linker harbors a bipartite classical NLS that is recognized
by importin (Doll et al. 2022). This region also harbors a caspase cleavage-site, which can
generate an aggregation-prone TDP-35 C-terminal fragment (CTF-35) (Zhang et al. 2009).
Two conserved RRMs are connected by a flexible linker and display a typical RRM-fold,
consisting out of a five-stranded antiparallel B-sheet stacked on two a-helices. Interactions
between both RRMs arrange both domains in a specific conformation that results in a
preference for binding TG-/UG-rich nucleic acids. Another caspase cleavage-site results
in the generation of a TDP-25 CTF (CTF-25) (Lukavsky et al. 2013; Li et al. 2015;
Furukawa et al. 2016). The C-terminal LCD is a disordered region that is rich in glycine
and polar uncharged amino acids. A transient helical region forms the major self-assembly
site, which is further supported by a few aromatic amino acids distributed across the
domain. (Conicella et al. 2016; Li et al. 2018). Furthermore, the LCD is a major protein-
protein interactions site and can undergo aggregation by forming amyloid fibrils on its own
(Babinchak et al. 2019; Frangois-Moutal et al. 2019).

The exact mechanism of how aberrant TDP-43 promotes neuronal pathogenicity in ALS
patients remains elusive but is considered to occur due to severely impaired protein
homeostasis and RNA metabolism as key malfunctions in neurons. Yet, it is broadly
suggested that neurotoxic inclusions of TDP-43 arise from its cytoplasmic mislocalization
and aggregation (Tziortzouda et al. 2021). A theory of cytoplasmic enrichment is based on
the recruitment of TDP-43 into SGs upon cellular stress, resulting in a nuclear depletion of
TDP-43. Prolonged stress can impair SG resolution, leading to a transition of liquid-like
TDP-43 condensates into solid-like aggregates. Trapping of TDP-43 in these inclusions
inhibits its nuclear functions in RNA processing (Khalfallah et al. 2018; Ratti et al. 2020).
Cytoplasmic enrichment is also promoted by the caspase-mediated cleavage of TDP-43
into CTFs, as both CTF-35 and CTF-25 lack the NLS. In vitro studies showed that CTFs
are highly susceptible to undergo aggregation (Igaz et al. 2009; Kitamura et al. 2016).
Several mutations have been found in familial ALS patients and can alter self-assembly,
mislocalization and cleavage. In particular, mutations in the LCD have been described to
enhance aggregation and toxicity in yeast and neurons (Johnson et al. 2009; Guo et al.
2011).
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Aberrant post-translational modification of TDP-43 is a key signature of ALS, as
hyperphosphorylation and polyubiquitylation was detected early in post-mortem brain cells
of patients (Neumann et al. 2006; Neumann et al. 2009a). Phosphorylation occurs mainly
in the LCD and relies on multiple kinases. It is suggested to directly regulate both
aggregation and cytoplasmic mislocalization of TDP-43, while the distinct impact is still
debated (Hans et al. 2020; Gruijs da Silva et al. 2022). Also, Neuronal inclusions have
been found to be enriched in M1-, K48- and K63-linked ubiquitin chains (Nakayama et al.
2020). Interestingly, ubiquitylation is suggested to affect TDP-43 beyond proteasomal
degradation. A direct interaction between the E2-conjugating enzyme UBE2E3 and TDP-
43 reduces its solubility (Hans et al. 2014). The E3-ligating enzyme Parkin forms K48- and
K63-linked chains on TDP-43, which promotes cytoplasmic mislocalization in a non-
degradative manner (Hebron et al. 2013). In addition, the role of SUMOQylation in TDP-43
pathogenicity has recently emerging. In vitro experiments showed that global inhibition of
SUMOylation reduces the abundancy of TDP-43 aggregates and mutation of K136 in the
RRM1 shifts TDP-43 aggregates from the cytoplasm to the nucleus. Interestingly, a
SUMOylation site at K408 is embedded between two phosphorylation sites and has been

shown to facilitate the cellular stress response (Maurel et al. 2020; Suk et al. 2024).

1.2.7.2 FUS

Frontotemporal dementia (FTD) is the second most common form of dementia after
Alzheimer's disease and is defined by frontotemporal lobar degeneration (FTLD) as a key
hallmark. Major symptoms are behavioral changes and language difficulties, progressing
into severe cognitive impairments that eventually result in the patient’s death (Rademakers
et al. 2012; Antonioni et al. 2023). Several genetic and clinical overlaps have been shown
for ALS and FTD, and patients can be affected from both diseases. Indeed, ~45% of
neuronal inclusions in FTD patients are enriched in TDP-43. Moreover, the DNA/RNA-
binding protein fused in sarcoma (FUS), has a rather pivotal role in ALS but is detected in
~9% of inclusions in FTD patients, caused by a related phenotype of cytoplasmic

aggregation (Ling et al. 2013).

Similar like TDP-43, FUS has various roles in RNA metabolism but also participates in
DNA repair (Zhou et al. 2014). FUS is largely disordered and consists of multiple domains.
The N-terminal QGSY-rich domain has PRD characteristics and mediates FUS phase
separation without forming transient secondary structures as observed in case of the LCD
of TDP-43 (Murthy et al. 2019). Two RGG-rich domains, a zinc finger (ZnF) and an RRM

are majorly involved in nucleic acid binding and another RGG-rich domain forms a non-
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classical NLS together with a C-terminal PY-rich domain (Dormann et al. 2012; Loughlin
et al. 2019).

How FUS accomplishes its neuropathogenicity is still not entirely revealed. Several
mutations in the NLS have been identified to induce cytoplasmic mislocalization by
disrupting the interaction between FUS and the nuclear import receptor Kap2. Mutations
are rather associated with ALS and have only rarely been observed in post mortem tissue
of FTD patients (Dormann et al. 2010; Rademakers et al. 2012; Nolan et al. 2016). In FTD
patients, RGG-domains occur unmethylated, which also increases the interaction with
KapB2 and moreover enhances phase separation of FUS (Dormann et al. 2012; Hofweber
et al. 2018). FUS-positive inclusions from FTD patients have been shown to be enriched
with ubiquitin. Several ubiquitylation and SUMOylation sites have been identified mostly in
the RRM but the impact of both modifiers on FUS pathology remains to be elucidated
(Neumann et al. 2009b; Mertins et al. 2013; Lumpkin et al. 2017).

1.2.7.3 Huntingtin

Huntington’s disease (HD) is a genetically inherited disorder that mainly affects basal
ganglia and causes deterioration of motoric and cognitive functions, as well as personality
changes. It originates from a CAG expansion in the HTT gene, leading to abnormally long
polyQ-stretches in the disease’s hallmark protein huntingtin. The resulting aggregation of

huntingtin promotes cell death (MacDonald et al. 1993; Scherzinger et al. 1999).

Huntingtin is a highly conserved and ubiquitously expressed protein, which has a broad
range of functions primarily in neurons. As a shuttle protein, it participates in transcription
but also in vesicle trafficking across axons and dendrites (Truant et al. 2007; Marques
Sousa and Humbert 2013; Saudou and Humbert 2016). Pathological inclusions in HD
patients are enriched in huntingtin-exon1 (Htt-Ex1), which originates from incomplete
splicing of HTT or caspase-cleavage of full-length huntingtin (Graham et al. 2006; Neueder
et al. 2017). Htt-Ex1 forms liquid-like condensates by phase separation that can act as
seeds for aggregation. Aggregation propensity increases with polyQ-stretch length above
Q36, while Q40 is the critical threshold that evidently result in the development of HD
(Bates et al. 2015; Peskett et al. 2018).

Htt-Ex1 is composed of an NTD, a polyQ-stretch and a C-terminal proline-rich region. The
helical NTD contributes to both LLPS and fibril formation. The polyQ-stretch is
conformationally flexible but mostly helical, while the helical content is enhanced with
increasing length. The resulting helix-helix interactions are the key driver of Htt-Ex1

aggregation. The proline-rich C-terminal region only occurs in mammals and has both

23



Introduction

helix-unwinding and fibril-destabilizing effects (Tartari et al. 2008; Shen et al. 2016; Posey
et al. 2018; Elena-Real et al. 2023).

Three lysine residues in the NTD can be modified with ubiquitin or SUMO. SUMO1-
conjugation reduces aggregation of Htt-Ex1 in cell culture experiments but leads to
enhanced neurodegeneration in a Drosophila disease model. Ubiquitin competes for the
same conjugation sites and has been shown to enhance aggregation while abrogating
neurodegeneration (Steffan et al. 2004). Interestingly, a lack of ubiquitylation reduces the
size of Htt-Ex1 aggregates, which are more toxic for the cell. Overall, the mutation of the
respective lysines K6, K9 and K15 resulted in reduced pathogenicity of Htt-Ex1 (Hakim-
Eshed et al. 2020). It has been shown that PIAS1 is the key E3 for the modification of Htt-
Ex1 not only with SUMO1 but also with SUMO2. When the authors looked into larger Htt-
fragments, they found that the overexpression of SUMO2 resulted in the accumulation of
aggregated Htt with elongated polyQ-stretches (O’'Rourke et al. 2013). This draws a
complicates picture of the interplay between ubiquitin and different SUMO isoforms

regulating the toxicity of Htt, which seem to rely on the polyQ-stretch length.
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1.3 Aims of this work

Ubiquitin and SUMO are versatile post-translational modifiers that are involved in
countless cellular processes. Hence, it is not surprising that diseases can develop when
the enzymatic machinery of the ubiquitin and SUMO systems is dysregulated. Ubiquitin
has early been detected to be enriched in neuronal cytoplasmic inclusions, which occur in
cells of neurodegenerative disease patients (Manetto et al. 1988). Moreover, aggregated
TDP-43 as a hallmark protein in ALS and FTLD has been described to be both
ubiquitylated and SUMOylated (Neumann et al. 2006; Wood et al. 2021).

Several hallmark proteins of neurodegenerative diseases form biomolecular condensates
by phase separation, while this can be a precursor step into neurotoxic aggregation
(Peskett et al. 2018; Ray et al. 2020). Ubiquitin and SUMO can regulate phase separation
by mediating protein-protein interactions (classical effect), but it has also been shown that
they can directly alter the biophysical properties of their conjugated target protein (intrinsic
effect) (Morimoto et al. 2016; Dao et al. 2018).

The aim of this work is to explore and define the intrinsic effect of ubiquitin and SUMO on
phase separation, which is only marginally studied to this point. Therefore, a set of IDRs
derived from pathologically relevant disease hallmark proteins will be modified with either
ubiquitin, SUMO1 and SUMO2 and analyzed for their propensity to form condensates in
an in vitro screening approach. TDP-43(LCD) will be further used as a model protein to
reveal the molecular mechanisms of how SUMO1 and SUMOZ2 regulate phase separation.
Finally, the functional consequences of post-translationally modified full-length TDP-43 will
be studied in a physiological context using cell-based assays. The results aim to contribute
to a better understanding how TDP-43 undergoes aberrant phase separation as a hallmark
of neurodegenerative diseases. A key issue to be revealed is if aberrant phenotypes are
a result of the post-translational modification, or if PTMs are conjugated to regulate the

pathogenicity.

25



Introduction

26



Material and Methods

2 Material and Methods

2.1 Reagents

2.1.1 Chemicals

Unless otherwise stated, all chemicals and kits used in this work were purcharsed from

Carl Roth, Sigma-Aldrich or Thermo Fisher Scientific. Chemical purchases from other

suppliers are listed below:

Atto-TEC
BioRad
BioTrend
Biozol

Cell signaling

Enzo Life Science

Fluoroprobes

Life Technologies

MedChemExpress

Macherey-Nagel

New England Biolabs

Qiagen

Promega

Roche

Atto594-maleimide, Atto647-maleimide
20x Trans-Blot Turbo buffer

IPTG

Thioflavin T

DRAQ5

MG-132

AzDye488-maleimide

SYBR Safe DNA stain

TAK-243

Nucleo Bond Xtra Midi Plus

10x CutSmart, DNA ladders, dNTPs
RNeasy Mini Kit, RNase-free DNNase Set, NINTA agarose
FuGene HD transfection reagent

cOmplete Protease Inhibitor Cocktail
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2.1.2 Proteins and peptides

Table 1: Commercial proteins used in this work

Protein Supplier
Bovine serum albumin (BSA) Sigma-Aldrich
DNA Ligation Kit Takara

Dpnl CF15-1MB

FastAP Alkaline Poshpatase

Thermo Fisher Scientific

Gibson assembly mix

CF15-1MB

Herculase || DNA-polymerase Agilent
HF DNA-polymerase CF15-IMB
His-3C protease CF15-IMB
His-TEV protease CF15 - IMB
Lysozym Merck
PfuUltra DNA-polymerase Agilent

Quick blunting kit

New England Biolabs

Restriction endonucleases

New England Biolabs

Sm Nuclease CF15-1MB
T4 Polynucleotide Kinase New England Biolabs
Taq DNA-polymerase CF15-IMB

Table 2: Peptides used in this work
Peptide Sequence Supplier
SUMO1-Nt MSDQEAKPSTEDLGDKKEG ProteGenix
SUMO1-B; EIHFKVK ProteGenix

2.1.3 Antibodies

Table 3: Primary antibodies used in this work
ID Name Species Source Dilution
24 mCherry Mouse Abcam 1:2500
49 GFP Mouse Roche 1:1000
51 GFP Rabbit Invitrogen 1:1000
223 | SUMO2 Mouse Frauke Melchior, ZMBH | 1:20
442 | Ubiquitin Rabbit Bio-Techne 1:1000
463 | TDP-43 Rabbit Proteintech 1:1000
471 | SUMO1 Rabbit St. Johns Laboratory 1:1000
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Table 4: Secondary antibodies used in this work

ID Name Species Source Dilution
91 Mouse 680LT Donkey Licor 1:10000
92 Mouse 800CW Donkey Licor 1:10000
96 Mouse HRP Goat Sigma 1:10000
154 | Rabbit 680LT Donkey Licor 1:10000
155 | Rabbit 800CW Goat Licor 1:10000
156 | Rabbit HRP Goat Pierce 1:10000

2.2 Media and solutions

2.2.1 Maedia for cultivation of E. coli

E. coli strains for isolation of Plasmid DNA were grown on Luria Broth (LB) agar plates or

in liquid LB medium. For protein expression, E. coli strains were either grown in LB media

or Terrific Broth (TB) medium, depending on the availability. Appropriate antibiotics for

selection were added in concentrations as stated in the following table.

Table 5: List of antibiotics used for the cultivation of E. coli.

Antibiotic Final concentration [ug/ml] Supplier

Ampicillin 100 CFO06 - IMB
Chloramphenicol 34 CFO06 - IMB
Kanamycin 30 CFO06 - IMB

2.2.2 Media for cultivation of mammalian cells

Mammalian cells were cultivated in Dulbecco’s Modified Eagle Medium (DMEM)

supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml

penicillin and 100 ug/ml streptomycin. Additional antibiotics for selection and maintenance

of integrated plasmids are stated in the following table.

Table 6: List of antibiotics used for the cultivation of mammalian cells.

Antibiotic Final concentration [ug/ml] Supplier

Blasticidin 15 InvivoGen
Hygromycin 150 InvivoGen
Zeocin 100 InvivoGen
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2.2.3 Buffers and solutions
General solutions were prepared by the media lab of IMB (CF06) following standard
recipes: 0.5 M EDTA, 1 M KCI, 2 M MgClz, 5 M NaCl, 5x PBS, 10x TBE, 1 M Tris-HCI pH

7.5. All recipes listed below were prepared in H2Oqq if not otherwise stated.

Anion exchange buffer A: 50 mM Tris pH 7.4, 50 mM NaCl

Anion exchange buffer B: 50 mM Tris pH 7.4, 1 M NaCl

Blocking solution: 5% (w/v) skim milk powder in PBS-T

Cation exchange buffer A: 25 mM Sodium acetate pH 4.5, 50 mM NacCl

Cation exchange buffer B: 25 mM Sodium acetate pH 4.5, 1 M NaCl

Denaturing pulldown buffer 1: 6 M Gua-HCI, 50 mM NaH2:PO4, 50 mM Na;HPO4, 10 mM
Tris-HCI pH 8, 0.1% (v/v) Tween20

Denaturing pulldown buffer 2: 8 M Urea, 80 mM NaH2PO4, 20 mM NasHPO4, 10 mM Tris-
HCI pH 6.3, 0.1% (v/v) Tween20

IMAC A buffer: 30 mM Tris-HCI pH 8, 300 mM NaCl, 15 mM imidazole

IMAC B buffer: 30 mM Tris-HCI pH 8, 300 mM NaCl, 500 mM imidazole

MES buffer: 50 mM MES, 50 mM Tris base pH 7.3, 0.1% (w/v) SDS, 1 mM EDTA
MOPS buffer: 50 mM MOPS, 50 mM Tris base pH 7.7, 0.1% (w/v) SDS, 1 mM EDTA
PBS-T: 0.1% (v/v) Tween20 in PBS

Ponceau S solution: 0.1% (w/v) Ponceau S in 5% (v/v) acetic acid

RIPA buffer: HEPES pH 7.4, 100 mM NacCl, 2.5 mM MgCI2, 0.1% (w/v) SDS, 0.5% (w/v)
Sodium deoxycholate, 1% (w/v) NP-40

Simple stain: 67 ml Ethanol (99%), 52 ml phosphoric acid (85%), 115 mg Coomassie Blue
G-250, up to1l Hzodd

Storage buffer: 20 mM HEPES pH 7.4, 150 mM NaCl, 10% (v/v) glycerol, 1 mM DTT

Storage buffer 2: 20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM DTT

Storage buffer 3: 20 MM HEPES pH 7.4, 1 mM DTT

Trans-Blot Turbo buffer: 1x Trans-Blot Turbo buffer, 20% (v/v) Ethanol
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2.3 Organisms

Table 7: E. coli strains used in this work

ID

Strain

Genotype

Purpose

Source

5

Codon+

B F— ompT hsdSB(rB-mB-)
dcm+ Tetr gal [DE3) endA
Hte [argU ileY leuW Camr]

Protein expression

Stratagene

27

LOBSTR

B F— ompT hsdSB(rB-mB-)
dcm+ Tetr gal I(DE3) endA
Hte ArnaD SlyD [argU ileY
leuW Camr]

Protein expression

Kerafast

25

Rosetta™ 2
(DE3) pLysS

F- ompT hsdSB(rB- mB-)
gal dcm (DE3)
pLysSRARE2 (CamR)

Protein expression

Novagen

14

Top10

F—mcrA A(mrr-
hsdRMSmcrBC)
¢80lacZAM15

AlacX74 recA1 araD139
A(ara-leu)7697 galU galK
A= rpsL(StrR) endA1 nupG

Cloning

Invitrogen

Table 8: Mammalian cell lines used in this work

ID Cell line Selection Source

26 HelLa - CR-UK Cell Services

408 | Hela Flpln T-REx Blasticidin, Zeocin Dorothee Dormann lab

415 | Hela Flp-In T-REx Blasticidin, Hygromycin This work
mCherry-G3BP1

445 | Hela Flp-In T-REXx His- Blasticidin, Hygromycin This work
TDP-43-EGFP

456 | Hela Flp-In T-REx His- Blasticidin, Hygromycin This work
TDP-43(CTF)-EGFP

452 | Hela Flp-In T-REx His- Blasticidin, Hygromycin This work
TDP-43(LCD)-EGFP

2.4 Oligonucleotides

Table 9: DNA-oligonucleotides used in this work. All DNA-oligonucleotides were purchased
from Integrated DNA technology or Sigma-Aldrich. IDs of oligos created by other lab members are
indicated with an asterisk.

ID

Name

Sequence

o701*

T7 seq rev

GCTAGTTATTGCTCAGCGG
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02346* | T7 seq fwd TAATACGACTCACTATAGGG
04835* | FKBP seq fwd GGAGTGCAGGTGGAAACCATC
05388 Random SUMO2 rev | AGGTTGATGTGATCGTTGTTCTCAGT
05389 Random SUMO2 fwd | ACTGAGAACAACGATCACATCAACCT
05649 | TDP-43(LCD) rev ATATAATATTTCTCCTCGAGCATGCCCCAACCGGA
Xhol
05878 | G275C SDM fwd CCAACTGGAACGTTCCTGTCGTTTCGGTGGTAATC
CGGGT
05879 | G275C SDM rev ACCCGGATTACCACCGAAACGACAGGAACGTTCCA
GTTGG
05882 His-FKBP rev TTCCAGTTTTAGAAGCTCCACA
05883 | 3C-L20 fwd CTGGAAGTTCTGTTCCAGGGG
05884 L20-FKBP fwd ATGTGGAGCTTCTAAAACTGGAAGCTTCTGGTGCT
GGCGGTTCTGAA
05894 L20-3C rev CCCCTGGAACAGAACTTCCAGTGTAGCGCCAGATG
TGCCACCTTCAG
05945 | TDP-43(LCD)seqrev | TGGTTATTGCCCAAGC
06003 | SUMO2 A1-10 fwd TGTTTTCCAACAGCAGACGGGAGTTAAGACTGAGA
ACAACGATCACATCA
06005 | SUMO2-SUMO2 rev TGATGTGATCGTTGTTCTCAGTCTTAACTCCCGTCT
GCTGTTGGAAAACA
06020 | Amp rev CAATGCTTAATCAGTGAGGCAC
06021 Amp fwd GTGCCTCACTGATTAAGCATTG
06138 | TDP-43(LCD)- GAGCTCCGGTTGGGGCATGAAGACTGAGAACAAC
SUMO2 Sacl fwd GATCAC
06139 | SUMO2 Xhol rev ATATATATCTCGAGACCTCCCGTCTGCTG
06215 L20-3C-FUS(QGSY) CTGGAAGTTCTGTTCCAGGGGCCCACTAGTATGGC
fwd CTCAAACGATTATACCC
06216 FUS(QGSY)-TEV rev | CCTGAAAGTACAGGTTCTCCTCGAGGCTGTTGTAC
TGGTTCTGCT
06217 His-FKBP L20-3C CTCGAGGAGAACCTGTACTTT
backbone fwd
06218 His-FKBP L20-3C ACTAGTGGGCCCCTGGAACAGAACTTCCAG
backbone rev
06225 Ub Spel fwd ATATATACTAGTATGCAGATTTTCGTCAAGACT
06226 Ub Spel rev ATATATACTAGTAACACCTCTTAGCCTTAGCA
06227 | SUMO1 Spel fwd ATATATACTAGTATGTCTGACCAGGAGGC
06228 | SUMO1 Spel rev ATATATACTAGTAACCCCCGTTTGTTCCT
06229 | SUMO2 Spel fwd ATATATACTAGTATGGCCGACGAAAAGC
06230 | SUMOZ2 Spel rev ATATATACTAGTAACTCCCGTCTGCTGT
06260 | TEV-MBP fwd CTCGAGGAGAACCTGTACTTTCAGG
06308 FUS(RGG) fwd ATATATACTAGTAGCAGTGGTGGTGGAGGTGGAG
06309 FUS(RGG) revv CTCGAGGAGAACGTTGTTGTCTGAATTATCCTGT
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06398 | Htt-Ex1 Spel fwd ATATATACTAGTATGGCGACCCTGGAAAA
06399 | Htt-Ex1 Xhol rev ATATATCTCGAGTGGTCGGTGCAGCGGCTCCTC
06417 | SUMO1(G97V) ATATATGGATCCAACCCCCGTTTGTTCC
BamHI rev
06419 | SUMO2(G93V) ATATATGGATCCAACTCCCGTCTGCTGT
BamHI rev
06437 | MBP seq rev AACCTGTGGGAATTTCT
06535 | EGFP -Met GA fwd GTGAGCAAGGGCGAGG
06543 | Ub(G75V)-TDP- GGTTGCTGGATCCAACAACTCTTAGCCTTAGCAC
43(LCD) rev
06613 | His8-MCS-TDP- CATCACCATCACCATCACGATATCGGATCCAGCAA
43(LCD) fwd CCGCCAACTG
06614 | CMV-Met-His8-MCS GGATCCGATATCGTGATGGTGATGGTGATGGTGAT
rev GCATGGTGGCGACCGG
06615 | Ub -Met fwd ATATATGATATCCAGATTTTCGTCAAGACTTTGACC
GGT
06616 | SUMO1 -Met fwd ATATATGATATCTCTGACCAGGAGGCCAAACCT
06617 | SUMO2 -Met fwd ATATATGATATCGCCGACGAAAAGCCCAAGG
06673 | His8-Hindlll fwd TAAGCTTCCACCATGCATCACCATC
06674 | EGFP_Notl rev ATATATGCGGCCGCTTACTTGTACAGCTCGTCCAT
G
06714 | 3xNLS blunt fwd GACCCTAAGAAGAAGAGAAAGGTCGATCCTAAAAA
GAAACGCAAAGTGGACCCCAAGAAAAAACGAAAAG
TC
06715 | 3xNLS blunt rev GACTTTTCGTTTTTTCTTGGGGTCCACTTTGCGTTT
CTTTTTAGGATCGACCTTTCTCTTCTTCTTAGGGTC
06718 | 3xNES blunt fwd CTGCCTCCCCTGGAGCGCCTGACCCTGCTGCCTC
CCCTGGAGCGCCTGACCCTGCTGCCTCCCCTGGA
GCGCCTGACCCTG
06719 | 3xNES blunt rev CAGGGTCAGGCGCTCCAGGGGAGGCAGCAGGGT
CAGGCGCTCCAGGGGAGGCAGCAGGGTCAGGCG
CTCCAGGGGAGGCAG
06711 SUMO3 -Met fwd ATATATGATATCTCCGAGGAGAAGCCCAAG
06797 | SUMO3(G92V) ATATATGGATCCAACTCCCGTCTGCTGC
BamHI rev
06895 | TDP-43(1) pCMV-His- | CATCACCATCACGATATCGGATCCAGCGAGTATATT
overhang GA fwd CGTGTTACCG
06896 | TDP-43(414) EGFP- | GAACAGCTCCTCGCCCTTGCTCACACTAGTCATGC
overhang rev CCCAACCGGAG
06904 | TDP-43(267) Spel fwd | ATATATACTAGTAGCAACCGCCAACTG
06907 | EGFP seqrev GTCAGCTTGCCGTA
06926 | TDP-43(G335A, CTAGCTGGGCTATGATGGCCATGCTGGCGAGCCA
G338A) fwd GCAGAA
06927 | TDP-43(G335A, GCCAGCATGGCCATCATAGCCCAGCTAGACTGCAG
G338A) rev CGCCG
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fwd

06928 TDP-43(A326P) fwd GGCAATGATGGCGGCTCCACAAGCGGCGCTGCAG
T
06929 TDP-43(A326P) rev ACTGCAGCGCCGCTTGTGGAGCCGCCATCATTGC
C
06930 TDP-43(W334G) fwd | CGGCGCTGCAGTCTAGCGGGGGTATGATGGGCAT
GC
06931 TDP-43(W334G) rev GCATGCCCATCATACCCCCGCTAGACTGCAGCGCC
G
06932 TDP-43(W385G) fwd | CGGTGCGGCAATCGGCGGGGGTAGCGCAAGCAAT
GC
06933 TDP-43(W385G) rev GCATTGCTTGCGCTACCCCCGCCGATTGCCGCACC
G
06990 SKAR fwd CCTTCATAAACCCACCCATTGGGACAG
06991 SKAR rev GTGGTGGAGAAAGCCGCCTGAG
06992 BIM fwd TCTGAGTGTGACCGAGAAGG
06993 BIM rev TCTTGGGCGATCCATATCTC
07260 TDP-43 siRNA- ATATATGGATCCATGTCTGAATATATTCGGGTAACC
resistant fwd GAA
07261 TDP-43 siRNA- ATATATACTAGTCATTCCCCAGCCAGAAGAC
resistant rev
07412 SUMO1 Cys-N fwd AGTTCTGTTCCAGGGGCCCTGCATGTCTGACCAGG
AGGCCAAAC
07413 SUMO1 Cys-N rev TTGGCCTCCTGGTCAGACATGCAGGGCCCCTGGA
ACAGAACTTC
07414 TDP-43(LCD) Cys-C AAGAGCTCCGGTTGGGGCATGTGCCTCGAGGAGA
fwd ACCTGTACTTTCAGGG
07415 TDP-43(LCD) Cys-C TTGGCCTCCTGGTCAGACATGCAGGGCCCCTGGA
rev ACAGAACTTC
07563 TDP-43(220) fwd TCACCATCACGATATCGGATCCGTTTTCATCCCGAA
ACCTTTCC
07564 TDP-43(220) rev GGAAAGGTTTCGGGATGAAAACGGATCCGATATCG
TGATGGTGA
07582 SUMO2(A1-6) fwd CTGGAAGTTCTGTTCCAGGGGCCCAAGGAAGGAG
TTAAGACTGAGAAC
07583 SUMO2(A1-6) rev GTTCTCAGTCTTAACTCCTTCCTTGGGCCCCTGGA
ACAG
07584 SUMO2(A1-11) fwd AAGTTCTGTTCCAGGGGCCCACTGAGAACAACGAT
CACATCA
07585 SUMO2(A1-11) rev TGATGTGATCGTTGTTCTCAGTGGGCCCCTGGAAC
AG
07588 SUMO2(K42P, A46P) | CTTAGCCCCCTGATGAAGCCCTATTGTGAGCGTCA
fwd GGGTT
07589 SUMO2(K42P, A46P) | ACAATAGGGCTTCATCAGGGGGCTAAGCGGTGTAT
rev GTCGC
07590 SUMO2(t4-neutral) CAGATGCAGAATCAGAATACAATTGATGTTTTCCAA

CAGC
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07591 SUMO2(t4-neutral) CAACTGTGCGGGCGTATTTGTTTCATTGATTGGCT
rev GCC
07594 | SUMO2(t4-AH-bonds) | AAGCAGATACACCCGCAGTTTTGGAGATGGAGGAC
fwd GAAG
07595 | SUMO2(t4-AH-bonds) | AAAACTGCGGGTGTATCTGCTTCATTGATTGGCTG
rev CCCAT
07600 | SUMO2(D63R) fwd AGATTCGATTCCGGTTTCGAGGGCAGCCAATCAAT
GAAAC
07601 SUMO2(D63R) rev TCATTGATTGGCTGCCCTCGAAACCGGAATCGAAT
CTGTCT

Table 10: RNA-oligonucleotides used in this work. Sense strand (5’-3’) sequences are listed
below. All siRNAs were purchased as duplex from Sigma-Aldrich.

ID Target Sequence

25 | TDP-43 CACUACAAUUGAUAUCAAALt

27 SUMO1 CCUUCAUAUUACCCUCUCCUUtt

31 SUMO2/3 GUCAAUGAGGCAGAUCAGALt
2.5 Plasmids

Table 11: Plasmids for expression in E. coli. Plasmids constructed by someone else are marked
with an asterisk. If a restriction step occurred, plasmids were conventionally ligated. Gibson
assembly = GA, Site-directed mutagenesis = SDM.

ID Name Construction Selection
p678* | pET3a-Ub - Amp
p4905* | pJ4AM-TDP-43-TEV-MBP - Kan
p5868 | pET23a-SUMO1 PCR: p2695 + 05388/5389 Amp
Restriction: Ndel/Xhol in
p1237
p5869 | pET23a-SUMO2 PCR: p4453 + 05390/5391 Amp
Restriction: Ndel/Xhol in
p1237
p5134 | pET15-His-FKBP-3C- PCR: p5100 + 06020/6003 Amp
2xSUMO2-TDP-43(LCD)-TEV- | and p5100 + 06021/6005 >
MBP GA
p5232 | pET15-His-FKBP-L20-3C-Ub- PCR: p3969 + 05884/5894 Amp
TDP-43(LCD)-TEV-MBP and p5098 + 05882/5883
p5277 | pET15-His-FKBP-3C-TDP- SDM: p5163 + 05878/05879 Amp
43(LCD, G275C)-TEV-MBP
p5377 | pET15-His-FKBP-3C- PCR: p5376 + 06070/6071 Amp
4xSUMO2-TDP-43(LCD)-TEV- | Screened 4xSUMO2 by cPCR
MBP
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p5378 | pET15-His-FKBP-3C- PCR: p5376 + 06070/6071 Amp
6xSUMO2-TDP-43(LCD)-TEV- | Screened 6xSUMO2 by cPCR
MBP

05406 | pET15-His-FKBP-3C-SUMO2- | PCR: p4453 + 06138/6139 Amp
TDP-43(LCD)-SUMO2(A1-10)- | Restriction: Sacl/Xhol in p5100
TEV-MBP

05419 | pET15-His-FKBP-L20-3C- PCR: p4906 + 06215/6216 Amp
FUS(QGSY)-TEV-MBP and p5232 + 06217/6218 >

GA

p5472 | pET15-His-FKBP-L20-3C-Ub- PCR: p5098 + 06225/6226 Amp
FUS(QGSY)-TEV-MBP Restriction: Sacl in p5419

05473 | pET15-His-FKBP-L20-3C- PCR: p5099 + 06227/6228 Amp
SUMO1-FUS(QGSY)-TEV- Restriction: Sacl in p5419
MBP

05474 | pET15-His-FKBP-L20-3C- PCR: p5100 + 06229/6230 Amp
SUMO2-FUS(QGSY)-TEV- Restriction: Sacl in p5419
MBP

05513 | pET15-His-FKBP-L20-3C- PCR: p4906 + 06308/6309 Amp
FUS(RGG)-TEV- MBP Restriction: Spel/Xhol in p5419

p5514 | pET15-His-FKBP-L20-3C-Ub- PCR: p5098 + 06225/6226 Amp
FUS(RGG)-TEV- MBP Restriction: Sacl in p5513

05515 | pET15-His-FKBP-L20-3C- PCR: p5099 + 06227/6228 Amp
SUMO1-FUS(RGG)-TEV- MBP | Restriction: Sacl in p5513

p5516 | pET15-His-FKBP-L20-3C- PCR: p5100 + 06229/6230 Amp
SUMO2-FUS(RGG)-TEV- MBP | Restriction: Sacl in p5513

p5517 | pET15-His-FKBP-L20-3C- PCR: p3969 + 05884/5894 Amp
SUMO1-TDP-43(LCD)-TEV- and p5099 + 05882/5883 >
MBP GA

p5518 | pET15-His-FKBP-L20-3C- PCR: p3969 + 05884/5894 Amp
SUMO2-TDP-43(LCD)-TEV- and p5100 + 05882/5883 >
MBP GA

p5582 | pET15-His-FKBP-L20-3C-Htt- | PCR: p5566 + 06398/6399 Amp
Ex1-Q23-TEV- MBP Restriction: Spel/Xhol in p5472

p5635 | pET15-His-FKBP-L20-3C-Ub- | Restriction: p5582 and p5514 | Amp
Htt-Ex1-Q23-TEV- MBP with Spel

p5636 | pET15-His-FKBP-L20-3C- Restriction: p5582 and p5515 | Amp
SUMO1-Htt-Ex1-Q23-TEV- with Spel
MBP

p5637 | pET15-His-FKBP-L20-3C- Restriction: p5582 and p5516 | Amp
SUMO2-Htt-Ex1-Q23-TEV- with Spel
MBP

05723 | pET15-His-FKBP-L20-3C-Ub- | SDM: p5232 + 05878/5879 | Amp
TDP-43(LCD, G275C)-TEV-
MBP

p5724 | pET15-His-FKBP-L20-3C- SDM: p5517 + 05878/5879 | Amp

SUMO1-TDP-43(LCD,
G275C)-TEV- MBP
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05725 | pET15-His-FKBP-L20-3C- SDM: p5518 + 05878/5879 | Amp
SUMO2-TDP-43(LCD,
G275C)-TEV- MBP
p5845 | pET15-His-FKBP-3C-TDP- PCR: p5163 + 06260/6797 Amp
43(LCD)-Ub-TEV- MBP and p5232 + 06798/6799 >
GA
05846 | pET15-His-FKBP-3C-TDP- PCR: p5163 + 06260/6797 Amp
43(LCD)-SUMO1-TEV- MBP and p5517 + 06800/6801 >
GA
05847 | pET15-His-FKBP-3C-TDP- PCR: p5163 + 06260/6797 Amp
43(LCD)-SUMO2-TEV- MBP and p5518 + 06802/6803 ->
GA
p5959 | pET15-His-FKBP-L20-3C-TDP- | PCR: p5163 + 05649/6904 Amp
43(LCD)-TEV- MBP Restriction: Spe/Xhol in p5631
5982 | pET15-His-FKBP-L20-3C- PCR: p5895 + 06228/6229 | Amp
SUMO1(SUMO2(1-15))-TDP- | Restriction: Spel in p5959
43(LCD)-TEV- MBP
05985 | pET15-His-FKBP-L20-3C- PCR: p5897 + 06226/6230 Amp
SUMO2(SUMO1(1-19))-TDP- | Restriction: Spel in p5959
43(LCD)-TEV- MBP
p6072 | pET15-His-FKBP-L20-3C- PCR: p6056 + 06227/6228 Amp
SUMO1(SUMO2(29-35)-TDP- | Restriction: Spel in p5959
43(LCD)-TEV- MBP
p6073 | pET15-His-FKBP-L20-3C- PCR: p6057 + 06228/6229 Amp
SUMO1(SUMO2(1-15, 29-35))- | Restriction: Spel in p5959
TDP-43(LCD)-TEV- MBP
p6074 | pET15-His-FKBP-L20-3C- PCR: p6058 + 06229/6230 Amp
SUMO2(SUMO1(33-39))-TDP- | Restriction: Spel in p5959
43(LCD)-TEV- MBP
p6075 | pET15-His-FKBP-L20-3C- PCR: p6059 + 06226/6230 Amp
SUMO2(SUMO1(1-19, 33-39))- | Restriction: Spel in p5959
TDP-43(LCD)-TEV- MBP
p6298 | pET15-His-FKBP-L20-3C-Cys- | SDM: p5517 + 07412/7413 Amp
SUMO1-TDP-43(LCD)-TEV-
MBP
p6299 | pET15-His-FKBP-L20-3C- SDM: p5517 + 07414/7415 | Amp
SUMO1-TDP-43(LCD)-Cys-
TEV- MBP
p6399 | pET15-His-FKBP-L20-3C- PCR: p5518 + 07582/6020 or | Amp
SUMO2(A1-6)-TDP-43(LCD)- | 07583/6021 > GA
TEV-MBP
p6400 | pET15-His-FKBP-L20-3C- PCR: p5518 + 07584/6020 or | Amp
SUMO2(A1-11)-TDP-43(LCD)- | 07585/6021 > GA
TEV-MBP
p6402 | pET15-His-FKBP-L20-3C- PCR: p5518 + 07588/6020 or | Amp

SUMO2(K42P, A46P)-TDP-
43(LCD)-TEV-MBP

07589/6021 - GA
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p6403 | pET15-His-FKBP-L20-3C- PCR: p5518 + 07600/6020 or | Amp
SUMO2(D63R)-TDP-43(LCD)- | 07601/6021 > GA
TEV-MBP
p6505 | pET15-His-FKBP-L20-3C- PCR: p5518 + 07590/7591 > | Amp
SUMO2(t4-neutral)-TDP- phosphorylation
43(LCD)-TEV-MBP
p6407 | pET15-His-FKBP-L20-3C- PCR: p5518 + 07594/7595 Amp
SUMO2(AH-bonds)-TDP- > GA
43(LCD)-TEV-MBP
Table 12: Plasmids for expression in mammalian cells
ID Name Construction Selection
p5685 | pCMV-His8-TDP-43(LCD)- Restriction: p5670 with BamHI/ | Kan
EGFP Bglll, PCR: 06613/6614 > GA
p5687 | pCMV-His8-Ub-TDP-43(LCD)- | PCR: p5667 + 06615/6543 Kan
EGFP Restr: BamHI/EcoRV in p5685
p5688 | pCMV-His8-SUMO1-TDP- PCR: p5646 + 06616/6417 Kan
43(LCD)-EGFP Restr: BamHI/EcoRYV in p5685
p5689 | pCMV-His8-SUMO2-TDP- PCR: p5647 + 06617/6419 Kan
43(LCD)-EGFP Restr: BamHI/EcoRV in p5685
p5719 | pcDNAS/FRT/TO-His8-TDP- PCR: p5685 + 06673/6674 Amp
43(LCD)-EGFP Restriction: Hindlll/Notl in
p5668
p5773 | pCMV-His8-SUMO3-TDP- PCR: p2703 + 06718/6719 Kan
43(LCD)-EGFP Restr: BamHI/EcoRV in p5685
p5774 | pPCMV-His8-3xNLS-TDP- Oligo annealing: 06714/6715 Kan
43(LCD)-EGFP Restriction: p5685 with EcoRV
p5775 | pCMV-His8-3xNLS-Ub- TDP- Oligo annealing: 06714/6715 Kan
43(LCD)-EGFP Restriction: p5687 with EcoRV
p5776 | pCMV-His8-3xNLS-SUMO1- Oligo annealing: 06714/6715 Kan
TDP-43(LCD)-EGFP Restriction: p5688 with EcoRV
p5777 | pCMV-His8-3xNES-SUMO2- Oligo annealing: 06716/6717 Kan
TDP-43(LCD)-EGFP Restriction: p5689 with EcoRV
p5895 | pCMV-His8-SUMO1(SUMO2(1- | gBlock: SUMO1(S2(1-15)) Kan
15))-TDP-43(LCD)-EGFP PCR: gBlock + 06617/6417
Restr: BamHI/EcoRV in p5685
p5897 | pCMV-His8-SUMO2(SUMO1(1- | gBlock: SUMO2(S1(1-19)) Kan
19))-TDP-43(LCD)-EGFP PCR: gBlock + 06617/6419
Restr: BamHI/EcoRV in p5685
p5933 | pPCMV-His8-TDP-43(LCD)-Ub- Restriction: p5932 and p5514 | Kan
EGFP with Spel
p5934 | pPCMV-His8-TDP-43(LCD)- Restriction: p5932 and p5515 | Kan
SUMO1-EGFP with Spel
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p5935 | pCMV-His8-TDP-43(LCD)- Restriction: p5932 and p5516 | Kan
SUMO2-EGFP with Spel
p5936 | pCMV-His8-TDP-43-EGFP PCR: p4905 + 06895/6896 Kan
and p5685 + 06535/6711 >
GA
p5937 | pPCMV-His8-Ub-TDP-43-EGFP | Restriction: p5936 and p5687 | Kan
with BamHI/EcoRV
p5938 | pPCMV-His8-SUMO1-TDP-43- Restriction: p5936 and p5688 | Kan
EGFP with BamHI/EcoRV
p5639 | pPCMV-His8-SUMO2-TDP-43- Restriction: p5936 and p5689 | Kan
EGFP with BamHI/EcoRV
p5940 | pPCMV-His8-TDP-43-Ub-EGFP Restriction: p5936 and p5514 | Kan
with Spel
p5941 | pPCMV-His8-TDP-43-SUMO1- Restriction: p5936 and p5515 | Kan
EGFP with Spel
p5942 | pPCMV-His8-TDP-43-SUMO2- Restriction: p5936 and p5516 | Kan
EGFP with Spel
p5988 | pCMV-His8-TDP-43(LCD, SDM: p5685 + 06926/6927 Kan
G335A, G338A)-EGFP
p5989 | pCMV-His8-SUMO1-TDP- SDM: p5688 + 06926/6927 Kan
43(LCD, G335A, G338A)-EGFP
p5990 | pPCMV-His8-TDP-43(LCD, SDM: p5685 + 06928/6929 Kan
A326P)-EGFP
p5991 | pPCMV-His8-SUMO2-TDP- SDM: p5689 + 06928/6929 Kan
43(LCD, A326P)-EGFP
p5992 | pPCMV-His8-TDP-43(LCD, SDM: p5685 + 06930/6931, Kan
A2W)-EGFP then + 06932/6933
p5993 | pCMV-His8-SUMO2-TDP- SDM: p5689 + 06930/6931, Kan
43(LCD, A2W)-EGFP then + 06932/6933
p6019 | pCMV-His8-Ub-TDP-43(LCD, SDM: p5687 + 06926/6927 Kan
G335A, G338A)-EGFP
p6020 | pCMV-His8-Ub-TDP-43(LCD, SDM: p5687 + 06928/6929 Kan
A326P)-EGFP
p6021 | pCMV-His8-Ub-TDP-43(LCD, SDM: p5687 + 06930/6931, Kan
A2W)-EGFP then + 06932/6933
p6022 | pPCMV-His8-SUMO2-TDP- SDM: p5689 + 06926/6927 Kan
43(LCD G335A, G338A)-EGFP
p6056 | pCMV-His8- gBlock: SUMO1(S2(29-35)) Kan
SUMO1(SUMO2(29-35))-TDP- | PCR: gBlock + 06616/6417
43(LCD)-EGFP Restr: BamHI/EcoRV in p5685
p6057 | pCMV-His8-SUMO1(SUMO2(1- | gBlock: SUMO1(S2(1-15, 29- | Kan
15, 29-35))-TDP-43(LCD)- 35)), PCR: gBlock +
EGFP 06617/6417
Restr: BamHI/EcoRV in p5685
p6058 | pCMV-His8- gBlock: SUMO2(S2(33-39)) Kan

SUMO2(SUMO1(33-39))-TDP-
43(LCD)-EGFP

PCR: gBlock + 06617/6419
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Restr: BamHI/EcoRV in p5685
p6059 | pPCMV-His8-SUMO2(SUMO1(1- | gBlock: SUMO2(S2(1-19, 33- | Kan
19, 33-39))-TDP-43(LCD)- 39)), PCR: gBlock +
EGFP 06617/6417
Restr: BamHI/EcoRV in p5685
p6097 | pcDNA5/FRT/TO-His8-TDP-43- | PCR: p5936 + 06673/6674 Amp
EGFP Restriction: Hindlll/Notl in
p5719
p6148 | pcDNA5/FRT/TO-mCherry- Restriction: p4636 with Hindlll/ | Amp
G3BP1 blunting/Notl, p6023 with
Nhel/blunting/Notl
p6157 | pCMV-His8-TDP-43(ANLS)- PCR: p6156 + 07260/7261 Kan
EGFP Restr: BamH|/Spel in p5936
p6158 | pCMV-His8-Ub-TDP-43(ANLS)- | PCR: p6156 + 07260/7261 Kan
EGFP Restr: BamHI/Spel in p5937
p6159 | pCMV-His8-SUMO1-TDP- PCR: p6156 + 07260/7261 Kan
43(ANLS)-EGFP Restr: BamHI/Spel in p5938
p6160 | pCMV-His8-SUMO2-TDP- PCR: p6156 + 07260/7261 Kan
43(ANLS)-EGFP Restr: BamHI/Spel in p5939
p6295 | pCMV-His8-TDP-43(G335A, SDM: p5936 + 06926/6927 Kan
G338A)-EGFP
p6296 | pCMV-His8-TDP-43(A326P)- SDM: p5936 + 06928/6929 Kan
EGFP
p6311 | pCMV-His-TDP-43(6M)-EGFP | gBlock: TDP-43(6M) Kan
PCR: gBlock + 06895/6896
Restr: BamHI/Spel in p5936
p6312 | pCMV-His8-TDP-43(W334G, SDM: p5936 + 06930/6931, Kan
W385G)-EGFP then + 06932/6933
p6371 | pcDNA5/FRT/TO-His8-TDP25- | PCR: p6097 with 07563/7564 | Amp
EGFP Restriction: BamHI

2.6 Methods for E. coli

2.6.1

For plasmid isolation, E. coli strains were grown in Luria Broth (LB) medium. BL21-derived

Cultivation

strains for protein purification were grown in Terrific Broth (TB) medium. M9 minimal
medium supplemented with "®N ammonium chloride was used for heavy isotope labeling.
Appropriate antibiotics were added depending on the used plasmid. In general, E. coli was
cultivated at 37 °C and 200 rpm.
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2.6.2 Transformation

Chemically competent E. coli strains were thawed on ice. 100-200 ng plasmid DNA was
added, and cells were incubated for 15 min on ice. Transformation was carried out at 42
°C for 1 min followed by a brief incubation on ice. In case of Ampicillin resistance, cells
were immediately plated on LB-Amp agar plates. For Kanamycin resistance, cells were

grown at 37 °C for 1 h before plating them on LB-Kan agar plates.

2.6.3 Isolation of plasmid DNA

For preparation of small amounts of DNA, one single colony was picked to inoculate 3 ml
LB medium and grown overnight as described above. Cells were harvested the next day
and plasmid DNA was isolated using GeneJET Plasmid Miniprep Kit. For preparation of
large amounts of DNA, one single colony was picked to inoculate 3 ml LB medium and

grown throughout the day. In the evening, the culture was diluted

2.6.4 Large-scale expression for protein purification

A few colonies were picked to inoculate 25-50 ml LB or TB medium and grown overnight
as described above. The pre-culture was diluted to a final OD600 of 0.1 in 1 | TB medium,
which was then grown to an OD600 of 0.6-0.8. Expression was induced with IPTG, while

the exact conditions are listed in Table 13.

2.7 Methods for mammalian cells

2.71 Thawing and freezing

Frozen cells were usually stored at -150 °C and thawed by briefly incubating them in a
water bath at 37 °C. The cell suspension was then transferred onto a 10 cm cell culture
dish containing Dulbecco’s Modified Eagle Medium (DMEM) (Gibco). Cells were at least

grown for two days before splitting or seeding them for subsequent experiments.

For freezing, cells were washed with Dulbecco’s Phosphate-buffered Saline (DPBS)
(Gibco) and detached by using Trypsin-EDTA-phenol red (Gibco) as described in section
2.7.2. Cells were collected and Trypsin was neutralized. After centrifugation for 3 min at
300 x g, cells were resuspended in DMEM + 10% DMSO. Approximately 1x106 cells were
distributed per cryovial, added into a cell freezing container and stored at -20 °C. After two

days, cells were transferred to a -150 °C for long-term storage.

41



Material and Methods

2.7.2 Cultivation

Cells were grown in DMEM using an incubator providing constant conditions of 37 °C, 5%
CO2 and 85% relative humidity. Upon reaching 90-100% confluency, cells were washed
with DPBS and Trypsin was added. Cells were incubated for 7 min at 37 °C and
trypsinization was quenched by the addition of a 5-fold volume DMEM. The cell

suspension was then redistributed to cell cultures dishes containing fresh medium.

2.7.3 Cell counting

After trypsinization, resuspended cells were mixed 1:1 with an Erythrosin-B cell staining
solution and 10 pl were transferred into a cell counting slide. Cell number was determined
using a TC20 Automated Cell Counter (BioRad).

2.7.4 Harvesting
To generate cell lysate for protein level analysis, cells were washed with DPBS and
collected in 0.5-1 ml cold DPBS into a 1.5 ml reaction tube. After centrifugation for 3 min

at 300 x g, all liquid was removed and cells were stored at -80 °C for further processing.

2.7.5 Preparation of cell lysate

Cell pellets were thawed on ice and resuspended with an appropriate amount of RIPA
buffer supplemented with 1x protease inhibitor cocktail (Roche) and SM nuclease (125
cU/ml). After incubation for 15 min, protein concentration was determined by BCA assay
(Thermo Fisher Scientific) and samples were normalized. Further processing was carried

out as described in 2.9.2.

2.7.6 Preparation of cells for microscopy

Cells were seeded on 96-well PhenoPlate (Revvity) to reach a confluency of approximately
70% on the day of imaging. For imaging of living cells, DRAQ5 (Invitrogen) was added to
a final concentration of 5 uM for staining of nucleus and cytoplasm. After an incubation of

15 min, cells were ready for imaging.
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2.7.7 Transient transfection of DNA

Transient overexpression of plasmid DNA was executed by using FUGENE HD (Promega)
according to manufacturer’s protocol. Cells were seeded to achieve an approximate
confluence of 80% on the day of transfection. For transfection of a 10 cm dish, 3 ug of
plasmid DNA were diluted in 500 pl of OptiMEM (Gibco), which was warmed up to RT
before. 9 yl of FUGENE HD reagent were added and the reaction was incubated for 10
min at RT. The transfection mix was subsequently added to cells, which were at least
grown for 24 h before further processing. Reactions were appropriately scaled down for

transfecting smaller cell culture plates.

2.7.8 Transient transfection of siRNA

siRNA-based knockdowns was carried out using RNAIMAX (Thermo Fisher Scientific)
according to manufacturer’s instructions. Cells were seeded similarly as for transient
overexpression of plasmid DNA. For transfection of a 6-well cell culture plate, siRNA was
diluted in 500 pl OptiMEM to achieve a final concentration of 20 nM in 2.5 ml medium. 6
pl of RNAIMAX reagent was added and the reaction mix was incubated for 15 min at RT.
In the meantime, cells were washed with DPBS and 2 ml OptiMEM was added. After
addition of the transfection mix, cells were grown for 4-6 h, before medium cells were
washed again and medium was replaced with DMEM. Cells were further processed

earliest after 48 h.

2.7.9 Generation of stable cell lines

Stable cell lines were generated using the Flp-In T-REx system. Transfection mixes were
equally prepared as described in section 2.7.7, while using 2.7 ug Flp-recombinase
plasmid and 0.3 ug pcDNA5/FRT/TO plasmid. Medium was changed after 24 h and
appropriate antibiotics were added after 48 h. Cells were exposed to selection medium
until visible bulk cell death occurred. The remaining colonies were considered as positively
integrated and allowed to recover until reaching confluence again. Gene expression was
induced by the addition of Doxycycline to a final concentration of 2 ng/ml and cells were

grown for at least 24 h before further processing.
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2.8 Methods for manipulation and analysis of DNA

2.8.1 Determination of DNA concentration
Concentration of plasmids, DNA or RNA fragments was determined using a DeNovix DS-

11 spectrophotometer.

2.8.2 Agarose gel electrophoresis

1% agarose (w/v) was dissolved in TBE and boiled. SYBR Safe DNA stain was added to
a final concentration of 1:1000. DNA was mixed with 6x DNA loading dye and loaded onto
the solidified gel. 1 kb or 100 bp DNA ladder were used for size determination. Gels were
run at 100 V until appropriate separation of DNA fragments of interest occurred. A Fusion
FX system (Vilber Lourmat) was used to visualize DNA. In the case of preparative agarose
gel electrophoresis, DNA fragments of interest were cut out using a scalpel and DNA was

extracted using a GeneJET Gel Extraction Kit.

2.8.3 DNA sequencing

For Sanger sequencing, 300-700 ng DNA was dissolved in 6 pl H204. DNA
Oligonucleotides were chosen to bind upstream of the DNA region of interest and added
to a final amount of 10 pM. Sanger sequencing was carried out by StarSEQ GmbH. For
whole plasmid sequencing, DNA was dissolved to a final concentration of 30 ng/ul in a
total volume of 20 pl H2O44. Whole plasmid sequencing was performed by Eurofins

Genomics GmbH.

2.8.4 PCR

HF polymerase (CF15) was used to amplify DNA by polymerase chain reaction (PCR)
according to manufacturer’s instructions. DNA oligonucleotides were designed to flank
DNA regions of interest and generate overhangs with restriction sites, if necessary. Either
the reaction was loaded on an agarose gel or DNA was directly purified using GeneJET
PCR Purification Kit for further processing. Colony PCR was performed by using Taq
polymerase (CF15) according to manufacturer’s instructions. PCR products were

analyzed by agarose gel electrophoresis.
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2.8.5 Site-directed mutagenesis

Point mutations in plasmid DNA were inserted by generating DNA oligonucleotides
containing the mutation of interest. HF polymerase (CF15) was used similarly as described
above with the following modifications to allow annealing in the regions to be mutated: 10
cycles were run with an annealing temperature of 42 °C, followed by 20 cycles with an
annealing temperature corresponding to the melting temperature of the whole
oligonucleotide. Template DNA was digested in the PCR reaction tube by adding 1 ul Dpnl
(CF15) according to manufacturer’s instructions. DNA was purified using GeneJET PCR

Purification Kit and transformed into E. coli Top10.

2.8.6 Restriction cloning

1-5 pg Plasmid DNA or purified PCR products were digested with commonly used DNA
restriction enzymes according to manufacturer’s instructions. Reactions were loaded on
agarose gels and DNA fragments of interest were prepared as described above. If
necessary, fragments were blunted using NEB Quick Blunting Kit according to
manufcaturer’s protocol. Ligation of fragments was performed by using TaKaRa DNA
Ligation Kit. Usually, insert and backbone were mixed in a molar ratio of 3:1 at a total DNA
amount of 100-150 ng and mixed 1:1 with the kit solution. After incubation at 16 °C for 1

h, the whole ligation mix was transformed into competent E. coli Top10.

2.8.7 Gibson assembly

Scar-free ligation of DNA fragments was carried out by using a homemade Gibson
assembly mix (CF15). Fragments were generated by PCR using oligonucleotides
generating overhangs homologous to adjacent fragments. 100 ng of total DNA was mixed
in 10 pl H2044 with molar ratios of 1:1 between the fragments. 10 ul of Gibson assembly
mix were added. The reaction was incubated at 50 °C for 1 h and subsequently

transformed into competent E. coli Top10.

2.8.8 cDNA synthesis

Complementary DNA was synthesized from RNA using a homemade reverse transcription
protocol containing M-MLV RT. 1 ug RNA was mixed with 1 pl random hexamer
oligonucleotides (100 pM stock) and 1 ml dNTPs (10 mM stock) in a final volume of 12 pl
H2Oq4. The reaction was incubated at 65 °C for 5 min and briefly chilled on ice. 4 ul of 5x
first strand buffer and 2 ul DTT (1 M stock) were added and the reaction was incubated for
2 min at 25 °C. After adding 1 pl of RT, the reaction was incubated for 10 min at 25 °C, 50
min at 42 °C and 15 min at 70 °C.
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2.9 Methods for detection and analysis of proteins

2.9.1 Determination of protein concentration
Protein concentrations were determined by using a DeNovix DS-11 spectrophotometer,
considering specific values for molecular weight and extinction coefficients of the

corresponding protein.

2.9.2 SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was used to separate a protein
mixture by size differences. Protein samples were mixed with 4x NUPAGE LDS sample
buffer and incubated at 95 °C for 5 min. Crude E. coli cell lysate was boiled for 30 min.
Samples were loaded on mMPAGE® 4-12% Bis-Tris precast gels. A homemade protein
ladder (CF15) was used for size determination. Gels were run in MOPS or MES buffer at
180 V for 40 min.

2.9.3 Coomassie-staining
For visualization of total protein, gels were incubated in Simple Stain solution (CF6) for 1
h or overnight at room temperature. Staining solution was discarded and gels were washed

with water until removal of background signal.

2.9.4 Detection of fluorescently labeled proteins
For detection of fluorescently-labeled proteins, gels were scanned using a Typhoon

FLA9500 scanner, using appropriate filter cassettes corresponding to the used dye.

2.9.5 Western blotting

For probing the presence of a specific protein, semi-dry western blotting using a Trans-
Blot Turbo Transfer System (Bio-Rad) was performed. Filter paper and nitrocellulose
membrane were soaked in the supplemented buffer and the transferring stack was
assembled in a cassette as followed: anode (bottom) — filter paper — nitrocellulose
membrane — filter paper — cathode (top). Proteins were transferred on the membrane by
applying 20 V to the cassette for 12 min. The membrane was covered with PBS-T with 5%
(w/v) milk and incubated at slight agitation for 30 min at room temperature. Primary

antibodies were diluted in PBS-T and incubated with the membrane for either 1 h at room
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temperature or overnight at 4 °C. The membrane was washed three times for 5 min with
PBS-T and subsequently incubated with secondary antibodies. A Fusion FX system (Vilber
Lourmat) was used to detect HRP-tagged secondary antibodies. Secondary antibodies
conjugated to a fluorescent dye were detected using an Odyssey fluorescence scanner
(LI-COR).

2.10 Protein purification

2.10.1 Lysis

E. coli pellets were resuspended in 30 ml lysis buffer per 5 mg bacterial cell pellet.
Composition of lysis buffers were selected depending on protein characteristics and
purification procedures. Usually, lysis buffer was supplemented with Protease Inhibitor
Cocktail (Roche), 5 mM MgClI2, 1:1000 Benzonase (CF15) and 1 mM DTT prior to lysis.
Cells were either lysed by sonication or by passing the suspension twice through a high-
pressure cell homogenizer (Constant Systems) at 1.9 kb. The lysate was centrifuged at

50,000 x g and 4 °C for 30 min. The supernatant was stored on ice for further processing.

2.10.2 IMAC

Immobilized metal affinity chromatography (IMAC) was used to purify proteins harboring a
polyhistidine-tag. For batch purifications, NINTA agarose beads were equilibrated with
IMAC A buffer. The cleared supernatant was added to the beads and incubated for 1 h at
4 °C at slight agitation. Beads were washed thrice with IMAC A and either kept for
proceeding with on-column cleavage or elution. Elution was carried out by incubating
beads with 5 ml IMAC B per 1 ml of bead slurry at 4 °C and slight agitation for 5 min.
Elution was analyzed by SDS PAGE and Coomassie-staining. For liquid chromatography
assisted purification, an NGC system (Bio-Rad) was used. Sample pump and system
pump A were flushed in IMAC A and system pump B was flushed in IMAC B. 5 ml HisTrap
HP columns (Cytiva) were equilibrated in IMAC A. Cleared and filtered protein lysate was
applied via the sample pump. The column was washed with IMAC A until the UV baseline
was reached. Protein was eluted by applying a linear gradient of IMAC B over 10 column
volumes. Fraction with a size of 1-2 ml were collected and analyzed by SDS PAGE and

Coomassie-staining.
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2.10.3 On-column cleavage

Washed beads were resuspended in 20 ml IMAC A per 5 ml bead slurry, supplemented
with 1 mM DTT and 1 mg His-3C protease (CF15). The reaction was incubated 1 h at room
temperature. A polypropylene column was used to separate supernatant from bead slurry.

Cleavage efficiency was analyzed by SDS PAGE and Coomassie-staining.

2.10.4 lon exchange chromatography

Cation or anion exchange were chosen depending on the isoelectric point of the protein of
interest. Briefly, lysis was performed in salt-free buffer as described above and the cleared
lysate was loaded on an NGC system (Bio-Rad). 5 ml HiTrapSP and HiTrapQ HP columns
were used for cation or anion exchange chromatography, respectively. The column was
washed until the UV baseline was reached. Protein was eluted by applying a linear
gradient of high salt buffer (anion/cation exchange buffer B) over 10-20 column volumes.
Fraction with a size of 1-2 ml were collected and analyzed by SDS PAGE and Coomassie-

staining.

2.10.5 Size exclusion chromatography

Size exclusion chromatography (SEC) was used for polishing, buffer exchange or removal
of excess dye. The sample was concentrated to < 5 ml using concentrators (NeolLab or
Amicon) with molecular weight cutoffs according to the size of the protein of interest.
Superdex75 or 200 columns (Cytiva) with bed volumes of either 10x300 mm or 16x600
mm were equilibrated in a suitable protein storage buffer on an NGC system (Bio-Rad) or
Akta Go system (Cytiva). The sample was injected on the column using a 5 ml loop and
eluted using one column volume of storage buffer. Fraction with a size of 0.3-2 ml were
collected and analyzed by SDS PAGE and Coomassie-staining. Purified protein was

concentrated, flash-frozen in liquid nitrogen and stored at -70°C.

2.10.6 Protein labeling

Fluorescent dyes conjugated with maleimide were used for labeling of proteins with single
cysteines. The reaction was prepared in DTT-free buffer at a protein concentration of 100
MM with a 2-fold excess of dye. Labeling was carried out for 2 h at room temperature and
slight agitation. After quenching the reaction by adding 2 mM DTT excess dye was

removed by using SEC. Labeling efficiency was determined as described in section 2.9.4.
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Table 13: Purification scheme for proteins used in this work. Purification support for several
TDP-43(LCD) variants was generously given by IMB’s core facility for protein production.

Protein Plasmid Expression Purification Source
Ubiquitin p678 Rosetta™ 1. Lysisat pH 4.5 This work
2(DE3)pLysS | 2. Heat-shock: 65 °C
1 mM IPTG, 3. HiTrap SP HP 5 ml
16°C, o/n 4. Superdex75 16/600
SUMO1 p5868 Rosetta™ 1. LysisatpH 7.4 This work
SUMO2 p5869 2(DE3)pLysS | 2. HiTrap Q HP 5 m
1 mM IPTG 3. Superdex75 16/600
37°C,4h
TDP-43 p4905 Codon+ 1. HisTrap 5 ml This work
1mM IPTG 2. Superdex200
16 °C, o/n 16/600
TDP-43(LCD) | All remaining | Codon+ 1. IMAC: batch This work
variants plasmids from | 1 mM IPTG 2. On-column + CF15
Table 11 16 °C, o/n cleavage
3. Superdex200
16/600
Labeled TDP- | p5277 Codon+ 1. IMAC: batch This work
43(LCD) p5723 1 mM IPTG 2. On-column
variants p5724 16 °C, o/n cleavage
p5725 3. Superdex200
p6298 16/600
p6299 4. Maleimide-labeling
5. Superdex200
16/600
FUS(QGSY) | p5419 Codon+ 1. IMAC: batch This work
variants p5472 1mM IPTG 2. On-column
p5473 16 °C, o/n cleavage
p5474 3. Superdex200
16/600
FUS(RGG) p5513 Codon+ 1. IMAC: batch This work
variants p5514 1mM IPTG 2. On-column
p5515 16 °C, o/n cleavage
p5516 3. Superdex200
16/600
Ht-Ex1(Q23) | p5582 Codon+ 1. IMAC: batch This work
variants p5635 1mM IPTG 2. On-column
p5636 16 °C, o/n cleavage
p5637 3. Superdex200
16/600
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2.11 Phase separation assays

2.11.1 Turbidity assay

Measuring turbidity can provide information on how proteins phase separation occurs in
situ. IDRs of interest were diluted to 10-50 uM in an appropriate phase separation buffer
to reach a final volume of 20 ul. Reaction mixes were transferred into black polystyrene
clear bottom 384-well microplates (Corning). Phase separation was induced by the
addition of 0.1 mg/ml TEV-protease for 50 uM IDR. For lower IDR concentrations, TEV
amounts were appropriately scaled. Control reactions in the absence of TEV-protease
were also performed. Plates were sealed with PCR foil to avoid evaporation. Turbidity was
assessed by measuring ODsgs using a Spark M20 microplate reader (Tecan) at 25 °C for

1-3 h. Z-position was determined directly from a reference well.

2.11.2 Droplet formation assay

IDRs of interest were diluted to 10-50 yM in an appropriate phase separation buffer to
reach a final volume of 50 ul. The reaction mix was transferred into 18-well y-Slide with
glass bottom (Ibidi) and phase separation was induced by adding TEV-protease. Droplets
were imaged using an AF7000 widefield microscope (Leica) using differential interference
contrast microscopy (DIC) for unlabeled protein. Fluorescently labeled proteins were
imaged using appropriate filter cubes for the corresponding fluorophore. All images were
recorded at RT.

2.11.3 FRAP

Fluorescence recovery after photobleaching was performed using a Stellaris 8 FALCON
laser scanning confocal microscope (Leica) with the integrated FRAP module. Samples
were similarly prepared as described in the previous section 2.11.2. A 63x oil immersion
objective was used. Images were recorded at resolution of 256x256 pixels at a scanning
rate of 600 Hz and pinhole size of 1 AU. A white light laser set to 480 nm at 0.4% power
was used for imaging and a 488 nm laser at 10% power was used for photobleaching.
Bleaching regions were selected to cover approximately 50% of a droplet. Images were
recorded every 0.5 s, with three images pre-bleaching, ten images bleaching and 240
images post-bleaching. Additional ROIs were selected after imaging to cover the whole
droplet region and the background. Raw data were analyzed using EasyFRAP (Koulouras
et al. 2018) and visualized with GraphPad Prism 8.
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2.11.4 FRET-AB

Eorster resonance energy transfer acceptor bleaching (FRET-AB) was performed using a
Stellaris 8 FALCON laser scanning confocal microscope (Leica) with the integrated FRET-
AB module. AzDye488- and ATTO594-labeled proteins were mixed in varying ratios to a
final concentration of 50 uM in storage buffer 2. Phase-separation was induced by the
addition of 0.1 mg/ml TEV-protease. A 63x oil immersion objective was used. Images were
recorded at resolution of 128x128 pixels at a scanning rate of 400 Hz and pinhole size of
1 AU. Both dyes were imaged using a white light laser set to 480 nm or 590 nm at 0.2%
power. Acceptor bleaching was executed using a white light laser set to 590 nm at 100%
power for 3 frames. Bleaching regions were selected to cover approximately 50% of a
droplet. Raw fluorescence intensity values of ROIs (Donor pre, donor post, acceptor pre,
acceptor post) were directly converted into FRET efficiency using the built-in evaluation

tool.

2.11.5 Droplets in cells

Droplets were imaged after preparing transfected cells as described in section 2.7.6 using
an Opera Phenix High-Content Screening System (Perkin Elmer). A 40x water objective
with autofocus in confocal mode was used. EGFP signal was imaged with 100% laser
power for 40, mCherry signal with 100% laser power for 500 ms and DRAQ5 with 100%
laser power for 100 ms. For each well, 30 positions were imaged with 5-7 planes at 0.7
pm spacing. Droplets were quantified with an automated pipeline using the built-in
evaluation software. Cell regions (membrane, nuclei, cytoplasm) were detected using
DRAQS5 signal. EGFP intensity was calculated, and positively transfected cells were
selected if the median intensity value was above 150. Spots were separately detected in
nuclei and cytoplasm. The number of cells harboring more than 5 droplets were divided by

the total number of transfected cells as a measure of phase separation.

2.12 Determination of protein-protein and protein-peptide interactions

2.12.1 Denaturing Ni-NTA pulldown

Cell pellets from 10 cm cell culture dishes were thawed on ice and resuspended in 1 ml
Gua-HCI-buffer (denaturing pulldown buffer A) supplemented with 15 mM Imidazole. Lysis
was carried out by sonication with 10 pulses, 40% duty cycle and output 1. 70 yl NiNTA

agarose beads (Qiagen) per sample were washed with Gua-HCI-buffer and mixed with the
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lysate. After 1 h incubation at RT at gentle rotation, beads were washed 3x with 1 ml Gua-
HCI-buffer, followed by 3x 1 ml Urea-buffer (denaturing pulldown buffer B). Protein was
eluted by boiling the beads for 5 min at 95 °C in 100 pl 1x LDS supplemented with 20 mM
DTT and 200 mM Imidazole. Samples were briefly centrifuged, and the supernatant was

separated from beads for further analysis by western blotting.

2.12.2 Fluorescence polarization

Fluorescence polarization (FP) was used to quantify protein-peptide interactions. FITC-
labeled peptides were pre-ordered (ProteoGenix) and resuspended in storage buffer 2.
Interaction partners were prepared in serial dilutions covering a range between 400 uM
and 2 uM in a volume of 19 ul. Peptides were added to reach a final concentration of 5
nM. FP was measured using a Spark M20 microplate reader (Tecan) at 25 °C. Excitation
wavelength was set to 485 nM and emission wavelength was set to 520 nm. Gain was set

to 100 and Z-position was determined from a reference well.

2.13 Spectroscopic methods

2.13.1 CD spectroscopy

Circular dichroism (CD) spectra were recorded using a J-1500 CD spectrophotometer
(Jasco). Samples were prepared in 10 mM Na-phosphate buffer pH 7 in the absence of
salt and at final protein concentrations below 0.1 mg/ml. CD was recorded over a
wavelength from 260-190 nm at 25 °C. Voltage threshold was set to 600 V. Data were

analyzed with the integrated software and further processed using GraphPad Prism 8.

2.13.2 ThT fluorescence

Thioflavin-T (ThT) fluorescence was measured to determine protein aggregation. Samples
were prepared similarly as described in section 2.11.1, but in the presence of 20 yM ThT.
After the addition of TEV protease, ThT fluorescence was measured using a Spark M20
microplate reader (Tecan) with a monochromator. Excitation wavelength was set to 440
nm and emission wavelength was measured between 465-600 nm from the bottom of the
plate with 30 flashes per reading. Bottom Z-position is fixed at 30000 ym and gain was set
to 50 manually. ThT fluorescence was measured daily for 20 days. Raw data were

processed using GraphPad Prism 8.
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2.14 Mass spectrometry

2.14.1 HDX-MS

Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS) was used for the detection
of structural changes upon SUMO1 fusion to TDP-43(LCD) in comparison to SUMO1
mixed with TDP-43(LCD). HDX-MS is based on the exchange of protons at backbone
amides. The exposure to deuterium serves as a label for the identification of
conformational changes upon a certain event, because the uptake depends on the
accessibility of the respective amide. The conformation could for instance be altered by
the binding of a ligand, the introduction of a mutation, or the conjugation to another protein.
Quantification of deuterated regions is enabled by HPLC-coupled mass spectrometry,
where deuterium-exposed peptides can be subsequently compared to non-deuterated
control peptides derived from a protein that does not harbor the respective conformational

change (James et al. 2022).

This experiment was performed and analyzed by Joshua Vollrath in Julian Langer’s lab at
the Max Planck Institute of Biophysics using an automated HDX-2 system (Waters). In
brief, deuterium uptake was compared between two conditions harboring either 15 uM of
SUMO1-TDP-43(LCD) or 15 yM SUMO1 mixed with 15 uM TDP-43(LCD). Each condition
was exposed to deuterated and non-deuterated storage buffer 2 for multiple time points
(0, 30, 120, 600 and 2100 s). DO uptake was quenched by the addition of equal volumes
of ice cold 150 mM potassium phosphate pH 2.2 for 30 s. Samples were injected into a
chromatography system and digested using a nepenthesi-2/pepsin column. Afterwards,
peptides were separated using a C18 reversed-phase column by elution with a linear
acetonitrile gradient. All chromatography steps were carried out at 0 °C to minimize
deuterium back exchange. Peptides were analyzed using a Synapt G2-Si mass
spectrometer (Waters) based on retention time, mass-to-charge ratio and precursor ion

mobility.

Peptides were assigned using the ProteinLynx Global Server 3.0.3 (Waters) and relative
D,0O uptake was calculated using HDExaminer (Sierra Analytics) comparing deuterated
and non-deuterated peptides. Relative DO uptake was visualized on AlphaFold2-
predicted structures of TDP-43 (AF-Q13148) and SUMO1 (AF-P63165).
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2.14.2 Crosslinking-MS

Crosslinking mass spectrometry (Crosslinking-MS) was used for the identification of
SUMO2-TDP-43(LCD) interaction sites. This experiment was performed in collaboration
with Jiaxuan Chen at the core facility for proteomics at the IMB Mainz. The experimental
layout is based on the usage of Sulfo-SDA (Thermo Fisher Scientific) with a 3.9 A spacer
arm for capturing close interactions and heavy-isotope labeling to distinguish between
intra- and intermolecular interactions. SUMO2-TDP-43(LCD) was mixed with "*N-SUMO2-
TDP-43(LCD) at equimolar ratio to reach a final protein concentration of 50 uM in storage
buffer 2. Sulfo-SDA was prepared in serial dilutions to cover molar crosslinker:protein
ratios between 50:1 and 1:1 in storage buffer 2, as well. Protein and crosslinker solutions
were mixed and incubated at RT for 1 h to allow reaction of the NHS-warhead. Without
further quenching, 0.1 mg/ml TEV-protease was added and the reaction was further
incubated for 1 h. The Diazirine-warhead was activated by exposing the reaction mixes to
5000 mJ/cm? UV-A. The samples were subsequently mixed with 4xLDS and loaded onto
SDS-PAGE. After Coomassie- staining, bands of interest were cut out and submitted to

the core facility for proteomics.

In brief, gel pieces were destained in 25 mM ammonium bicarbonate and 50% ethanol
(v/v) followed by protein reduction in 10 mM DTT at 56 °C and alkylation in 50 mM
iodoacetamide at RT in the dark. Proteins were digested by trypsin in 50 mM ammonium
bicarbonate at 37 °C o/n. Peptides were extracted using acetonitrile and acidified by the
addition of formic acid. An EASY-nLC 1200 UHPLC system (Thermo Fisher Scientific)
equipped with a C18 reversed-phase column was used to separate peptides by an
acetonitrile gradient. Peptides were analyzed by an Orbitrap Exploris 480 mass
spectrometer based on mass-to-charge ratios and precursor ion mobility. Raw data were
processed using ProteWizard (Chambers et al. 2012) and peak lists were searched using
the SIM-XL software (Lima et al. 2018). Intra- and intermolecular crosslinks were
visualized using xiNET (Combe et al. 2015).

2.15 Computational methods

2.15.1 Disorder prediction
For prediction of protein disorder and secondary structural elements, IUPred2A was used
(Mészaros et al. 2018). Protein sequences of IDRs were submitted to the IUPred2A server.

Disorder score values were extracted from the raw data and plotted with GraphPad Prism.
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2.15.2 Structure prediction and analysis

AlphaFold2 and AlphaFold3 were used for predictions of protein structures (Abramson et
al. 2024). Protein sequences were submitted to the AlphaFold server with an automatically
selected number of seeds per prediction. CIF files were converted into PDB files for further
analysis. PDB files were loaded into PyMOL 3, and protein structures were manually
adjusted and colorized. The integrated measurement wizard was used for calculating

molecular distances.
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3 Results

3.1 Effects of ubiquitin and SUMO on IDRs

Several neurodegenerative disease-associated proteins harboring internally disordered
regions (IDR) are reported to be modified with ubiquitin, SUMO1 or SUMO2, while their
physiological and pathological functions often remain unclear (chapter 1.2.7). Ubiquitin

and SUMO have been shown to regulate phase separation by their classical effect, while

the intrinsic effect through PTM-conjugation on the modified protein is only poorly studied
(chapter 1.2.5). In this chapter, | wanted to establish a platform for generating
ubiquitylated and SUMOylated IDRs of different properties. Comparing their phase
separation behavior with unmodified IDRs mixed with ubiquitin in SUMO allows me to draw

conclusions of this intrinsic effect and highlight differences between the modifiers.

3.1.1 Selection of suitable IDRs

The amino acid composition of IDRs defines which molecular interactions contribute to
self-assembly and thus defines the mechanisms of self-assembly (chapter 1.2.2). It can
be assumed that ubiquitin and SUMO are highly sensitive to particular sequence elements
(chapter 1.1.1), so | wanted to cover a set of IDRs with different characteristics that has a
high relevance in the context of neurodegenerative diseases. Hence, | used IDRs from
hallmark proteins of ALS, FTD and HD (chapter 1.2.7): TDP-43(LCD), Htt-Ex1(Q23),
FUS(QGSY) and FUS(RGG). Disorder scores were calculated using IUPred2A and

potential structural elements were predicted using AlphaFold2 (Figure 9 A and B).

The LCD of TDP-43 is G-rich and forms a transient a-helix from residue 321 to 340, which
is considered as the main self-assembly side (Conicella et al. 2016). It is largely polar and
contains several aromatic amino acid residues that further contribute to self-assembly.
Both disorder prediction and AlphaFold2 suggest that TDP-43(LCD) is largely

unstructured, showing a helical region in agreement with literature (Conicella et al. 2020).

Htt-Ex1 harbors a poly-Q stretch that is abnormally extended in Huntington’s disease
patients (Yang and Yang 2020). IUPred2A predicts disorder throughout the whole IDR,
while AlphaFold2 shows an a-helix from residue 1-40 that is subsequently broken by a P-
stretch, which has recently been confirmed by NMR (Elena-Real et al. 2023). The overall
complexity of this IDR is fairly low, with glutamine and proline making up more than 60%

of all amino acids. | used a stretch length of 23 glutamines, which is below the critical
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aggregation threshold for the development of HD but has been shown to undergo LLPS
(Scherzinger et al. 1999; Peskett et al. 2018).

FUS harbors IDRs of different characteristics, so | made use of the N-terminal QGSY-
domain and one of the three RGG-domains FUS(QGSY) harbors typical features of a
prion-like domain being enriched in polar amino acids. Similar to Htt-Ex1, the high number
of 37 glutamines makes this domain in particular sensitive to the formation of amyloid
fibrils. 15% of the amino acids are tyrosines with the potential of -stacking. The formation
of secondary structures has not been reported so far and were also not shown by
computational methods in this study (Chen et al. 2019; Murthy et al. 2019).

FUS(RGG) is an LCD consisting out of 47% Glycine with several RGG-repeats. This
tripeptide is especially susceptible to the binding of nucleic acids but can also promote
weak multivalent interactions leading to self-assembly, following the sticker/spacer
principle (chapter 1.2.2). Similar to FUS(QGSY), FUS(RGG) is most likely not forming
secondary structure elements (Murthy et al. 2019; Loughlin et al. 2019).

TDP-43(LCD) Huntingtin-Exon1(Q23) FUS(QGSY) FUS(RGG)

T T T T T T T T T T T T T T T
0 25 50 75 0 25 50 75 100 125 150 0 25 50 75 100
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T T T T T 1
25 50 75 100 125 150
Position

B A sy x,
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Figure 9: Disorder and structure prediction of TDP-43(LCD), Htt-Ex1(Q23), FUS(QGSY) and
FUS(RGG). (A) Amino acid sequences were submitted to IUPred2A for prediction of disorder. A
score above 0.5 indicates intrinsically disordered regions. (B) AlphaFold2 was used to determine
potential secondary structure elements. IDRs are shown in the carton representation.

Taken together, the selected set of IDRs covers various properties. Both a-helices and
repeat motifs provide binding sites for potential protein-protein interactions in an intra- and
intermolecular manner. The combination of the broad variety between the IDRs amino acid
composition allows the detection of generic effects of each modifier in regard to phase

separation.
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3.1.2 Construct design

Post-translational modifiers (PTMs) can modulate phase separation by promoting protein-
protein interaction (classical effect) or by directly altering the biophysical properties of their
conjugation target (intrinsic effect), as described in section 1.2.5. | designed an
expression system for the production of ubiquitylated or SUMOylated IDRs in E. coli, which
wdas optimized for high protein yields and convenient accessibility for modulations. The

construct arrangement is shown in Figure 10.
TEV
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Figure 10: Expression constructs of IDRs for protein production. IDR sequences were derived
from pathologically relevant proteins. Numbers below indicate positions within the original protein
sequence. Solubility is boosted with N-terminal FKBP and C-terminal MBP, which are cleavable by
either 3C-protease or TEV-protease, respectively.

| decided to mimic PTM conjugation by generating N-terminal fusions with each IDR.
Native conjugation sites can be hard to determine and furthermore, respective
combinations of conjugation enzymes are often unknown. Even in cases of known E2/E3
pairs, enzymatic turnover is barely complete, while chemical linkage approaches face
different issues. Furthermore, linear fusions with PTMs have been shown to properly mimic
biological functions in several systems, as substrate recognition by “readers” not only
relies on UBDs and SIMs but also on substrate-specific binding domains (Asimaki et al.
2022). In each modifier, the C-terminal glycine was mutated to valine to increase protein

stability and protection of the covalent bond against protease cleavage (chapter 1.1.2).

IDRs are often prone to phase separate or aggregate, so they need to be either purified
under denaturing conditions or attached to a solubility tag. As fused ubiquitin or SUMO
might cause problems due to defective refolding when using chaotropic agents, | decided

to use a TEV-cleavable MBP-tag at the C-terminus of each IDR and purify under native
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conditions, which has been shown to enable purification of full-length TDP-43 and FUS
(Hofweber et al. 2018; Gruijs da Silva et al. 2022). Overall solubility was furthermore
increased by the addition of an N-terminal His-FKBP-tag, which can be removed by the
addition of 3C-protease. This has two major benefits for the purification procedure and
future applications. First, proteins can be coupled to NINTA agarose beads during IMAC
purification and Ub/SUMO-TDP-43-MBP can be released without elution procedure in high
imidazole buffer, leaving only a GP-remnant at the PTM’s N-terminus. Second, The FKBP
can serve as a dimerization site for the recruitment of various factors, such as
ubiquitylation or SUMOQylation enzymes. Proper accessibility of the 3C-site and sufficient
flexibility of the FKBP-tag was assured by introducing a 20 amino acid long flexible linker.
Additional constructs with swapped 3C-/TEV-sites did result in lower protein expression

(data not shown).

Taken together, this procedure resulted in an average yield of 5-10 mg protein per liter of
bacterial expression culture with high purity. An exemplary Coomassie-stained SDS-

PAGE monitoring the purification procedure is shown in the following Figure 11.

Lysis IMAC 3C SEC
kDa T Sn Pt Ft El Sn El Peak fractions
250 -
150 -
100 - -t
80 - = - — i ——— I His-FKBP-IDR-Mbp
L IDR-Mb L IDR-Mb
0. o — - P -l P
50 - I l
40 - ' =
30 -
20 4 —

Coomassie Coomassie

Figure 11: Exemplary three-step IDR purification. IMAC and SEC purification steps were
monitored by SDS-PAGE and Coomassie-staining. (T) Total, (Sn) supernatant, (Pt) pellet, (Ft)
dlow-through, (EI) elution.

3.1.3 Interaction of IDRs with non-conjugated post-translational modifiers
The distinction between the classical and the intrinsic effects of ubiquitin and SUMO was

assessed by probing for consequences on phase separation of each IDR in the presence
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of the non-conjugated, free modifiers. If the IDRs do not contain binding sites, no effect on
phase separation by the presence of ubiquitin or SUMO should be detectable. | screened
for salt and molecular crowding conditions where each unmodified IDR would undergo
phase separation. TDP-43(LCD) phase-separated at a concentration of 10 uyM in the
presence of 150 mM NaCl and 5% (w/v) PEG-8000 in a HEPES-based buffer. Droplets
were detected after less than 1 h. HttEx1(Q23) required the absence of salt and 10% (w/v)
PEG-8000 to undergo phase separation at 20 uM. Furthermore, droplets were best
detectable after 12 h. Both FUS(QGSY) and FUS(RGG) phase separated at a protein
concentration of 10 uM in the presence of 10% (w/v) PEG-8000 and formed droplets after
1 h. However, FUS(QGSY) required a slightly lower salt concentration of 25 mM NaCl in
comparison to 50 mM NaCl for FUS(RGG) (screening data not shown).

In the final experiment, | mixed each IDR with equimolar concentrations of either ubiquitin,
SUMO1 or SUMO2. Phase separation was then assessed by measuring turbidity and
imaging droplets after TEV-induced removal of MBP. Indeed, TDP-43(LCD), Htt-
Ex1(Q23), FUS(QGSY) and FUS(RGG) show equal turbidity kinetics and total absorbance
values in the absence and presence of ubiquitin, SUMO1 or SUMO2 (Figure 12 A).
Droplets had comparable morphologies for each set of IDRs, supporting the turbidity assay
data (Figure 12 B). The completeness of the cleavage reaction was monitored for each

sample by SDS-PAGE and Coomassie-staining (Appendix 1).

In conclusion, no PTM assessed in this experiment affected the propensity of the tested
IDRs to undergo phase separation. This makes TDP-43(LCD), Htt-Ex1(Q23), FUS(QGSY)
and FUS(RGG) suitable candidates to investigate the effect of conjugation of ubiquitin,

SUMO1 and SUMOZ2 on the intrinsic effect on phase separation.
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Figure 12: Interactions of IDRs with unconjugated post-translational modifiers. Purified (A)
TDP-43(LCD), (B) Htt-Ex1(Q23), (C) FUS(QGSY) and (D) FUS(RGG) were mixed with equimolar
concentrations of ubiquitin, SUMO1 or SUMO2. Phase separation was induced by the addition of
TEV protease for removal of MBP-tag. Turbidity was measured in situ by using a plate reader. Error
bars are not displayed for better visibility. Representative DIC images of droplet formation after 1
h. Scale bar: 10 ym

3.1.4 Intrinsic effect of fusing post-translational modifiers on IDRs

Linear fusion of a post-translational modifier to a protein of interest can be used as a
strategy to mimic conjugation (Asimaki et al. 2022). As described in section 3.1.2, either
ubiquitin, SUMO1 or SUMO2 were genetically fused to the N-terminus of TDP-43(LCD),
Htt-Ex1(Q23), FUS(QGSY) or FUS(RGG) and purified from E. coli. Each IDR was

assessed for phase separation with the same conditions as used in section 3.1.3.
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Interestingly, the fusion of ubiquitin and SUMO resulted in strong differences within each
set of IDRs, as monitored by turbidity and droplet formation (Figure 13 A and B). Cleavage

reactions were monitored by SDS-PAGE and Coomassie-staining (Appendix 2).

For TDP-43(LCD), fusion of ubiquitin and SUMO2 strongly enhanced phase separation,
while SUMO1-fusion behaves almost as the unmodified control protein. Ubiquitin-fusion
droplets appeared slightly amorphous. Ub-TDP-43(LCD) also showed slight phase
separation without TEV-induced removal of MBP, as indicated by a slight increase in

turbidity and the detection of a few droplets.

The striking difference between the two SUMO isoforms was also observed for Htt-
Ex1(Q23), where SUMO1-fusion even completely abrogated phase separation,
demonstrated by low turbidity values and the complete absence of droplets. SUMO2-

fusion droplets were larger in size, compared to all other conditions.

For both FUS IDRs, ubiquitin-fusion slightly increased phase separation, whereas
SUMO1- and SUMO2-fusions further enhanced turbidity to a similar extent. In addition,
SUMO1- and SUMO2-FUS(IDR) droplets appeared larger compared to ubiquitin fusions
and the unmodified control proteins. All PTM fusions to FUS(RGG) led to the formation of
condensates in the absence of TEV protease, while SUMO2-FUS(RGG)-MBP phase
separated the earliest and Ub-FUS(RGG)-MBP the latest.

While TDP-43(LCD), FUS(QGSY) and FUS(RGG) phase plateaued after less than 2 h
upon TEV-cleavage, Hit-Ex1(Q23) fusion proteins required at least 10 h to reach

saturation.

Taken together, all modifiers have diverse effects on the respective IDRs, which is not
surprising due to their structural and compositional differences (chapter 3.1.1). Yet,
SUMO2-fusions are most prone to enhance phase separation. SUMO1-fusions either
behave comparable like SUMO2-fusions, or they reduce LLPS. Ubiquitin-fusion always
enhanced LLPS but to different extents. The usage of PEG-8000 as a crowding agent
creates an unnatural environment that does not accurately mimic cellular conditions.
Countless proteins have been reported to undergo phase separation in the presence of
PEG-8000, while even Ubiquitin formed condensates at concentrations of almost 1 mM in
10% PEG-8000 (Poudyal et al. 2023). A more favorable environment to study the intrinsic
effect of PTMs would thus require buffer conditions in the absence of molecular crowding

agents.
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Figure 13: Intrinsic effect of fused post-translational modifiers on phase separation of
different IDRs. Purified fusions of (A) TDP-43(LCD), (B) Htt-Ex1(Q23), (C) FUS(QGSY) and (D)
FUS(RGG) with ubiquitin, SUMO1 or SUMO2 were diluted in PEG-containing buffer. Phase
separation was induced by the addition of TEV protease for removal of MBP-tag. Turbidity was
measured in situ by using a plate reader showing the mean of three technical replicates. Error bars
are not displayed for better visibility. Representative DIC images of droplet formation were taken
after 2 h for TDP-43(LCD), FUS(QGSY) and FUS(RGG), and after 10 h for Htt-Ex1(Q23). Scale

bar: 10 um
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3.2 Characterization of Ub-/SUMO-TDP-43(LCD)

In this chapter, | further investigated the impact of ubiquitin- and SUMO-fusions using TDP-
43(LCD) as a model protein. TDP-43 is a highly significant protein in current
neurodegenerative research because of its major roles in the development of ALS and
FTD (chapter 1.2.7.1). The LCD itself is an interesting model protein for the purpose of
this work because of it sophisticated multivalent self-assembly mechanism and
modification sites for ubiquitylation and SUMOylation at the N- and C-termini (Frangois-
Moutal et al. 2019). TDP-43(LCD) has been reported to phase separate in the absence of
molecular crowding agents at physiological pH with increasing NaCl concentrations,
showing UCST behavior (Babinchak et al. 2019). In this chapter, | wanted to analyze the
impact of ubiquitin- and SUMO-fusions on TDP-43(LCD) in a minimal system and further
characterize the biophysical properties of the condensate. Furthermore, | investigated
phase separation of TDP-43(LCD) in a cellular environment by using mammalian cells as

an expression platform.

3.21 TDP-43(LCD) phase separates in the absence of crowding agents

First, | assessed how TDP-43(LCD) and the respective fusion proteins with ubiquitin,
SUMO1 and SUMO2 behave in a minimal system. | used protein concentrations of 50 yM
in HEPES buffer with a physiological salt concentration of 150 mM NaCl and measured
turbidity in situ at 25 °C (Figure 14 A) and imaged potential condensates by DIC
microscopy after 1 h (Figure 14 B). In contrast to the presence of PEG-8000 (chapter
3.1.4), unmodified TDP-43(LCD) displayed the highest turbidity values. Small
condensates appeared at a high number and at an irregular shape, indicating a phase
separation state that can rather be associated with a gel-like state (chapter 1.2.1). For
both ubiquitin- and SUMO2-TDP-43(LCD), turbidity values were reduced but condensate
size was drastically increased, and their shape furthermore appeared round and regular.
This suggests that the fusion of ubiquitin and SUMO2 enhances the liquid properties of
TDP-43(LCD) condensates. Strikingly, SUMO1-TDP-43(LCD) did not undergo
measurable phase separation, indicating that SUMO1 inhibits the phase separation
mechanism of TDP-43(LCD).
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Figure 14: TDP-43(LCD) phase separation in the absence of molecular crowding agents.
Phase separation of Ub-, SUMO1- and SUMO2-fusions to TDP-43(LCD) was analyzed by adding
0.1 mg/ml TEV-protease to 50 uyM protein in the absence of molecular crowding agents. (A)
Turbidity was measured in situ by using a plate reader. Error bars are not displayed for better
visibility. (B) Representative DIC images of droplet formation were taken after 2 h. Scale bar: 10
pum

To gain further into droplet morphology, | used fluorescently labeled TDP-43(LCD).
Introduction of a single cysteine at position G275 in the IDR does not interfere with phase
separation and enables labeling using maleimide chemistry (Babinchak et al. 2019). |
generated protein mixtures with 5% AzDye488-labeled protein and monitored phase
separation under the same conditions as stated above at different time intervals during 3
h (Figure 15).

Fluorescence microscopy revealed several novel aspects of the previously detected
droplets. First, TDP-43(LCD) droplets aged throughout the time course and ultimately

appeared to show delicate fibril-like structures after 3h.

Second, both Ub- and SUMO2-TDP-43(LCD) droplets started to settle to the bottom of the
microscopy slide after roughly 1 h, exhibiting a wetting-effect of the surface that further
increased over the time. This effect is considered as an enhancement of liquid-like phase
separation, as gravity and capillary effects drives spreading of the droplets on the surface
(Chao et al. 2022). As a consequence, turbidity decreases due to the altered light
scattering by a reduced number of particles compared to TDP-43(LCD) without a PTM
(Figure 14 A). It can thus be concluded that ubiquitin and SUMOZ2 both act as enhancers
of TDP-43(LCD) phase separation. As unmodified TDP-43(LCD) eventually seems to
undergo a liquid-solid phase transition, Ub- and SUMO2-TDP-43(LCD) remain liquid-like

for a longer time.

Third, SUMO1-TDP-43(LCD) showed very few irregular spots after 2-3 h. Even at
concentrations up to 400 uM, no distinct phase separation of SUMO1-TDP-43(LCD) was

observed (Appendix 4). | conclude that the fusion of SUMO1 acts as a strong inhibitor of
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TDP-43(LCD) phase separation in a minimal system, containing only the protein of interest

and TEV-protease under physiological conditions.

Taken together, the tendencies between the modifiers are the same as observed in
molecular crowding agent (chapter 3.1.4), but each effect is enhanced in the absence of:
both ubiquitin- and SUMO2-fusion enhance TDP-43(LCD) phase separation, while the
fusion of SUMO1 acts as an inhibitor. These observed phenotypes serve as the foundation
of this thesis. The drastic effects of all three modifiers themselves on TDP-43(LCD) are
already notable, but the striking differences between SUMO1 and SUMO2 suggest unique
mechanisms for how phase separation of a largely unstructured protein can be modulated

by the conjugation of highly similar post-translational modifiers.

0 min 30 min 60 min 90 min 120 min 180 min

Figure 15: Analysis of fluorescently labeled TDP-43(LCD) droplet formation in situ. Phase
separation of AzDye488-labeled Ub-, SUMO1- and SUMO2-TDP-43(LCD) was induced as
described before. Droplet formation was monitored using fluorescence microscopy over a time
course of 3 h. Scale bar: 10 pym.

3.2.2 Mixed droplets of modified and unmodified TDP-43(LCD)
Protein modification with PTMs can occur at varying stoichiometries that is often highly
sensitive to spatiotemporal events in the cell (Prus et al. 2019). To mimic partial post-

translation modification of TDP-43(LCD) and therefore the situation inside the cell, |
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generated mixtures with distinct proportions of unmodified to modified TDP-43(LCD). |
made use of the AzDye488-labeled fusion proteins shown in the previous section, but
additionally generated Atto647-labeled TDP-43(LCD) to distinguish between modified and
unmodified proteins by fluorescence microscopy. Each reaction mix contained 50 uM of
total protein, while either 100%, 95% (47.5 pM), 90 (45 uM), 50% (25 uM) or 0%
AzDye488-TDP-43(LCD) was modified with Ub, SUMO1 or SUMO2, and the remaining
protein was filled up with Atto647-TDP-43(LCD). Phase separation was induced as

described previously and droplets were imaged after 1 h.

Ub-TDP-43(LCD) phase separated in huge settling droplets, which were observed slightly
later in the previous section (Figure 15). These small variances are a result of different
batches of protein, as each fusion protein was purified multiple times. At only 5% TDP-
43(LCD), smaller droplets appeared and the fraction of settled structured was reduced. In
the presence of 10% TDP-43(LCD), a diffuse haze appeared around the droplets, similarly
as for aged TDP-43(LCD) in Figure 15. At an equimolar ratio, droplet size drastically
decreased, and condensates appeared comparable as in sole TDP-43(LCD) reactions.
Interestingly, Ub-TDP-43(LCD) co-localized with TDP-43(LCD) at all tested

concentrations, as indicated by white signal in the merged images

As SUMO1-TDP-43(LCD) did not form droplets in the previous experiment, it was
interesting to observe how this trend further proceeded in a population with a decreasing
degree of modification. Small portions of TDP-43(LCD) already induced the formation of a
fibril-like structure, which merged together with SUMO1-TDP-43(LCD). Again, equimolar
ratios resulted in a comparable phenotype to purely unmodified TDP-43(LCD) and the

formation of small droplets in addition to the above-mentioned smear.

SUMO2-TDP-43(LCD) behaved fairly similar to Ub-TDP-43(LCD), which is not surprising
due to the comparable phenotypes observed before. However, SUMO2 had a less
dominant effect than Ub-TDP-43(LCD), resulting in the appearance of aggregates as
described above. At equimolar concentrations of modified and unmodified TDP-43(LCD),
the phenotype induced by SUMO2-fusion was not observable anymore. Once more, both
proteins co-localized at all tested ratios, clearly indicated by white signal in the merged

image.
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Figure 16: Mixed condensates of modified and unmodified TDP-43(LCD). AzDye488-labeled
Ub-, SUMO1, or SUMO2-TDP-43(LCD) (green) were mixed with Atto647-labeled TDP-43(LCD)
(purple) at different molar ratios at a total concentration of 50 yM. Phase separation was induced
as described before and droplet formation was monitored after 1 h by fluorescence microscopy,
probing for the respective wavelengths. White signal indicates merging. Scale bar: 10 uym.

In conclusion, TDP-43(LCD) has a dominant phenotype that is only suppressed at a high
degree of ubiquitylated or SUMOylated protein. Yet, the effect of modified and unmodified
TDP-43(LCD) merging in all conditions was quite intriguing. This suggests a common
mechanism of TDP-43(LCD) self-assembly that is either supported by ubiquitin and
SUMOZ2 or inhibited by SUMO1. It can be assumed that a molecule of unmodified TDP-
43(LCD) can interact with a Ub-/SUMO-fusion protein to form condensates.

It is not surprising that a low concentration of unmodified TDP-43(LCD) is sufficient to
promote an aggregation-like phenotype in vitro, since fibril formation is usually initiated by
nucleation. This means that a small proportion of aggregated protein can act as a seed in
this process. However, the situation might differ in a cellular context, as this effect is mostly

studied in artificial environments (Kumar et al. 2023).

3.2.3 Biophysical characterization of TDP-43(LCD) condensates

The following section will provide a detailed biophysical characterization of TDP-43(LCD)
phase separation dependence on ubiquitin, SUMO1 and SUMO2. This helps
understanding the nature of the condensates and gives insights in the mechanism of self-
assembly. | investigated droplet mobility, as well as molecular driving forces of condensate
assembly, and tried to obtain insight into potential secondary structure formations of
ubiquitin- and SUMO-fused TDP-43(LCD).

3.2.3.1 Liquid properties

Fluorescence recovery after photobleaching (FRAP) is a commonly used method to obtain
insights into the liquidness of condensates (Taylor et al. 2019). | used the same
experimental setup as described in section 3.2.1 for the fluorescence microscopy time
course. SUMO1-TDP-43(LCD) was not analyzed, as this construct did not form any
droplets. Droplets from each construct were bleached after either 30 min or 2 h after TEV-
cleavage and fluorescence recovery was measured every sec for 2 min. Comparing the
fluorescence recovery after a shorter and a longer time point allows to draw conclusions

about aging of the condensates. The more liquid a droplet is, the higher its mobility is. With
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a progressive aging of the condensates, mobility should decrease as the condensates are
expected to eventually solidify. Data were analyzed by easyFRAP and a double term

exponential equation was used to determine mobile fractions (Koulouras et al. 2018).

After 30 min (Figure 17 A), untagged TDP-43(LCD) recovered up to 50%, while both Ub-
TDP-43(LCD) and SUMO2-TDP-43(LCD) showed a very similar recovery around 75%.
This indicates that Ub and SUMO2 boost the liquidity of TDP-43(LCD) droplets. The mobile
fraction of aged TDP-43(LCD) droplets almost halved after 2 h in comparison to 30 min
(Figure 17 B). Also, Ub- and SUMO2-TDP-43(LCD) droplets became less liquid, while the
aging effect was less pronounced, resulting in a reduction of the mobile phase by roughly
25-30%. In conclusion, the data suggest that fusion of Ub or SUMO2 shifts the phase

separation of TDP-43(LCD) in a more liquid-like manner.
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Figure 17: FRAP of TDP-43(LCD). Phase separation of AzDye488-labeled Ub-, and SUMO2-TDP-
43(LCD) was induced as described before. Droplets were bleached after 0.5 h (a) and 2 h (b).
Fluorescence recovery was monitored for 2 min (n=10 per construct). (C) Exemplary images pre
bleaching, directly after bleaching and 2 min post bleaching. (D) Data were analyzed using
easyFRAP for determination of mobile fraction.
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3.2.3.2 Dependance on hydrophobic interactions

1,6-hexanediol is an aliphatic alcohol that is commonly used to disrupt phase separation
as it inhibits weak hydrophobic interaction, which are main drivers of self-assembly
(Kroschwald et al. 2017). | monitored phase separation by turbidity assays (Figure 18 A)
and fluorescence microscopy (Figure 18 B) in the absence or presence of 1% or 2% 1,6-
hexanediol. At 1% 1,6-hexanediol, turbidity of Ub- and SUMO2-TDP-43(LCD) was
reduced by approximately 50%, while TDP-43(LCD) turbidity was barely affected.
Fluorescence microscopy revealed that the wetting effect of Ub-TDP-43(LCD) slightly
decreased but was nearly not observable for SUMO2-TDP-43(LCD). At 2% 1,6-
hexanediol, turbidity of TDP-43(LCD) values also decreased by approximately 50%. Ub-
and SUMO2-TDP-43(LCD) turbidity was almost similar as the control reaction without
TEV-protease. Interestingly, Ub- and SUMO2-TDP-43(LCD) droplets adopt a similar
shape like the TDP-43(LCD) control protein.

In conclusion, the data suggest that weak hydrophobic interactions might be a crucial
driver for the enhancement of phase separation by fusing ubiquitin or SUMO2 to TDP-
43(LCD).
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Figure 18: TDP-43(LCD) condensates are sensitive to 1,6-Hexanediol. Phase separation of
unlabeled or AzDye488-labeled Ub-, SUMO1- and SUMO2-TDP-43(LCD) was induced as
described before in the absence or presence of 1% or 2% 1,6-Hexanediol. (A) Turbidity was
measured in situ in a plate reader. (B) Representative fluorescence microscopy images of droplet
formation were taken after 2 h. Scale bar: 10 ym

3.2.3.3 Dependance on electrostatic interactions

Electrostatic interactions can be interrupted by high salt concentrations (Nott et al. 2015).
Therefore, | analyzed phase separation in the absence or presence of NaCl up to
concentrations of 600 mM. | slightly changed the experimental setup, as TEV-protease
strongly loses activity at salt concentrations higher than 200 mM (Nallamsetty et al. 2004).
Phase separation was induced in a 1.5 ml reaction tube by the addition of 0.1 mg/ml TEV
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protease at RT and the reaction was subsequently distributed into microscopy slides.
Respective salt concentrations were achieved by the addition of NaCl from a 5 M stock
solution. Droplets need at least 10 min to settle to the bottom of the microscopy slide and
it was expected that the droplet shape might change due to sensitivity to pipetting. Indeed,
the untagged control protein TDP-43(LCD) adopted a clumped conformation, and | barely
observed any surface wetting by Ub- and SUMO2-TDP-43(LCD) in comparison to chapter
3.2.1 (Figure 15). Yet, phase separation of all four constructs was clearly reduced with
increasing salt concentrations. Even SUMO1-TDP-43(LCD) formed a diffuse amorphous
haze in the absence of salt. Ub- and SUMO2-TDP-43(LCD) condensates appeared at a
size up to 10 ym and gradually shrunk with increasing salt concentration up to 300 mM. A
further increase to 600 mM did not have any effect. TDP-43(LCD) condensates were

resistant to all tested NaCl concentrations.

Altogether, phase separation of Ub- and SUMO2-TDP-43(LCD) seems to rely on
electrostatic interactions. Hence, it is difficult to conclude if the sole Ub- and SUMO2-fusion
mediates the effect, since the untagged control construct clumps together due to the
experimental procedure. Yet, this experiment once again shows evidence that ubiquitin

and SUMO2 promote condensate liquidity.
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Figure 19: TDP-43(LCD) condensates are sensitive to salt. Phase separation of AzDye488-
labeled Ub-, SUMO1- and SUMO2-TDP-43(LCD) was induced as described before in the presence
of various NaCl concentrations. Droplet formation was monitored using fluorescence microscopy
after 2 h. Scale bar: 10 ym.

No NaCl

150 mM NaCl

300 mM NaCl

600 mM NaCl

3.2.3.4 Aggregation properties

Thioflavin-T (ThT) is a fluorescent dye that is widely used to characterize solid-like protein
aggregation. Bound to amyloid fibrils, free rotation of the benzothiazole group and the
benzylamine group is prevented, which leads to inhibition of quenching after excitation
(Xue et al. 2017). | used Thioflavin-T to gain insight on the aggregation behavior of Ub-
/SUMO-TDP-43(LCD) by mixing 50 yM protein with 25 uM Thioflavin-T and monitoring
aggregation over time. The fluorescence spectra displayed characteristic peaks at 480 nm
after excitation at 450 nm, with SUMO2-TDP-43(LCD) having the strongest signal, TDP-
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43(LCD) and SUMO1-TDP-43(LCD) behaving similarly and Ub-TDP-43(LCD) having the
weakest signal (Figure 20 A). However, no characteristic sigmoidal curve could be
observed even after 20 days (Figure 20 C), which raises doubts that the method could be
executed properly. One would expect an exponential increase of fluorescence intensity,
as protein fibril formation is usually driven by nucleation (Chatani and Yamamoto 2018).
The lack of a control protein that undergoes aggregation and technical difficulties with the
plate reader did not allow me to draw conclusions on TDP-43(LCD) aggregation upon

fusion of ubiquitin or SUMO.

Nevertheless, this experiment requires optimization to explore the effect of ubiquitin and
SUMO on different phase transition mechanisms of TDP-43(LCD). The phenotype of
untagged TDP-43(LCD) forming irregularly shaped condensates (Figure 15) strongly
suggests that the droplets become less dynamic and most likely undergo a solidification.
It might be interesting to establish appropriate experiments to distinguish between gel-like

and solid-like condensation.
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Figure 20: Aggregation of TDP-43(LCD). (A) Phase separation of Ub-, SUMO1- and SUMO2-
TDP-43(LCD) was induced as described before in the presence of Thioflavin-T (B) and
fluorescence spectra were recorded after excitation at 450 nm. The plot shows representative
spectra after 5 d. (C) Aggregation was monitored in situ for 20 d.

3.2.3.5 Changes in secondary structure

Ubiquitylation has been shown to directly affect the protein fold of its conjugation partner
(Morimoto et al. 2016). The drastic phenotype differences between ubiquitin, SUMO1 and
SUMO2 on TDP-43(LCD) suggested fold changes that should be detectable by comparing
PTM fusions with PTM mixtures as shown in chapter 3.1.3. The molecular weight of up to
67 kDa makes TDP-43(LCD) fusion proteins not applicable to NMR spectroscopy. | used
far-UV CD spectroscopy to detect global fold changes in the secondary structure of the
fusion proteins. Therefore, | prepared mixtures of either 10 yM Ub-/SUMO-TDP-43(LCD)
or 10 uM untagged TDP-43(LCD) with the respective free, non-conjugated modifier and
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induced phase separation as described before. However, the voltage was too high to
obtain meaningful spectra, most likely due to excessive absorption of the turbid solution.
Therefore, | only analyzed the spectra of Ub-/SUMO-TDP-43(LCD) in the absence of TEV-
protease (Figure 21). The general spectra indicate a strong presence of a-helices, which
is explainable due to the presence of MBP in the reaction mix. Yet, fusion of each modifier
enhanced the signal in the range between 210-225 nm, compared to TDP-43(LCD) mixed
with the respective modifier. This result must be taken with caution, as removal of MBP
was not possible to achieve for me.

— Ub-TDP-43(LCD)-Mbp SUMO1-TDP-43(LCD)-Mbp — SUMO2-TDP-43(LCD)-Mbp
5 — Ub+ TDP-43(LCD)-Mbp 5+ — SUMO1 + TDP-43(LCD)-Mbp 5 — SUMO2 + TDP-43(LCD)-Mbp

N .
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Figure 21: Far-UV spectra of TDP-43(LCD) mixed or fused with ubiquitin, SUMO1 or SUMO2.
CD spectra were recorded for either 10 yM Ub-/SUMO-TDP-43(LCD) or 10 uM Ub/SUMO and 10
MM TDP-43(LCD) in the absence of salt at 25 °C.

In summary, | showed by various methods that Ub- and SUMO2-fusion enhance liquid-
liquid phase separation of TDP-43(LCD). This phenotype most likely relies on multiple
molecular interactions that most likely include hydrophobic and electrostatic interactions.
The involvement of hydrogen-bonds can further be investigated by using low
concentrations of Urea (Poudyal et al. 2023). The formation of secondary structural
elements induced by PTM-fusions could not reliably be determined and potential liquid-to-
solid transitions of TDP-43(LCD) need to be further investigated.

3.2.4 Analysis of TDP-43(LCD) in a cellular context

The cytotoxic CTF-25 and CTF-35 fragments of TDP-43 mainly rely on self-assembly
mechanisms of the LCD of TDP-43 and accumulate in the cytoplasm (chapter 1.2.7.1).
Hence, it is interesting to study how ubiquitin- and SUMO-fusions affect TDP-43(LCD) in

a cellular context.

Therefore, | modified a pEGFP-C1 to clone His-tagged TDP-43(LCD)-EGFP. EGFP was
fused to the C-terminus of TDP-43(LCD) to keep a similar construct arrangement as in the

in vitro assays and not having a bulky protein at the flexible N-termini of SUMO1 and
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SUMO2. These constructs were transiently transfected into Hela cells, which were
subsequently imaged by live cell high-throughput confocal fluorescence microscopy and
an automated analysis pipeline that quantifies transfected cells forming droplets. This
enables the screening of a high number of different constructs with relatively low effort
compared to testing purified proteins in vitro, since it only requires a transfection step, and
imaging can be executed without the need of cell fixation and antibody-related staining

methods.

In this section, | investigated how altering the cellular localization of TDP-43(LCD) or the
fusion-position of the PTM change condensate formation. Furthermore, | tested how a set
of multivalency-mutations in TDP-43(LCD) affect phase separation in dependance of
ubiquitin- and SUMO-fusions.

3.2.4.1 Effects of PTM-fusions on TDP-43(LCD)

First, | wanted to assess the general phenotype of N-terminal ubiquitin- and SUMO-fusions
on TDP-43(LCD) to see if it reflects the observations that | made in vitro (Figure 22 A,
upper lane). The expression of TDP-43(LCD)-EGFP resulted in a largely cytoplasmic
expression, while only roughly 20% of positively transfected cells showed condensates.
Upon fusion with ubiquitin and SUMOZ2, the number of transfected cells with droplets
drastically increased up to almost 40% and 50%, respectively. While both constructs have
the same phenotype in vitro, condensate shape varies in the cellular system. Ub-TDP-
43(LCD) forms amorphous condensates that are unevenly distributed through the cell. In
comparison, SUMO2-TDP-43(LCD) is clearly forming two different populations of round
droplets, residing both in the cytoplasm and in the nucleus. Strikingly, fusion of SUMO1
almost abolished condensate formation of TDP-43(LCD) (<5%).

Next, | wanted to determine if the observed phenotypes rely on the cellular localization
mediated by the fusion of the modifier, so | generated plasmids that force TDP-43(LCD)
either in the nucleus or into the cytoplasm. For TDP-43(LCD), Ub-TDP-43(LCD) and
SUMO1-TDP-43(LCD), | fused a 3xNLS to the N-terminus and transfected cells as
described above. Protein localization of the 3xNLS-fusions was indeed pronounced in the
nucleus (Figure 22 A, middle lane), but surprisingly all constructs showed a similar effect
with approximately 70% of transfected cells forming droplets, which is a strong increase
(Figure 22 B). The 3xNLS itself has a molecular weight of almost 3 kDa and can be

considered as a considerable addition that might block the flexible N-terminus of SUMO1.

Since SUMO2-TDP-43(LCD) formed prominent droplets in the cytoplasm, | used a 3xNES

to deplete the protein from the nucleus. No droplets were detectable in the nucleus, while
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droplet formation in the cytoplasm appeared similar as in the construct without a
localization signal (Figure 22 A, middle lane). Indeed, the overall propensity of
approximately 50% transfected cells forming condensates was not affected (Figure 22 B),

shown by a similar number of transfected cells with droplets.

Last, | rearranged the expression constructs, by positioning Ub or SUMO at the C-terminus
of TDP-43(LCD), N-terminally of EGFP. Ubiquitin and ubiquitin-like modifiers are usually
conjugated to target proteins by their C-terminal di-Glycine motif, which makes this a highly
artificial system. Yet, it might enable insights into how the position of the PTM is relevant
for TDP-43(LCD) phase separation. A similar setup failed in an in vitro setup due to
proteins being unstable throughout the purification procedure and the subsequent phase
separation assays (Appendix 3). In mammalian cells, reasonable expression was
achieved for TDP-43(LCD)-SUMO1 and TDP-43(LCD)-SUMO2 compared to the N-
terminally tagged constructs. Expression of ubiquitin-tagged constructs was weaker,
especially for the C-terminal fusion (Figure 22 E). Condensate formation propensity was
overall reduced in this experimental series, which is most likely the result of variances in
the transfection reagent batch. However, the basic phenotypes induced by ubiquitin,
SUMO1 or SUMO?2 fusions remained comparable (Figure 22 D). TDP-43(LCD)-Ub barely
formed condensates, but this result has to be considered with caution due to a very low

expression level.

In comparison, changing the position of SUMO allowed to draw conclusions due to equal
expression levels as shown by western blot (Figure 22 E). Fusing SUMO1 to the C-
terminus of TDP-43(LCD) induced phase separation to a comparable extent as untagged
TDP-43(LCD), and droplets appeared mainly in the nucleus (Figure 22 A, lower lane). As
TDP-43(LCD)-SUMO1 expression is reduced compared to untagged TDP-43(LCD) but
still forms condensates, this strongly suggests that C-terminal fusion of SUMO1 abolishes
the inhibitory effect on TDP-43(LCD) phase. Positioning of SUMO2 at the C-terminus of
TDP-43(LCD) did not affect the phenotype and phase separation was similarly enhanced
as with an N-terminal fusion, showing approximately 20% transfected cells with droplet
formation (Figure 22 E). Therefore, | am assuming that the sheer presence of SUMO2 as
a conjugated protein is sufficient to enhance condensation, regardless of the attachment

site.

Altogether, these results suggest that SUMO1 accomplishes its inhibitory effect via its
flexible N-terminus, while SUMO2 might act as an enhancer of phase separation by a more

general mechanism.
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Figure 22: Characterization of TDP-43(LCD) in mammalian cells. (A) EGFP-tagged TDP-
43(LCD) was transiently overexpressed in HelLa cells with the indicated modifiers. Phase
separation behavior of NLS- or NES-tagged constructs were compared with untagged fusion
proteins by fluorescence microscopy (A, middle lane) and (B) fractions of transfected cells with
droplets were quantified (n=3). (C) Protein expression was analyzed by western blot using an
antibody against GFP. Constructs harboring Ub or SUMO at then- or C-terminus of TDP-43(LCD)
were expressed in HelLa cells and analyzed by fluorescence microscopy (A, lower lane). (D)
Fractions of transfected cells with droplets were quantified (n=3). (E) Protein expression was
analyzed by western blot using an antibody against GFP.

3.2.4.2 Interplay between PTMs and TDP-43(LCD) phase separation mutations

The mechanism of TDP-43(LCD) self-assembly has largely been resolved. In brief, a
conserved transient a-helix spanning residues 321-340 induces self-assembly together
with a few distributed aromatic amino acids (chapter 1.2.7.1). | wanted to investigate how
ubiquitin and SUMO interfere with TDP-43(LCD) mutants that are described to alter phase
separation. Since the a-helix is the main self-assembly site, | generated the mutant A326P,
which has been shown to disrupt helicity (Conicella et al. 2016). The transient nature of
this a-helix moreover offered the opportunity to stabilize the secondary structure by
introducing the mutations G335A and G338A, which were described to enhance helicity
and thus also phase separation (Conicella et al. 2020). It has also been showed that W334
and W385 have the strongest impact on inducing self-assembly, so | generated a double
mutant where both tryptophans were mutated to glycine (Li et al. 2018). The modified
protein sequences were submitted to AlphaFold, and a simulation of the conserved helical
region is shown in Figure 23 A. All phase separation mutants were cloned into the TDP-
43(LCD) sequence as C-terminal fusions to ubiquitin, SUMO1, or SUMO2 to generate
EGFP-tagged mammalian expression vectors as described in the previous section. As
SUMO1-TDP-43(LCD) did not form any droplets, there was no need in generating
plasmids harboring phase separation reducing mutants A326P and W334G/W385G.

Plasmids were transfected as described before and phase separation was quantified in
live cells. Expression of constructs harboring G335A/G338A strongly enhanced droplet
formation compared to WT TDP-43(LCD) (Figure 23 B). Up to 80% of cells transfected
with either TDP-43(LCD), Ub-TDP-43(LCD) or SUMO2-TDP-43(LCD) contained droplets
(Figure 23 C), while the overall effect of enhanced phase separation was most
pronounced in case of SUMO2-TDP-43(LCD). Strikingly, this strong phenotype induced
by enhanced helicity could not be observed in the case of SUMO1-TDP-43(LCD), which
was still largely soluble and unable to form droplets. This indicates an interaction between
SUMO1 and the a-helix in TDP-43(LCD). As the sheer presence of SUMO1 in a reaction
mix with TDP-43(LCD) does not have any effect (section 3.1.3), the phenotype of inhibited
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phase separation by SUMO1-fusion is most likely based on very weak intramolecular

interactions.
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Figure 23: Effects of Ubiquitin and SUMO on phase separation mutants of TDP-43(LCD). (A)
TDP-43(LCD) mutations were subjected to AlphaFold2 and representative models are shown as
cartoons. WT in green displays W334 as stick. Enhanced helicity mutant (+a) G335A/G338A in
cyan. Reduced helicity mutant (Aa) A326P in orange. Reduced multivalency mutant (AW)
W334G/W385G in pink with W334G mutation showed as stick. (B) EGFP-tagged TDP-43(LCD)
harboring respective mutations were transiently overexpressed in HelLa cells. (C) Fractions of
transfected cells with droplets were quantified (n=3). (D) Protein expression was analyzed by
western blot an antibody against GFP.

Disrupting the a-helix by introducing the mutation A326P decreased droplet formation in
case of Ub- and SUMO2-TDP-43(LCD), while almost no droplets were detectable for TDP-
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43(LCD). Interestingly, both PTM-tagged proteins harboring A326P phase separated
stronger than TDP-43(LCD) with WT sequence. Self-assembly is most likely a synergistic
effect mediated by helix-helix interactions and m-stacking, so this result shows how the
loss of one component can possibly be compensated by ubiquitin and SUMO2. Both
modifiers might provide a specific binding site or generally enhance multivalency by their

amino acid composition (chapter 1.2.2).

Decreasing general multivalency by mutating W334G/W385G had a similar effect but with
an increased impact compared to A326P mutants. Ub-TDP-43(LCD) condensates
appeared faint and small, while SUMO2-TDP-43(LCD) expression did not form
condensates. This further supports the assumption of compensating losses of self-
assembly sites by these modifiers as discussed before. Indeed, it raises the possibility that
both ubiquitin and SUMO2 can serve as an intramolecular client, considering TDP-
43(LCD) as the phase separation scaffold. Further experiments are required to identify
how both PTMs enhance phase separation on a molecular level and whether they interact

with themselves or with specific regions in TDP-43(LCD) in order to enhance multivalency.

Overall, this experiment provided insights into how each tested PTM exerts its respective
phenotype, suggesting critical regions and potential binding sites. Most likely, SUMO1
blocks an important self-assembly site. If we consider the general enhancement of phase
separation by Ubiquitin and SUMOZ2 observed in section 3.1.4, both might increase overall
multivalency of the protein they are attached to in an unspecific manner. If SUMO1 has a
similar ability to enhance self-assembly in the absence of a suitable binding site within a

protein prone to undergo phase separation remains to be found out.
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3.3 Unique mechanism of SUMO isoforms modulating phase

separation
Several experiments in chapter 3.2 showed drastic differences in the behavior of TDP-
43(LCD) phase separation upon fusion with SUMO1 or SUMO2. Both modifiers share a
similar fold but only 50% of their amino acid sequence is conserved. Given this fact, it is
likely that regions of distinct amino acid compositions are responsible for the according
phenotypes. The following section will describe how a combinational approach of mass-
spectrometry and microscopy gives structural insights in the mechanisms of prevention or

enhancement of liquid-liquid phase separation.

3.3.1 SUMO1-TDP-43(LCD) is enriched at SUMO2-TDP-43(LCD) droplet surface

As SUMO1 and SUMO2 provide exactly opposing effects on TDP-43(LCD) phase
separation, | wanted to find out how a mixed population of both modifiers would affect
phase separation. Therefore, | analyzed phase separation of different ratios of AzDye488-
labeled SUMO1-TDP-43(LCD) and Atto647-labeled SUMO2-TDP-43(LCD), similarly as
described in section 3.2.2. Each reaction would contain either 100% (50 uM), 95% (47.5
M), 90 (45 pM), 50% (25 uM) or 0% Atto647-SUMO2-TDP-43(LCD), while the remaining
protein was filled up with AzDye488-SUMO1-TDP-43(LCD) to reach a total protein
concentration of 50 yM. Phase separation was induced as described previously and
droplets were imaged after 1 h. As shown in Figure 24, SUMO2-TDP-43(LCD) forms the
previously observed phenotype, with a gradual decrease in droplet size upon reduction of
protein concentration. At 50% SUMOZ2-TDP-43(LCD), only small irregular condensates
can be detected, while no condensates were observed at 10% SUMO2-TDP-43(LCD).

Small portions of SUMO1-TDP-43(LCD) in the reaction mix did not change the SUMO2-
induced phenotype but led to colocalization of both protein populations. Strikingly,
SUMO1-TDP-43(LCD) seems to have a strong aversion of fully entering the droplets. It
rather accumulates at the droplet surface, demonstrated by the formation of a white ring
in the merged images at 90% and 95% of SUMO2-TDP-43(LCD). The SUMO1-TDP-
43(LCD) signal itself shows a strong decrease in fluorescence intensity in the center of
each droplet. Analyzing turbidity of mixed condensates in situ showed similar optical
density patterns if SUMO2-TDP-43(LCD) makes up 50% of the population (Figure 25 D).

No significant turbidity or condensate formation could be observed below this threshold.
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Figure 24: Mixed condensates of SUMO1-TDP-43(LCD) and SUMO2-TDP-43(LCD). AzDye488-
labeled SUMO1-TDP-43(LCD) (green) were mixed with Atto647-labeled SUMO2-TDP-43(LCD)
(purple) at different molar ratios at a total concentration of 50 yM. Phase separation was induced
as described before and droplet formation was monitored after 1 h, probing for the respective
wavelengths. White signal indicates merging. Scale bar: 20 ym.

The origin of the reluctant mixing of both protein populations must lie in the specific effect
of SUMO1 on TDP-43(LCD) phase separation. Thus, | hypothesize that within a SUMO1-
TDP-43(LCD) molecule, the LCD unit might enter the droplet by interacting with another
LCD fused to SUMO2, while SUMO1 stays in the soluble surrounding of the droplet. To
analyze this, | used site-specific labeling fluorescent labeling of SUMO1-TDP-43(LCD) and
Edrster resonance energy transfer acceptor bleaching (FRET-AB), as described by Joshi
et al., 2023. Additionally, to the SUMO1-TDP-43(LCD) construct harboring the mutation
G275C in the LCD (referred to as “center”), | also generated plasmids where a single
cysteine was either incorporated at the N- or the C-terminus of the whole protein. | purified
and labeled all three variants with AzDye488 and additionally labeled SUMO2-TDP-
43(LCD) at G275C with Atto594 to allow efficient FRET, as Atto647 was not a suitable
dye. A proposed model based on SUMO1 staying outside of the droplet is shown in Figure
25 A. Since the donor dye fluorescence is quenched if the acceptor dye is in close
proximity, the distinct dye positions on SUMO1-TDP-43(LCD) could serve as a measure
how close different regions localize into SUMO2-induced droplets. Bleaching of the

acceptor dye would thus lead to an increase in the fluorescence intensity of the donor dye
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when FRET is occurring. The relative FRET efficiency F£'is calculated as follows, where /7

is the fluorescence intensity of the donor.

E = [488(post—bleach) - I488(pre—bleach)

[488(post—bleach)

A higher FRET efficiency would thus indicate a closer proximity between both molecules.
Exemplary micrographs of 2.5 yM Azdye488-labeled SUMO1-TDP-43(LCD) variants and
47.5 uM Atto594-labeled SUMO2-TDP-43(LCD) before and after photobleaching of the
acceptor are shown in Figure 25 B. For each dye position, 20 droplets were bleached as
described in section 2.11.4 and FRET efficiency was calculated with the equation shown
above (Figure 25 C). Exemplary fluorescence microscopy images for assessing more

droplets are shown in Appendix 5.

Positioning of the donor dye at the C-terminus of SUMO1-TDP-43(LCD) resulted in the
highest FRET efficiency of around 30%. In comparison, proteins labeled at the N-terminus,
or the center of the protein showed a lower FRET efficiency with a mean of 15%. If SUMO1
would be equally enriched in the droplet, no differences in FRET efficiency would be
observed. It can thus be concluded that the LCD is present within the droplet, while
SUMO1 has a preference to stay outside of the droplet. The similar values observed for
labeling at the N-terminus and center are most likely due to the labeling position “center”
at G275C. This residue is close to the C-terminus of SUMO1 but far away from the main
self-assembly site of TDP-43(LCD), starting with the helical region at position 320-343 and
including crucial tryptophanes W334, W385 and W412 (Conicella et al. 2020). As a result,
the LCD of a SUMO1-tagged molecule can most likely interact with SUMO2-TDP-43(LCD)

to a certain extent.

In conclusion, a mix of SUMO1- and SUMO2-TDP-43(LCD) can undergo phase
separation, but SUMO1 has a strong preference for staying outside of the droplet. As an
equimolar mix of SUMO1- and SUMO2-TDP-43 leads to mixed phenotype, both inhibitory
and enhancing mechanisms of the respective modifier might rely on interactions of

comparable strengths. The following sections will elucidate these mechanisms in detail.
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Figure 25: Estimation of molecular distances in mixed SUMO1- SUMO2-TDP-43(LCD)
droplets. (A) Site-specific incorporation of single cysteine residues in SUMO1-TDP-43(LCD)
enabled labeling with Atto594 at different positions. (B) Exemplary images of pre-bleaching and
post-bleaching of SUMO1-TDP-43(LCD)/SUMO2-TDP-43(LCD) mixtures. (C) Quantification of
FRET-AB by measurement of mean FRET efficiency (n=20 droplets per construct). (D) Turbidity
measurement in situ of different stoichiometric ratios of SUMO1- and SUMO2-TDP-43(LCD).

3.3.2 SUMO1 blocks the major self-assembly site of TDP-43(LCD)

The sheer presence of SUMO1 in a reaction mix together with TDP-43(LCD) does not
show any effect at equimolar concentration, as shown in section 3.1.3. Therefore, it can
be assumed that specific interactions between SUMO1 and TDP-43(LCD) only occur if
both moieties are forced to be in close proximity as it occurs in case of a post-translational
modification. Since IDRs are usually highly flexible proteins, conventional structural
methods like X-ray crystallography or cryo-EM cannot be applied in case of TDP-43(LCD).
Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS) is a powerful method to
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identify interaction sites of proteins in a solute state under native conditions (chapter
2.14.1), which we applied in a collaborative approach. Based on the identified regions of
interaction between TDP-43(LCD) and SUMO1, | generated hybrid-SUMO-TDP-43(LCD),
where the respective regions of interest were exchanged between SUMO1 and SUMO2.
Furthermore, | tried to quantify the binding strength between the identified interacting

regions.

3.3.2.1 Identification of interaction sites by HDX-MS

To perform HDX-MS experiments, we collaborated with Joshua Vollrath from Julian
Langer’s lab at the MPI for Biophysics (Frankfurt, Germany). We decided to compare
deuterium uptake between SUMO1-TDP-43(LCD) fusion protein and a mixture of SUMO1
and TDP-43(LCD). Assuming specific interactions require a covalent linkage between both
proteins, a reduced deuterium uptake at certain positions would provide information about
regions where SUMO1 and TDP-43(LCD) interact with each other when they are brought

in close proximity.

The HDX-MS experiments were carried out by Joshua Vollrath who prepared the samples,
operated the HPLC-MS system and analyzed the data. As shown in Figure 26 A and B,
peptides were detected for the query sequences of the TDP-43(LCD) and SUMO1 query
sequences. The relative deuterium uptake of the SUMO1-TDP-43(LCD) fusion protein was
compared to a mixture of SUMO1 and TDP-43(LCD) and plotted on structures of TDP-
43(LCD) (Figure 26 C) and SUMO1 (Figure 26 D). A reduced deuterium uptake of the
fusion protein compared to the mixed proteins is indicated in blue coloring of the respective

structural elements, while an increased uptake is respectively colored in red.

The strongest reductions in deuterium uptake on TDP-43(LCD) were detected for the C-
terminus and strikingly, for the transient a-helix (Figure 26 C) after 30 s of deuterium
exposure. This clearly indicates that SUMO1 can block this important self-assembly site,
which explains why TDP-43(LCD) does not undergo phase separation upon fusion with
SUMO1. Interestingly, peptides harboring W412 also show a decreased deuterium uptake.
As described before, this residue contributes to phase separation of the LCD, so SUMO1
potentially blocks self-assembly sites in a bivalent manner. No differences in deuterium
uptake between fusion and mix were detected after 600 s and 2100 s of deuterium
exposure. This observation was expected, since a deuterium back-exchange can
predominate the deuterium uptake at later time points. Thus, early time points of less than

60 s deuterium exposure are considered to be most reliable.
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For SUMO1, reduced deuterium uptake was detected for the flexible N-terminus and (.-
sheet (Figure 26 D) after 30 s and 120 s. This makes it very likely that both regions can
bind to the a-helix of TDP-43(LCD). Furthermore, the s-sheet and the a-helix of SUMO1
surrounding B2-sheet show an increased deuterium uptake, suggesting a slight
conformational opening that enhances accessibility of the B.-sheet. Interestingly,
deuterium uptake of the a-helix was reduced in the fusion protein at later time points. It
can be hypothesized that this region might also act as a binding interface for TDP-43(LCD)

after minor conformational changes of the overall SUMO1-fold.

Overall, the HDX-MS experiments suggest interesting interactions between two self-
assembly-sites of TDP-43(LCD) with both N-terminus and B.-sheet of SUMO1. Even
though HDX-MS as a method for structural biology is limited to capture interactions on a
peptide level without single amino acids resolution, we were able to propose interaction
sites that might explain the SUMO1-induced phenotype of inhibiting TDP-43(LCD) phase
separation. It cannot be concluded from this experiment if the interaction between TDP-
43(LCD) and SUMO1 N-terminus, B2-sheet and a-helix occurs in multiple steps. This would
require advanced 2D NMR experiments. Furthermore, it can be suggested that SUMO1
might decrease the helicity of the transient TDP-43(LCD) a-helix, which also remains to

be elucidated by other methods.
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Figure 26: HDX-MS of SUMO1-TDP-43(LCD). Deuterated- and non-deuterated SUMO1-TDP-
43(LCD) or SUMO1 mixed with TDP-43(LCD) were analyzed by mass spectrometry. Relative D20
uptake was compared between both conditions for identification of interaction sites between
SUMO1 and TDP-43(LCD). Assignment of identified peptides to the query sequences of (A) TDP-
43(LCD) and (B) SUMO1. Relative D20 uptake per time-point is plotted on the proteins sequences
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in a color-code according to the box on the right site. Relative D20 uptake visualized on structures
of (C) TDP-43(LCD) (AF-Q13148) and (D) SUMO1 (AF-P63165) over various time points.

3.3.2.2 Experimental confirmation of interaction sites

As the HDX-MS experiment did not provide interaction data between SUMO1 and TDP-
43(LCD) on a single amino acid resolution, | decided to mutate the identified regions.
Mutating the TDP-43(LCD) a-helix is not a suitable approach here, since a reduction in
helicity is just decreasing phase separation in general as shown in chapter 3.2.4. and
thus, not providing a readout. It has been described before that certain elements can be
exchanged between SUMO1 and SUMO2 (Zhu et al. 2008). Indeed, structural integrity
has been confirmed for a chimeric SUMO1 protein, harboring a-helix and B.-sheet from
SUMO1. Inspired by this study, | generated SUMO1 and SUMO2 hybrid plasmids for
expression in E. coliand in human cells, containing either the flexible N-terminus, (32-sheet,
or both elements of the respective other isoform (Figure 27). The mutated regions are

listed in detail in the following Table 14.

Table 14: Hybridized regions in SUMO isoforms. Mutated regions are listed with the respective
replacement region of the other isoform.

Isoform Mutation Region Replacement
Nt 1-19 1-15
SUMO1
B2 33-39 29-35
Nt 1-15 1-19
SUMO2
B2 29-35 33-39

| purified the hybridized SUMO-fusion proteins on TDP-43(LCD) and analyzed in vitro
phase separation by measuring turbidity (Figure 27 B) and droplet formation by DIC
microscopy (Figure 27 C). Strikingly, | was able to not only reverse the phenotype of
SUMO1 but also turn SUMO?2 into an inhibitor of TDP-43(LCD) phase separation with the
hybridization approach. In detail, SUMO1(Nt/B.)-TDP-43 showed a significant turbidity,
while the curve progression even followed a similar pattern as for SUMO2-TDP-43(LCD)
at a lower overall intensity. The double mutant also led to droplet formation to an extent
that is comparable with WT SUMO2-TDP-43(LCD). Conversely, inserting the N-terminus
and B2-sheet from SUMO1 into SUMOZ2 inhibited phase separation to a level below the
detection limit of both assays, reflecting the behavior of WT SUMO1-TDP-43(LCD). Equal

cleavage reactions were probed by SDS-PAGE and Coomassie-staining (Appendix 6).
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Both assays suggest that the effect of inhibiting phase separation requires both N-terminus
and B2-sheet of SUMO1, as the single replacements had weaker effects. While SUMO1
containing N-terminus or B.-sheet of SUMO2 showed a strong reduction in droplet
formation, SUMO2 with the respective SUMO1 elements had decreased levels of phase
separation. Especially SUMO2(B2)-TDP-43(LCD) still formed round droplets that are
characteristic for SUMO2, but to reduced size and number. For each isoform, the
phenotype-reversing effect was more pronounced in case of mutation of the flexible N-

terminus, compared to the B2-sheet.

Analyzing the effect of SUMO hybrids on TDP-43(LCD) droplet formation in cells gave
comparable results to the in vitro data. Almost 20% of cells expressing SUMO1(Nt/B2)-
TDP-43-EGFP formed droplets, which is a strong increase compared to the WT SUMO1-
construct, where less than 5% of transfected cells showed droplet formation. Expression
of SUMO2(Nt/B.)-TDP-43(EGFP)-EGFP led to a decrease of more than 10% in droplet
formation compared to WT SUMO2-TDP-43(LCD).

In summary, | was able to show that both SUMO1 N-terminus and (B.-sheet are required
to inhibit phase separation of TDP-43(LCD) in vitro and in mammalian cells. Interestingly,
this effect could be abolished when these regions in SUMO1 were substituted with the
respective regions from SUMO?2, leading to a hybrid SUMO1-TDP-43(LCD) that almost
behaved as WT SUMO2-TDP-43(LCD). A complementary approach for hybrid SUMO2-
TDP-43(LCD) with SUMO1 elements resulted in the inhibition of phase separation.
Altogether, this experimental series confirmed the suggested findings of the HDX-MS

experiment.

92



Results

SUMO hybrids

< n
< >

N-terminus
B,-sheet

Turbidity assay of SUMO hybrids ... _tev

-
o
1

— WT
- N
0.0 T T 1 — N
0 60 120 180
Time [min]
Droplet quantification BUMO1 SUMO?
507 WT N B, NB, WI N B, NB,
o
2 40- ]
8 301 W e ——————
5 e ———————
£ 20+ : s Rl N ]
5
2 Anti-GFP
5
(&}

(=]
I

WT N B, NB, WT N B, NB;

SUMO1 SUMO2
Ponceau

G

SUMO1

SuUmMo2

Figure 27: Confirmation of interaction sites between SUMO1 and TDP-43(LCD). (A) SUMO
hybrid generation by exchanging N-terminus and B2-sheet between SUMO1 (PDB:2KQS) and
SUMO2 (PDB:2N1W). (B) Turbidity of TDDP43(LCD) tagged with SUMO hybrids was measured in
situ by using a plate reader. (C) Representative DIC images of droplet formation were taken after
2 h. Scale bar = 10 ym (D) Quantification of droplet formation in HeLa cells transfected with TDP-
43(LCD)-EGFP tagged with SUMO hybrids. (E) Protein expression was analyzed by western blot.
(F) Exemplary fluorescence microscopy images.
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3.3.2.3 Quantification of interaction strength between binding regions

Mixing SUMO1 and TDP-43(LCD) in a equimolar ratio did not result in any effect on phase
separation (Figure 12 in chapter 3.1.3). It can thus be assumed that the underlying
interaction between the in the previous chapter identified regions is of a very weak nature.
| approached to quantify the binding strength between both structural elements of SUMO1
and TDP-43(LCD). Therefore, | ordered peptides with the respective sequences from
SUMO1, which allowed me to use higher concentrations in comparison to use full-length
recombinantly produces SUMO1 (Figure 28 A). Mixing each peptide at a 10-fold molar
excess with TDP-43(LCD) did not show any significant effect on inhibiting phase
separation, as probed by turbidity assay. However, a 50-fold molar excess of the N-
terminal peptide inhibited phase separation to a strong extent (Figure 28 B). | proceeded
with analyzing droplet formation using DIC microscopy, which confirmed the inhibitory
effect of the N-terminal peptide of SUMO1. The B2-sheet-peptide alone inhibited phase
separation only to a minor extent according to the turbidity assay, while less aggregation-

prone structures could be detected compared to TDP-43(LCD) alone (Figure 28 C).

| tried to determine K values starting with the N-terminal peptide using fluorescence
polarization assays using FITC-labeled peptide (Appendix 6). Even though binding was
detected starting at ~100 uM, | could not achieve sufficient concentrations of TDP-43(LCD)
to achieve sigmoidal curves for calculating Kp values. Interestingly, | detected a slightly
stronger interaction between the N-terminal peptide and full-length TDP-43, starting at ~15
MM. Using fluorescently labeled TDP-43(LCD) is not a suitable approach due to the

reduced capacity of inhibiting tumbling by a comparably small peptide.

Taken together, this experiment supports the necessity of SUMO1 being conjugated to
TDP-43(LCD), as the interaction between both binding partners is very weak. This also
rules out the possibility of spontaneous binding of free SUMO1 having a sufficient effect
on inhibiting TDP-43(LCD) phase separation, confirming the findings described in chapter
3.1.3. Further quantitative methods can enable interesting insights into the mechanism the
interaction between the TDP-43(LCD) a-helix and the SUMO1 N-terminus or B2-sheet.
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Figure 28: Quantification of interaction strength between SUMO1 peptides and TPD43(LCD).
(A) Sequence of SUMO1 peptides. (B) SUMO1 peptides were mixed with 50 yM TDP-43(LCD) at
different molar ratios. Turbidity was measured as described before. (C) Representative DIC images
of TDP-43(LCD) droplet formation in the presence of SUMO1 peptides. Scale bar = 10 ym.

In conclusion, we found a unique mechanism how phase separation of TDP-43(LCD) can
be inhibited by selective binding of SUMO1. Both HDX-MS data and follow-up confirmation
experiments in vitro and in cells strongly suggest that the helical main self-assembly site
of TDP-43(LCD) is blocked by a bivalent binding of the SUMO1 N-terminus and the [3.-
sheet. This interaction is most likely of a weak nature, while a defined binding strength
remains to be determined as shown by FP assays and an exact KD needs to be

determined.

3.3.3 SUMO?2 intrinsically enhances phase separation of TDP-43(LCD)

In contrast to the inhibitory effect of SUMO1 that is TDP-43-specific, SUMO2 seems to
enhance phase separation of IDRs in a general manner, as | also showed for other IDRs
(chapter 3.1.4). This raises the interesting question, if an increasing number of SUMO2-
moieties will enhance this effect, since especially SUMO2 is known to form polymeric
chains (chapter 1.1.2 and 1.1.3). | mimicked SUMOZ2 chains by generating linear fusions
of two or four SUMO2-moieties on TDP-43(LCD) (Figure 29 A). As SUMO2 chains are
mainly linked via K11, | removed amino acids 1-10 of SUMO2 to provide the appropriate
spacing between each SUMO moiety in the chain. | purified the respective fusion proteins
and compared phase separation with unmodified TDP-43(LCD) and SUMO2-TDP-
43(LCD) as described before. Indeed, increasing the length of SUMO2-chains enhanced
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phase separation, as shown by the turbidity assays (Figure 29 B). Interestingly, turbidity
values dropped after peaking in the first 45 min. This effect also occurred for SUMO2-
TDP-43(LCD), but only to a lesser extent. When analyzing droplet formation with DIC
microscopy, | could observe that 2x and 4xSUMO2-TDP-43(LCD) phase separated in
huge droplets that settled to the ground of the microscope slide. This is a similar wetting
effect as observed for Ub- and SUMO2-TDP-43(LCD) condensates 3 h after inducing
phase separation and indicates an enhancement of the liquid properties of the
condensates (Figure 15 in chapter 3.2.1). Equal cleavage reactions were probed by SDS-

PAGE and Coomassie-staining (Appendix 7).

In conclusion, an increasing chain length of polySUMO2 enhances phase separation of
TDP-43(LCD). It remains elusive if this effect relies on the presence of a polymeric chain
or the sheer number of SUMO2 molecules. To test this, varying numbers of SUMO2
moieties could be distributed across TDP-43(LCD). An additional designed 6xSUMO2-

TDP-43(LCD) was not stable during the protein purification procedure (data not shown).
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Figure 29: Mimicking polySUMO2 chains on TDP-43(LCD). (A) Arrangement of multiple SUMO2
moieties on TDP-43(LCD). The flexible N-termini of all proximal SUMO2 moieties has been
removed to mimick spacing of native polymeric SUMOZ2 chains. (B) Turbidity assay of polySUMO2-
TDP-43(LCD). (C) Representative DIC microscopy images. Scale bar = 10 uym.

3.3.3.1 Identification of interaction sites by XL-MS

Next, | tried to address the question, how SUMO2 enhances phase separation. As
discussed in chapter 3.3.2, evaluating the potential of SUMO2 to affect the fold of its
conjugated target is difficult due to the internally disordered state of TDP-43(LCD). Thus,
| wanted to investigate if SUMO2 can interact with itself and if so, to identify the interaction
regions on SUMO2. Again, together with Joshua Vollrath, we tried to use HDX-MS to
compare deuterium uptake of SUMO2-TDP-43(LCD) in a soluble state with attached MBP,
or in a phase-separated state after MBP is cleaved off using TEV protease. However,

HDX-MS is not yet established as a method to measure relative deuterium uptake in a
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phase separated state. Indeed, the uptake spectra under this condition were of low quality

and we were not able to identify regions of interactions (data not shown).

Crosslinked-coupled mass spectrometry (XL-MS) can be used to capture and identify
protein-protein interactions in various ways. XL-MS is usually limited to certain functional
groups due to the used crosslinker, and additionally it is difficult to distinguish between
intra- and intermolecular interactions. A method for the identification of homodimers has
been described, using stable-isotope labeling (Lima et al. 2018). The usage of "*N-labeled
protein enables to distinguish between intramolecular cis-interactions and intermolecular
trans-interactions. The proof-of-concept experiment of this study relies on controlled
denaturation and an NHS-based amine-amine crosslinker, which limits the detection of
interaction sites. Conventional NHS-crosslinking mainly captures the reactive sidechain of
lysine and primary amines but can also capture other amino acid residues in rare events,
as for example serine, threonine or tyrosine. Instead, | decided to use Sulfo-SDA (Thermo
Fisher Scientific), which is a heterobifunctional crosslinker with an NHS-warhead and a
photoreactive diazirine group (Figure 30 A). The diazirine group can be activated by UV-

A irradiation, leading to a nonspecific reaction with any functional group (Figure 30 A).

Induction of phase separation by TEV-cleavage of MBP allowed me to implement a highly
controllable two-step crosslinking process using Sulfo-SDA (Figure 30 B). First, | purified
>N-labeled SUMO2-TDP-43(LCD) and mixed it with (regular) *N-SUMO2-TDP-43(LCD)
together with Sulfo-SDA at different ratios of crosslinker to protein. Due to the high
reactivity of the NHS-group in an aqueous environment, both proteins were monolinked
with Sulfo-SDA. | induced phase separation for 2 h as described before and photoactivated
the diazirine group, which due to its 3.9 A spacer arm should in theory link a *N- with a
>N-labeled protein when they are in close proximity. The formation of multimers was
compared with another reaction that was not treated with TEV-protease by SDS-PAGE
and Coomassie- staining (Figure 30 C and D). Comparing both conditions showed several
bands that only appeared when phase separation was induced. | excised gel pieces of
interest and submitted them to the IMB Core Facility for Proteomics. Further sample

processing, HPLC-MS operation and data analysis was performed by Jiaxuan Chen.

97



Results

A C -TEV D +TEV
. .0 N=N _ .
Na O 0 kDa kDa L
; y
e N NCH? 250 250{ = I
o) o 0 150 { == (N I B 150 ] we
100 1 1004 = Shedes
80 | 80 -
B - o
60 - 604 -
| osh 2n 501 o= bl
NHS TEV UV-A 304 204
20  gea e 20 4
EEEEREEE EEEEEEEE
10 4 10 - = — et .
Coomassie Coomassie

Figure 30: Crosslinking of SUMO2-TDP-43(LCD). (A) Structure of the Sulfo-SDA crosslinker. (B)
Workflow for capturing interaction sites of phase separated SUMO2-TDP-43(LCD) using Sulfo-
SDA. Coomassie-stained gel of crosslinked SUMO2-TDP-43(LCD) without (C) and with (D) TEV-
protease using different Sulfo-SDA to protein ratios. Green boxes indicate cut out gel pieces.

The detected crosslinks were mapped on the sequence of SUMO2 (Figure 31). As
expected, barely any crosslinks were detected on TDP-43(LCD) because it only harbors
a single lysine (data not shown). In general, it should be mentioned that the peptide
assignment software was not optimized to distinguish between “N- and 'SN-labeled
peptides. Thus, one must consider the potential detection of false positive crosslinks. |
highlighted crosslinking sites with peptides of a score 23.5 with bold lines, which can be
considered as interactions of high confidence. Both inter- and intramolecular crosslinks
are almost perfectly mirrored on N- and 'N-labeled protein. The most prominent
intermolecular crosslinking signals on SUMO2 were detected between the N-terminus and
amino acids T70-T83 of the t4-loop in cis. Interestingly, similar crosslinking sites were also
detected in trans. This indicates that the N-terminus of SUMO2 has a general potential to
bind to the t4-loop. Further cis-interactions were identified within the N-terminus of SUMO2
itself and are most likely explainable with random movements due to the flexibility of this
region. Crosslinks in cis between 31-sheet (H17/118) and B.-sheet (K33), as well as a-helix
(K45) and t4-loop (N68-D71) most likely occur because of the close proximity between the
respective structural elements within one molecule. Crosslinking sites of lower confidence
suggest frans-interactions between front and rear end of the flexible N-termini of two
molecules. Moreover, trans-crosslinks between N-terminus and the a-helix (C48/E49), as
well as a-helix and t4 loop (T70, T72 or A74-D80) propose additional binding sites. Equal

cis-crosslinks were detected between the same amino acid residues.
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Figure 31: Crosslinking-MS of SUMO2 fused to TDP-43. Raw data visualization with xXiNET.
Intermolecular crosslinks (green) and intramolecular crosslinks (grey) were plotted on the amino
acid sequence of SUMOZ2. Crosslinked peptides with a score 23.5 are highlighted in bold lines.

Overall, the XL-MS experiment strongly indicates that SUMO2 enhances phase separation
by increasing multivalency through its ability to interact with itself. Strikingly, the proposed
interactions were observed both in an intra- and intermolecular manner. This leads to the

hypothesis that common intramolecular interactions within one SUMO2 molecule could
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also occur on the same sites between two SUMOZ2 molecules in close proximity. So far,
SUMO2 has not been described to self-associate. The modification of a phase separating
protein like TDP-43(LCD) would thus lead to a situation where two SUMO2 molecules
would be forced into close proximity, which would in turn enable the interactions described

above.

3.3.3.2 Experimental confirmation of interaction sites

To prove this hypothesis, | generated SUMO2 mutants based on the identified interacting
regions and analyzed their phase separation behavior in vitro (Figure 32 A). If a crucial
interaction is disrupted, the SUMO2-mutant attached to TPD43(LCD) should not enhance
phase separation, and it can be expected that the fusion protein behaves comparable to
unmodified TDP-43(LCD).

Based on the multiple interactions detected in the flexible N-terminus, | generated different
truncations of this region, deleting either the first 6, 11 or 15 amino acid residues (Figure
32 B). Removal of the entire SUMO2 N-terminus (A1-15) resulted in a drastic change of
the liquid-like droplet phenotype. Similar to TDP-43(LCD) without a PTM, condensates
appeared at a higher number and in a more irregular shape. This shows that the liquidness
of SUMO2-TDP-43(LCD) is probably promoted by the interaction of the N-terminus of one
SUMO2-molecule with the surface of another molecule. Interestingly, shorter truncations
had the opposite effect and rather led to a phenotype that can be interpreted as an
enhancement of liquid-like phase separation. SUMO2(A1-6) slightly enhanced droplet size
and led to surface wetting, as described in section 3.2.1. This effect got even more
pronounced when the N-terminus was further truncated (A1-11), resulting in large, settled
condensates and droplets of an equally round shape, similar as observed above for
4xSUMO2-TDP-43(LCD). This indicates that there might be a hierarchy between cis- and
trans-interactions of the SUMO2 N-terminus with the SUMO2 surface, which is further

discussed in chapter 4.2.3.

The t4-loop has a high number of negatively charged amino acids. Neutralizing the charge
might abolish binding to the flexible N-terminus containing several lysines. | generated
E->Q and D>N mutations in the region 71-82, which is where we detected crosslinks of
high confidence with the N-terminal region. Phase separation of this was most similar to
the unmodified TDP-43(LCD) control. Condensates of the t4-mutant appeared small and
with an irregular shape, barely distinguishable from the control protein (Figure 32 B). In
conclusion, the t4-loop can be considered as an interaction site for the N-terminus of
SUMOZ2, both in cis and in trans.
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A set of other mutants based on the XL-MS data yielded results that were more
ambiguous. Reducing the propensity of hydrogen bond formation by mutation of polar
amino acid residues in the t4 loop (T70A, T72A and Q75V) seemed to enhance liquid-like
phase separation by promoting the formation of settled droplets to a weak extent.
Opposing the charge of an exposed aspartate (D63R) reduced droplet number and size,
but the characteristic round droplet shape was comparable with WT SUMO2. Both sites
probably play an important role in SUMO2-mediated alteration of TDP-43(LCD) phase
separation. As a few crosslinks were detected that originate in the a-helix, | tried to reduce
helicity to investigate its role as a binding site (K42P, A46P). Inducing phase separation of
this protein resulted in a pronounced aggregation-like phenotype. It is not surprising that
resolution of the helix results in major misfolding as it is the central structural element of
the SUMO2 fold. Thus, the misfolded SUMO2 unit could act as aggregation seed that
further promotes liquid-solid phase transition of the aggregation-prone TDP-43(LCD).

Unraveling the role of these three mutations requires additional experiments.

All mutants were also analyzed by turbidity assay (Figure 32 C). The high diversity of the
condensates made it difficult to interpret this result, as the turbidity assay is not suitable to
distinguish between irregular solid-associated phase separation and liquid-like phase
separation and surface wetting. Equal cleavage reactions were probed by SDS-PAGE and

Coomassie-staining (Appendix 7).
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Figure 32: Validation of SUMO2 self-interaction sites. (A) Proposed interaction regions were
mapped on the structure of SUMO2 (PDB:2n1w). Mutated amino acid residues are shown as stick
representations. (B) Representative DIC microscopy images of SUMO2 interaction mutants. Scale
bar = 10 ym. (C) Turbidity assay of SUMO interaction mutants.

Due to the limited resolution of HDX-MS and XL-MS, | was not able to identify key amino
acids that are the drivers of the respective phenotypes of SUMO1- and SUMO2-regulated
phase separation of TDP-43(LCD). Yet, the unambiguous identification of crucial regions
in both SUMO isoforms suggest unique and novel mechanisms that have not been

described so far.

A schematic representation of my findings is summarized in Figure 33. SUMO1 can act
as a TDP-43(LCD)-specific inhibitor of phase separation. Here, the SUMO1 N-terminus
and B2-sheet bind to the a-helix of TDP-43(LCD), which is its major self-assembly site. In
contrast, SUMO2 enhancing phase separation of TDP-43(LCD) appears to be largely
substrate independent. A weak interaction between the N-terminus and the t4-loop of
SUMOZ2 that usually occurs in cis can also form in trans when several SUMO2 molecules

come into close proximity, as it is the case for a scenario where a phase separating protein

102



Results

is post-translationally modified with SUMO2. Apparently, a shorter N-terminus favors the
trans interaction over the cis interaction, promoting phase separation even further. Point
mutations within the both SUMO regions could ultimately reveal the exact contact sites.
MBP-free SUMO-TDP-43(LCD) could also be analyzed by NMR, while peak shifts could
be analyzed by comparing similar conditions as used for both HDX-MS and XL-MS

experiments.

Specific effect General effect
SUMOL1 blocks TDP-43(LCD) SUMO?2 enhances multivalency

self-assembly site
ah, tN-—*MS £ 11

< B I

Figure 33: Novel mechanisms of how different SUMO isoforms regulate phase separation.
The self-assembly site of TDP-43(LCD) can be blocked by SUMO1 (blue), which inhibits phase
separation. SUMO2 (green) can enhance phase separation by increasing multivalency via a
cis/trans-dependent interaction.
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3.4 Physiological relevance of TDP-43  ubiquitylation and
SUMOylation

As described in chapter 1.2.7.1, TDP-43 is a multidomain protein whose phase separation
relies on mechanisms beyond its LCD. Especially the properly folded N-terminal domain
drives dimerization of TDP-43 and thus, is a major regulator of phase separation. Both
RRMs engage in polynucleotide binding, which is usually considered as a key component
in the formation of multivalent interaction networks. Major cellular functions are controlled
by an NLS which enables shuttling of TDP-43 between nucleus and cytoplasm. Therefore,
in comparison to the isolated LCD, the phase separation mechanism of full-length TDP-43
is more complex, which makes it less suitable as a model protein to study how ubiquitin
and SUMO can modulate phase separation mechanisms. However, it offers the possibility
to investigate functional consequences of ubiquitylation and SUMOylation on TDP-43
function. Several studies showed that ubiquitylation and SUMOylation can have severe
impacts on the function and localization of TDP-43 (Hebron et al. 2013; Hans et al. 2014;
Maraschi et al. 2021).

3.4.1 Characterization of PTM-fusions on full-length TDP-43 in a cellular context

TDP-43 has multiple reported ubiquitylation and SUMOylation sites, which have been
identified by several while the SUMO-isoform is mostly not considered (Mertins et al. 2013;
Lumpkin et al. 2017; Hendriks et al. 2018). Interestingly, in the NTD only phosphorylation
sites have been detected (Kametani et al. 2009). To gain first insights into the effect of
conjugation of one specific modifier to TDP-43, | made use of the linear fusion system as
described in section 3.2.4. Therefore, | arranged ubiquitin, SUMO1 or SUMO2 at either
the N- or C-terminus and analyzed phase separation by quantifying transfected cells with

droplets.

For visualization purposes, an EGFP-tag was fused to the C-terminus of TDP-43.
Overexpression in HelLa cells resulted in nuclear droplets of small size and high number
(Figure 34 A). Transfection with unmodified TDP-43-EGFP resulted in the highest fraction
of transfected cells that droplets (Figure 34 B). Analysis of expression levels by western
blot showed comparable expression levels between TDP-43-EGFP and all respective
fusion proteins with ubiquitin, SUMO1 and SUMO2 (Figure 34 C).

Strikingly, N-terminal fusion of SUMO1 to full-length TDP-43 inhibited phase separation,
as shown by a reduction to less than 30% of transfected cells with droplets at comparable
protein levels to unmodified TDP-43. A C-terminal fusion had no pronounced effect on

reducing phase separation of TDP-43. This is in agreement to my previous findings, since
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a free N-terminus of SUMO1 is required for its inhibitory effect on TDP-43 phase
separation (chapter 3.2.4.1).

In contrast, fusions with ubiquitin and SUMO2 reduced the number of transfected cells
with droplets, which first was surprising as both modifiers enhanced phase separation of
TDP-43(LCD) (Figure 22). Yet, both modifiers altered the shape, size and localization of
the condensates to a certain extent. Both N- and C-terminal fusion of ubiquitin led to an
enhanced enrichment of cytoplasmic condensate formation. This is an interesting finding,
because pathological aggregation of TDP-43 is not only highly associated with cytoplasmic
localization but also with ubiquitylation (Tran and Lee 2022). In the case of SUMO2, both
N- and C-terminal fusions appeared to increase the droplet size. Interestingly, K408 close
to the C-terminal end of TDP-43 has been shown to be SUMOylated (Lumpkin et al. 2017).
The data sets should be further analyzed for quantification of droplet size and EGFP-signal
in a compartment-dependent manner to obtain more conclusions about the effect of each

modifier on the phase separation phenotype.

Altogether, linear fusions of ubiquitin and SUMO to full-length TDP-43 show a similar trend
as observed for TDP-43(LCD). SUMO1-fusion was proficient in the inhibition of phase
separation. For SUMO2-fusions, condensates appeared at a bigger size, which might
indicate an enhancement of liquidness. Ub-fusions formed regularly shaped condensates,
in comparison to the irregular foci formed by Ub-TDP-43(LCD). To claim that Ub- and
SUMO2-fusions enhance LLPS of TDP-43, additional experiments are needed.
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Figure 34: Linear fusions of Ub/SUMO to TDP-43 variants. (A) Exemplary fluorescence
microscopy images of transiently overexpressed EGFP-tagged TDP-43 in HelLa cells. N- and C-
terminal fusion of PTMs were compared with each other (upper and middle lane). (B) Quantification
of transfected cells with droplets (n=3) and (C) analysis of expression levels by western blot.

3.4.2 The role of endogenous PTMs on phase separation of TDP-43

Since TDP-43 harbors several sites for endogenous modification with ubiquitin and SUMO,
| wanted to test if | can generate conditions where overexpressed TDP-43 is mainly
conjugated with one particular modifier. Due to the intriguing mechanisms described in
chapter 3.3, | focused on the differences between the SUMO isoforms. Therefore, | made
use of isoform-specific siRNA-mediated knockdowns of either SUMO1 or SUMO2/3.
Subsequently, | transiently overexpressed cells with His-tagged TDP-43-EGFP. As TDP-
43 is mostly modified upon cellular stress, | compared unperturbed cells with cells that
were incubated at 43 °C for 2 h prior to harvesting. | separately collected samples for
analyzing knockdown-efficiency and pulldown-samples for the detection of PTMs on TDP-

43. An overview of the experimental workflow is shown in Figure 35 A.
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Western blot analysis of knockdown-efficiency in whole cell lysate showed a strong
depletion of SUMO1 upon transfection of siRNA targeting SUMO1. The analysis of
knockdown-efficiency for SUMO2 was more challenging due to the quality of the used
SUMO2-antibody. However, a depletion of SUMO2 was clearly detectable, since the
increase of SUMO2-levels upon heat shock was absent upon knockdown of SUMO2
(Figure 35 B).

Pulldowns were performed under denaturing conditions to avoid cleavage of the
conjugates from TDP-43 by DUBs and SENPs (chapter 1.1.2). The pulldown elutions
were analyzed by western blotting, using antibodies for SUMO1, SUMO2 and ubiquitin.
The heat shocked of cells enhanced signals for SUMO1, SUMO2 and ubiquitin after

transfection with control siRNA in comparison to untreaded cells (Figure 35 B).

Upon knockdown of SUMO1, almost no SUMO1 signal was observable after pulldown of
TDP-43, while SUMO2 and ubiquitin signals were unaffected. In contrast, depletion of
SUMO2/3 resulted in no detectable SUMO2/3 signal but also in a reduction in SUMO1
signal. Furthermore, an increase of ubiquitin chains was observable under stressed
conditions, which was slightly decreased upon knockdown of SUMO1. Using TAK-234 as
an inhibitor for ubiquitin E1 resulted in a strong reduction in ubiquitin chains on TDP-43
after 1 h of treatment, which allows to provide a situation where TDP-43 SUMOylation
could be studied in the absence of ubiquitylation (Appendix 8). This experiment showed
that very specific conditions can be generated, where distinct post-translational

modification levels of TDP-43 are achieved.
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Figure 35: Detection of endogenous PTMs on TDP-43. (A) Experimental workflow for generating
defined conditions of post-translationally modified TDP-43 in HelLa cells and subsequent analysis
by pulldowns or microscopy. (B) Analysis of knockdown efficiency in whole cell lysate by western
blotting, using antibodies against SUMO1 and SUMO2. (C) Ubiquitylation and SUMOylation of
transiently overexpressed TDP-43 in cells depleted of SUMO1 or SUMO2/3 were analyzed by
denaturing NiNTA-pulldowns and western blotting, using antibodies against SUMO1, SUMO2,
ubiquitin and TDP-43.

| used this setup to screen how isoform-specific depletion of SUMO affects phase
separation of different TDP-43-constructs under different cellular stress conditions.
Therefore, | transfected cells depleted of either SUMO1, SUMO2/3 or all three isoforms
with EGFP-tagged TDP-43, TDP-43(ANLS) and TDP-43(CTF-25). TDP-43(ANLS) has a
mutated NLS which results in its accumulation in the cytoplasm. CTF-25 is a cleavage
product of TDP-43, which is considered to be a pathological hallmark that promotes
neurotoxic aggregation (Berning and Walker 2019). Cells were exposed to several stress
factors prior to imaging. Treatment with 100 yM NaAsO- for 1 h or 1 mM H20: for 2 h were
used for generating oxidative stress. Proteasomal degradation was inhibited by the
addition of 30 yM MG-132 for 4 h, which induces proteotoxic stress. Exposure to 43 °C for

2 h induced a heat shock, leading to thermal stress.
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Under unperturbed conditions, transient overexpression of EGFP-tagged TDP-43 resulted
in the same phenotypes as observed before (Figure 36 in chapter 3.4.1). In comparison,
TDP-43(ANLS) primarily localized in the cytoplasm. The pathological mutant TDP-43(CTF-
25) formed irregular cytoplasmic foci that seem to clump together, and additional small
spots appeared in the nucleus (Figure 36 A). All applied stress conditions enhanced
condensate formation. For TDP-43, the number of condensates drastically increased and
proteasomal inhibition (MG-132) resulted in the accumulation of cytoplasmic EGFP-signal.
Both TDP-43(ANLS) and TDP-43(CTF-25) formed irregular foci throughout the cell.

No differences in phase separation behavior of TDP-43 were observable upon depletion
of different SUMO isoforms as it was the case for experiments using linear fusions of
PTMs. Yet, | quantified transfected cells with condensates as described before (Figure 36
B). For TDP-43, sodium arsenite, proteasomal inhibition and heat stress resulted in a
slightly elevated number of transfected cells with condensates upon depletion of SUMO1.
Assuming that SUMO1 inhibits phase separation, this effect was expected but to a more
pronounced extent. Similarly, knockdown of SUMOZ2/3 slightly decreased the number of
transfected cells forming condensates upon sodium arsenite treatment and heat. This is

also an expected effect as SUMO2 acts as an enhancer of phase separation.

Condensate formation of all other TDP-43 constructs was only screened in one single
large-scale test experiment. Thus, the results need to be considered with caution. In fact,
the absence of SUMO1 resulted in a reduced number of transfected cells with
condensates, whereas depletion of SUMOZ2/3 increased the numbers. This stands in
contrast to all previously collected data and opposes the suggested mechanism in Figure
33.

In summary, | could not show a meaningful impact of endogenous PTMs that work in the
favor of the previously suggested mechanism. Furthermore, this experiment must be

performed in more biological replicates to obtain statistical significance.
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Figure 36: Phase separation of TDP-43-variants upon cellular stress. (A) Exemplary
fluorescence microscopy images of HelLa cells depleted of SUMO that were transiently transfected
with TDP-43-variants and exposed to cellular stress factors. (B) Quantification of transfected cells
with droplets (n=3 for all experiments with error bars, n=1 for all remaining experiments).

3.4.3 Effects of impaired phase separation on modification of TDP-43 by PTMs

Since TDP-43 self-assembly is mediated by multivalent interactions where all protein
domains contribute to, it is likely that disrupting these mechanisms can alter post-
translational modification of TDP-43 with ubiquitin and SUMO (chapter 1.2.5). To address
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this question, | made use of a set of mutations that | characterized before (chapter 3.2.4).
Both A326P (1P) and W345G/W85G (2W) inhibited phase separation, while
G335A/G338A (2G) strongly enhanced condensate formation of TDP-43(LCD) (Figure
23). | mutated the respective sites in full-length TDP-43 and also added a further N-
terminal domain mutant (6M) that is described to be deficient in oligomerization and should

thus not undergo phase separation (Pérez-Berlanga et al. 2023).

Upon transient overexpression of EGFP-tagged TDP-43 in Hela cells, | first analyzed
condensate formation by fluorescence microscopy (Figure 37 A) and 6M indeed showed
a reduction in visible droplets but an overall weaker GFP signal implying low expression.
1P and 2W were completely deficient in droplet formation for TDP-43(LCD), which was not
necessarily the case for full-length TDP-43, as several cells showed prominent foci in the
nucleus. However, | did not observe any cells with dense droplet pattern as it was the case
for WT TDP-43. Increasing helicity by the 2G mutation clearly led to a strong enhancement
of cytoplasmic GFP signal, and a fraction of cells containing large amounts of small spots,
indicating a similar trend as observed for this mutation in TDP-43(LCD). | did not quantify
these effects in detail but rather shifted to the impact of the respective mutants on the post-

translational modifications on TDP-43.

Therefore, | performed denaturing NiNTA-pulldowns as in the previous chapter 3.4.2 and
assessed the ubiquitylation and SUMOylation pattern on TDP-43 by western blotting
(Figure 37 C). It has to be mentioned first, that the low expression of 6M observed by
fluorescence microscopy was also confirmed by analyzing protein levels in the input
samples (Figure 37 B). All other mutants expressed to a similar extent. Most prominently,
2W and 1P led to a strong increase of ubiquitylation and SUMOylation with both isoforms
on TDP-43. Despite the pronounced phenotype of 2G, no significant difference in post-

translational modification of TDP-43 could be observed.

Altogether, this experiment suggests that post-translational modification of TDP-43 can be
either a consequence of altered self-assembly mechanisms or an attempt of the cell to

rescue physiological phase separation, which is further discussed chapter 4.3.3
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Figure 37: Post-translational modification of TDP-43 phase separation mutants. (A)
Exemplary fluorescence microscopy images of HelLa cells transfected with EGFP-tagged TDP-43
plasmids harboring mutations that alter phase separation. (B) Analysis of expression levels by
western blotting using an antibody against GFP. (C) Analysis of Ubiquitylation and SUMOQylation
patterns by denaturing NiNTA-pulldowns and western blotting using antibodies against ubiquitin,
SUMO1 and SUMO2.

3.4.4 Impact of TDP-43 ubiquitylation and SUMOylation on RNA processing

TDP-43 has some well-described functions in the cellular metabolism (chapter 1.2.7.1).
As a promiscuous RNA-binding protein (RBP), TDP-43 participates in RNA splicing as for
example in exon skipping (Buratti et al. 2001). It has been shown that a phase separation-
deficient TDP-43 mutant maintained overall splicing activity, showing minor deviations of
exon skipping in comparison to WT TDP-43 (Schmidt et al. 2019). | wanted to analyze if
mimicking of ubiquitylated or SUMOQylated TDP-43 affects this function. Therefore, | made

use of a similar experimental setup as described before (Gruijs da Silva et al. 2022).

After knockdown of endogenous TDP-43, | transiently overexpressed EGFP-tagged TDP-
43-fusions with ubiquitin, SUMO1 or SUMO2 similarly as in section 3.4.1 and harvested
samples for protein and RNA extraction. | confirmed by western blotting that endogenous
TDP-43 was depleted and the different EGFP-tagged TDP-43 variants were expressed at
comparable levels (Figure 38 A). Afterwards, | isolated total RNA and generated cDNA,
which enabled me to analyze two known splicing targets of TDP-43, SKAR and BIM
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(Tollervey et al. 2011; Fiesel et al. 2012). Both exons are skipped in the presence of TDP-
43, which results in the appearance of shorter DNA fragments in an agarose gel upon
depletion of TDP-43 (Figure 38 B). For SKAR, the expression of EGFP-tagged TDP-43
partially rescued exon skipping, while the efficiency was slightly lower in case of fusions
with ubiquitin and SUMO. | observed the opposite situation for BIM, where Ub-/SUMO-
fusion proteins had a higher efficiency in restoring the splicing pattern of endogenous TDP-
43. In comparison, overexpression of TDP-43 without a modifier resulted in a different ratio
of splicing products and the presence of an additional signal slightly below 400 bp that was

otherwise only observable upon depletion of endogenous TDP-43.
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Figure 38: Impact of ubiquitin and SUMO on TDP-43 splicing activity. (A) Monitoring the
depletion of endogenous TDP-43 and the expression of EGFP-tagged TDP-43-fusions with
ubiquitin and SUMO by western blotting. (B) Analysis of splicing patterns by amplification of SKAR
and BIM from cDNA by agarose gel electrophoresis.

This experiment showed that there are minor differences in the effects of modified and
unmodified TDP-43 on exon skipping of two exemplary splicing targets. However, | did not
observe contrasting impacts between the modifiers. It must also be considered that this
semi-quantitative PCR only monitors the steady state of a certain splicing product and
gPCR would reveal more detailed insights into the processing of these targets. For further
investigation, more splicing targets could be analyzed in a different manner, also including
other mechanisms like exon inclusion. A genome-wide analysis of the transcriptome by
high-throughput RNA-sequencing would be a more complex approach. This could provide

a global and more detailed picture of the impact of each modifier.
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In summary, the role of ubiquitin and SUMO on the functionality of TDP-43 requires further
investigations. The N- and C-terminal fusions of ubiquitin and SUMO to TDP-43 clearly
suggest a high impact of the PTMs on phase separation of TDP-43. Depletion of
endogenous SUMO is a severe intervention into the cell and did not result in conclusive
results how endogenous post-translational modification of TDP-43 changes phase
separation. The role of protein levels by overexpression is discussed in chapter 4.3.2.2.
Due to the multi-domain organization of TDP-43, the attachment site for the PTM might
have a bigger relevance, which is further discussed in chapter 4.3.2.1. Follow-up
experiments to discover functions of ubiquitin and SUMO in TDP-43 phase separation are

suggested in chapter 4.4.1.
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4 Discussion

4.1 SUMO1 inhibits phase separation of TDP-43

While the role of a particular SUMO isoform on its conjugation target often remains
enigmatic, | could clearly demonstrate that SUMO1-fusion has a distinct impact by
inhibiting phase separation of TDP-43(LCD) (chapter 3.2.1). This effect relies on specific
interactions between the SUMO1 N-terminus and 2-sheet with the a-helix and C-terminus
of TDP-43(LCD) (chapter 3.3.2). In this section, | will discuss the nature of this interaction
and potential mechanistic scenarios, also in the context of full-length TDP-43. | will
furthermore elaborate on isoform-specificity for SUMO1 and target-specificity for different
IDRs.

4.1.1 Obstruction of self-assembly sites in TDP-43(LCD)

Self-assembly via multivalent interactions are often difficult to narrow down to specific
protein regions or even distinct amino acids. TDP-434(LCD) is a suitable model protein to
study how a specific PTM affects phase separation as its mechanism of self-assembly is
partially resolved (Li et al. 2018). As the a-helix is a major self-assembly site of TDP-
43(LCD), itis not surprising that binding of SUMO1 to this region inhibits phase separation.
The helix is of transient nature and is most likely stabilized upon self-interaction of TDP-
43(LCD) (Conicella et al. 2016). This raises several interesting assumptions about how
SUMO1 affects this region.

On the one hand, SUMO1 could simply bind to the a-helix and prevent helix-helix
interactions, which is supported by the reduced deuterium uptake that was measured in
the HDX-MS experiments (Figure 26 C). On the other hand, a more sophisticated
mechanism could involve the resolution of the helical structure. The addition of proline is
well-established as a helix breaker due to its dihedral angle (Li et al. 1996; Jacob et al.
1999). By mutating A315P, | could show that an intact a-helix is essential for the phase
separation of TDP-43(LCD) as this construct did not form condensates (Figure 23).
Whether SUMO1 resolves the helix or the binding of SUMO1 to the helix is sufficient for
the reduced self-assembly remains elusive. In fact, the mutation of G335A/G338A has
been shown to enhance helicity, while decreasing condensate mobility (Conicella et al.
2020). When | overexpressed this TDP-43(LCD) variant in HelLa cells, | could observe a
strong increase in condensate number. Yet, the fusion of SUMO1 still largely inhibited

condensate formation comparable to its fusion to WT TDP-43(LCD) (Figure 23). If
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G335A/G338A increases the surface of the self-interaction site or enhances the helix
stability, SUMO1-fusion is still capable of blocking this site or resolving the helix,

respectively.

The potential of a PTM to unfold a secondary structural element relies on the stability of
the secondary structure, which is directly affected by the tertiary protein structure
(Morimoto et al. 2016). It can be assumed that an a-helix that is supported by neighboring
B-sheets as in the case for RRMs is less prone to be destabilized by PTM conjugation in
close proximity (Lukavsky et al. 2013). It can be speculated that the internally disordered
nature of TDP-43(LCD) most likely excludes any helix-protective mechanisms and helicity

might decrease upon interaction with SUMO1.

Finally, HDX-MS data also showed a reduced deuterium uptake in a peptide that harbors
W412 when comparing SUMO1 fused to TDP-43(LCD) and SUMO1 mixed with TDP-
43(LCD) (Figure 26 C). This site has been shown to contribute to self-assembly of TDP-
43(LCD) amongst other aromatic amino acid residues (Li et al. 2018). Due to the absence
of any secondary structures, this region is supposed to be highly accessible for deuterium
uptake in case of soluble TDP-43(LCD) as it was the case during the HDX-MS
experiments. The reduced deuterium uptake in the fusion protein compared to the protein
mix persists until later time points of deuterium exposure, which suggests that this region
could be stably surrounded by SUMO1.

Most of these scenarios could be elucidated by applying structural biology techniques of
higher resolution than HDX-MS. The most powerful experimental approach to further
reveal the interactions between TDP-43(LCD) and SUMO1 would be multi-dimensional
NMR, as it could enable both identification of interaction sites on an amino acid resolution
but also grants insights into the degree of helicity. In this study, | used MBP-tagged
SUMO1-TDP-43(LCD) with a molecular weight of ~68 kDa, which is too large to get a
sufficient peak separation in 2D-NMR experiments (Puthenveetil and Vinogradova 2019).
The preparation of SUMO1-TDP-43(LCD) without MBP would result in a protein of 26.5
kDa, making it suitable for 2D-NMR. As SUMO1-TDP-43(LCD) does not phase separate
after removal of MBP under various conditions (Appendix 4), soluble protein could be
produced in E. coli. As an alternative approach, SUMO1-TDP-43(LCD) could be purified
from inclusion bodies under denaturing conditions, as described by Babinchak et al., 2019.
Here, the impact of the harsh purification conditions on the protein integrity has to be
carefully considered, as the protocol requires high concentrations of Urea, HPLC

purification using acetonitrile and lyophilization (Babinchak et al. 2019).
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4.1.2 Specific elements in SUMO1 that block TDP-43(LCD) self-assembly sites

SUMO1 and SUMOZ2 share a similar fold and have a sequence identity of less than 50%
(Figure 2 C and D). Their opposing effects on regulating phase separation of TDP-
43(LCD) is thus intriguing and requires a detailed analysis of the identified elements in
SUMO1 that interact with TDP-43(LCD). The HDX-MS data clearly showed how the N-
terminus and Bz-sheet of SUMO1 are blocked when it is attached to TDP-43(LCD), which
inhibited phase separation (Figure 26 D). The N-terminus of SUMO1 is four amino acids
longer and is more negatively charged in comparison to the N-terminus of SUMO2. The
SUMO1 B2-sheet has an exposed glutamate and histidine, where SUMO2 harbors less

reactive valine and glutamine residues at the respective positions (Figure 2).

As the HDX-MS experiment did not provide interaction sites on an amino acid resolution,
| first approached to mutate entire structural regions. An exchange of a-helix and B2-sheet
of SUMO1 with the same elements from SUMO2 has been demonstrated to assign
SUMO2-specific binding capacity to a chimeric protein based on SUMO1 (Zhu et al. 2008).
| thus assumed that a loss of B2-sheet and N-terminus could deprive the capacity of
SUMO1 to inhibit phase separation of TDP-43(LCD) when being exchanged with the
respective elements of SUMO2. With this approach | was able to mutate large elements
of SUMO1, without the knowledge of particular amino acid interaction sites, while
maintaining structural integrity of the protein fold. Indeed, both in vitro experiment and
mammalian cell culture models confirmed the importance of both regions for phase
separation of TDP-43(LCD). This was further supported by a mutated SUMO2 protein,
which harbored N-terminus and B.-sheet of SUMO1. Insertion of these two elements
almost entirely reversed the LLPS-enhancing properties of SUMO2. In conclusion, the
presence of both N-terminus and B2-sheet from SUMO1 can turn SUMO2 into a similar
inhibitor of phase separation as WT SUMO1.

Interestingly, only the double mutants of both N-terminus and B.-sheet were sufficient to
entirely reverse the impacts of SUMO1 and SUMO2 on TDP-43(LCD) phase separation,
while single mutants only had mild impacts (Figure 27). This suggests a potential binding
mechanism that is based on avidity. Whether SUMO1 binds to TDP-43(LCD) in a two-step
process, or if one sequence element blocks the TDP-43(LCD) a-helix and the other one
binds to W412 remains elusive and requires additional experiments as suggested in the

previous section.

Another important aspect of the SUMO1 N-terminus is its requirement to move freely. C-
terminal fusion of SUMO1 to TDP-43 did not inhibit phase separation (Figure 22 and

Appendix 3). An arrangement like this is rather non-physiological as the fusion is not
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based on the modifier's C-terminal GG-motif and thus orients the modifier differently
towards the substrate. It also most likely prevents the ability of the SUMO1 N-terminus to
move freely towards the self-assembly sites of TDP-43(LCD). Interestingly, expression of
3XNLS-SUMO1-TDP-43(LCD)-EGFP resulted in the formation of condensates in the
nucleus (Figure 22). Three assumptions can be made based on this observation: First,
forcing the protein from ubiquitous localization into a comparably smaller compartment like
the nucleus can result that the Cst is exceeded (chapter 1.2.2). Second, fusion to SUMO1
could recruit TDP-43(LCD) into nuclear biomolecular condensates following the client-
scaffold principle (chapter 1.2.4). Lastly, the N-terminal fusion of a 3xNLS adds an
element of a considerable size to the flexible N-terminus of SUMO1. Indeed, the 3xNLS
has a molecular weight of ~3 kDa and AlphaFold3 simulations suggest that it can adopt a
partially helical structure (Appendix 9). In combination with its highly positive net charge
of +12 (-4 for the SUMO1 N-terminus), it is very likely that the addition of a 3xNLS severely
affects the SUMO1 N-terminus and inhibits its interaction with TDP-43(LCD). Steric effects
of the 3xNLS could be tested by replacing it with a 3xNES, which should have a different
effect on the inhibition of TDP-43(LCD) phase separation by SUMO1-fusion.

Mixing SUMO1 and TDP-43(LCD) at equimolar concentrations had no effect on phase
separation and large excess of peptides derived from SUMO1 N-terminus and (32-sheet
were required for efficient inhibition (Figure 12 and Figure 28). This suggests a very weak
interaction between both interaction partners, which is further supported by the performed
FP experiment (Appendix 6). Since | was not able to add sufficiently high concentrations
of TDP-43(LCD) to FITC-SUMO1-Nt peptide to reach saturation, for instance surface
plasmon resonance (SPR) could be used, which enables the measurements of weaker Kp

in the millimolar range (Douzi 2017).

4.1.3 Phase separation-inhibiting effects of SUMO1 beyond TDP-43(LCD)

In comparison to the isolated LCD, full-length TDP-43 phase separates by a more
sophisticated mechanism of self-assembly, which further involves oligomerization of the
NTD and nucleotide interactions with the RRMs (Jiang et al. 2017; Zacco et al. 2019).
Strikingly, SUMO1-fusion to TDP-43 largely inhibited phase separation in mammalian
cells, even though unmodified TDP-43 is highly prone to form condensates (Figure 34).
This interesting observation still needs to be validated with purified components in in vitro

experiments.

The multi-domain organization of TDP43 bears the potential of additional interaction sites
for SUMO1. Indeed, | measured a slightly better binding of the SUMO1 N-terminal peptide
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to full-length TDP-43 in comparison to TDP-43(LCD) (Appendix 6). It would be interesting
to study if SUMO1 binds to another interface within TDP-43 by executing a comparable
HDX-MS study with full-length TDP-43 as described in chapter 3.3.2.1. This could also
provide general insights into the mechanism of TDP-43 self-assembles. If SUMO1 only
blocks the a-helical region in the LCD, does the NTD still self-interact (Wang et al. 2018a)?
Why is this not entirely sufficient to drive phase separation of TDP-437?

Screening how PTMs regulate phase separation of different IDRs also showed that
SUMO1-fusion inhibits phase separation of Htt-Ex1(Q23) (Figure 13 B). This finding is in
agreement with a study showing that conjugation of Htt-Ex1 with SUMO1 results its
aggregation (Steffan et al. 2004). FUS(QGSY) and FUS(RGG) whose phase separation is
enhanced by the fusion of SUMO1 are entirely disordered while Htt-Ex1(Q23) adopts a
helical confirmation (Burke et al. 2015; Elena-Real et al. 2023). This helix is of a completely
different amino acid composition as the helix in TDP-43(LCD), and the exact mechanism
how Htt-Ex1 self-assembles and undergoes phase transition into solid-like aggregates is
not fully understood. Still, this raises the question if helicity provides an interaction site for
SUMO1 on Htt-Ex1. If the same elements of SUMO1 are responsible for the inhibitory
effects as for TDP-43(LCD), an exchange of SUMO1 N-terminus and (2-sheet with
SUMOZ2 should abolish this effect, as shown in Figure 27. Additionally, HDX-MS or other
structural methods could reveal how SUMO1 blocks the self-assembly of Htt-Ex1, or if this

effect relies on an entirely different mechanism.

In summary, SUMO1 appears to have distinct effects on regulating phase separation that
depend on the attached IDR. There might be a balance between SUMO1 specifically
interacting with elements of the attached protein or by generically interacting with itself in
a similar manner to SUMO2 (chapter 4.2.5). The potential to inhibit phase separation of a
substrate can thus only occur if a) SUMO1 interacts at the site of self-assembly and b) if

this interaction has a higher binding strength than SUMO1 interacting with itself.

4.2 SUMO?2 is a general enhancer of phase separation

In contrast to the diverse effects of SUMO1, SUMO2 had a strong propensity to enhance
phase separation of all tested IDRs (chapter 3.1.4). This effect relies on the interaction
between the SUMO2 N-terminus and t4-loop, which can occur within the same SUMO2
molecule (cis), but also intermolecularly when two SUMO2-molecules are in close

proximity (trans) (chapter 3.3.3). This situation can occur when an IDR self-assembles
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while having SUMO2 attached. In this chapter, | will discuss this generic and IDR-
independent effect of SUMO2, also regarding experimental limitations of the XL-MS
experiment. Furthermore, the capability of ubiquitin and SUMO1 to act similarly as

enhancers of phase separation will be addressed.

4.2.1 Identification of self-interaction sites within SUMO2

Using stable-isotope labeling of SUMO2-TDP-43(LCD) and the heterobifunctional
crosslinker Sulfo-SDA enabled the MS-based identification of both intramolecular cis-
crosslinked and intermolecular trans-crosslinked peptides derived from SUMO2 fused to
TDP-43(LCD) in a phase separated state. Cis-crosslinked peptides of high scores between
the N-terminus and the t4-loop of SUMO2 occurred in both *N- and "°N-labeled SUMO2-
TDP-43(LCD) and indicate a basal affinity between these regions that goes beyond
random contacts by fluctuations of the flexible N-terminus. Interestingly, this contact was
also detected between the N-terminus of a "“N-labeled protein and the t4-loop of a "°N-
labeled protein and vice versa, which clearly indicates trans-interactions between SUMO2-
molecules upon phase separation of SUMO2-TDP-43(LCD) (Figure 31).

Similar as described in the previous section, MS-based structural biology approaches only
reveal information on a peptide level, so the identification of interaction sites with amino
acid resolution requires additional methods with NMR being the most powerful approach.
The capability of Sulfo-SDA for capturing interaction sites is also mostly limited to amino
acids with primary amine functional groups due to the NHS-warhead of the crosslinker.
Still, the fact that several exposed lysines of SUMO2 were not detected in crosslinked

peptides supports the credibility of the regions identified in this experiment.

There are currently no studies that assess the capability of free SUMO2 to undergo phase
separation, but both SUMO1 and ubiquitin have been shown to require high protein
concentration and the presence of molecular crowding agents to phase separate, so it can
be assumed that SUMO2 might behave similarly (Arora et al. 2023; Poudyal et al. 2023).
In conclusion, the enhancement of phase separation by SUMO2 must rely on self-
assembly of a scaffold protein that brings several SUMO2-molecules into close proximity.
In the absence of a self-assembling conjugation target, SUMO2 most likely does not phase
separate under physiological conditions. Both PML-NB assembly and DNA repair foci are
associated with group SUMOylation, so it can be hypothesized that the mechanism
identified here could contribute to the condensate stability of these biological assemblies
(Dou et al. 2010; Sahin et al. 2014b).
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4.2.2 Electrostatic interactions of SUMO2 in trans as a driver of LLPS

The t4-loop is the longest largely unstructured region in SUMO2 with 19 amino acids
(Figure 2 D, PDB:2n1w), which is especially enriched in negatively charged amino acids
and has a net charge of -7. | was able to abolish the LLPS-enhancing effect of SUMO2 on
TDP-43(LCD) phase separation by neutralizing the charge of six glutamates (E->Q) and
aspartates (D>N) in the SUMO2 t4-loop, which was the main contact sites with the N-
terminus in frans. Indeed, this mutant protein behaved similarly as untagged TDP-43(LCD)

in in vitro phase separation experiments (Figure 32 D).

The N-terminus of SUMO2 has a slightly negative net charge of -2, which indicates that
the N-terminus and the negatively charged t4-loop should repel each other, which is
apparently not the case. Yet, there are a few lysines in the N-terminus that could be
involved in electrostatic interactions with aspartate and glutamate in the t4-loop, which is
further supported by the fact that phase separation of SUMO2-TDP-43(LCD) was strongly
reduced in the presence of ionic strength. In contrast, phase separation of unmodified
TDP-43(LCD) was less affected this (Figure 19).

Interestingly, electrostatic interactions are often linked to phase separation of proteins
forming liquid-like condensates as the germ granule component Ddx4 or the Alzheimer’s
disease-associated protein tau (Nott et al. 2015; Farag et al. 2023). Aggregation is often
associated with hydrophobic interactions (Raschke et al. 2001; Farag et al. 2023). Self-
assembly of TDP-43(LCD) partially relies on helix-helix interactions, which is largely of
hydrophobic nature (Conicella et al. 2020). The addition of electrostatic interactions
between SUMO2-moieties in trans thus adds another self-interaction element, that could
potentially shift TDP-43(LCD) condensates from gel-like to more liquid-like properties,
which is also supported by an increase of droplet mobility as determined by FRAP analysis
(Figure 17).

4.2.3 A cisltrans switch of the SUMO2-N-terminus with an unstructured loop

A gradual truncation of the SUMO2 N-terminus changed the condensate appearance
drastically. While short- (A1-6) and mid-length (A1-11) truncations made the droplets more
liquid-like, an entire truncation (A1-15) led to a gel-like condensate phenotype. This
suggests some interesting assumptions on the hierarchy between cis- and trans-

interaction of the N-terminus and t4-loop of SUMO2.

The SUMO2 N-terminus has the potential to transiently interact in cis with the t4-loop
(Figure 30). When being conjugated to a protein that undergoes self-assembly, SUMO2-

moieties come into close proximity and a competition between cis- and frans-interactions
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arises. If the N-terminus is truncated, the distance between the remnant and the t4-loop
on a single SUMO2 moiety increases, which lowers the chance of an efficient cis-
interaction. However, considering the high flexibility of the internally disordered TDP-
43(LCD), the same structural elements would still be able to interact in trans, which would
further promote the LLPS-enhancing effect and could potentially explain why SUMO2(A1-
6)-TDP-43(LCD) behaves more liquid-like in comparison to a fusion of WT SUMO2.
Deletion of the first six amino acids results in the loss of two negatively charged amino
acid residues. The interaction between the remaining lysines and the negatively charged

t4-loop might occur more favorably than in comparison with the WT N-terminus.

How the deletion of the first eleven amino acids of SUMO2 strongly enhances LLPS of
TDP-43(LCD) remains enigmatic. The remnant N-terminus only consists out of negatively
charged amino acids, asparagine and threonine, whose propensity to interact with the
negatively charged t4-loop is rather unlikely. It can thus be imagined that the absence of
the first eleven amino acids enables interaction between the N-terminal remnant and one
of the positively charged surfaces of SUMO2, as for example the t2-loop or B.-sheet
(Figure 2 A). An XL-MS experiment with a similar setup as performed in chapter 3.3.3.1

could provide insights into the underlying mechanism for enhancing liquidity.

A truncation of the entire N-terminus would deprive the major trans-interaction site with the
SUMO2-surface that has been identified in this work. As a consequence, the self-assembly
mechanism of TDP-43(LCD) itself would dominate the phenotype, while SUMO2 self-
interaction would play a negligible role. Yet, the XL-MS experiment showed a few
crosslinked peptides of SUMO2-TDP-43(LCD) with lower scores were detected that
suggest additional self-interactions sites. The frans-interactions in SUMO2 between K42
and E79/D80 (Figure 39 A) or C48/E49 and T70/T72 (Figure 39 B) can most likely not
occur in cis, due to the spatial arrangement of the atoms. In contrast, interactions between
K45 and N68/E69/T70 were only detected in cis, which is reasonable due to the close

distance of their functional groups (Figure 39 C).
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Figure 39: Exclusive cis- and trans-interactions of SUMO2. Interaction sites were mapped on
the structure of SUMO2 (PDB:2n1w) based on crosslinked peptides identified in the SUMO2-TDP-
43(LCD) XL-MS experiment (Figure 31). Exemplary molecular distances were calculated in PyMOL
3. (A) Trans-interaction between K42 and E79/D80. (B) Trans-interaction between C48/E49 and
T70/T72. (C) Cis-interaction between K45 and N68/E69/T70.

It is unclear whether the detected frans-interactions are a cause or a consequence of
SUMO2 self-interaction, as | was not able to assign distinct roles to these sites based on
mutational studies. | hypothesized that T70/T72 could participate in hydrogen bonding with
amino acids of the a-helix, so | mutated them to alanine. Yet, the resulting construct
appeared to phase-separate in an even more liquid-like manner as WT SUMO2-TDP-
43(LCD). Reducing SUMO2-helicity resulted in diffuse aggregation, which might be driven
by a loss of the structural integrity of SUMO2. To confirm this, CD-spectra of the isolated
SUMO2-mutant that harbors prolines as helix-breakers could be recorded and compared
to WT SUMO2.

4.2.4 Polymeric SUMO2-chains enhance multivalency

The formation of polymeric SUMOZ2(/3) chains occurs mainly on K11 (Jansen and
Vertegaal 2021, chapter 1.1.3). If a SUMO2 chain is considered as a polymer, each
SUMO2-moiety could be represented as one bead that mediates a contact site. Thus, an
increasing number of beads (or a longer SUMO2 chain respectively) would enhance
multivalency, following the principles of polymer self-assembly (Mohanty et al. 2022; Xu et
al. 2023). This explains while LLPS increases with the length of SUMO2 chains on TDP-
43(LCD), as shown in chapter 3.3.3.

To mimic the natural spacing between K11-linked chains, | generated linear fusions of
SUMO2(A1-11) that lack the majority of the flexible N-terminus. As discussed in the

previous chapter, the mechanism of this truncation is unclear but seems to enhance the
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liquid-like properties of TDP-43(LCD) condensates. Yet, the interaction sites identified in
this work explain why an increasing number of SUMO2-moieties enhance LLPS when
being fused to TDP-43(LCD). Following the principle of stickers and spacers (chapter
1.2.2), the remnant N-terminus and the exposed C-terminus of SUMOZ2 can be considered
as a spacers that enable dynamic movement of the globular core elements, which

represents the sticky elements that mediate self-assembly (Ginell and Holehouse 2023).

The enzymatic synthesis of polymeric SUMO2 chains on TDP-43(LCD) would allow
studying the impact of the N-terminus. Purifying SUMO2 chains of different lengths might
be similarly executable as described for ubiquitin chains using cation exchange
chromatography (Dong et al. 2011). Due to the chain formation, several flexible N-termini
would accumulate in close proximity. Their high internal dynamic could lead to them
behaving as IDRs and potentially even promote entanglement-induced aggregation
(Baiesi et al. 2019; Sulkowska 2020).

4.2.5 Enhancement of phase separation by SUMO1

Intriguingly, SUMO1-fusions enhanced phase separation of the completely unstructured
IDRs FUS(QGSY) and FUS(RGG), while it acted as an inhibitor of phase separation in
case of the partially folded TDP-43(LCD) and Htt-Ex1(Q23) (Figure 13). This indicates
that SUMO1 has the potential to follow a similar mechanism of enhancing phase
separation like SUMO2, when an attractive binding site in the conjugated protein is
missing. Indeed, the N-terminus of SUMO1 has recently been reported to interact with the
surface of SUMO1 on several sites (Richter et al. 2024). The most prominent self-
interaction was proposed with the SIM-binding groove in the B2-sheet and the a-helix
based on NMR data. By applying MD simulations, the same interaction was barely
predicted within SUMO2, but to an even stronger extent in the C. elegans SUMO protein

Smo-1.

Interactions between N-terminus and the t4-loop of SUMO1 were detected by NMR
similarly as in our XL-MS experiment for SUMO2. Interestingly, MD simulations showed
no significant difference in this interaction between SUMO1, SUMO2, Smo1 and Smt3.
Yet, comparing the t4-loop sequences of SUMO1 and SUMO2 shows a drastic difference
in the net charge with -3 for SUMO1 and -7 for SUMO2.

In conclusion, one can assume that the presumable cis-interaction between the SUMO1
N-terminus and SIM-binding groove could turn over into a trans-interaction when several
SUMO1-moieites come into close proximity as it likely occurred in the case of the FUS-
derived IDRs.
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4.2.6 Enhancement of phase separation by ubiquitin

Comparing the effect of ubiquitin- and SUMO2-fusions on TDP-43(LCD) phase separation
in vitro showed a very similar phenotype (Figure 15). Both modifiers enhanced the liquidity
of TDP-43(LCD) as shown by FRAP analysis, with ubiquitin having an even stronger effect
than SUMOZ2 in aged condensates (Figure 17 B). However, ubiquitin-fused TDP-43(LCD)
had a slightly higher resistance against 1,6-Hexanediol, which indicates that hydrophobic
interactions contribute to less to the self-assembly mechanism than it is the case for
SUMO2 (

Figure 18).

In contrast to SUMO, ubiquitin does not have a flexible N-terminus but rather immediately
folds into a B-sheet (Figure 2 D). In conclusion, the mechanism how ubiquitin enhances
must rely on different structural elements. However, the Ub-TDP-43(LCD) condensates
were also highly sensitive to high salt concentrations indicating an involvement of

electrostatic interactions as observed for SUMO2 (Figure 19).

The expression of Ub-TDP-43(LCD)-EGFP in mammalian cells resulted in irregular
aggregation-like foci, while SUMO2-TDP-43(LCD)-EGFP phase separated in round
droplets (Figure 22). Ubiquitin was also more proficient than SUMO2 in rescuing
condensate formation of TD43(LCD) mutants that were deficient in self-assembly (Figure
23). This indicates a higher self-interaction affinity for ubiquitin, which could be investigated
by SPR, measuring Kp values of Ub- and SUMO2-TDP-43(LCD) to themselves.

The condensate shape might be a result of the recruitment of ubiquitin-binding proteins
that could alter the condensate’s properties, as the N-terminal fusion of ubiquitin can have
biological consequences (Asimaki et al. 2022). Of course, SUMO1- and SUMO2-fusions
can also recruit binding partners, but they might be of different nature, which explains the
differences in the phenotypes. This experiment thus highlights the importance of analyzing
phase separation in isolated systems with defined reaction conditions, while cellular

expression obtains the respective biological insights.

Altogether, the SUMO2 N-terminus appears to generally interact with the SUMOZ2 t4-loop
but can shift from a cis-interaction to a trans-interaction, when several SUMO2 molecules
come into close proximity. This suggests a generic mechanism for the enhancement of
phase separation that appears to be independent of the conjugated substrate and the
attachment site. How SUMO1 and ubiquitin enhanced phase separation of the FUS-

derived IDRs remains elusive and require additional experiments.
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4.3 Biological significance of TDP-43 ubiquitylation and SUMOylation
After characterizing the inhibitory effect of SUMO1-fusions and the enhancing effect of
SUMO2-fusions on phase separation of TDP-43(LCD), | was able to observe partially
comparable impacts on full-length TDP-43 in mammalian cells (Figure 34). This was
surprising, since phase separation of TDP-43 relies on more than self-assembly of the
LCD but rather involves multiple domains and interactions with other macromolecules
(chapter 1.2.7.1). Thus, this finding supports the impact of ubiquitin- and SUMO-

conjugation to TDP-43 on phase separation.

TDP-43 participates in various pathways such as RNA metabolism and the cellular stress
response (Ratti and Buratti 2016). This enables multiple opportunities to study the
biological consequences of ubiquitylation and SUMOylation, which | will discuss in this
chapter. | will furthermore elaborate the interplay between aberrant phase separation and

post-translational modifications, with a particular focus on neurodegenerative diseases.

4.3.1 Comparison of TDP-43(LCD) and full-length TDP-43 phase separation
Self-assembly of TDP-43 is a complex process that is based on multivalent interactions
that occur across the whole protein. Apart from the C-terminal LCD, the N-terminal NTD
majorly drives self-assembly of TDP-43 by oligomerization (Conicella et al. 2016; Wang et
al. 2018a; Li et al. 2018). Furthermore, interaction with GU-rich RNA has been identified
as a key regulator of TDP-43 phase separation (Grese et al. 2021).

4.3.1.1 SUMO1

Due to the variety of multivalent interactions across TDP-43, it was intriguing to see that
the transient overexpression of N-terminally fused SUMO1 to TDP-43 strongly inhibited
condensate formation in mammalian cells at similar expression levels in comparison to
unmodified TDP-43 (Figure 34). This supports the importance of the LCD as a self-
assembly site, while multivalent interaction sites in the remaining domains were apparently
not sufficient to fully maintain a phase separated state of TDP-43. Yet, a small fraction of
transfected cells still formed condensates, which suggests that NTD- and RNA-driven
oligomerization mediates partial or unstable self-assembly. One could furthermore
speculate about an additional interaction site between SUMO1 and TDP-43 that does not
affect self-assembly. Indeed, | observed a slightly higher affinity in an FP-assay for the
SUMO1 N-terminus peptide to TDP-43 compared to TDP-43(LCD) (Appendix 6). This
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hypothesis could be investigated by probing for crosslinks of SUMO1-TDP-43 in a
simplified XL-MS experiment without stable-isotope labeling. In agreement with the in
chapter 3.3.2 identified mechanism, C-terminal fusion of SUMO1 was not proficient in
inhibiting phase separation of TDP-43. Furthermore, nuclear localization of SUMO1-TDP-
43 was not impaired (Figure 34 A). This indicates that SUMO1 is most likely not interacting
with the NLS close to the NTD, which mainly consists out of positively charged amino acids
(Winton et al. 2008).

4.3.1.2 SUMO2

In contrast, the impact of SUMO2 fusion to TDP-43 was harder to interpret due to the
limited set of performed experiments. Transfected cells expressing SUMO2-TDP-43
formed condensates at a smaller number, but larger size compared to unmodified TDP-43
(Figure 34). This observation is comparable to the behavior of SUMO2-TDP-43(LCD) and
TD43(LCD) in in vitro phase separation experiments (Figure 14 B) but different to
mammalian cell culture experiments, where TDP-43(LCD) barely formed any condensates
(Figure 22 A). Confirming that SUMO2 similarly enhances liquid-like properties of full-
length TDP-43 requires FRAP analysis. Yet, the mechanism identified in chapter 3.3.3
and discussed in chapter 4.2.2 indicates that SUMOZ2 should similarly add a multivalent
interaction element to full-length TDP-43 as it does to TDP-43(LCD). As shown for TDP-
43(LCD), the expression of TDP-43 with a C-terminal SUMO2-fusion led to an increased
number of cells forming condensates (Figure 22 B and Figure 34 B). This is line with the
fact that a large element fused to the SUMO2 N-terminus would interfere with cis-

interactions, but not frans-interactions with the t4-loop (see chapter 4.2.3).

4.3.1.3 Ubiquitin

While the N-terminal fusion of ubiquitin to TDP-43(LCD) resulted in the formation of
irregular foci, ubiquitin-fusions to full-length TDP-43 formed condensates that appeared
similar as unmodified TDP-43. Strikingly, EGFP-signal also occurred in the cytoplasm
(Figure 34 A). This suggests a potential role of ubiquitin as a factor for shuttling TDP-43
from the nucleus into the cytoplasm. Attaching ubiquitin as a linear fusion might trigger the
interaction with a protein harboring a UBD and a TDP-43-specific binding domain, which
has the capability to alter the cellular localization of TDP-43. Exemplary, this has been
shown for the UBIN-POST-complex that shuttles K48-linked polyubiquitylated proteins

from the nucleus into the cytoplasm (Hirayama et al. 2018). A similar mechanism could
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explain the cytoplasmic localization of TDP-43 but requires the identification of the

responsible shuttle protein.

4.3.2 Experimental challenges in studying the impact of PTMs on TDP-43
Studying the impact of distinct ubiquitylation and SUMOylation events of any protein is
challenging due to the complexity of the PTM’s systems, incorporating writers, erasers and
readers of each particular modifier (Komander and Rape 2012). Many proteins harbor
multiple conjugation sites, the degree of modification (e.g. chain formation or fraction of
modified protein) can vary, and the exact combination of E2 and E3 is often unknown (Lips
et al. 2020; Sun and Zhang 2022).

4.3.2.1 Impact of the attachment site of PTMs on phase separation

The expression of linear PTM fusions generates permanently and entirely modified
proteins of interest. N-terminal fusions are closely mimicking conjugation to a physiological
site, as attachment via the C-terminal GG-motif enables conformational flexibility of the
modifier (Powers et al. 2018). Mutation of the GG-motif to a GV-motif maintains stability of
the linear fusion due to its resistance against proteases (Johnson et al. 1995).
Furthermore, the PTM’s N-terminus is available for the formation of M1-linked chains in
the case of ubiquitin and for dynamic movement in case of SUMO (Nguyen et al. 2022;
Richter et al. 2024).

All initial experiments for testing the impact of fused modifiers to different IDRs were
performed with N-terminal fusions of the PTMs (Figure 13). Surprisingly, the C-terminal
attachment of ubiquitin and SUMO to TDP-43 resulted in instable protein in vitro
(Appendix 3) but not after expression in mammalian cells (Figure 22 E and Figure 34 C).
C-terminal expression is a rather unphysiological approach, as it blocks the N-terminus
but leaves an accessible C-terminal GG-motif and furthermore arranges the modifier in
reverse orientation in respect of the target. Consequently, a different protein surface is in

proximity to the attachment site at TDP-43, as in the case for N-terminal fusion.

Especially in the context of full-length TDP-43, the attachment site of ubiquitin and SUMO
must be carefully considered. First, the N-terminal fusion of SUMO1 was not entirely
proficient in inhibiting phase separation of TDP-43 (Figure 34). The origin of this
incomplete effect might occur due to the long distance between the SUMO1-fusion site at

the N-terminus and blocking self-assembly of the a-helix at the C-terminus. One could
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speculate about a more pronounced effect when SUMO1 is attached to a lysine which is
closer to the helix in the LCD of TDP-43.

Second, the fold-altering effect of ubiquitin described in chapter 4.3.1.3 suggests that
structural integrity of particular elements within TDP-43 as NLS or RRMs could be affected
by the attachment site of the PTM (Morimoto et al. 2016). This could alter the accessibility
of these elements. An exemplary mechanism has been shown for p53, which is
polyubiquitylated by the RING-E3 MDM2, resulting in an exposure of the NES of p53 (Gu
et al. 2001; Lohrum et al. 2001). Similarly, ubiquitylation could cover the NLS of TDP-43,
which indeed has lysines that have been detected to be ubiquitylated (and SUMOylated)
in proteomics screens (Hendriks et al. 2014; Akimov et al. 2018). Ubiquitylation at K48 has

been shown to be important for the nuclear localization of TDP-43 (Hans et al. 2018)

Third, ubiquitylation and SUMOylation at specific sites can interfere with other PTM-sites.
It has been shown that ubiquitylation of K408 prevents phosphorylation of neighboring
serines, in case of the TDP-43-derived CTF-25, showing how ubiquitin can function as a
steric obstacle. Strikingly, a loss of ubiquitylation at the distant K95 appears to have a

similar effect on phosphorylation (Hans et al. 2018).

Fourth, the steric effect of the PTMs could also alter the caspase-mediated cleavage of
TDP-43 into the neurotoxic CTF-25- and CTF-35-fragments. The major cleavage sites
haven been identified after D89 and D174, respectively (Li et al. 2015). Both sides harbor
ubiquitylation and SUMOylation sites in close proximity that might protect these sites from

caspase-mediated cleavage (Hendriks et al. 2014; Akimov et al. 2018)

Attachment site-dependent effects could be investigated by applying a Sortase-mediated
based approach for site-specific ubiquitylation and SUMOylation, which is both applicable

for purified proteins as overexpression in mammalian cells (Fottner et al. 2019).

In summary, it can be postulated that sequence-depend effects of PTMs on TDP-43 as in
the case of alter cellular localization by ubiquitin or inhibition of phase separation by
SUMO1 depend on the conjugation site. In contrast, the generic effect of SUMO2
enhancing phase separation can probably occur largely independent of the attached

position.

4.3.2.2 Artificially enhanced protein levels by transient overexpression

Phase separation of TDP-43 is highly affected by its protein concentration. It has been
shown that TDP-43 binds to the 3° UTR of its own mRNA to suppress expression by a
negative feedback loop (Ayala et al. 2011). Elevated TDP-43 protein levels in transgenic
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mice promoted an ALS-like phenotype regarding progressive muscle weakness (Yang et
al. 2022). Transient overexpression of GFP-tagged TDP-43(ANLS) results in varying
protein levels of different populations that each had a distinct phenotype. Cells with a low
expression level of TDP-43(ANLS) showed a diffuse GFP-signal that only punctuated upon
exposure to oxidative stress and co-localized with SGs. In cells with high expression
levels, TDP-43(ANLS) formed SG-independent condensates that became highly immobile
after stress (Yan et al. 2024).

These findings clearly indicate that protein levels of overexpressed TDP-43 should be
considered in evaluating the findings of this work. Transient overexpression usually results
in higher protein expression levels compared to endogenous expression (Schwinn et al.
2020). While TDP-43 was shown to undergo phase separation at endogenous protein
levels, it can be assumed that overexpressed TDP-43 is more prone to form condensates
due to the concentration dependence of phase separation (Gasset-Rosa et al. 2019). Yet,
N-terminal fusion of SUMO1 was proficient in inhibiting phase separation of both full-length
TDP-43 and TDP-43(LCD), which indicates that each SUMO1 moiety blocks the a-helix of
the respective attached LCD even under transient overexpression conditions (Figure 22
and Figure 34). Since high protein concentrations of SUMO1-TDP-43(LCD) did not yet
undergo phase separation in vitro, it can be assumed that SUMO1 acts as an inhibitor of
self-assembly largely independent of protein levels (Appendix 4). At comparable
expression levels, Ub- and SUMO2-fusions strongly promoted condensate formation of
TDP-43(LCD), while unmodified TDP-43(LCD) barely formed condensates (Figure 22).
Studying the impact of ubiquitin and SUMO2 modification in this context is challenging and
requires considering additional factors such as the attachment site and the degree of
modification to evaluate if both modifiers have a critical impact on enhancing phase

separation of TDP-43 at physiological protein concentrations.

4.3.3 Interplay of aberrant phase separation and PTMs

Ubiquitylation and SUMOylation is strongly associated with mislocalized and aggregated
TDP-43 in ALS and FTD patients (Neumann et al. 2006; Arai et al. 2006; Maurel et al.
2020). The dependency between ubiquitylation and SUMOylation and neurotoxic
aggregation of TDP-43 is still debated and yet, it is questionable if the post-translational

modification is a cause or a consequence of cytoplasmic inclusions (Sternburg et al. 2022).

| probed endogenous post-translational modification of full-length TDP-43-mutants
deficient in LCD self-assembly by interfering with its main self-assembly sites which are
the transient a-helix (A326P) and a few tryptophanes (W334G/W385G) (Conicella et al.
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2016; Li et al. 2018). These mutants showed enhanced levels of ubiquitylation and
SUMOylation compared to WT TDP-43 but also formed condensates to a minor extent
(Figure 37 C). This raises the question whether the remaining multivalent elements in NTD
and RRMs are sufficient to drive condensate formation or if the hyper-modification with
ubiquitin, SUMO1 and SUMOZ2 is necessary for this. As ubiquitin and SUMO2 appear to
be general enhancers of phase separation, it could be hypothesized that their conjugation
is an attempt to maintain phase separation of TDP-43 (Figure 13). Furthermore, the
enhanced levels of ubiquitin and SUMO conjugated to TDP-43 could be interpreted as a
response of the UPS for clearance of the aberrantly phase separating protein (Wang and
Matunis 2023; Miuller and Hoppe 2024). Identification and subsequent deletion of
modification sites would allow to test how TDP-43 would form condensates when the LCD

is deficient in self-assembly.

In previous experiments with the same mutations in TDP-43(LCD) constructs, | showed
that both mutants almost completely inhibited phase separation (Figure 23). Analysis of
expression levels in the whole cell lysate by western blotting using a GFP antibody does
not allow clear conclusions about the type of PTM. Yet, fusion of ubiquitin and SUMO
induced strongly pronounced ladders in case of all three tested LLPS mutants compared
to the respective modifier fused to WT TDP-43(LCD), which can be associated with the
formation of ubiquitin and SUMO2 chains respectively (Appendix 10). Fusion of N-
terminal modifiers can act as a chain initiator, but it remains unclear what causes the
enhanced PTM levels in mutant TDP-43(LCD) (Johnson et al. 1995). An interesting
experiment would be the MS-based analysis of these polymeric chains in terms of linkage
and composition. Interestingly, fusions of ubiquitin and SUMO2 only partially rescued
phase separation of TDP-43(LCD) mutants deficient in self-assembly, with ubiquitin being
slightly more proficient (Figure 23 C). This strengthens the hypothesis that both modifiers
can only exert their role as enhancers of phase separation if the attached substrate is

capable to self-assemble (chapter 4.2.1).

Both full-length TDP-43-variants with mutated a-helix or tryptophanes in the LCD formed
only a few irregular spots per cell, while WT TDP-43 condensates appeared at smaller
size but far higher numbers. FRAP analysis would allow conclusions if the condensates
were rather liquid-like or solid-like. This would be of particular interest, since ubiquitin
chains have been shown to drive aggregation of their attached substrate (Morimoto et al.
2015). A novel pathological mechanism could hyper-modify TDP-43, which in turn became
more prone to aggregate. Examples would be stress-induced ubiquitylation and
SUMOylation or the dysregulation of a TDP-43-specific E2/E3 pair as it is associated with
cancer (Enserink 2015; Sampson et al. 2023; Sheng et al. 2024).
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Lastly, sequestration of ubiquitin into cytoplasmic inclusions has been suggested to exert
its neurotoxicity by depleting the cellular pool of free ubiquitin, which leads to a dysfunction
of the UPS (Farrawell et al. 2020). As a consequence, less ubiquitin would be available
for exertion of its cellular functions (chapter 1.1.3). This could be tested by providing a

larger pool of free ubiquitin to the cell by transient overexpression.

In summary, the conjugation of ubiquitin and SUMO can have widespread consequences
on TDP-43 in several manners: the propensity to undergo phase separation, initiation of
aggregation, protein fold integrity, processing into smaller fragments, altering cellular
localization and even competition with PTMs of other classes as phosphorylation.
Elucidation of distinct effects by each ubiquitin, SUMO1 and SUMO2 on TDP-43 would
require a comprehensive analysis where each potentially modified lysine residue is

systematically studied.

4.4 Future perspectives

4.4.1 Further insight into the biological role of Ub/SUMO on TDP-43

This work provided structural insights into two opposing mechanisms on modulating phase
separation of the LCD of TDP-43 by SUMO1 as an inhibitor and SUMO2 as an enhancer,
which could be similarly obtained for ubiquitin by applying structural MS-based methods
as HDX-MS and XL-MS. However, further work is required to understand the significance

and the biological consequences of these modifications on full-length TDP-43.

While preliminary experiments of expressing N-terminal fusions of PTMs to TDP-43 in
mammalian cells suggested similar effects as observed for TDP-43(LCD), in vitro
experiments are required to test if TDP-43 phase separation is inhibited or enhanced by
the respective modifiers. Sortase-mediated conjugation of the modifiers at distinct
positions could be performed for assessing the role of the attachment site, which is a
complex experiment that requires optimized cell lines for genetic code expansion (Fottner
et al. 2019). Additionally, an interaction between TDP-43 and free, unconjugated modifiers
was not tested in this work. This has to be carefully assessed, as the full-length protein
harbors additional domains that could play a role as potential binding sites for the
modifiers. Furthermore, the transition of TDP-43 from liquid-like droplets into solid-like
condensates should be analyzed for both LCD and full-length protein in regards of the

attached modifier.
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Another interesting aspect is to investigate condensates of TDP-43 in mammalian cells
with a particular focus on assessing the mobility of the different fusion proteins. FRAP
analysis would enable to assess the material properties of the condensates formed by
each modifier. This would allow conclusions whether ubiquitin and SUMO2 have similar
LLPS-enhancing effects on TDP-43, as | observed for TDP-43(LCD).

Therefore, different material types promoted by the respective modifiers would determine
how TDP-43 migrates through the cell. As TDP-43 can accumulate in SGs, liquid-like
modified TDP-43 might be recruited more efficiently into SGs (Khalfallah et al. 2018).
SUMO1-mediated solubilization might prevent this sequestration, while ubiquitin-induced
nuclear export could facilitate the recruitment of TDP-43 into SGs (chapter 4.3.1.3).
Recently, the recruitment of TDP-43 into SG has been shown as a trigger of TDP-43
aggregation by a demixing process (Yan et al. 2024). It would thus be interesting to assess

if the modifiers can protect TDP-43 from aggregation in this context.

Lastly, TDP-43 contributes to the maintenance of genome stability and has been shown
to participate in the nonhomologous end joining-mediated repair of DNA double-strand
breaks. The recruitment of TDP-43 to these sites of DNA damage has been shown by
laser micro-irradiation in the nucleus (Mitra et al. 2019; Fang et al. 2023). Depending on
the effect of each modifier on condensate mobility, it should be investigated how each
PTM has the potential to facilitate or impede DNA repair by TDP-43.

4.4.2 Polymeric functions of SUMO and ubiquitin chains

Considering SUMO and ubiquitin chains as polymers opens up novel perspectives to study
their impact on regulating phase separation. As discussed in chapter 4.2.4, the propensity
of a SUMO2 chain to self-assemble grows with an increasing chain length as each SUMO2
moiety would add up a multivalent element. Given the relevance of the flexible N-terminus,
enzymatically synthesized SUMO2 chains on TDP-43(LCD) or another suitable IDR
should be compared with linear fusions as used in chapter 3.3.3. There is little evidence
for the existence and relevance of SUMO1 chains in a cellular environment (Yang et al.
2006; Celen and Sahin 2020). Yet, it would be interesting to study if a recombinant SUMO1
chain made up from linear fusions of SUMO1-moieties would behave similarly as SUMO2
chain. This should be first tested on FUS(QGSY) and FUS(RGG), since SUMO1 enhanced
phase separation of both IDRs. For TDP-43(LCD), it could be assumed that an increasing
number of SUMO1-moieties could compete with the LCD-specific inhibition of phase
separation. SUMO1 has been shown to also interact with itself, and there might be a
balance of SUMO1/LCD interactions and SUMO1/SUMO1 interactions that will shift
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towards enhancing self-assembly if a certain threshold of SUMO1-moeties is exceeded
(Richter et al. 2024). The impact of an absence of SUMO2/3 chains conjugated to TDP-
43 in mammalian cells could be studied by siRNA-mediated depletion of SENP6 and
SENP7, which are the main depolymerizing enzymes for SUMO chains. Since both
enzymes process a variety of targets, major cellular perturbations might be considered
that could also affect phase separation of TDP-43 (Hickey et al. 2012; Jansen and
Vertegaal 2021).

While SUMO2/3 chains are mainly linked via K11, ubiquitin harbors seven internal lysines
and the N-terminal methionine that all participate in chain formation (Matic et al. 2008;
Ikeda and Dikic 2008). While | did not investigate the mechanism how the fusion of
ubiquitin enhanced phase separation of all tested IDR (Figure 13), ubiquitin chains could
be similarly considered as a chain of sticky elements, where each moiety would provide
one or multiple self-assembly sites. Considering that ubiquitin chains adopt certain
geometries dependent on their linkage site, it would be interesting to study how the
exposure of certain motifs would affect phase separation (Ye et al. 2012). Chains of
preferably closed conformations as for example K48-linked chains are mainly involving
interactions between 144-patches, resulting in the assembly of tightly packed tetraubiquitin
elements (Varadan et al. 2002). As a consequence, these chain types have a reduced
exposure of overall ubiquitin surface to the solvent in comparison to chains with an open

confirmation, as for example K63-linked chains (Tenno et al. 2004).

Since the molecular interactions that form the foundation of the phase separation
enhancing effect of ubiquitin are unknown, it is hard to estimate which chain conformation
would be more proficient in enhancing phase separation. To investigate this, one could
make use of a set of tailor-made E3s to generate ubiquitin chains of distinct linkages
(Wegmann et al. 2022). The attachment to a phase separating IDR can be performed
based on implementing this system together with chemically-induced dimerization for the
recruitment of linkage-selective enzymes to a substrate of choice (Renz et al. 2024).
Based on these studies, | initialized a workflow to elongate K48- and K63-linked chains on
Ub-TDP-43(LCD) with populations of different chain lengths in vitro (data not shown). By
using K48R and KG63R ubiquitin mutants, diubiquitylated TDP-43(LCD) could be
generated. Given the fact that ATP acts as a hydrotrope and could inhibit phase
separation, reactions need to be carefully purified from ATP and enzymes of the
ubiquitylation cascade (Patel et al. 2017). The subsequent analysis of phase separation
would then allow to obtain insights into polymeric functions of ubiquitin chains of different

length and linkage.
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6 Appendix

6.1 Abbreviations

Amp Ampicillin

ALS Amyotrophic lateral sclerosis

ATP Adenosine triphosphate

Cam Chloramphenicol

CD Circular dichroism

CF Core facility

Cryo-EM Cryogenic electron microscopy
CTF C-terminal fragment

Cv Column volume

DIC Differential interference contrast
DMEM Dulbecco’s modified eagle medium
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

dNTP Deoxynucleotide triphosphate
DPBS Dulbecco’s phosphate-buffered saline
DTT Dithiothreitol

DuUB Deubiquitinating enzyme

E1 Activating enzyme

E2 Conjugating enzyme

E3 Ligating enzyme

EGFP Enhanced green fluorescent protein
FBS Fetal bovine serum

FKBP FK506-binding protein

FP Fluorescence polarization

FRET Forster resonance energy transfer
FRET-AB FRET acceptor bleaching

FTD Frontotemporal dementia

FTLD Frontotemporal lobar degeneration
FUS Fused in sarcoma

GA Gibson assembly

GFP Green fluorescent protein
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HD
HDX-MS
HPLC
Hyg
Htt-Ex1
IDR
IMAC
IMB
Kan

LB
LCD
LCST
LLPS
MBP
MLO
MS
NES
NLS
NMR
NTD
o/n
PEG
PBS
PML-NB
PRD
PTM
RBR
RING
RNA
RNP
RRM
RT
SCM
SDS-PAGE
SEC
SDM
SENP

Huntington’s disease
Hydrogen-Deuterium exchange mass spectrometry
High-pressure liquid chromatography
Hygromycin

Huntingtin-exon1

Internally disordered region
Immobilized metal affinity chromatography
Institute of Molecular Biology
Kanamycin

Luria Broth

Low-complexity domain

Lower critical solution temperature
Liquid-liquid phase separation
Maltose-binding protein
Membrane-less organelle

Mass spectrometry

Nuclear export sequence

Nuclear localization sequence
Nuclear magnetic resonance
N-terminal domain

overnight

Polyethylene glycol
Phosphate-buffered saline
Promyelocytic leukemia nuclear body
Prion-like domain

Post-translational modifier

RING between RING

Really interesting new gene
Ribonucleic acid

Ribonucleoprotein

RNA recognition motif

Room temperature

SUMO consensus motif

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Size-exclusion chromatography
Site-directed mutagenesis

Sentrin-specific protease
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SG

SIM
SPR
STUbL
SUMO
B
TDG
TDP-43
TEV
ThT

Ub
UBD
UbL
UCST
UHPLC
UPS
XL-MS
ZnF
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Stress granules

SUMO interaction motif

Surface plasmon resonance
SUMO-targeted ubiquitin ligase
Small ubiquitin-like modifier
Terrific Broth

Thymine-DNA glycosylase

TAR DNA-binding protein 43
Tobacco etch virus

Thioflavin-T

Ubiquitin

Ubiquitin binding domain
Ubiquitin-like protein

Upper critical solution temperature
Ultra high-pressure liquid chromatography
Ubiquitin proteasome system
Crosslinking mass spectrometry

Zinc finger
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6.2 Supplementary data

IDRs — PTM mix
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Appendix 1: Monitoring of IDR/modifier mix cleavage reactions. TEV-protease induced
removal of MBP from IDRs mixed with ubiquitin, SUMO1 or SUMO2 was induced by the addition
of TEV-protease. Reactions were analyzed by SDS-PAGE and Coomassie-staining.
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IDRs — PTM fusion
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Appendix 2: Monitoring of IDR/modifier fusion cleavage reactions. TEV-protease induced
removal of MBP from IDRs fused to ubiquitin, SUMO1 or SUMO2 was induced by the addition of
TEV-protease. Reactions were analyzed by SDS-PAGE and Coomassie-staining.
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In vitro phase separation of TDP43-Ub/SUMO
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Appendix 3: In vitro phase separation of C-terminal Ub/SUMO fusions with TDP-43(LCD).
Turbidity assay and exemplary DIC microscopy images of TDP-43(LCD)-Ub/SUMO after TEV-
induced removal of MBP. Cleavage reactions were analyzed by SDS-PAGE and Coomassie-
staining. The gel image on the bottom right shows the purity of all pooled fractions after the
purification of TDP-43(LCD)-SUMO2-MBP.

No phase separation of SUMO1-TDP-43 at high concentrations

50 uM 100 uM 200 uM 400 pM

Appendix 4: Concentration-dependent inhibition of phase separation by SUMO1-TDP-
43(LCD). Exemplary fluorescence microscopy images of different concentrations of AzDye488-
labeled SUMO1-TDP-43(LCD) after TEV-induced removal of MBP.
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Mixed SUMO1/SUMOZ2 droplets
with different labeling positions

SUMO?2 Merge

Center

Appendix 5: Mixed condensates of site-specific AzDye488-labeled SUMO1- and Atto594-
labeled SUMO2-TDP-43(LCD). SUMO1-TDP-43(LCD) was labeled with AzDye488 either at N-
terminus, center or C-terminus and mixed 1:9 with Atto594-labeled SUMO2-TDP-43(LCD).

Exemplary fluorescence microscopy images after TEV-induced removal of MBP, as similarly used
for the FRET-AB experiment in chapter 3.3.1.
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Appendix 6: Monitoring of chimeric SUMO-TDP-43(LCD) cleavage reactions and FP assay of
TDP-43 and SUMO1 N-terminal peptide. (Upper) TEV-protease induced removal of MBP SUMO-
TDP-43(LCD) with hybridized SUMO elements was induced by the addition of TEV-protease.
Reactions were analyzed by SDS-PAGE and Coomassie-staining. (Lower) Fluorescence
polarization of 5 nM FITC-SUMO1(N-terminus) in the presence of different concentrations of TDP-
43(LCD)-MBP and full-length TDP-43-MBP.
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polySUMO2-TDP-43(LCD)
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Appendix 7: Monitoring of polySUMO-TDP-43(LCD) and interaction-deficient SUMO2-TDP-
43(LCD) cleavage reactions. TEV-protease induced removal of MBP from various mutated
SUMO2-TDP-43(LCD) constructs was induced by the addition of TEV-protease. Reactions were
analyzed by SDS-PAGE and Coomassie-staining.
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Inhibition of TDP-43
ubiquitylation in HelLa cells
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Appendix 8: Inhibition of TDP-43 ubiquitylation via TAK-243. Hela cells transiently
overexpressing His-TDP-43-EGFP were treated with 10 yM TAK-243 for the indicated time.
Ubiquitylation was analyzed by denaturing NiNTA-pulldowns and western blotting.
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Appendix 9: AlphaFold3 simulations of cellular localization tags. Four models of each 3xNLS
and 3xNES are shown in a carton representation with their respective query sequence.
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Overexposure of Western-Blot in Figure 23 D
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Appendix 10: PTM-patterns on overexpressed LLPS mutants of TDP-43(LCD). Alternative
representation of the western blot showed in Figure 23 D with increased contrast.
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