Complex Coacervation of
Disordered Proteins: focus on

a-Synuclein and Polyamines

Dissertation
For the award of the degree
Ph.D Division of Mathematics and Nautral Sciences

of the Georg-August-Universitit Gottingen

within the doctoral program Biology

of the Georg-August University School of Science (GAUSS)
submitted by
Matthew Percival

from Lancaster, United Kingdom

Gottingen, June 2024



Thesis Committee

Prof. Dr. Markus Zweckstetter

Translational Structural Biology in Dementia, German Center for Neurodegenerative Dis-
eases (DZNE), Gottingen & Max Planck Institute for Multidisciplinary Sciences, MPI-
NAT

Dr. Loren Andreas
Solid-State NMR Spectroscopy, Max Planck Institute for Multidisciplinary Sciences, MPI-
NAT

Dr. Johannes Soding
Quantitative and Computational Biology, Max Planck Institute for Multidisciplinary Sci-
ences, MPI-NAT

Members of the Examination Board

Reviewer: Prof. Dr. Markus Zweckstetter

Translational Structural Biology in Dementia, German Center for Neurodegenerative Dis-
eases & Max Planck Institute for Multidisciplinary Sciences, MPI-NAT

Second Reviewer: Dr. Loren Andreas
Solid-State NMR Spectroscopy, Max Planck Institute for Multidisciplinary Sciences, MPI-
NAT

Further Members of the Examination Board:

Dr. Johannes Soding

Group leader of Quantitative and Computational Biology, Max Planck Institute for Multi-
disciplinary Sciences

Prof. Dr. Silvio Rizzoli
Quantitative Synaptology in Space and Time, Department of Neuro- and Sensory Physiol-
ogy, Universitidtsmedizin Gottingen, Germany

Prof. Dr. Kai Tittmann
Department of Molecular Enzymology, Georg-August University Gottingen

Prof. Dr. Nils Brose
Department of Molecular Neurobiology, Max Planck Institute for Multidisciplinary Sci-

€nces

Date of oral examination: October 30, 2024



Acknowledgements

I would like to thank Prof. Dr. Markus Zweckstetter for providing the opportunity to conduct
research in his group. The research infrastructure, academic environment, opportunities and
freedom at both the DZNE and MPINAT provided a great platform to learn and develop as

a researcher.

I would also like to thank the members of the Thesis Advisory Committee for their scientific

advice and support during the thesis advisory meetings.
I would like to thank my colleagues past and present for their friendliness, willingness to
help, support and good times spent together. A special thanks goes to both Sol and Conny

for their amazing technical support.

Finally, thank you to my family and friends for their constant support and patience.

II



Abstract

The discovery of phase-separated bodies in cells has revealed an additional mesoscale layer
of organisation in cellular and molecular biology. The enrichment of RNA in these
biomolecular condensates suggests that charge plays a key role in phase separation. Complex
coacervation—a type of polymer phase separation—occurs in solutions of oppositely

charged polyelectrolytes.

In this project, we investigated the role of naturally occurring, cellularly abundant
polyamines as cationic binding partners, given their close association with RNA biology and
their ability to induce complex coacervation with nucleic acids. Unlike RNA, many proteins
have non-uniform charge distributions and complex primary sequences, where the effects of
charge must be considered alongside other factors, such as hydrophobicity and charge
patterning. Whether these factors can similarly drive complex coacervation of intrinsically

disordered proteins (IDPs) remains unclear.

To explore this, we studied a-synuclein (aSyn) and G3BP1. G3BP1 is a stress granule
scaffold protein whose condensation is driven by a combination of homotypic and
heterotypic interactions. Its long acidic intrinsically disordered region (IDR1) suggests that
interactions with cationic species may be as critical as its RNA-binding motif. Similarly, the
role of aSyn’s acidic C-terminus in modulating phase separation and its connection to

amyloid aggregation remain poorly understood.

We find that PolyU RNA and spermine form stoichiometry-dependent complex coacervates
that are highly sensitive to temperature and ionic strength, consistent with a classical
complex coacervation process. Spermine also promotes phase separation of aSyn through
charge interactions with its acidic C-terminus. This process is strongly dependent on aSyn-
to-spermine stoichiometry, increases as the isoelectric point of aSyn is approached, and
decreases as polyamines lose charge. Phase separation is abolished at NaCl concentrations
above 200 mM, highlighting the electrostatically driven nature of the process. Importantly,
heterotypic phase separation accelerates aSyn aggregation. Polyamines with weaker net
charge relative to spermine interact more weakly with aSyn, resulting in reduced phase

separation.
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Our results identify the C-terminus of aSyn as the scaffold domain for phase separation and
show that multivalent polyamines can promote condensation at physiological
concentrations. In sub-saturated solutions, clusters are preferentially formed, which persist
within condensates, indicating electrostatic nanocluster formation and microstructural
organisation. RNA, which binds spermine more strongly than aSyn, can sequester spermine
from the protein, exposing the C-terminus and promoting miscibility. Finally, we show that
G3BP1 interacts with spermine via its acidic IDR1, lowering the protein concentration

required for phase separation.
These findings provide mechanistic insight into how electrostatic interactions and

multivalent cations regulate the phase separation of IDPs and stress granule scaffold proteins

in cells.
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1 Introduction

1.1 Complex coacervation

Polymer phase separation in solution can be grouped by dominant interaction type, such as
electrostatic or hydrophobic. Complex coacervation' is a type of polymer phase separation,
or condensation, dominated by electrostatic interactions (Jong & Kruyt, 1929). Coacervates
consist of a polymer-rich phase coexisting at equilibrium with a dilute polymer-poor phase,
both containing large amounts of water (Figure 1) (Spruijt et al., 2010). A minimal model
of complex coacervation involves a polymer salt dissociating into oppositely charged
polymers — termed polyelectrolytes - in aqueous solution. The oppositely charged
polyelectrolytes strongly attract each other, leading to condensation in appropriate solution

conditions.

Oppositely charged polymers Complex coacervate Dilute phase

+
I

-l-/\i\'l_'/i'
+++

5 nm > um

Figure 1. Mixing oppositely charged polymers in ideal conditions leads to a complex
coacervate liquid.

In the ideal case, the parameters describing different aspects of each polyelectrolyte are
symmetric, such as equal chain lengths and flexibilities, charge densities and charge
separations (Figure 2). The solution parameters should also be symmetric, such as equal
solvent quality, and a 1:1 charge and concentration stoichiometry. The general rule for
complex coacervation is simple: for maximal complex coacervation the charge
stoichiometry of the oppositely charged polymers should be equal, thus suppressing

repulsive interactions.

' Coacervation is Latin for heap. The complex prefix distinguishes it from ‘simple coacervation” implying there
is complexation prior to phase separation.
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Figure 2. Some relevant parameters for complex coacervation.

Segregative versus Associative

Complex coacervation can also occur in asymmetric mixtures, where one or more parameters
differ between the two polymers. For example, coacervation may occur between an
oppositely charged polymer and a protein, surfactant, a small molecule, or a micelle (Liu et
al., 2016; Obermeyer et al., 2016; van der Burgh et al., 2004). As a result of such
asymmetries, a richer phase diagram can emerge, often reflecting a balance between
attractive and repulsive interactions that prevent macroscopic coarsening (Cousin et al.,
2011). Depending on the molecules and solution conditions, complex coacervate aggregates
or micelles can form, typically with dimensions of tens of nanometres (van der Burgh et al.,
2004; Veis, 1963). Despite the lack of macroscopic coarsening, the interactions and driving

forces underlying microphase separation resemble those of macroscopic phase separation.

To illustrate this, if homopolymers A and B are covalently joined, the product is a block
copolymer (Figure 3, top). If blocks A and B contain mutually repulsive monomers, they
tend to minimise contact. Without the covalent bond, the polymer solution would phase
separate macroscopically to minimise A-B interactions (Figure 3, left). However,
covalently linking them prevents macroscopic separation, instead producing a microphase-
separated structure (Figure 3, right). Under these conditions, microscopic patterns such as
spherical, hexagonal, or lamellar arrangements can emerge (Fredrickson, 2007). The type of
pattern formed depends on three parameters: the strength of the segregative interaction
between the two blocks, and the relative proportions of A and B in the chain (Kriksin &
Erukhimovich, 2020). In aqueous solution, similar segregative interactions can lead to the
formation of macroscopic phase separated states (Figure 3, bottom left) or aggregated
clusters and micelles (Figure 3, bottom right) depending on interactions between the blocks
themselves and with the solvent. For example, if a charged block is covalently bonded to a

water-soluble block in aqueous solution and mixed with an oppositely charged molecule, a



complex coacervate micelle may form with a segregated complex coacervate core (van der
Burgh et al., 2004). Introducing additional blocks can produce more complex assemblies;
for example, triblock copolyelectrolytes form clusters, gels, and phase-separated states

(Hugouvieux et al., 2011).
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Figure 3. Macro- to micro-phase separation in polymer liquids and solutions.

1.1.1 Polyelectrolytes: nucleic acids

DNA and RNA are among biology’s strongest polyelectrolytes (Tanford, Charles, 1961).
Much of DNA’s biological importance stems from its iconic double-helical secondary
structure that is defined by short-range chemistry (Tanford, Charles, 1961). It is also well-
known that DNA adopts significant higher-order structure and is wrapped in a condensed
state known as chromatin (Alberts et al., 2002). Chromatin must remain compact enough to
repress certain genes, yet flexible enough to expose others at different times (Szerlong &
Hansen, 2011). The process of DNA folding into a chromatin-state has been likened to
complex coacervation since it is dependent on electrostatic interactions with proteins, small
molecules such as polyamines, and multivalent cations (Figure 4A-B) (Gibson et al., 2023;

Tacomino et al., 2012). RNA has recently been shown to act as a scaffold for membraneless



organelles (MLOs) that are abundant within cells (Figure 4B) (Brangwynne, 2013).
Similarly to DNA compaction into chromatin, the process of biomolecular condensation of
RNA to form MLOs has been likened strongly to complex coacervation (Aumiller &
Keating, 2016).
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Figure 4. Complex coacervation-assisted compartmentalisation in the nucleus.

Polyelectrolytes are polymers bearing net charge due to ionised groups on the backbone or
side chains (Figure SA, left) (Tanford, Charles, 1961). Chemistries which dissociate in
water into an ionised functional group and a counter-ion include sulfonates and amines
(Figure 5B). Strong polyelectrolytes are often treated theoretically as if they carry a
continuous charge density along their chains. They condense counterions so strongly that a
diffuse ionic cloud surrounds them (Manning, 1996). It is important to highlight that this is
a non-covalent interaction between the counterions, co-ions, and the polyelectrolyte, and
charge density is still present in the immediate vicinity of the polyelectrolyte. It is the
presence of counter-ions and the diffuse ionic cloud that makes polyelectrolytes more
complex than non-charged polymers (Delaney & Fredrickson, 2017). For example,
electrostatic repulsion restricts the conformational freedom of strong polyelectrolytes much
more than that of neutral polymers (Tanford, Charles, 1961). This repulsion stiffens charged
polymers, an effect that can be modulated by ionic strength (Tanford, Charles, 1961). The
widely accepted driving force for complex coacervation is the release of counterions to bulk
solution upon polyelectrolyte complexation, providing an entropic gain for phase separation

(Chen & Wang, 2022). These effects are absent in non-charged polymers.
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Figure 5. Polyelectrolytes (left) and ionised functional groups on polyelectrolytes (right).
1.1.2 Polyampholytes: proteins

Globular proteins are enriched in hydrophobic amino acids, which repel water and drive
compaction into the folded native structure (Alberts et al., 2002). The folded state combines
with a particular motif from the available amino acid alphabet to determine which substrate
the protein binds, analogous to a lock and key mechanism (Alberts et al., 2002). In contrast
to folded proteins, intrinsically disordered proteins (IDPs) lack a stable native structure and
instead adopt a range of conformations (Uversky, 2013). They are quantitatively distinct
from globular proteins in sequence enrichment (Figure 6A) and are enriched in hydrophilic
and structure-disrupting residues, often termed low-complexity residues. This lack of a
stable three-dimensional structure suggests their mechanism of biological function must
differ from the lock and key mechanism of folded proteins (Uversky, 2002). Recently, it was
discovered that intrinsically disordered regions (IDRs) and full IDPs are prone to phase
separation and are important in biomolecular condensate formation within cells (Harmon et
al., 2017). Multivalent interactions between IDPs and their partners are essential to this
process (Harmon et al., 2017). Three key parameters governing IDP phase separation are net
charge, charge density, and charge patterning, which strongly influence the strength of
attractive and repulsive interactions between biomolecules (Bianchi et al., 2020; Holehouse
et al.,, 2017). However, unlike polyelectrolytes, proteins are not uniformly charged and

behave more similarly to polyampholytes (Burger et al., 2014).

Polyampholytes contain both positive and negative charges along their chain (Tanford,
Charles, 1961). The net charge of polyampholytes can change depending on whether the pH
is above or below the isoelectric — zero net charge - point of the polymer. In between these

two regimes the polyampholyte may have zero net charge when positive and negative



charges balance. The pH strongly influences whether the polymer coils or expands
(Dobrynin et al., 2004). Far from the isoelectric point, polyampholytes are more expanded,
and increasing ionic strength compacts the chain (Dobrynin et al., 2004). At the isoelectric
point, however, increasing ionic strength leads to expansion, as screening reduces
intramolecular interactions within the charge-neutral chain (Dobrynin et al., 2004). An
important distinction between polyelectrolytes and polyampholytes is that the net charge on
a polyampholyte is not uniformly distributed along the chain but concentrated in localised
regions. This makes intramolecular charge interactions—particularly long-range
interactions—paramount to polyampholyte behaviour (Figure 6B) (Tanford, Charles,
1961). At sufficiently high concentrations, long-range intramolecular interactions can give
way to intermolecular interactions because the polymer chains are on average closer to each
other (Tanford, Charles, 1961). IDPs behave similarly; for example, the paradigmatic IDP
a-synuclein forms both long-range intramolecular electrostatic interactions and

intermolecular interactions via its charged termini (Bernadé et al., 2005; Wu & Baum, 2010).
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Figure 6. IDPs (square, black) have quantitatively different charge and hydropathy profiles

compared to globular proteins (circles). The amphiphilicity of IDPs can lead to compaction.
1.2 Biomolecular condensates

In his 1924 book The Origin of Life Oparin proposed that life might have originated from
complex coacervates (Oparin, 1938)? . Oparin argued that complex coacervates formed from
oppositely charged peptides and nucleic acids might concentrate small molecules, increasing
rates of chemical reactions. Subsequently, a lipid membrane could form at the droplet

interface, stabilising it and eventually giving rise to modern cellular organelles. This theory

2 Translated into English by Professor Sergius Morgulis



has regained interest with the discovery of biomolecular condensates enriched in charged

biomolecules such as RNA and proteins (Rangachari, 2023).

Biomolecular condensates are compartmentalised mesoscale® structures within cells that
lack enclosing membranes, and are therefore referred to as membraneless organelles (Lin et
al., 2015). This contrasts with membrane-bound organelles such as the nucleus,
mitochondria, and endoplasmic reticulum, which create distinct environments for specific
cellular functions, such as gene transcription in the nucleus and energy production in the
mitochondria (Alberts et al., 2002). Prominent examples of membrane-less organelles
(MLOs) include stress granules, P-bodies and the nucleolus (Figure 7). Biomolecular
condensates are thought to serve general functions such as noise buffering, localisation, and
enhancement of reaction rates, in addition to specialised biological functions (Deviri &
Safran, 2021). Scaffolds—proteins and nucleic acids that form strong, multivalent
interactions—are thought to drive condensate formation (Bounedjah et al., 2014). Clients—
including proteins, nucleic acids, and small molecules—partition into condensates according
to their interactions with scaffolds, thereby facilitating specific reactions or biological
functions (Hyman et al., 2014). Importantly, the partitioning of small molecules can alter the

condensate microenvironment and influence gel or solid formation (Babinchak et al., 2020).

Biomolecular condensates have also been implicated in a range of pathologies (Molliex et
al., 2015). It is now clear that cellular condensates are rarely simple liquids, as predicted by
basic coacervation theories, but often display spatial inhomogeneities such as microphase

separation, microstructural organisation, gels, and fibrils (Dar et al., 2023; Kar et al., 2022).

Both heterotypic and homotypic scaffold interactions facilitate condensate formation, while
their disruption can drive disassembly (Farag et al., 2023). Tight regulation of these
interactions is essential to maintain condensate functionality. For example, in a liquid state
the molecules form transient interactions and diffuse rapidly, facilitating rapid assembly via
nucleation and enabling disassembly in response to cellular signals (Galvanetto et al., 2023).
In contrast, gels and especially solids within condensates exhibit much slower dynamics, so

dysregulated interactions can readily lead to arrested states (Chakraborty & Zweckstetter,

3 Microscopic (atomic, A-nm) < Mesoscale (supramolecular, 10s of nm) < Macroscopic (> um)



2023). Ligand interactions and post-translational modifications both influence condensate

composition and mobility.(Csizmok & Forman-Kay, 2018; Yewdall et al., 2022).
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Figure 7. A schematic of a cell containing biomolecular condensates in the cytoplasm and

nucleus.
1.2.1 Phase separation as the mechanism of condensate formation

Many MLOs had been recognised for decades under different names. For example, stress
granules were first described as heat-shock granules in 1983 (Nover et al., 1983) and
renamed cytoplasmic stress granules in 1989 (Nover et al., 1989) . Stress granules and P-
bodies were known to have distinct functions, but both are involved in translation and RNA
quality control (Protter & Parker, 2016) However, in 2009 the laboratory of Hyman
discovered that P granules exhibit many properties of liquid droplets, including fusion®,
dripping’ and wetting® (Hyman & Brangwynne, n.d.). P granules form reversibly, rapidly
dissolving and re-condensing (Brangwynne, 2009). Since this milestone publication, many
works have demonstrated that intracellular granules have liquid-like properties (Hyman et
al., 2014). For example, the nucleolus, which is responsible for ribosome assembly, contains
hundreds of proteins and RNAs and also displays liquid-like properties (Brangwynne et al.,
2011). Some biomolecular condensates have also been demonstrated to behave as multi-

phase condensates (Lafontaine et al., 2021). Phase separation has also been shown to occur

4 Coalescence of droplets from direct contact.
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at membranes where receptors are clustered together into liquid-like assemblies that depend
on interactions and post-translational modifications (Su et al., 2016). However, many
biomolecular condensates are not simple liquids and are better described as gels (Michieletto
& Marenda, 2022) or solids (Boke et al., 2016), sometimes with multiple states of matter
present in a single condensate (Protter & Parker, 2016). Biomolecular condensates are
spatially heterogeneous and far more complex than simple liquid compartments, often
including clusters and solids (Keber et al., 2024). Microphase separation and microstructural
organisation have been implicated in chromatin-assembly and various RNA quality-control

mechanisms (Hilbert et al., 2021).

There is broad consensus that weak, multivalent interactions between proteins and RNA
drive phase separation (P. Li et al., 2012). Multivalency refers to the presence of multiple
residues—or stretches of residues—that interact with other regions of the same protein or
with other biomolecules such as RNA. This multivalency has been demonstrated important
to destabilise the mixed system and promote phase separation by attractive or associative
interactions (Y. Yang et al., 2019). Low-complexity domains (LCDs)’, enriched in IDRs of
phase-separating proteins, are sufficient to undergo phase separation either alone or with
RNA, and can partition RNA-binding proteins (RBPs) (Han et al., 2012). Subsequently, it
was shown that just two scaffold proteins, together with RNA, are sufficient to form P

granules (Hanazawa et al., 2011).
1.2.2 Models of biomolecular phase separation

Biopolymers can undergo phase separation through multivalent interactions between
stickers mediated by proteins and nucleic acids (Farag et al., 2023; Ukmar-Godec et al.,
2019). One explanatory model is the stickers-and-spacers framework, originally introduced
in the polymer physics literature as a simple model of associative polymer gelation
(Semenov & Rubinstein, 1998). Subsequently, the model was adapted for protein gelation
and phase separation (Harmon et al., 2017). In this model, residues or stretches of residues
that overcome thermal fluctuations to form strong interactions are termed stickers (Figure
8) (Farag et al., 2023). Examples include tyrosine, phenylalanine, and arginine, whose side
chains form homotypic (m—m) or heterotypic (cation—m) interactions. The protein

concentration and sticker density dictate whether a mixed state, gel, phase separation, or a

7 LCDs are enriched in charged and structure-breaking residues.



combination occurs (Martin et al., 2020). Separating the stickers are spacers which are more
sensitive to the solvent and can expand or contract depending on the conditions. Spacers also
influence phase separation and gelation; expansion in a solvent can reduce sticker—sticker

contacts, disfavoring phase separation (Y. Yang et al., 2019).

Complex coacervation is also thought to play an important role in condensate formation
(Chowdhury et al., 2023; Obermeyer et al., 2016; Tan et al., 2023). RNA is a strongly
charged polymer and is enriched in biomolecular condensates where it forms interactions
with RNA-binding proteins (Kar et al., 2022; Lin et al., 2015). Many scaffold proteins in
condensates contain long stretches of similarly charged residues. For example, G3BP1
contains a 90 residue stretch of mostly acidic residues in its IDR1 which has been
demonstrated to be important in controlling its phase separation (P. Yang et al., 2020). Both
attractive and repulsive electrostatic interactions influence condensate composition,

dynamics, and intermolecular contacts (Tan et al., 2023; P. Yang et al., 2020).

In addition to models emphasising attractive interactions, others highlight segregative-type
interactions reminiscent of block copolymer and surfactant self-assembly (Hilbert et al.,
2021; Yamazaki et al., 2021, 2022). In the presence of two solvents, for example, water and
an organic solvent, surfactants will distribute their chain between the two solvents to
minimise their contact with the unfavourable solvent (Holmberg et al., 2003). Similarly, they
will partition to surfaces, droplet interfaces and also form micelles (Floriano et al., 1999).
Block copolymers behave similarly to surfactants and can segregate to form core—shell
architectures in specific solvents (Fredrickson & Leibler, 2002). Importantly, block
copolymer theories can capture a type of microphase separation that leads to a type of layered
structure within condensates (Latham & Zhang, 2022b). Microphase separation has been
demonstrated to occur in the nucleus and the general principles of microphase separation are
thought to be important for interfacial partitioning and intra-condensate organisation (Hilbert
etal., 2021; Latham & Zhang, 2022a). This type of microphase separation might also explain
why biological condensates do not grow into a single condensate, because they are stabilised

against surface-tension—driven coarsening into a single droplet (Latham & Zhang, 2022a).
Other models place more emphasis on the various homotypic and heterotypic interactions

that occur in biomolecular condensates, and how competition between stickers affects

propensity to form gels or phase separated states (Ruff et al., 2021; Yewdall et al., 2022).
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1.2.3 Ageing of biomolecular condensates

Phase-separated liquids can ‘age®’ through irreversible protein aggregation into amyloid
fibrils (Alberti & Hyman, 2021). The ageing of membraneless organelles (MLOs) refers to
the gradual loss of dynamic properties and their transition to less mobile states (Alberti &
Hyman, 2021). This phenomenon involves the transformation of MLOs from liquid-like or
gel-like states to more solid-like ones, characterised by increased viscosity, reduced
biomolecular mobility, and altered structural integrity (Michieletto & Marenda, 2022). One
mechanism underlying condensate ageing is the gradual accumulation of aberrant
interactions and modifications (Linsenmeier et al., 2022). During repeated cycles of
assembly and disassembly, errors in interactions or post-translational modifications can
produce stable aggregates and crosslinks within organelles (Figure 9) (Chakraborty &
Zweckstetter, 2023; del Monte & Agnetti, 2014).

8 Ageing here refers to the evolution of the liquid material properties over-time, usually from more to less
dynamic state.
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Figure 9. Over-time liquid droplets can age and result in the formation of beta-sheet rich
aggregates.

1.3 Biomolecular condensates and pathology

Many proteins which phase separate into biomolecular condensates are implicated in
neurodegenerative diseases (Figure 10, left) (M. L. Kramer & Schulz-Schaeffer, 2007).
Phase separation has been reported to increase aggregation rates, alter signal transduction
pathways, and disrupt metabolic cross-talk (Chakraborty & Zweckstetter, 2023; Su et al.,
2016).

1.3.1 Neurodegenerative diseases

Neurodegenerative diseases are second only to cancer in global prevalence (Wilson et al.,
2023). Many neurodegenerative diseases share hallmarks such as deposits of protein
aggregates, slow apoptosis in specific brain regions over years, and progressive degeneration
of whole brain areas ultimately leading to cognitive and/or motor symptoms, depending on

the disease (Wilson et al., 2023).

Parkinson’s disease

According to the German Centre for Neurodegenerative Diseases (DZNE), Alzheimer’s
disease and Parkinson’s disease (PD) are the two most prevalent neurodegenerative
disorders. In Germany, an estimated 200,000 individuals are affected by PD. Globally, PD
affects millions of people, with estimates suggesting that over 6 million individuals are living
with the condition worldwide (Cordato & Chan, 2004). This widespread prevalence
underscores the urgent need for effective therapies to mitigate PD’s impact. At the cellular
level, PD is characterised by the loss of dopaminergic neurons, particularly in the substantia

nigra and midbrain tegmentum. A loss of more than 30% of dopaminergic neurons in the
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substantia nigra occurs before motor symptoms appear (MacDonald et al., 2011). The main
therapy for PD is administration of the dopamine precursor L-dopa, which partially alleviates
symptoms caused by dopamine deficiency in the brain (MacDonald et al., 2011). In addition
to neuronal loss, PD is characterised by intracellular deposits of protein aggregates and
disrupted quality-control machinery, forming Lewy bodies and Lewy neurites (MenSikova
et al., 2022). These structures are enriched in a-synuclein aggregates, and together with
genetic studies, provide strong evidence that aSyn aggregation is a molecular hallmark of
PD (Figure 10, right) (W. S. Kim et al., 2014). Since aSyn aggregation and its spread
through interconnected brain regions is a leading explanation of PD progression, there are
also approaches to directly target aSyn oligomers and fibrils using small molecule drugs
(Vasili et al., 2019). Other approaches under development include stem cell-based therapies
and phase separation—based strategies that use condensates as vehicles to deliver small

molecules (Riback et al., 2020).
1.3.2 Alpha-Synuclein

a-Synuclein (aSyn) is a 140—amino-acid intrinsically disordered protein (IDP) that is well
known for aggregating in patients with Parkinson’s disease (PD), multiple system atrophy
(MSA), and Lewy body dementia (LBD) (Figure 11, top) (Boeynaems et al., 2023;
Schweighauser et al., 2020). Several mutations in the SNCA gene, including A53T, A30P,
E46K, H50Q, G51D, and A53E, are associated with familial forms of PD (Masaracchia et
al., 2018). In disease, aSyn aggregates accumulate in Lewy bodies and Lewy neurites

alongside cellular quality control factors such as ubiquitin (W. S. Kim et al., 2014).
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Figure 10. Neurodegenerative diseases and their associated protein aggregates (Wilson et al.,

2023) (left) and (b) a Lewy-bodies in PD brains stained with aSyn-specific antibody. Obtained
with permission from (Spillantini et al., 1997)

The primary sequence of aSyn can be divided into three functional domains: the amphipathic
N-terminus (residues 1-60), the hydrophobic NAC region essential for aggregation (Figure
11, top), and an acidic C-terminus that mediates protein—protein and protein—ligand
interactions (Bussell & Eliezer, 2003; Giasson et al., 2001; Hoyer et al., 2004; Masaracchia
et al., 2018). As an IDP, aSyn can adopt conformations ranging from extended to compact,
which are influenced by ligand interactions (Bernado et al., 2005; Bertoncini et al., 2005;
Salmon et al., 2010). For example, weak electrostatic interactions between the acidic C-
terminus and multivalent cations are sufficient to modulate the protein’s single-chain
conformation and aggregation propensity (Bertoncini et al., 2005). The acidic C-terminus
contains only one cationic residue (lysine 97) and 15 glutamates or aspartates, making this
region relatively charge-segregated, in contrast to the N-terminus, which is closer to neutral

(Figure 11, bottom).
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Figure 11. aSyn domain organisation (top) with insets showing primary sequence. Red means
acidic, blue basic, residues with asterisk represent residues with point mutations in familial PD
cases, and those residues underlined represent the pseudo hexapeptide-repeat in aSyn’s N-
terminus. (Bottom) A schematic of aSyn’s interactions: The N-terminus interacts with
membranes, here on a vesicle, and it can interact with cations via its C-terminus.

aSyn is present in the nucleus and cytoplasm of neurons and other cell types but is
predominantly a presynaptic protein (Atias et al., 2019). The protein can modulate various
cellular processes, including neurotransmitter release, synaptic vesicle trafficking and
exocytosis, calcium homeostasis, ATP production, and autophagy (Ghiglieri et al., 2018).
The binding of aSyn to lipid membranes—whether a synaptic vesicle, the bilayer membrane,
or mitochondrial membrane—has been demonstrated in vitro and in vivo, and is considered
an important aspect of the protein’s physiological function (Bodner et al., 2009). One
proposed mechanism is that by interacting with membranes of different types, aSyn can
affect localisation and dispersion of particular subtypes of synaptic vesicles in the
presynapse (Dedic et al., 2019). The connection between lipids and aSyn physiology is
supported by the discovery of enriched lipid content in aSyn-rich Lewy bodies in PD patients
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(Bodner et al., 2010). In addition, membrane interactions are also important for the

internalisation and accumulation of aSyn within cells (Masaracchia et al., 2018).

Residues that directly interact with membranes are located in the amphipathic N-terminus of
the protein (Bussell Jr. et al., 2005). The core consensus sequence KTKEGYV is present in
seven imperfect repeats in the N-terminus and is important for membrane interactions
(Davidson et al., 1998; Zarbiv et al., 2014). Depending on the type of membrane, its size and
curvature dictate the length of the a-helix that aSyn form (Chandra et al., 2003).
Strengthening the connection between membrane interactions and aSyn pathology is the
discovery that most point mutations of aSyn are in the membrane-binding region, with some
clearly affecting the membrane-binding properties of the protein (Rovere et al., 2019). The
involvement of the C-terminus in membrane binding is less clear, with most reports
suggesting it is predominantly exposed to solvent in a disordered state (M. K. Cho et al.,
2007). However, by interacting with multivalent cations such as calcium, it is known that

the C-terminus can affect the clustering of aSyn at membranes (Lautenschlédger et al., 2018).

aSyn fibrils

Amyloid fibrils are highly ordered aggregates rich in B-sheet structure, strongly implicated
in a range of neurodegenerative diseases, including the synucleinopathies (Calabresi et al.,
2023). Most, if not all, proteins are believed capable of forming amyloid fibrils, regardless
of their primary sequence or folding status, suggesting that the amyloid state may represent
a global energetic minimum of protein structure (Chiti & Dobson, 2006). Despite this general
propensity, amyloid fibrils exhibit substantial variability in structural and kinetic properties,
including differences in fibril core length, strand interactions, overall folds, and nucleation
or growth mechanisms (Close et al., 2018). Interestingly, some amyloids serve physiological
functions rather than pathological roles, highlighting that amyloid formation is not inherently

deleterious (Chiti & Dobson, 2006).

Wild-type aSyn fibrils can be generated entirely in vitro or seeded with patient-derived
fibrils (Strohdker et al., 2019). Consistent with observations in other amyloidogenic proteins
(B. Li et al., 2018), patient-derived fibrils are generally more homogeneous in fold than
purely in vitro fibrils (Strohédker et al., 2019). The core of wild-type aSyn fibrils encompasses
residues 38—100 and contains at least four B-strands (M.-K. Cho et al., 2010). Interactions

between the N- and C-terminal regions of aSyn play a critical role in recruiting aSyn
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monomers into growing fibrils (X. Yang et al., 2021), and these interactions can occur both
intra- and intermolecularly even in solutions containing only monomers (Bertoncini et al.,

2005; Wu & Baum, 2010).

Oligomers

Compared to amyloid fibrils, much less is known about precursor oligomeric species
(Cremades et al., 2017). Oligomers are metastable assemblies of multiple protein copies that
can adopt a variety of conformations (Arold et al., 2000). They can be short- or long-lived,
may or may not contain secondary structure, and exhibit diverse morphologies and properties
(Cremades et al., 2017). aSyn forms oligomers in several shapes, including annular, tubular,
and spherical assemblies (Cremades et al., 2017). Ligand interactions can modulate oligomer
assembly, either accelerating or slowing their conversion into amyloid fibrils (Cappai et al.,
2005). Both aSyn fibrils (Brettschneider et al., 2015; Peelaerts et al., 2015) and oligomeric
species (Karpinar et al., 2009; Outeiro et al., 2008) have been implicated as toxic species in
synucleinopathies. Proposed mechanisms of oligomer toxicity include disruption of

membranes and ion channel function (Outeiro et al., 2008).
1.3.3 Polyamines

Polyamines are evolutionarily conserved, cellularly abundant cationic small molecules that
affect diverse cellular processes (Agostinelli et al., 2010). They can condense DNA and
RNA into compact states via electrostatic interactions, with spermine particularly effective
in this role (Katz et al., 2017). Polyamines have also been shown to influence translation
through competitive interactions with RNA and proteins, and can modulate gene
transcription (Dever & Ivanov, 2018). The so-called polyamine modulon refers to a proposed
set of thousands of genes whose expression is regulated by polyamines at the level of
translation. Furthermore, polyamines interact with acidic intrinsically disordered proteins
(IDPs), affecting their conformations and self-assembly, and can influence stress responses

such as the formation of stress granules (Antony et al., 2003; Dubeau et al., 2010).

Structurally, polyamines are simple molecules with an aliphatic backbone and protonated
amines (Figure 12A). Polyamines modulate various cellular processes, including RNA
translation, stress responses, ion-channel gating, and gene transcription (Agostinelli et al.,
2010; Berwanger et al., 2010; Dever & Ivanov, 2018; Igarashi & Kashiwagi, 2015).

Polyamines are closely linked to RNA biology, where electrostatic interactions modulate
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mRNA translation and gene transcription (Berwanger et al., 2010; Zou et al., 2010).
Polyamines have also been shown to influence the formation of stress granules (Zou et al.,
2012). The polyamine modulon refers to a proposed set of thousands of genes whose
expression is regulated by polyamines at the level of translation (Igarashi & Kashiwagi,

2015).
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Figure 12. (A) Chemical structures of biological polyamines. (B) Metabolism of polyamines.

Polyamines and their metabolism are implicated in neurodegenerative diseases and cancer
(Vrijsen et al., 2023). The rate-limiting step in the production of higher-order polyamines is
the conversion of ornithine to putrescine via the enzyme ornithine decarboxylase (Figure
12B, top, blue) (Agostinelli et al., 2010). Following this conversion, both spermidine and
spermine synthases efficiently produce their respective polyamines (Figure 12, blue)
(Montanez et al., 2007). Acetyltransferases acetylate the primary amines of spermine and
spermidine, increasing the rate of their conversion back to putrescine (Figure 12, red) (D.
L. Kramer et al., 2008). Acetylated forms of higher-order polyamines have been suggested
as biomarkers for various cancers and are dysregulated in PD patients (Casero & Marton,
2007; Montafiez et al., 2007; M. H. Park & Igarashi, 2013). Overall, the cellular abundance
of polyamines and their connection to RNA and stress responses makes them potential

modulators of biomolecular condensate formation.
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1.4 Aims and Outline

Cells contain numerous biomolecular condensates that are largely dependent on charge—
charge interactions between RNA and proteins (Dutagaci et al., 2021). However, most
proteins are not uniformly charged and often contain segregated patches of positive and
negative residues. It remains unclear whether a complex coacervation—type process can
occur with such non-uniformly charged proteins. This question is particularly relevant in the
context of cellular polyamines, whose multivalency enables strong interactions with acidic
domains of biopolymers, whether RNA or proteins. Despite their ubiquity and strong ties to
RNA biology, it is not well understood how polyamines might influence phase separation

processes (Lightfoot & Hall, 2014).

At the start of this project, only limited knowledge existed about a-synuclein (aSyn) phase
separation. Previous studies demonstrated that high ionic strength and crowding could
induce aSyn phase separation (Ray et al., 2023), but this required biologically implausible
conditions (>500 mM NaCl). We therefore aimed to determine whether polyamines could
promote aSyn phase separation at physiological concentrations, and whether this process
resembles classical complex coacervation. A further goal was to identify which domain of
aSyn is critical for its phase separation. To assess the generality of these findings, we also

studied the stress granule scaffold protein G3BP1.

Biomolecular condensates are dynamic and respond to cellular stimuli to assemble and
disassemble (Wheeler et al., 2016). Given that polyamines interact both with RNA—the
main scaffold of many condensates—and with acidic IDPs, we sought to determine how
these interactions influence phase separation. Specifically, we aimed to test whether these
interactions are cooperative or competitive, and how they affect the propensity and

composition of condensates.
Finally, we investigated the relationship between phase separation, competitive interactions,

and protein aggregation. In particular, we explored how interactions involving proteins,

RNA, and polyamines affect aSyn’s composition within droplets and its aggregation rates.
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2 Materials and methods

2.1 Mat

erials

Table 1. Hardware used

Instrument Supplier

800 MHz NMR Bruker BioSpin GmbH
spectrometer

700 MHz NMR Bruker BioSpin GmbH
spectrometer

700 MHz NMR Oxford Instruments (magnet)
spectrometer Bruker BioSpin GmbH

(spectrometer)

600 MHz NMR Bruker BioSpin GmbH
spectrometer

DIC Microscope Leica Microsystems GmbH

Dynamic

Light Scattering Wyatt Technology Corporation
(DLS)

Biospectrometer Eppendorf SE
Nanodrop 2000/2000¢ Thermo Fisher Scientific Inc.
pH-meter Mettler Toledo AG
Analytical balances Sartorius AG

Table 2. Software used

Software Developer
NMRpipe National Institute of Standards and Technology (NIST) and
National Institutes of Health (NIH), USA

CCPNMR | Collaborative Computing Project for NMR (CCPN), University
of Leicester, UK

TopSpin Bruker BioSpin GmbH

GNAT NMR Methodology Group, University of Manchester, UK (Prof.

Gareth A. Morris)
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Inkscape Inkscape Project; The Inkscape Developers (free and open-
source software)

ChemDraw PerkinElmer Informatics, Inc.

Dynamics Wyatt Technology Corporation

Zotero Corportation for Digital Scholarship

Imagel National Institutes of Health (NIH), USA
MATLAB MathWorks, Inc.
LibreOffice The Document Foundation

Table 3. Chemicals used

Chemical Supplier

Spermine Sigma-Aldrich (Merck KGaA)
Spermidine Sigma-Aldrich (Merck KGaA)
Putrescine Sigma-Aldrich (Merck KGaA)

DL-Dithiothreitol DTT

Sigma-Aldrich (Merck KGaA)

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

Sigma-Aldrich (Merck KGaA)

Tris(hydroxmethyl)aminomethane

Thermo Fisher Scientific Inc.

Hydrochloric acid (HCI)

Thermo Fisher Scientific Inc.

Phosphate

Sigma-Aldrich (Merck KGaA)

2(-N-morpholino)ethanesulfonic acid

Sigma-Aldrich (Merck KGaA)

Acetate

Sigma-Aldrich (Merck KGaA)

Sodium chloride

Sigma-Aldrich (Merck KGaA)

Sodium hydoxide

Sigma-Aldrich (Merck KGaA)

Escherichia Coli BL21(DE3) cells

Novagen (Merck KGaA)

G3BP1 protein

Novus Biologicals, LLC

Alexa-Fluor Microscale Labelling Kit

Thermo Fisher Scientific Inc.

polyuridylic acid

Sigma-Aldrich (Merck KGaA)
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2.2 General methods, purification and production

Sorage Proteins not in use were stored at -80°C or -20°C. During experiments, samples
were kept on ice. Prior to use, aSyn solutions were centrifuged at 10,000 x g to remove

aggregates formed over time.

Buffers and dialysisThe buffers used in this study included HEPES (pH 7.4), Tris (pH 7.4),
MES (pH 6.2), and sodium acetate (pH 5.1). All aSyn samples were exchanged into the
appropriate buffer via dialysis at 4°C. A standard protocol involved placing the dialysis
membrane in a buffer volume 100% the protein solution, with three buffer exchanges: after
2 hours, after 12 hours, and the following day. The final dialysate was used to establish the

baseline for concentration measurements. Protein samples were stored at -20°C until use.

Concentration measuremen®otein concentrations were determined using the Lambert—

Beer law:
5
-7 ’O

where Aago is the absorbance at wavelength 280 nm, ¢ is the protein’s extinction coefficient

N

and D the optical path length. Measurements were performed using a 2 pL. sample on a
NanoDrop 2000C instrument. Buffer from dialysis was used as the baseline. Extinction
coefficients were 5960 M'-cm™! for both full-length aSyn and G3BP1. For G3BP1 peptide

powder, concentrations were determined via:

wr D
0 TrI—
DWwZw

where M is mass, MW is molecular weight, and V is volume.
This study used N-terminal acetylated aSyn, C-terminally truncated aSyn, full-length

G3BP1, and G3BP1 peptide.

C-terminally acetylated aSyn

C-terminally acetylated aSyn was recombinantly expressed in Escherichia coli BL21(DE3)
cells (Novagen).
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Cell pellets were resuspended in lysis buffer (20 mM MES, pH 6.8, 1| mM EGTA)
supplemented with a protease inhibitor mixture, 0.2 mM MgCl., lysozyme, and DNase L.
Cells were disrupted using a French press. Subsequently, NaCl was added to a final
concentration of 500 mM, and the lysates were boiled for 20 minutes to denature proteins.
Denatured proteins were removed by ultracentrifugation at 127,000 x g and 4°C for 30

minutes.

To precipitate DNA, streptomycin sulfate was added to a final concentration of 20 mg/mL
and incubated for 15 minutes at 4°C, followed by centrifugation at 15,000 x g for 30 minutes.
The resulting pellet was discarded.

aSyn was precipitated from the supernatant by adding ammonium sulfate to 0.361 g/mL,
followed by centrifugation at 15,000 x g for 30 minutes. The resulting pellet was
resuspended in buffer A (20 mM MES, pH 6.8, 1| mM EDTA, 0.1 mM PMSF, 50 mM NaCl)

and dialyzed against the same buffer to remove excess salt.

The dialyzed sample was filtered and applied to an equilibrated Mono S 10/100 GL ion-
exchange column (GE Healthcare). Weakly bound proteins were washed with buffer A,
and aSyn was eluted using a linear gradient to 60% buffer B (20 mM MES, pH 6.8, 1 M
NaCl, ]| mM EDTA, 2 mM DTT, 0.1 mM PMSF).

Protein samples were concentrated using ultrafiltration (5 kDa cutoff, Vivaspin, Sartorius)
and further purified by reverse-phase HPLC on a preparative C4 column (Vydac 214 TP, 5
pm, 8 x 250 mm) coupled to an ESI mass spectrometer. Purity was confirmed by mass
spectrometry. The purified protein was lyophilized and re-dissolved in the buffer of interest

for experiments.
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Isotopically-labelled aSyn

15N-labelled aSyn was produced using the same expression and purification protocol as
described for the C-terminally acetylated protein. The only modification was the use of M9
minimal medium supplemented with 15N-ammonium chloride during the expression stage

to incorporate “15N isotopes into the protein backbone.

G3BP1

Full-length G3BP1: Full-length G3BP1 was obtained from Novus Biologicals (NBP1-
50925-50UG). Upon arrival, the protein was dialysed into 50 mM Tris, pH 7.4, containing
1 mM DTT at 4°C and subsequently stored at -20°C.

G3BP1 Peptide: The G3BP1 peptide was synthesised using solid-phase methods at the
Max Planck Institute for Multidisciplinary Sciences (MPI-NAT). The peptide was assigned
using homonuclear Total Correlation Spectroscopy (TOCSY) with a 200 ms mixing time,
and Nuclear Overhauser Effect Spectroscopy (NOESY) with a 50 ms mixing time. The
peptide concentration was 2 mM, and all proton axes in the spectra were referenced to the

external standard DSS.

Polyamine preparation

Spermine was received as a white solid powder, whereas spermidine and putrescine were
supplied as liquids, reflecting their low melting points (26°C and 28°C, respectively). To
prepare stock solutions, spermidine and putrescine were first melted at 40°C in a water bath.
The required volumes were calculated based on their specific densities to achieve the desired

concentration.

Polyamines were stored either in water or in buffer, depending on the experimental
requirements. Given that polyamines are highly basic, solutions were always titrated with
acid to neutralise the hydroxyl groups. In most cases, HCI was used for titration, but for

experiments in sodium acetate buffer, pure acetic acid was used instead.
The following buffers were used for polyamine preparation and experiments:

1) 50 mM Hepes, pH 7.4
2) 50 mM MES, pH 6.2
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3)
4)

50 mM TRIS buffer, pH 7.4
50 mM Sodium acetate buffer, pH 5.1

2.3 Nuclear Magnetic Resonance (NMR)

Solution-state protein NMR experiments follow a standard set of preparatory steps, largely

independent of the magnet used:

1)

2)

3)

4)

5)

6)

7)

8)

9)

Sample Preparation: The protein sample was pipetted into a glass NMR tube (2.93
mm inner diameter, 2.98 mm outer diameter). Place the NMR tube into a ‘spinner’.
The spinner serves at least two functions: it ‘holds’ the NMR tube and it can remain
stable while spinning the NMR sample at 20 Hz.

Depth Adjustment: The spinner was positioned in a depth gauge; the exact placement
depends on the probe type (Figure 13).

Sample Loading: The magnet airflow was turned on to raise the sample, then turned
off to allow the magnet to lower the sample into the probe.

Temperature Equilibration: The sample was equilibrated at the desired temperature,
typically 288 K (15°C).

Locking: The spectrometer was locked onto the deuterium frequency to stabilise the
magnetic field. Locking continued until an adequate signal-to-noise ratio was
obtained.

Shimming: The magnetic field was homogenized by adjusting room-temperature
shim coils. These create spherically harmonic fields to minimise field inhomogeneity
and drift, crucial for proper T2 relaxation measurements.

Probe Tuning: The excitation coils were tuned to the Larmor frequency of the nucleus
of interest ("H, *C, or '*N). After locking and shimming the magnet, the excitation
coils are ready to be tuned to the particular Larmor frequencies of interest. In this
thesis, those nuclei are either proton, carbon or nitrogen.

Pulse Calibration: Pulse lengths were calibrated to achieve correct nutation angles,
especially for 'H. Water signal intensity was measured at different pulse lengths to
find the null point, from which 90° and 180° pulses were derived.

Data Acquisition: NMR experiments consist of a recycle delay, a pulse sequence,
and detection of the free induction decay (FID). The length of a single scan depends

on the spin system, relaxation, and pulse sequence parameters.
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10) Fourier Transformation: The FID was transformed into frequency space to generate
the NMR spectrum.

11) Pre-processing: Spectra were processed using exponential multiplication, zero-
filling, and linear prediction. Baseline correction and phasing were applied to
improve display and interpretability.

12) Phase Considerations: Depending on the pulse sequence, signals appear in absorption
or dispersion mode, and phasing strategies were adjusted accordingly.

13) Analysis: Processed spectra were analysed by signal integration for relative

intensities and assignment to determine molecular composition.

Sample Tube o
Spinner

A
Sample depth gavge
[——"1
Corresponds to center of re- Suggested minimum sample level
caiver and decoupling coils _~
o ) o 0 Distance from top of slider to
Nominal slider position for I d-wg— center of sample. Actual sample

Smm-, 10mm-, and 15mm- ~a Smm| ] L level should be atleast twice this
probeheads 10 mm% distance.

|5 mm

Slider

Figure 13. NMR tube inside a spinner in a depth gauge. (Obtained from bruker.com).
Assignment: The goal of protein assignment is to sequence-specifically assign peptides or
proteins based on their amino acid sequence (Cavanagh et al., 2006). A combination of
methods are used to correlate nuclei connected through-bonds with those interacting
through-space. The choice of homonuclear or heteronuclear methods depends on protein

size.
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For small peptides, such as the G3BP1-peptide used in this project, homonuclear 2D NMR
methods that correlate nuclei through covalent bonds, such as COSY and TOCSY, are
sufficient. Through-space correlations were determined using NOESY experiments. TOCSY
propagates magnetisation along proton spin networks, allowing complete spin systems to be
identified (Cavanagh et al., 2006) (Figure 14, top left). NOESY signals arise from nuclei in
close spatial proximity. While NOESY signals can also arise from covalently bonded nuclei,
these are also visible in the TOCSY spectra, allowing through-bond contributions to be

removed and leaving only through-space interactions (Cavanagh et al., 2006).

The pulse sequences for TOCSY and NOESY are similar, each consisting of three 90° pulses
separated by delays (Figure 14). In TOCSY, the longitudinal magnetisation generated by
the first two pulses is spin-locked—commonly using a MLEV-16 composite pulse—which
propagates the magnetisation along the homonuclear spin system (Figure 14, top). In
NOESY, the spin-lock period is replaced by a simple mixing period, with the mixing time
often incremented to determine the NOE build-up (Figure 14, bottom).

For larger proteins, 3D heteronuclear methods are required, typically combining experiments
such as HNCA, HNCO, and HNCACB. These experiments correlate residue 1 to adjacent
residues using well-characterised J-couplings along the peptide backbone (Cavanagh et al.,
2006). Sequential connectivity is further established using a 3D NOESY, where nuclei
closest in space give the strongest signals, allowing discrimination between amino acids that

are spatially proximate and those that are more distant.
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t1
Spin-lock
B
I t1 I ™ Detection
Figure 14. Basic pulse sequences used in homonuclear assignments of peptides. For through-

bond correlations total correlation spectroscopy (TOCSY) (top) is used, and for through-space
correlations nuclear Overhauser effect spectroscopy (NOESY) (bottom) is used.

HSQC: Heteronuclear single quantum coherence (HSQC) is a standard heteronuclear 2D
NMR experiment commonly used to correlate the amide proton with its directly bonded

nitrogen (Figure 15).

—

(y—{(cy—(Hy)  (Hy—{Cy—(1y)

i

(N)

L ) | C ) (S} [C' )
L — "]l M J [.—"
(HN)  (Ha) (O] Ho) (O]
b A b v
' W
i1 i h
Figure 15. Transfer of magnetisation from HN to N via J-coupling.

The method exploits the larger gyromagnetic ratio of protons relative to nitrogen or carbon
to enhance polarisation levels. Magnetisation evolves under the chemical shift of the
heteronucleus before being transferred back to the proton for detection, maximising
sensitivity. The resulting 2D time-domain signal (ti, t2) is Fourier transformed into a 2D
frequency spectrum (fi, f2) (Cavanagh et al., 2006). Increasing the dimensionality improves

spectral resolution and facilitates amino acid identification. HSQC can be used as a stand-
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alone experiment or as a read-out for other experiments, such as relaxation measurements.
Related experiments include HMQC (Figure 16, bottom), which does not isolate single

quantum coherence during t: evolution but uses fewer pulses than HSQC (Figure 16, top).

Ligand nteractions NMR is frequently used to study interactions between proteins and
small molecules or ligands. Typically, the ligand is titrated into a protein solution at a
constant concentration. The most common observable is the chemical shift perturbation
(CSP), which reflects changes in the local electronic environment of nuclei upon ligand
binding. For example, methyl groups resonate at higher frequencies than methylene groups
due to differences in electron shielding. Ligand binding alters the electronic environment of
specific residues, leading to measurable chemical shift changes. Provided that the exchange
between bound and unbound states is fast on the chemical shift timescale, a single weighted
chemical shift is observed, reflecting the fraction of bound protein. As ligand concentration
increases and binding approaches saturation, the CSPs plateau, enabling the calculation of

dissociation constants.

A
Evolution (t1) Reverse INEPT Detection (12)
180° 90° 180°
Detection
1
1
1
;
t1/2 1 t1/2 Decoupling
1
1
1
B
; Detection
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1 1

1 1

1 1

S 5 .

- vz 1 t1/2 21 Decoupling

1 1
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1 1

Figure 16. Basic pulse sequences used for heteronuclear correlation experiments with proton

detection. The basic heteronuclear single quantum coherence (HSQC) pulse sequence consists
of 4 blocks: a preparation period, the t1-evolution period, the reverse-inept period and the
detection period (top). In contrast, the heteronuclear multiple quantum coherence (HMQC)
consists of fewer pulses but still involves transfers of polarisation between nuclei with proton
detection.
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Soatially-resolved method®hase separation creates a metastable solution in which droplets
are dispersed in a dilute medium. Droplets can grow via coalescence or Ostwald ripening
toward equilibrium (Holmberg et al., 2003). In dispersed samples, differences in magnetic
susceptibility, viscosity, and relaxation between phases broaden NMR signals. Spatially-
resolved NMR mitigates these issues by selectively exciting individual phases. Two
components are required: a magnetic field gradient and a frequency-selective (soft or
shaped) pulse. Applying a gradient along the z-axis introduces a spatial dependence of
Larmor frequency and phase, and the selective pulse allows excitation of specific slices
along the axis (Figure 17). This approach enables independent observation of the

concentrated condensate phase and the dilute phase (Pantoja et al., 2023).

NMR of phase-separated states: Phase-separated samples present additional challenges due
to differences in magnetic susceptibility between phases, which cause inhomogeneous line
broadening. These effects can be mitigated using a macroscopic condensate approach, where
centrifugation separates the dense and dilute phases, allowing direct analysis of each phase

under more homogeneous conditions.
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2.4 Phase separation

Phase separation in this project was investigated using a combination of complementary

methods:
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Turbidity measurements and microscopy: Turbidity assays were used to assess whether
specific mixtures underwent phase separation. Differential interference contrast (DIC)
microscopy provided direct visualisation of droplets and condensates to confirm phase

separation.

Dynamic light scattering (DLS): DLS was employed to determine the size distribution of
particles and clusters, as well as to probe the temperature dependence of the phase

transition.

Transmission electron microscopy (TEM): TEM was used to detect small clusters that
were below the resolution limit of DIC microscopy, providing high-resolution structural

information.

NMR spectroscopy: NMR was applied to determine the composition and concentrations of
proteins and ligands within the phase-separated systems, as well as to investigate

intermolecular interactions within condensates.

DIC and fluorescent microscopy

Phase separation experiments were monitored using differential interference contrast (DIC)
microscopy and fluorescence microscopy. Unless otherwise stated, all experiments were

conducted at room temperature.

Fluorescent labelling:
aSyn was fluorescently labelled using the Alexa Fluor 488 Microscale Protein Labelling Kit

(Thermo Fisher Scientific, #A30006) according to the manufacturer’s instructions.

Only small amounts of labelled protein, insufficient to phase separate on their own, were
added to unlabelled protein to reach the final concentrations indicated in the text. For RNA
experiments, the RNA analog polyuridylic acid (polyU; Sigma #P9528) was used unless

stated otherwise.

Sample preparation:

5 pL of sample was loaded onto a glass slide and covered with an 18 mm coverslip.

Micrographs (DIC and fluorescence) were acquired using a Leica DM6B microscope with a

63x water-immersion objective.
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Images were processed using Imagel.

If required, a temperature-control unit was used to maintain the sample at a desired

temperature.

Image processing and analysis:

Fluorescence intensities within droplets were calculated using two approaches: (i) maximum
intensity within the droplet and (ii) average intensity. Background intensity was measured
in the vicinity of droplets, avoiding image edges due to brightness gradients. Fluorescence
intensity ratios were calculated by dividing the droplet intensity by the background intensity.
Droplet diameters were determined from fluorescent images, which provided better contrast
than DIC images. Droplets were segmented from the background using a thresholding
algorithm, followed by detection and selection of regions of interest (ROIs). Diameters of

ROIs were calculated using a standard ImageJ algorithm

Turbidity

Turbidity measurements were performed using an Eppendorf Biospectrometer® kinetic
(Eppendorf®) with a 10 mm path-length microvolume quartz cuvette. Samples were
illuminated at a wavelength of 600 nm, and data were acquired in triplicate unless otherwise

stated.

For experiments containing 20% w/v PEG-8000, the PEG solution alone was measured
repeatedly prior to sample measurements to ensure a stable baseline. Between
measurements, the cuvette was rinsed several times with distilled H-O and dried using a

steady flow of nitrogen gas.

DLS

Dynamic light scattering (DLS) is based on the principle that small particles or molecules,
such as proteins, scatter incoming light. In solution, particles move according to Brownian
motion, causing the scattered light intensity to fluctuate over time. These fluctuations are
recorded as a dynamic light scattering signal, which reflects particle size: smaller molecules
move faster and generate faster fluctuations, whereas larger particles move slower, leading

to slower fluctuations.
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The intensity correlation function, G(1), is defined as:
Oof ‘o0 T
ot o 1 Q°

where I(t) is the total scattering intensity at time t, b is the baseline, B is an instrumental
constant, and I' is the decay rate. The decay rate is related to the diffusion coefficient
D by:

0 —
n

Where . —OE + . In this equation, n is the refractive index of the solvent, A is the

wavelength of incident light in vacuum, and 6 the angle of the scattered light. To calculate

the hydrodynamic radii of particles the Stokes-Einstein relation is used:
Y 0 "Y¢' -0

DLS measurements were conducted at variable temperatures using a DynaPro NanoStar
instrument (Wyatt Technologies) with disposable microcuvettes. Samples were illuminated
with a 120 mW air-launched laser at 662 nm, and scattered light at 90° was detected using
an actively quenched, solid-state single-photon counting module. Data were acquired with
an acquisition time of 5 s, with 10 acquisitions per measurement. Hydrodynamic radii were

determined using the Dynamics software (version 7.10.0.23).

NMR

Phase-separated samples were prepared with the following composition: 600 uM aSyn, 6
mM spermine, 10% w/v PEG-8000, and 1 mM DSS. The sample was transferred into a 3.0
mm Shigemi NMR tube, which was coaxially assembled inside a 5.0 mm NMR tube filled
with D20 for spectrometer locking. Condensates were formed by centrifuging the coaxial

tube at ~1500 g for several hours at room temperature.

Three reference samples were prepared for quantification of concentrations in the phase-

separated system:
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10% w/v PEG-8000 in 50 mM Hepes buffer.
600 uM aSyn in 50 mM Hepes buffer.
6 mM spermine in 50 mM Hepes buffer.

Spatially-resolved NMR experiments were recorded at 15°C on a 700 MHz spectrometer
equipped with a triple-resonance cryogenic probe. For 1D slice-selective (z-profile)
experiments, a spin-echo imaging pulse sequence was used with 2 transients, 1 dummy scan,
and a relaxation delay of 30 s (Figure 18). For spatially selective detection of the phase-
separated condensates, a WET-DPFGSE pulse sequence was employed as previously
described (Pantoja et al., 2023) (Figure 19). For these experiments, 256 transients and 8

dummy scans were collected with a relaxation delay of 1.5 s.

A 10
| Detection
G,
Figure 18. Z-profile for determining water spin-density along the Z-axis of the NMR tube.
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Figure 19. Spatially-resolved pulse sequence used in this project.
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Concentration quantification

In NMR, the signal intensity is proportional to the number of nuclei in the sample, but it is
also influenced by factors such as pulse lengths, magnetic field inhomogeneities,
radiofrequency inhomogeneities, and relaxation effects. To accurately quantify
concentrations in phase-separated systems, we used a protocol adapted from Pantoja et al.
(Pantoja et al., 2023). The concentration of a component X is calculated relative to a

reference R using the equation:

G-, YY% &
W - Y'Y% €

In this equation, o accounts for spatial inhomogeneity in the coil, with regions farther from
the coil centre having values less than 1. The factor € represents the transfer efficiency, which
corrects for viscosity-dependent relaxation and diffusion effects across the slice; it is
determined using two different echo times as S(2T1)/S(2T2). S is the observed signal
intensity, T is the relaxation delay used during acquisition, and ¢360 is the 360° pulse length
for the specific nucleus. The variable n denotes the number of nuclei contributing to the
signal, and Cr is the known concentration of the reference sample. Using this approach,
accurate quantification of aSyn, spermine, and other components can be achieved in both

the dilute and condensed phases of the phase-separated system.
2.5 Cluster formation

For phase separation experiments DLS and TEM were used to determine the size,

abundance, and shape.
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TEM

For cluster formation studies, DLS and TEM were used to determine the size, abundance,
and morphology of aSyn assemblies. For TEM, samples were adsorbed onto 400-mesh
carbon-coated copper grids, and excess buffer was removed using filter paper. The grids
were subsequently stained with 1% uranyl acetate solution and dried. To prepare
aggregated aSyn, 40 uL of protein was pelleted by centrifugation at 20,000 g using an
Eppendorf 5424 centrifuge. The supernatant was discarded, and the pellet was redissolved
in 30 uL of buffer containing 25 mM Hepes, 500 mM KCI, 10 mM MgCl., 3 mM TCEP,
and 0.01% NaNjs at pH 7.2. Aggregated samples were then adsorbed onto grids and stained
with 1% uranyl acetate. Images were acquired using a Talos L120C G2 electron
microscope with a Tietz F416 CMOS camera (TVIPS, Gauting, Germany). Negative-stain
TEM imaging was performed by Mrs. Gundrum Heim and Ms. Leonie Kopecny at the
Electron Microscopy Facility of the Max Planck Institute for Multidisciplinary Sciences,
Gottingen.

2.6 Aggregation

Aggregation of 50 uM aSyn was carried out in 50 mM Hepes, 10 mM NaCl, and 20% w/v
PEG-8000, with or without 500 uM spermine, at pH 7.4. Thioflavin T (ThT) was added at a
final concentration of 50 uM to monitor aggregation kinetics. For each condition, 100 uL of
the reaction mixture containing 50 uM aSyn, 50 uM ThT, 20% PEG-8000, and 500 uM
spermine was pipetted into individual wells of a 96-well microplate (Greiner Bio-One, PS,
F-bottom, uClear, black, non-binding, item no. 655906). Aggregation assays were performed
at 37 °C in a Tecan Spark plate reader with double orbital shaking (1 min duration, 6 mm
amplitude, 54 rpm) at 10-min intervals. ThT fluorescence was monitored using an excitation
filter at 430 nm (bandwidth 35 nm) and an emission filter at 485 nm (bandwidth 20 nm),
with manual gain set to 40, 30 flashes per reading, and an integration time of 40 pus. The Z-
position was calibrated using an empty well before each experiment. Fluorescence data were
collected using Tecan Spark Control Software (v2.2) and analysed in MATLAB. Spermine-
induced phase separation of aSyn in the presence of either 0.25 or 1.0 mg/mL polyU RNA

was performed using the same procedure.
Interactions and Affinities

The dissociation constant, Kp, represents the binding affinity between two solutes, A and B,

and for a single-site interaction is defined as:
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00
To study interactions in this project, NMR spectroscopy was used. NMR allows
characterisation of non-covalent interactions between molecules, typically through titration
experiments. A variety of NMR observables can be measured to extract information on
these interactions, including relaxation parameters, diffusion coefficients, and chemical
shifts. In this study, chemical shift perturbations (CSPs) were primarily used, due to the
well-resolved resonances of the polyamines, aSyn, and RNA. By monitoring changes in
chemical shift as a function of ligand concentration, the binding affinity of the interaction

can be quantified.

NMR

To study interactions between aSyn, polyamines, and polyU RNA, solution-state NMR
spectroscopy was performed using 600, 700, and 800 MHz Bruker spectrometers equipped
with triple-resonance cryogenic probes. One-dimensional and two-dimensional spectra were
recorded, with experimental details provided in the figure legends. Most measurements were
conducted at 15°C in 50 mM Hepes buffer, pH 7.4, containing 10% D-O, with DSS as a “"1H
chemical shift reference. All data were processed using TopSpin 4.1.4 (Bruker) and analysed

with CCPNMR 3.1.

NMR is well-suited for quantifying non-covalent interactions through titration experiments.
A range of NMR observables can be measured, including relaxation parameters, diffusion
coefficients, and chemical shifts. In this study, chemical shift perturbations (CSPs) were
used due to the well-resolved resonances of aSyn, polyamines, and RNA. The weighted

average chemical shift perturbation was calculated as:

o W0 P
0'Yu w0 —Vg Z=-
v C

By monitoring CSPs as a function of ligand concentration, binding affinities could be
determined, assuming fast exchange on the NMR timescale.
This approach allowed quantitative assessment of binding interactions between aSyn,

polyamines, and RNA in both dilute and phase-separated states.
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2.7 Assignment

For the G3BP1-peptide, NMR spectra were recorded at 15°C on an 800 MHz spectrometer
equipped with a triple-resonance cryogenic probe. The peptide was dissolved in 50 mM Tris
buffer, pH 7.4, either in the absence or presence of 1250 uM spermine, with DSS used as a
AH chemical shift reference and 10% D20. One-dimensional ~1H NMR spectra, as well as
two-dimensional “1H-"1H TOCSY and NOESY spectra, were acquired to assign the spin
systems and identify through-space correlations. In addition, "1H-"15N heteronuclear
single quantum coherence (HSQC) spectra were recorded to provide heteronuclear
correlations. Peptide samples were prepared by dissolving the powder in the NMR buffer

and equilibrating at the measurement temperature for 15 minutes prior to data acquisition.
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3 Results

3.1 Spermine and PolyU RNA complex coacervation

It is known that spermine has a strong binding affinity for RNA. To determine how strongly
spermine binds, and the thermodynamic driving force of the interaction between polyU RNA

and spermine, we performed NMR studies.
3.1.1 Interactions

To determine how the methylene proton chemical shifts of spermine (Figure 20B) are
affected by increasing amounts of polyU RNA, we performed a titration experiment (Figure
20A). Spermine has two resolved proton signals at 1.4 and 1.6 ppm, and one partially
overlapped with Hepes buffer at 2.8 ppm (Figure 20A). With increasing amounts of polyU
RNA, the resolved chemical shifts of spermine move to lower field and broaden substantially
(Figure 20C, right and Figure 20D). Signals corresponding to the uracil base of polyU
RNA appear at the highest concentrations used, reflecting the increasing amount of unbound
polyU RNA at higher concentrations (Figure 20C, left). Since the average molecular weight
of polyU RNA is ~900,000 kDa, these resonances reflect the smaller molecular-weight
fragments of polyU RNA present in the mixture. The effect of polyU RNA on spermine’s
signals 1s not consistent with a simple one-site binding model but rather indicates a more
complex interaction. This is expected, as the interaction of small ionic molecules does not
saturate in the manner of substrate—enzyme binding. Since the molecular weight ratio of
polyU RNA to spermine is large, and the interaction is expected to be strong, it is likely that
the broadening of spermine’s signals arises in part from the increased transverse relaxation

rate in the bound state with RNA.
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3.1.2 Complex coacervation

We were interested in how these interactions translate into phase separation, so DLS

experiments were performed at variable temperatures (Figure 21A). The single-stranded

RNA used was polydisperse, which made it unfeasible to calculate the exact net charge of

the polymer; however, assigning a net charge of -1 to each phosphate and summing over the

reported average MW gave polyU RNA a net charge of -2500. Assuming a net charge of

spermine of 3.7 at neutral pH, we mixed the components to achieve charge-neutral

conditions. For example, to compensate the 1 mM charge concentration of polyU RNA at

0.4 uM, a concentration of at least 270 uM spermine is required. We recorded DLS

experiments at various stoichiometries to detect phase separation.
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Figure 21. PolyU RNA and spermine complex coacervation. (A) Temperature-dependent

apparent hydrodynamic radius of polyU RNA and spermine mixtures. (B) Dependency of
temperature transition on spermine concentration. (C) DIC microscopy images of polyU RNA
and spermine droplets with 0% and 10% PEG-8000. (D) A schematic of the phase separation at
high temperature compared to the lack of phase separation at low temperature.

Spermine induced a lower critical temperature transition in a concentration- and
temperature-dependent manner (Figure 21A-B). Concentrations for charge compensation
were necessary to induce phase separation (Figure 21, dotted line) and at this point, the
average temperature transition reached a plateau. This LCST behaviour is consistent with
complex coacervation, where entropic gain from counter-ion release drives phase separation.
DIC microscopy confirmed the presence of droplets without (left) and with (right) PEG-
8000 in solution, which increased droplet size (Figure 21C). In this system, thus, we observe
temperature-promoted complex coacervation at high temperature, and a miscible state at low

temperature (Figure 21D).

To determine the composition of the polyU RNA and spermine complex coacervate, we used
spatially-resolved NMR. Using this method, we can selectively excite either the concentrated
phase—the condensate—or the dilute (upper) phase to determine composition. Firstly, we
prepared a solution of 8 mg/ml polyU RNA mixed with an equal charge concentration of
spermine. Below the critical temperature, the sample remained transparent, but with a slight
increase in temperature—for example, from rubbing with fingers—turbidity appeared
strongly in the NMR tube (Figure 22B). The sample was inserted into the magnet and

incubated at 37°C for 5 minutes to allow temperature equilibration. Following this, 1.5-mm
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slices in either the upper or lower phases were excited (Figure 22C). On the proton spectra,
the signals of the methylene protons of spermine and the protons of the RNA bases and
sugars are very intense (Figure 22C, insets). In comparison, DSS has a larger intensity in
the upper phase (Figure 22C, inset right). Therefore, RNA and spermine are enriched in

the condensate, as expected for a complex coacervation system.
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Figure 22. PolyU RNA and spermine enrichment in condensate. (A) Cartoon representation

of spermine and polyU RNA. (B) NMR Shigemi tube with RNA and spermine phase separated
sample inside. (C) 'H spectra showing overlay of spectra from the condensate of polyU RNA
and spermine (black) and the upper, dilute phase (blue). Below are the insets showing the signal
enhancements of polyU RNA (left) and spermine (middle) compared to DSS (right).

3.2 oSyn and spermine interaction

Firstly, to determine whether the interaction site and binding affinity changed under the
solution conditions used in this study, we performed an NMR titration experiment. aSyn was
held at a constant concentration of 50 uM, and spermine was titrated in at various
stoichiometries: 1:0, 1:1, 1:2.5, 1:5, and 1:10. These molar stoichiometries can be converted
to charge stoichiometries by simply multiplying the molar concentrations by the net charge.
Assuming a net charge of aSyn of -10, and spermine +3.7, the charge stoichiometries are
1:0.5, 1:1, 1:3, 1:7, and 1:20. We observed chemical shift perturbations in the C-terminal

residues, consistent with previous observations (Figure 23A). The interaction occurs in the
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fast exchange regime and therefore reflects a weighted average of the ligand-bound and
unbound states (Figure 23B). The interaction is centred around serine 129, which is within
the densely negatively charged region of the C-terminus (Figure 23B). Since the interaction
saturated, the data were fitted to a one-site binding model to estimate the apparent
dissociation constant. The best fit provided a binding affinity of 216 pM, with a 95%
confidence interval of £120 uM (Figure 23C).
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Figure 23. NMR interactions between aSyn and spermine. (A) 'H-'>N HMQC spectra of

aSyn with increasing spermine concentration. (B) inset showing the CSPs of Serine 129 of
aSyn. (C) The obtained CSPs at the highest molar ratio of aSyn: spermine and (inset) the Kp of
the interaction.

To investigate the interaction thermodynamically, isothermal titration calorimetry (ITC) was
used. The aSyn concentration in the ITC cell was maintained at 100 uM, while spermine
was injected in 28 increments from a 10 mM stock solution. The pH of both the protein and
the ligand solutions was kept constant at 7.4. After subtraction of the heat of dilution of
spermine in buffer alone, the binding profile displayed positive peaks, indicating an
endothermic interaction between aSyn and spermine—i.e., an entropically driven process
(Figure 24A-B). The data were fitted using a one-site binding model to extract the
dissociation constant (Kp) and other thermodynamic parameters. The fit revealed a dominant
entropic contribution alongside a smaller enthalpic component (Table 3). The strong entropy

contribution suggests that the interaction involves the displacement of ions and/or water

44



molecules upon spermine binding to the acidic C-terminus of aSyn. The best fit yielded a
Kp of 94 uM. This differs from the value obtained by NMR, which may be partly explained
by the higher aSyn concentration used in ITC (100 uM) compared to 50 uM in NMR
experiments. At higher concentrations, additional contributions beyond simple binding may
influence the signal. NMR and ITC indicate that the binding affinity between spermine and

aSyn lies in the low micromolar range, and ITC further reveals that the interaction is

endothermic.
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Figure 24. ITC Thermogram for the titration of spermine with aSyn. The top panel represents

the raw data for the sequential injection of spermine into a solution of aSyn and the bottom
panel shows the integrated heat data after correction of heat of dilution against the molar ratio of
aSyn:spermine. The data were fitted to a one-site binding model and the solid line represents
the best fit.
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Table 3 ITC fit parametersdr U S yamd permine.

Cell (mM) 0.1

Syringe (mM) 10

N (sites) 1.98 +0.24
Kp (uM) 94.3 £20.3
AH -0.322 £ 0.048
AG -5.49

TAS 5.17

3.3 oaSyn and spermine phase separation

To determine how the interaction between spermine and the acidic C-terminus of aSyn
translates into phase separation, we performed microscopy, turbidity, and NMR

experiments.

aSyn, spermine and PEG stoichiometry

At the concentrations tested, neither aSyn alone, aSyn with only spermine, nor spermine
with PEG underwent phase separation (Figure 25A). Similarly, aSyn with only PEG did not
phase separate in agreement with previous reports (Figure 25A). However, in the presence
of spermine 20% PEG micrometre-sized droplets were present (Figure 25B). aSyn was
tagged with Alexa-Fluor to determine whether it is enriched in the droplets. Alexa-labelled
aSyn was spiked into the aSyn and spermine solution at 0.1 M concentration to prevent it
from affecting the propensity to phase separate. aSyn was mixed with increasing amounts
of spermine, and microscopy images were acquired. At low stoichiometry, there was no
phase separation, but at molar ratios of 1:5 and above, droplets were present (Figure 25C).
The droplet size distributions were similar at both 1:5 and 1:20 molar ratios of aSyn to
spermine, indicating that the effect of spermine had saturated. aSyn was enriched in the
droplets, as indicated by the strong fluorescence signal (Figure 25C, bottom). Turbidity
measurements revealed sigmoidal growth profiles, with maxima at approximately a 1:5-1:10
molar ratio of aSyn to spermine (Figure 25D). If spermine is promoting aSyn phase
separation there should be a decrease in the protein’s dilute phase concentration in a
spermine stoichiometry-dependent manner. aSyn contains three tyrosine residues in its C-

terminus which will provide a good signal to noise ratio for absorbance measurements.
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Absorbance measurements at 280nm revealed that aSyn dilute phase concentration is over
10 times lower at 1:10 and 1:25 stoichiometries with spermine compared to reference values
with no spermine (Figure 25E) At lower stoichiometries, there is a higher dilute phase
concentration of aSyn and therefore less phase separation. Compared to conditions that use
only 300mM NaCl as the phase separation conditions and zero spermine the amount of
protein in the dilute phase has increased substantially. These results suggest that the
interaction between spermine and aSyn’s C-terminus promotes the protein’s phase

separation consistent with a heterotypic phase separation of aSyn.
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Figure 25. Phase separation between spermine and aSyn. (A) Control experiments (first three
columns) followed by aSyn, spermine and PEG phase separation (fourth column). (B) aSyn:
spermine phase separation monitored by grey-scale (top row) or fluorescence (bottom-row) with
increasing spermine concentration. (C) Turbidity of aSyn phase separation with increasing
spermine. (D) Phase separation stoichiometry diagram. (E) Phase separation of aSyn at constant
molar ratio with spermine. (F) Total fluorescent area of droplets at 20 and 50uM aSyn.

Next, the aSyn and spermine molar ratio was held constant at 1:10 and the initial
concentration of aSyn varied (Figure 26A). At 10uM oSyn no phase separation was
observed, but aSyn-enriched droplets were present at 20uM and 50uM protein with the
amount of phase separation increasing at S0uM (Figure 26A-B). Therefore, in 20% PEG,
the lowest concentration of aSyn where phase separation is observed is approximately 20uM

(Figure 26C).
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Figure 26. (A) aSyn and spermine phase separation at a constant 1:10 molar ratio. (B)
Amount of phase separation depends on the concentration. (C) A stoichiometry phase diagram
for the phase separation of aSyn and spermine.
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At lower PEG concentration, the amount of aSyn and spermine necessary to produce a
phase-separated state increased (Figure 27A). With 10% PEG, at least 200 uM aSyn was

necessary, with a 1:10 molar ratio with spermine, and at 5% PEG, no phase separation could
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be detected (Figure 27B). This is in line with a segregative phase separation between aSyn

and spermine and PEG-8000.
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Figure 27. (A) Phase separation between spermine and aSyn in 10% and 5% PEG solution.
(B) a stoichiometry phase diagram.

The window for phase separation is expected to widen as the isoelectric point of the protein
1s approached, since electrostatic repulsion is minimized under these conditions. At pH 5.1,
aSyn carries a theoretical net charge of —4, equal in magnitude but opposite in sign to that
of spermine, which bears a net charge of +4 at the same pH. Under these conditions, aSyn
underwent phase separation even in the absence of spermine at a protein concentration of 50
uM in 20% PEG (Figure 28A, top). Upon addition of spermine, droplets were still observed,
but no appreciable difference was detected between the two conditions (Figure 28A,
bottom). Measurements of the dilute phase concentrations confirmed that spermine does not
exert the same promoting effect on aSyn phase separation at pH 5.1 as observed at pH 7.4
(Figure 28B). This is likely because at lower pH, aSyn carries a reduced net negative charge,
weakening its electrostatic interaction with spermine while simultaneously facilitating

stronger aSyn—aSyn interactions due to decreased electrostatic repulsion.
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Figure 28. aSyn and spermine phase separation at pH 5.1. (A) DIC microscopy micrographs

of aSyn (top) and aSyn plus spermine (bottom). (B) Dilute phase absorbance at 280 nm of aSyn
with increasing spermine concentration. The only condition without 20% w/v PEG-8000 is the
reference condition.

NMR of aSyn, spermine and PEG phase separation

A recent report demonstrated that PEG-8000 is enriched in the condensate of NPM-1 (André
et al., 2023). This contrasts with other reports showing that PEG is predominantly excluded
from biomolecular condensates (S. Park et al., n.d.). To determine the composition of the
aSyn condensate and the recruitment of solutes, we used spatially-resolved NMR (Pantoja
et al., 2023). This high-resolution method allows us to discriminate signals between the

condensate (lower) and supernatant (upper) phases in a position-dependent manner.

In preparing a phase-separated condensate of an aggregation-prone protein such as aSyn,
there is a trade-off between increasing aSyn concentration to enlarge the condensate—
facilitating experiments—and decreasing it to reduce aggregation rates. Under conditions of
400 uM aSyn, 4 mM spermine, and 10% w/v PEG-8000, we observed an abundance of pm-
sized droplets using phase contrast microscopy (Figure 29A, bottom). For the NMR
experiment, we increased the concentration of aSyn to 600 puM, maintained the PEG
concentration at 10% w/v, and kept the aSyn:spermine molar ratio at 1:10. Phase separation
of aSyn alone was not observed even at 800 uM (Figure 29A, top). After centrifugation of
the aSyn, spermine, and PEG solution, a turbid region formed at the bottom of the Shigemi
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NMR tube, indicating the formation of an aSyn-rich condensate (Figure 29B). After
equilibration of the sample at 15°C, we performed a 1D echo imaging experiment to map
the intensity of the water signal along the z-axis (Figure 29C). For aSyn, which forms a
single homogeneous phase under these conditions, the profile is analogous to a bell or hat,
representing a uniformly mixed solution (Figure 29C). In the case of aSyn:spermine and
PEG, an intensity drop occurred close to the bottom of the Shigemi NMR tube (Figure 29C).
The intensity drop suggests the presence of a second phase with lower water content than

the first phase.
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Figure 29. Preparation of aSyn and spermine condensate and z-profile experiment. (A) DIC

microscopy of 800puM and 10% w/v PEG-8000 (top) and 400uM aSyn, 4mM spermine, and
10% w/v PEG 8000 (bottom). (B) Image of aSyn condensate in NMR Shigemi tube alongside a
ruler. (C) Z-profile experiment showing the water density along the z-axis of the NMR sample
in aSyn alone (grey) and aSyn, spermine and PEG phase separation system (black).

We then used spatially-resolved NMR to determine the composition of the two phases. This
method relies on exciting only a 1.5-mm slice along the z-axis, thus allowing the extraction
of signals from either the condensate or dilute phase (Figure 30A). We recorded spectra in
both the lower and upper phases of the NMR tube (Figure 30B). In the upper phase, the
strong signal from the -CH- group of PEG-8000 suppressed most other signals (Figure 30B).
The signals from the condensate were severely broadened, which is a consequence of
magnetic susceptibility differences between the two phases (Figure 30C). The signals from
the methyl region (0.6—1.1 ppm), which contains signals only from aSyn, as well as the
methylene region, which contains signals from the alpha- and beta-protons of spermine
(Figure 30C) appear more intense in the condensate, whereas that of DSS (sodium
trimethylsilylpropanesulfonate)—used as a chemical shift calibration reference—is severely

broadened, almost beyond detection.
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To determine how the composition changes from the condensate to the upper phase, we
recorded spectra at different positions in the sample. This spatially-resolved method excites
1.5-mm slices at different z-positions in the NMR sample, allowing discrimination of signals
between the condensate and upper phase. Therefore, we were able to determine the
composition of the condensate by exciting a region containing only the Shigemi
susceptibility-matched glass—containing no liquid—and the condensate, thereby excluding
signals from the upper phase. The analysis determined that aSyn’s signal intensity plateaus
in the condensate, before decreasing at higher positions, which receive larger contributions
from the upper phase (Figure 30D). Therefore, aSyn is present in the homogeneous phase
of the condensate. After sufficient increments in the position of the slice in the z-direction,
both the condensate and upper phases are excited, and this is the regime where the PEG-
8000 signal appears (Figure 30E). In contrast to the aSyn signals, which have reached a
plateau, the PEG-8000 -CH- signal was substantially enhanced. Therefore, since the PEG-
8000 signal intensity positively correlates with the extent of upper phase excitation, we
conclude that PEG-8000 is excluded from the condensate (Figure 30F). This is consistent
with previous reports showing PEG exclusion from aSyn droplets using fluorescence

methods.
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Figure 30. Composition of aSyn and spermine condensate and dilute phase. (A) A schematic
of the composition of aSyn, spermine and PEG phase separation. (B) 'H spectrum of dilute,
upper phase (blue) and concentrated, lower phase (black). (C) inset which highlights the protein
and spermine signals. (D) Each data point corresponds to the integrated intensity of the methyl
region at each slice recorded. (E) 'H spectra of different slices overlayed. (F) Schematic
demonstrating PEG-8000’s exclusion from the condensate.

To quantify the concentrations of the solutes in the two phases, we recorded reference spectra
of aSyn, PEG, and spermine, following the previously described protocol (Pantoja et al.,
2023). The methyl signal from aSyn has a greater intensity in the condensate of the phase
separation system than the reference intensity, whereas the PEG-8000 reference signal is
much higher (Figure 31A). In the dilute phase, reference spectra of spermine and aSyn had

lower intensities than their upper phase counterparts (Figure 31C-D). The analysis
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determined that the concentration of aSyn in the dilute and condensed phases, measured as
uM, was 300.0 £ 3.7 uM and 2212.5 = 13.9 uM, respectively (Figure 31E). This yields a
partition coefficient for aSyn—defined as the quotient of concentrations in the condensate
and dilute phase—of 7.4. In contrast, using the resolved -CH- signal of PEG, we determined
its concentration in the dilute phase to be 10.5 + 1.1% w/v (Figure 31E). Quantifying
spermine’s concentration had lower accuracy, since its detectable 'H signals originate from
its methylene -CH2- groups, which are also present in the side chains of some amino acids,
for example, lysine, which is abundant in aSyn’s N-terminus. Despite this, we were able to
determine the upper phase concentration of spermine to be 5.4 = 0.8 mM. Since this is lower
than the initial mixing conditions of 6 mM, it suggests that spermine is abundant in both
phases and is likely slightly enriched in the aSyn-rich condensate. It is unsurprising that
spermine is abundant in both phases, because it is a highly water-soluble small molecule and

therefore experiences a large entropic penalty for deviating from equipartitioning.

Therefore, PEG-8000 is excluded from the condensate, whereas aSyn is predominantly and
spermine slightly enriched. These calculations are consistent with a segregative phase
separation process between aSyn:spermine and PEG-8000 (Figure 31F). This is consistent
with previous reports showing PEG exclusion from aSyn droplets using fluorescence (Ray

et al., 2023).
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Figure 31. Quantification of concentrations using spatially-resolved NMR. (A) 'H NMR
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showing the aSyn and spermine signals in the dilute phase. (D) Quantification table. (E) A
schematic demonstrating that spermine induces an aSyn-enriched and PEG-depleted
condensate.
The effect of PEG

To determine whether PEG is exerting any sequence-specific effect on aSyn in the presence

of spermine to help induce phase separation, we recorded an HSQC experiment (Figure

32A). PEG-8000 was added at either 0, 0.1%, 1%, or 10% w/v concentrations to either aSyn

alone (left) or aSyn with spermine (right) (Figure 32A-B). Below 10% PEG, only very

minor effects were seen, whereas at 10% w/v PEG-8000, large CSPs appeared in both cases

(Figure 32C). To determine whether there is any difference in the residues with CSPs with

or without spermine, we calculated the ratio of their CSPs. It was observed that residues

Y125, D121, and A124 had different CSPs at 10% PEG when spermine was present
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compared to its absence (Figure 32E). This corresponds to the interaction site between
spermine and aSyn. We therefore suggest that the effect of PEG is correlated with the
interaction of spermine with aSyn. The effect might be due to dehydration, since, in the
presence of spermine, the C-terminus is likely more exposed to solvent and may experience
greater dehydration than it would otherwise. Tyrosine 125 had the largest CSP, which might
indicate that pi—pi or cation—pi interactions are favoured due to dehydration induced by PEG-

8000 (Figure 32F).
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Ionic strength

If electrostatic, rather than hydrophobic, interactions are largely responsible for the phase
separation between the polyamines and aSyn, there should be a reduction in the phase
separation volume with increasing ionic strength (Perry et al., 2014). At 100 uM aSyn and
1000 uM spermine, the addition of up to 50 mM NaCl did not significantly affect phase
separation or aSyn partitioning (Figure 33A). The amount of phase separation also remained
similar (Figure 33B) However, at 200 mM NaCl, turbidity was absent and minimal aSyn-
rich objects were observed by microscopy (Figure 33A-C). The sensitivity of polyamine-
promoted phase separation to salt concentration is analogous to the influence of ionic
strength on complex coacervation, whereby strong polyelectrolytes phase separate, as
observed for molecules that interact electrostatically (Perry et al., 2014). Our results add to
previous reports on aSyn phase separation, which demonstrated that high ionic strength can
induce phase separation of the protein (Ray et al., 2023). Our results differ due to the
presence of spermine, which promotes heterotypic phase separation and circumvents the
need for high ionic strength to drive homotypic phase separation. High ionic strength screens
the electrostatic interaction between spermine and aSyn, thus weakening the interaction and
leaving aSyn’s charged C-terminus exposed to solution (Figure 33D). This prevents phase

separation due to the high solubility of the C-terminus.

If aSyn is being resolubilised then there should be an increase in its dilute phase
concentration with increases in salt. Absorbance measurements at 280 nm demonstrated the
amount of protein in the dilute phase reaches its reference value at 200mM NaCl in
agreement with microscopy and turbidity (Figure 33E). Therefore, at 200 mM NaCl there

is no phase separation and aSyn has been resolubilised.

The sensitivity of polyamine-promoted phase separation to salt concentration is analogous
to the influence of ionic strength on complex coacervation whereby strong polyelectrolytes,
which interact electrostatically, phase separate (Perry et al., 2014). Our results add to
previous reports on aSyn phase separation that demonstrated high ionic strength can lead to
phase separation of the protein (Ray et al., 2023). Our results differ because of the presence
of spermine to promote a heterotypic phase separation which circumvents the necessity of

high ionic strength to promote the homotypic phase separation. This is consistent with
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previous reports, as observed in the distinction between heterotypic and homotypic phase

separation of charged biopolymers (Onuchic et al., 2019).
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Figure 33. Effect of ionic strength on aSyn partitioning. (A) Microscopy images of aSyn plus

spermine with increasing amounts of salt. (B) Total fluorescent area of droplets. (C) Turbidity at
600nm of aSyn, spermine and increasing amounts of NaCl. (D) a schematic highlighting the
salt-induced weakening of the aSyn and spermine complex. (E) Dilute phase absorbance of

aSyn in reference condition or with increasing amounts of NaCl.
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3.4 Spermine-mediated aSyn clustering

Microphase separation between aSyn and spermine was investigated using a temperature-
ramp dynamic light scattering (DLS) experiment. In the presence of spermine, bimodal
decays and ‘wiggles’ in the autocorrelation function at 15°C and 50°C (Figure 34A)
indicated inhomogeneities likely representing high molecular weight structures (Figure
34A). In contrast, without aSyn present, the decay was monomodal and representative of the
tumbling of small molecules, such as spermine (Figure 34C). The mass-weighted average
radius of aSyn and spermine was 12.1 nm, compared with 5.1 nm in the absence of spermine
(Figure 34D). These averaged radii are much larger than monomeric aSyn, indicating the
presence of high molecular weight species coexisting with monomeric protein. Size analysis
indicated that the high molecular weight species range from 10 to 25 nm in diameter (Figure
34B). The mass fraction of high molecular weight species with both aSyn and spermine
present was higher at 50°C compared with 15°C, though not statistically significant, and
showed a strong dependence on the aSyn:spermine molar ratio (Figure 34B). This
stoichiometry-dependency is expected if the formation of high molecular weight species is

driven by the heterotypic interaction of spermine with the C-terminus of aSyn.
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Figure 34. Formation of clusters between aSyn and spermine. (A) DLS autocorrelation

function of aSyn and spermine at different temperatures. (B) Mass-weighted fraction of aSyn
between the size range 10 and 25nm at different aSyn and spermine stoichiometries. (C)
Autocorrelation function of spermine alone. (D) The hydrodynamic radius of aSyn and aSyn
plus spermine.

TEM

To confirm the presence of high molecular weight structures, samples were imaged using
transmission electron microscopy (TEM). Electron microscopy revealed oligomers with
diverse shapes (Figure 35A). At room temperature and 50 °C, oligomers were observed in
both aSyn and aSyn:spermine samples (Figure 35A-B). However, the oligomers grew
substantially larger and more abundant in the presence of spermine (Figure 35A, bottom
row). In contrast, without aSyn, the micrographs showed sparse populations (Figure 35C).
The micrographs of aSyn and spermine also revealed larger spherical objects (~32 nm in
diameter) (Figure 35A, arrows, inset). However, most objects were irregular and displayed
complex shapes (Figure 35A). To investigate the time-dependent evolution of the clusters,

we measured the same samples after four days of incubation at room temperature. For aSyn
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and spermine, the size distribution of the oligomeric particles appeared more homogeneous
during incubation (Figure 35A, lower right). In contrast, the micrographs with only aSyn
were sparser after four days (Figure 35A), suggesting that oligomeric particles are unstable

without spermine.

Previous reports demonstrated that aSyn can form nanoclusters in high ionic strength and
crowding conditions that evolve over time into a macroscopic phase-separated state(Ray et
al., 2023). We did not observe evolution into a macroscopic phase-separated state; the
clusters were more stable with spermine than without. We propose that, in these non-
crowded and low ionic strength conditions, spermine enhances aSyn clustering by partially
neutralising the highly acidic C-terminus. The process may also involve spermine-induced
bridging of aSyn chains due to its multivalency, as proposed in other systems. We therefore
suggest that a combination of heterotypic (aSyn:spermine) and homotypic (aSyn:aSyn)
interactions drives cluster formation. While mixtures of strongly oppositely charged
polymers can self-assemble into micelles or coacervates due to entropic forces from counter-
ion and hydration release, we consider it more likely that this weakly charged system,
containing significant hydrophobicity from aSyn, assembles due to enthalpic forces from
electrostatic and hydrophobic contacts. Despite these differences, the relatively narrow size
distribution of the clusters and the proposed mechanism of formation have some
resemblance to complex coacervate micelles, which form nanostructured colloids with
characteristic sizes of tens of nm. In the aSyn and spermine clusters, a contribution to cluster
stability likely originates from excess charge in the cluster, which may come from the C- or

N-terminal regions of aSyn or from spermine.

62



aSyn

aSyn + Spm

B Spermine

aSyn

aSyn + Spm

Figure 35. TEM imaging of aSyn and spermine clusters.(A) aSyn (top) and aSyn plus
spermine (bottom) clusters at t0 and t4d. (B) aSyn (top) and (bottom) aSyn and spermine
clusters..

Phase separation and clusters link

To determine whether the clusters directly contribute to aSyn and spermine phase separation,
we imaged the condensate with TEM. After 30 days of incubation, the condensate was solid-
like and required vigorous pipetting to resuspend in buffer. TEM imaging showed a range
of oligomeric species of 19-25 nm (Figure 36A), many of which formed contacts. Some

fibrillar species were also present, indicating aSyn aggregation. In contrast, the lower phase

63



did not contain any fibrillar species and contained abundant clusters of 12—18 nm in diameter
(Figure 36A, right). These clusters resemble those formed in the absence of PEG and phase
separation, suggesting that aSyn:spermine clusters may be present in the condensate. The
presence of clusters, micelles, and microphase-separated states within condensates has been
observed previously (Mizutani et al., 2023; Yamazaki et al., 2022). These observations
suggest that pre-formed aSyn:spermine clusters might serve as nucleation sites for phase
separation, providing a mechanistic link between microphase assembly and condensate

formation.
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Figure 36. TEM imaging of aSyn and spermine clusters in the dilute, upper phase and lower,

condensate phase.

3.5 Modifications to spermine decrease phase separation propensity

Inside cells, spermine can be back-converted to spermidine and putrescine, two shorter yet
biologically abundant polyamines (Figure 37A). Mono- and di-acetylated forms of spermine
also arise during its back-conversion to spermidine and putrescine (Figure 37A). Polyamine
acetylation is an important regulatory mechanism, as aberrant acetyltransferase activity can
lead to multiple cellular dysfunctions. The main physicochemical consequence of back-
conversion and acetylation is a reduction in net charge and an increase in hydrophobicity,
weakening the electrostatic potential for interaction with oppositely charged

macromolecules.

64



Although all polyamines interact at the acidic C-terminus of aSyn, their binding strength
decreases in the order spermidine > mono-acetyl spermine > putrescine > di-acetyl spermine,

correlating with their decreasing net charge (Figure 37B).
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Figure 37. Spermine modifications reduce aSyn phase separation.(A) chemical structures of

putrescine, spermidine, spermine, mono-acetyl spermine and di-acetyl spermine. (B) 'H-'"N

HSQC spectra of aSyn with 1mM of different polyamines.
Compared to spermine, higher concentrations of these polyamines were required to induce
aSyn phase separation (Figure 38A). At a 1:20 molar ratio, only spermidine generated a
significant volume of the phase-separated state (Figure 38B). Spermidine, with
approximately 2.7 protonated groups at neutral pH, induced aSyn-rich droplets at 1:5 molar
ratios and above (Figure 38B). At a 1:1 molar ratio, no phase separation was observed.
Putrescine, with slightly fewer than two protonated groups at neutral pH, required a 100-fold

molar excess to induce aSyn phase separation (Figure 38B) This reflects the much weaker

binding affinity of putrescine to aSyn.
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Acetylation of spermine substantially weakened its ability to induce aSyn phase separation
(Figure 38C). Di-acetyl spermine did not induce phase separation at any concentration
(Figure 38C). This is partly due to di-acetyl spermine’s weaker binding affinity for aSyn
and partly due to its poor aqueous solubility, which prevented higher concentrations without
precipitation. Thus, the ability to promote aSyn phase separation follows the order: spermine
> spermidine > mono-acetyl spermine > putrescine > di-acetyl spermine. Overall, metabolic
conversion and acetylation of spermine reduce its interaction strength with aSyn and its

ability to drive phase separation, underscoring the critical role of electrostatics in this system.
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Figure 38. Spermine modifications weaken aSyn interactions and reduce phase separation.
(A) Turbidity of constant aSyn with increasing amounts of each polyamine. (B) Phase
separation of aSyn with ImM of either spermidine, mono-acetyl spermine or di-acetyl
spermine. (C) Stoichiometry-dependence of polyamine-induced aSyn phase separation. (D)
Stoichiometry phase diagram of aSyn and polyamine phase separation. (E) Total area of aSyn
and spermidine droplets at 1:5 and 1:20 molar ratios.

3.6 Partitioning and competitive interactions

To assess the partitioning of solutes into RNA—spermine and aSyn—spermine condensates,
we used DIC and fluorescence microscopy. RNA—spermine complex coacervates were first
prepared by mixing appropriate stoichiometries of RNA and spermine with PEG-8000
(Figure 39A). Microscopy confirmed the presence of droplets. When fluorescently labelled
aSyn alone, or labelled plus unlabelled aSyn, was added to the solution, aSyn did not
partition into the droplet interiors under any condition, irrespective of PEG-8000
concentration. Instead, aSyn preferentially localised at the droplet interface, weakly at low
concentrations and more strongly at higher concentrations (Figure 39A). This behaviour
resembles that of surfactants at an interface, where hydrophobic and hydrophilic groups
favour different environments. The preferential localisation of aSyn in the dilute phase of
the RNA—spermine coacervate system suggests that the free energy of the protein is lower
in the polymer-depleted solution than inside the condensate. One explanation is that
spermine has higher-affinity interactions with RNA than with aSyn, thereby precluding
favourable electrostatic interactions between spermine and aSyn that might otherwise
promote partitioning. A complementary explanation is that RNA serves as the primary
scaffold for the condensate, meaning that partitioning of proteins requires direct RNA
binding. To test this, fluorescently labelled Tau protein—known to interact with RNA—was
added to the same system. In this case, Tau readily partitioned into the coacervates, with the
fluorescent signal enriched in the condensed phase even without PEG-8000 present,

indicating that RNA—protein interactions drive its recruitment.

Partitioning is therefore governed by a distinct set of interactions compared to condensation
itself. Accordingly, the lack of aSyn partitioning into RNA—spermine coacervates does not
rule out the reciprocal scenario in which RNA partitions into aSyn—spermine condensates.
Indeed, a polyU RNA decamer was found to partition into aSyn—spermine droplets (Figure
39B), likely due to its small size and favourable interactions with spermine. These results

emphasise that selective partitioning is determined by the hierarchy of molecular
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interactions, with RNA favouring spermine over aSyn, and small RNA fragments in turn

able to access spermine-rich aSyn condensates.

fluorescent aSyn fluorescent aSyn __

aSyn + 'épern;iine

fluorescent PonU RNA

Figure 39. (A) Partitioning of fluorescently-labelled aSyn into polyU RNA and spermine
droplets and (B) Florescent PolyU RNA decamer partitioning into aSyn and spermine droplets.

3.6.1 Competitive interactions involving RNA, spermine and alpha-synuclein

Since spermine interacts with both RNA and aSyn, we next investigated a ternary system of
spermine, aSyn, and RNA. If RNA binds spermine with much higher affinity than aSyn, we
expected an effect similar to spermine’s chemical shifts upon RNA titration; moreover, we
anticipated that spermine-induced chemical shift perturbations of aSyn would return toward

their reference values, reflecting a decreased population of spermine-bound aSyn. In the

68



presence of aSyn, spermine’s methylene proton signals showed a similar pattern to that
observed with RNA alone—namely downfield chemical shift changes, followed by signal
broadening at higher RN A concentrations (Figure 40A-B). This indicates that the interaction

between polyU RNA and spermine is qualitatively similar with or without aSyn present.
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Figure 40. PolyU RNA interaction with spermine with aSyn present in the solution. (A) 'H

NMR spectra of spermine signal with increasing amounts of polyU RNA added. (B) 'H
chemical shift and height of signal with increasing polyU RNA concentration.

We also recorded HSQC spectra of aSyn in the same conditions to determine whether RNA
reduces the population of the aSyn—spermine bound state. The analysis showed that aSyn’s
chemical shifts in the presence of spermine returned toward their reference values with
increasing RNA concentration (Figure 41A). They did not revert completely, suggesting
that a fraction of spermine remained associated with the C-terminus of aSyn even at high
RNA concentration (Figure 41B-C). No evidence of line broadening or chemical shift
perturbations in the lysine-rich N-terminus was observed. These data suggest that RNA,
owing to its much higher affinity for spermine than aSyn, sequesters spermine from aSyn’s

C-terminus via electrostatic interactions.
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Figure 41. PolyU RNA decreases aSyn: spermine bound population by binding to spermine.

(A) 'H-">N HSQC of aSyn (olive), aSyn plus spermine (green), and a.Syn, spermine, and polyU
RNA (purple. (B) PolyU RNA-dependence to the spermine-induced chemical shift perturbation
of E130 of aSyn. (C) Change in chemical shift perturbation with increasing amounts of polyU
RNA.

Microscopy-based phase separation experiments corroborated these results. With increasing
RNA concentration, the fluorescence intensity of aSyn within droplets decreased
substantially (Figure 42A). At low RNA concentrations, aSyn remained strongly
concentrated in spermine-dependent droplets (Figure 42A). At higher RNA concentrations,
however, aSyn fluorescence was diminished (Figure 42B) and a small number of shell-like
droplets appeared (Figure 42B). In these conditions, aSyn often partitioned to the droplet

interface (Figure 42A, bottom row).

Together, these results demonstrate that polyamine-promoted phase separation of aSyn is
highly sensitive to RNA competition. They highlight the central role of heterotypic
electrostatics between spermine and aSyn’s C-terminus and reveal a potential mechanism
for resolubilising charged biopolymers through competitive interactions with RNA. By
competing with aSyn for spermine, RNA provides a potential means of regulating not only
condensate formation but also the aggregation pathways of the protein, which we explore

next.
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Figure 42. PolyU RNA reduces aSyn concentration in the condensate. (A) DIC and

fluorescent microscopy images of aSyn and spermine phase separation with increasing amounts
of polyU RNA. (right) line plot through the respective droplet on the left of the plots. (B)
Scatter plot of the fluorescence intensity ratio of fluorescent droplets divided by the mean of the

background signal.
3.7 Ageing and aggregation alongside phase separation

Polyamines, particularly spermine, are known to accelerate aSyn aggregation (Antony et al.,
2003), but how this process unfolds under phase-separated conditions is less clear. Under
phase separation conditions (50 pM aSyn, 500 uM spermine, 20% w/v PEG-8000), the lag
phase decreased substantially relative to aSyn—PEG mixtures (Figure 43A). With both

spermine and PEG present, the lag phase shortened to ~10 hours, whereas PEG alone
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resulted in a much longer lag of ~40 hours (Figure 43A). In contrast, aSyn with spermine
alone, or aSyn alone, showed no ThT-positive aggregation under the same conditions
(Figure 43A). The ThT curves also showed higher fluorescence intensities in the
aSyn/spermine/PEG condition, possibly reflecting more efficient ThT binding to fibrils

formed under phase separation.

Aggregates were confirmed by transmission electron microscopy at different aggregation
time points. Early in incubation, droplets but no aggregates were observed in the
aSyn/spermine/PEG sample, whereas the spermine-free control remained clear (Figure
43B). After ~24 h, when ThT intensity had plateaued, both aggregates and droplets were
visible in the spermine-containing sample, while the spermine-free control remained clear
(Figure 43B). By 48 h, aggregates were present in both samples, but only the phase-
separated condition yielded long fibrillar species (Figure 43B). To confirm B-sheet content,
ThT was added at low concentration. Both droplets and fibrils stained positive, with signal
~3-fold stronger in fibrils (Figure 43C). In contrast, aSyn with PEG alone showed no ThT

staining (Figure 43C, first column).

Since RNA weakens spermine—aSyn interactions and depletes the protein from droplets, we
hypothesised that RNA would also slow aggregation in the presence of spermine. Consistent
with this, RNA markedly slowed aggregation under otherwise identical spermine-containing
conditions (Figure 43D). Increasing RNA concentrations progressively extended the lag

time relative to the spermine-induced phase separation reference (Figure 43E).
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Figure 43. Competitive interactions control aSyn’s aggregation rate in phase separated

systems. (A) ThT aggregation kinetics of aSyn in phase separation conditions. (B) DIC
microscopy images of aSyn at various time points of the aggregation process are indicated by
asterisks, (right) TEM image of the sample. (C) DIC and fluorescence images of the system at
almost 100 hours. Fluorescence comes from a small amount of ThT spiked into the solution.
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We propose that high-affinity binding of polyU RNA to spermine sequesters it from aSyn’s
acidic C-terminus, thereby promoting protein miscibility (Figure 44). Together, these results
reveal that spermine-driven phase separation not only promotes the rapid onset of aSyn

aggregation but can also be finely tuned or reversed by competitive interactions with RNA.
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Figure 44. Schematic of phase separation and aggregation of aSyn in the presence of

spermine and RNA.(right) Polyamines promote aSyn phase separation which is readily
controllable by competitive interactions with RNA.
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3.8 G3BP1 and spermine phase separation

G3BP1 is a core component of stress granules which are a type of MLO involved in

sequestering stalled mRNA molecules during translation (P. Yang et al., 2020). At the

domain level the protein contains an N-terminal dimerisation domain, an acidic IDR (IDR1),

a cationic IDR2 and an RNA recognition motif (RRM) (Figure 46A-B). This RNA

recognition motif is essential for heterotypic interactions that drive phase separation with

RNA (P. Yang et al., 2020).
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Figure 45. 2D 'H-'H TOCSY spectra of G3BP1 peptide in Hx-Ha region. (B) 'H-'H NOESY
spectra (orange) overlayed with the TOCSY spectra to highlight the signals due only to through-
space correlations in the Hy-Hy region.

The IDR1 of G3BP1 consists of 101 residues, 38 of which are acidic (24 glutamates and 14
aspartates) (Figure 46A). Given this strong net negative charge, we anticipated spermine
would interact with this domain. To determine whether spermine can directly interact with
the IDR1 region of G3BP1, we synthesised a 20 amino acid peptide from G3BP1’s IDR1
(G3BP1-pep). The peptide was assigned first by identifying spin systems on the TOCSY
spectrum (Figure 45A) before determining sequential connectivity by using NOESY
(Figure 45B). Subsequently, spermine was mixed with the peptide and a 2D 'H-""N HSQC
recorded (Figure 46C). Comparison of HSQCs with and without spermine revealed
extensive spermine-induced chemical shift perturbations. Sequence-specific analysis
assigned the strongest perturbations to the acidic C-terminus of G3BP1-pep, and conversely
very few to the N-terminal residues (Figure 46D). The strongest perturbations mapped to
the acidic C-terminal residues of G3BP1-pep, with E12 and V13 (G3BP1 residues E152 and

V153) marking the centre of the interaction site.
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Figure 46. Spermine interacts with G3BP1-peptide. (A) Net charge per residue plot of full-

length G3BP1. (B) Alpha-fold predicted structure of G3BP1. (C) 'H-'">"N HSQC spectra of
G3BP1-peptide and G3BP1-peptide plus spermine. (D) '*N chemical shift changes with the
addition of spermine.

Next, we performed full-length G3BP1 phase separation experiments without and with
spermine. We first incubated 5 puM G3BPI1 in 8% w/v PEG-8000, where phase contrast
microscopy confirmed the presence of droplets (Figure 47A). Droplet size was similar in
the presence of spermine, but under less phase separation-prone conditions (3 uM G3BP1,
5% PEG-8000), spermine addition markedly enhanced droplet number and size (Figure

47B). Microscopy and turbidity assays together demonstrate that spermine promotes the
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phase separation of full-length G3BP1, reinforcing its role as a regulator of stress granule

assembly (Figure 47C-D).
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Figure 47. Spermine promotes full-length G3BP1 phase separation. (A) DIC images of

G3BP1 in the presence of spermine and PEG, (B) Phase separation with 3uM G3BP1, 4% w/v
PEG-8000 plus spermine. (C) Stoichiometry diagram for phase separation. (D) Absorbance of
G3BP1 or G3BP1 + spermine. The higher the value the less light reaches the detector.
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4 Discussion and Outlook

4.1 General points

Biomolecular condensates are non-uniform phases composed of diverse biopolymers that
form multivalent interactions. Because they are enriched in charged groups, complex
coacervation likely contributes to their formation, regulation, and structural properties.
Metabolites, present at high cellular concentrations, may modulate phase separation by

interacting with scaffold biomolecules.

1. Classically, complex coacervation occurs between oppositely charged polymers
under near-symmetric conditions. In contrast, proteins often bear a net charge with non-
uniform charge distributions. In biological systems, additional complexities arise from
sequence-specific and sequence-independent interactions with ligands of differing sizes,
charges, and stoichiometries. Here, we examine how electrostatics influence protein phase
separation in vitro and in vivo. We further consider how segregative interactions, both
sequence-specific and nonspecific, can drive microphase separation and microstructural
organisation. Finally, we highlight the potential role of abundant cellular polyamines, which

may modulate these processes by interacting with RNA and proteins.

2. In contrast to non-living macromolecular assemblies, biomolecular condensates are
dynamic and biologically functional. They must remain sensitive to stimuli that trigger
assembly or disassembly. In this section, we consider how competitive interactions regulate
biomolecular condensates. We also discuss how enzymes that regulate metabolite

concentrations influence condensate assembly and disassembly.

3. The discovery of phase separation has reshaped our understanding of cellular
organisation. Here, we examine how biomolecular condensation contributes to aSyn’s
function and dysfunction. We discuss how sequence-encoded interactions drive aSyn’s
phase behaviour—membrane binding, clustering, and condensate partitioning—and their
relevance for cellular phase separation. We emphasise the essential role of the acidic C-

terminus in mediating phase separation and its links to aSyn function and dysfunction.
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4.2 Electrostatics-assisted phase separation in cells

We demonstrate that acidic IDRs can phase separate with the polyamines spermidine and
spermine (Figures 25, 38, 47). G3BP1, a stress granule scaffold, contains a long acidic
intrinsically disordered region (IDR1) in its centre, and spermine promotes its phase
separation through interactions with this domain (Figures 46-47). Similarly, electrostatic
interactions between spermine and the acidic C-terminus of aSyn generate an aSyn-enriched
condensate (Figures 23-25). Phase separation depends on the aSyn-to-spermine
stoichiometry (Figures 25-27) and is highly sensitive to pH and ionic strength (Figure 25,
28, & 33). Modifying spermine through acetylation or back-conversion to spermidine or
putrescine reduces phase separation, reflecting weaker C-terminal binding (Figure 37-38).
We also show that aSyn and spermine form clusters both in the absence of PEG and within
condensates, consistent with electrostatically mediated microstructural organisation (Figure
35-36). This microstructural organisation likely represents an early stage of biopolymer
assembly into condensates. Since many proteins carry a net charge at physiological pH, such

microphase-separated states may be more common than macroscopic phase separation.

Complex coacervation of biopolymers

Multivalent, associative interactions between proteins and nucleic acids are widely accepted
as drivers of biomolecular condensation (Harmon et al., 2017; Ranganathan & Shakhnovich,
2020; Y. Yang et al., 2019). Cooperativity, arising from the multivalency of stickers and the
solvent interactions of spacers, is an essential component of this process (Choi et al., 2019).
Factors influencing phase separation include the density and patterning of stickers, and
whether spacers are expanded or compacted under given solvent and temperature conditions
(Choi et al., 2020). Additional models highlight the importance of electrostatics (Bianchi et
al., 2020, Dutagaci et al., 2021) and sequence blockiness or segregation (Hassouneh et al.,

2015).

Complex coacervation is inherently cooperative because connectivity among multiple
charges is key for phase separation in the presence of a charge-compensating polymer
(Radhakrishna et al., 2017). Charged biopolymers can adopt many states observed in
biomolecular condensates, including gels, networks, and clusters (Cohen Stuart et al., 1998;
Cook et al., 2023; J.-M. Kim et al., 2020). Since condensates are enriched in charges—e.g.,
from RNA phosphate backbones or ionised amino acids—electrostatic interactions likely

contribute substantially to their formation (Aumiller & Keating, 2016). Supporting this,
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many charged proteins phase separate with RNA via complex coacervation-like processes
(Pak et al., 2016), and proteins can also undergo coacervation with other proteins or
oppositely charged synthetic polyelectrolytes (Obermeyer et al., 2016). In both cases, ion
release has been implicated as the driving force for complexation and phase separation
(Chowdhury et al., 2023). Notably, introducing super-charged proteins into cells is sufficient
to produce biomolecular condensates (Liao et al., 2024). Overall, electrostatic interactions
with charged biopolymers represent a fundamental contributor to biomolecular
condensation, consistent with the fact that most E. coli proteins carry a net charge,

predominantly acidic (Ahn & Obermeyer, 2024).

Polyamines as the cationic counterpart to RNA

Although a net charge does not prevent a protein from phase separating, charge
compensation strongly facilitates phase separation of charged proteins. Protein-RNA
interactions are fundamental to biomolecular condensate formation (Hyman et al., 2014),
and multivalent ions are generally more effective at promoting phase separation of charged
polymers than monovalent ions due to stronger electrostatic attraction (Bloomfield, 1997;
Pial et al., 2021). RNA structure, stability, and aggregation are influenced by polyamines,
which can reach cellular concentrations exceeding 5 mM (Agostinelli et al., 2010; Dever &

Ivanov, 2018; Zou et al., 2010).

Multivalent polyamines, particularly spermine and spermidine, are likely directly involved
in the assembly, disassembly, or regulation of biomolecular condensates. They modulate
condensate formation (Zou et al., 2012), interact with RNA and acidic IDPs (Dubeau et al.,
2010; Perepelytsya et al., 2019), and are closely linked to stress responses and RNA biology
(Lightfoot & Hall, 2014) .

The acidic IDR1 region of G3BP1 was previously suggested to act as an autoinhibitory
domain for phase separation (P. Yang et al., 2020). This was based on observations that RNA
promotes phase separation at lower protein concentrations when IDR1 is removed. IDR1
normally mediates intramolecular electrostatic interactions with the cationic C-terminus,
which can compete with intermolecular interactions. Cutting IDR1 releases these
intramolecular interactions, lowering the protein’s saturation concentration. In contrast,
IDR1 is necessary for spermine-induced phase separation, as it provides the binding site.

Polyamines also promote phase separation of aSyn, but with higher saturation concentrations
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and formation of clusters in sub-saturated solutions. Thus, the type of assembly depends not
only on the acidic IDR, including its charge density and length, but also on the chemistry

and stickiness of the remaining chain.

Many condensate-associated proteins possess long acidic stretches, like G3BP1. The strong
promoting effect of polyamines raises the question of whether spermine interacts with other
acidic IDRs in cells. Distinguishing direct from indirect effects is challenging: polyamines
can modulate translation by interacting with RNA (Igarashi & Kashiwagi, 2006) and can
also modify proteins post-translationally (e.g., spermidine acetylation of a lysine)
(Chattopadhyay et al., 2003). These indirect roles do not preclude direct electrostatic
contributions. Given their small size and high multivalency, polyamines are unlikely to
scaffold condensates like RNA but may participate in initial clustering events or mediate

competitive interactions between proteins and RNA (Berwanger et al., 2010).

Electrostatics-mediated microphase separation and microstructural organisation

The stickers-and-spacers model of protein phase separation highlights strong, attractive, and
multivalent interactions between proteins and nucleic acids (Choi et al., 2019; Semenov &
Rubinstein, 1998). These “sticky” interactions can drive gelation and/or phase separation of
multivalent proteins (Martin et al., 2020). However, it is unclear whether this model fully

explains the complex internal organisations observed in many biomolecular condensates.

For example, paraspeckles form a core-shell architecture (Souquere et al., 2010) and have
been described as a microphase-separated state structurally similar to a triblock copolymer
(Yamazaki et al.,, 2022). RNA-binding proteins (RBPs) can be considered as block
copolymers coating distinct RNA regions, with different RNA domains forming the core or
shell (Figure 48A, lower). The interactions between these blocks dictate the condensate’s
structure (Figure 48B, lower). In contrast, condensates formed solely by associative phase
separation or gelation are expected to show less segregation and more extensive transient
cross-links (Figure 48A, upper) The micellar structure of paraspeckles is thus primarily
determined by repulsive or attractive interactions between different domains of the block
copolymer, rather than specific sticker-like interactions (Yamazaki et al., 2022). This
mechanism may also contribute to growth inhibition of condensates in cells (Yamazaki et

al., 2022). Whether this represents a general principle or a special case remains unclear.
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Figure 48. (A) Biomolecular condensates may form due to strong, attractive interactions (top)
or due to segregative interactions between neighbouring blocks (lower). (B) Paraspeckles can
transition between two different block copolymer micelle morphologies, worm-like and
spherical. Figure obtained from (Yamazaki et al., 2022).

It is likely that phase separation in cells arises from a combination of block-copolymer-like
segregative effects and attractive sticker interactions. Many biomolecular condensates
display irregular internal organisations, typically scaffolded by long RNAs and RNA-
binding proteins (Dar et al., 2023). A simple model is that charged multi-block copolymers
can, depending on conditions, self-assemble into complex coacervate core micelles or gels
(Hugouvieux et al., 2011). Oppositely charged ligands can localise charged blocks in a liquid
core, while other domains are solvent-exposed; in the absence of ligands, the charged
domains may instead remain exposed (Figure 49). Since many condensate proteins consist
of charged blocks followed by other domains, this combination of microphase separation

and sticky interactions may be a common mechanism for internal condensate organisation.

&3



++ macrophase

+ + cationic separation
i + protein
+ polyelectrolyte

+ &

complexation X :
ﬂ“; --;f:‘ + "o * '.'. l T
Y Yalk it T \T [NaCI]

disordered protein
polyelectrolytes

+

) <«—— +
Fav W he 4
gl IFC VWS Necl
length | & %5 %ecas® @ | [Na -
variants e ™0 A ’ no phase
ol s O PEC micelles separation
Figure 49. Complex coacervation can result in complex coacervate micelles, macroscopic

formation or simply complex formation depending on the conditions. Figure obtained from
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4.3 Competitive electrostatic interactions in biomolecular condensates

Our results demonstrate that interactions between charged domains with different affinities
can regulate the composition of phase-separated states (Figures 40-42). RNA, which binds
spermine more strongly than aSyn, can displace aSyn from droplets in a concentration-
dependent manner. This likely occurs because increasing RNA exposure frees the charged
C-terminus of aSyn from spermine, increasing the protein’s net charge and promoting
solubility. Thus, electrostatic interactions, though often considered less specific, can control

droplet composition via a hierarchy of affinities.

Scaffolds, clients and stickers

Client molecules and ions can modulate condensate composition and dynamics by both
attractive and repulsive electrostatic interactions (Yewdall et al., 2022) (Israelachvili, 2008.).
For instance, partitioning of a charged IDP into TDP-43 condensates weakens intermolecular
contacts and alters mobility and conformation, as the repulsive self-interactions of the IDP
antagonise TDP-43 interactions (Tan et al., 2023). This contrasts with attractive client-
scaffold interactions, which reduce the strength of sticker-sticker contacts and can be

mediated by both electrostatic and hydrophobic interactions (Ruff et al., 2021).
Experimental evidence also supports competitive interactions between spermine, RNA, and

proteins in regulating mRNA translation (Zou et al., 2010). This stoichiometry-dependent

mechanism shows that high spermine concentrations can block protein-mRNA binding,
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whereas low spermine allows binding. Similarly, spermine can modulate RNA polymerase
binding to DNA depending on its concentration and stoichiometry with RNA (Figure 50)
(Kanemura et al., 2018). While these examples do not directly involve condensates, the

principles likely extend to RNA-protein biomolecular condensates.

Overall, multivalent cations such as spermine can disrupt sticker-sticker interactions
between RNA and proteins. Electrostatic screening may weaken attractive RNA-protein
contacts, while high-affinity spermine-RNA interactions can compete with RBP-RNA
contacts. Whether these mechanisms fully disassemble condensates or selectively modulate
components remains uncertain, but they highlight the capacity of electrostatics to regulate

condensate composition and microstructure.
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Figure 50. The amount of polyamines in a cell affects the interactions of RBPs with RNA due
condensation effects. (Left) RNA polymerase does not bind due to electrostatic repulsion. (B)
can bind since polyamines screen the charge, and (C) RNA polymerase can no longer bind
because of the polyamine-induced condensation at high concentration. Figure obtained from
(Kanemura et al., 2018).

4.4 Function and dysfunction of aSyn in biomolecular condensates

In this project, we demonstrate that multivalent cationic polyamines promote phase
separation of aSyn into condensates through attractive interactions between the acidic C-
terminus of the protein and the cationic polyamine (Figures 23-25). This ligand-promoted
phase separation is preceded by cluster formation in sub-saturated solution, which persists
within the condensates (Figures 34-36). We further show that under phase separation

conditions, aSyn aggregation is accelerated, with droplets and fibrils coexisting (Figure 43).
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A tale of two tails

Previous studies have shown that high ionic strength and molecular crowding can induce
aSyn phase separation (Ray et al., 2019). While these reports hinted at a role for the C-
terminus, direct evidence for its involvement was lacking. More recent work suggests that
aSyn forms nanoclusters en route to macroscopic phase separation, with repulsive
electrostatic interactions mediated by the C-terminus contributing to the process (Ray et al.,
2023). Our results further indicate that the C-terminus can act as a scaffold domain for aSyn
phase separation. Multivalent cations, particularly spermine, bind directly to the acidic C-
terminus via strong electrostatic interactions, in contrast to monovalent ions such as NacCl,
which weakly interact with charged patches and primarily influence protein behaviour by
screening electrostatic interactions. At high salt concentrations, aSyn can compact via
intramolecular contacts, which can also facilitate intermolecular contacts and phase
separation; however, clusters formed under these conditions are unstable (Ray et al., 2023).
In our experiments, sub-millimolar concentrations of spermine are sufficient to induce phase

separation due to the high-affinity and specific binding to the C-terminus.

The ubiquity of biomolecular condensates in cells is now well established (Alberti et al.,
2019). Pre-MLO-era studies had identified assemblies of RNA and RNA-binding proteins,
such as stress granules and P-bodies (Nover et al., 1983, 1989), but their liquid-like
properties and phase separation were not recognised (Hyman et al., 2014). A similar
transition in thought has occurred with clusters of proteins at the surface of membranes, for
example membrane receptors and their ligands (Mangiarotti & Dimova, 2024). Similarly,
clusters of proteins at membrane surfaces, including receptor-ligand assemblies, are
increasingly understood in terms of phase separation (Mangiarotti & Dimova, 2024).
Revisiting pre-MLO data in this context is important for understanding protein function and

dysfunction.

aSyn’s primary sequence is arranged into blocks with distinct chemical properties, such as
charge and hydrophobicity. This modularity is reflected in its solution behaviour: the slightly
cationic, amphipathic N-terminus mediates membrane binding; the acidic C-terminus
interacts with cations; and the hydrophobic NAC domain drives sticky contacts in amyloid
fibrils (Masaracchia et al., 2018). Removal of the acidic C-terminus promotes amyloid

aggregation, suggesting that it enhances solubility via its high net negative charge at
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physiological pH (Levitan et al., 2011). Structural studies confirm that the C-terminus is
often solvent-exposed, for example in amyloid fibrils or when the N-terminus binds
membranes (X. Yang et al., 2021). However, the C-terminus is not entirely passive: it
recruits ligands to membranes and participates in aggregation elongation (X. Yang et al.,
2021). Interestingly, deletion of residues 121-140, the main cationic-binding region of aSyn,
reduces oligomerisation despite accelerating fibril formation, suggesting that the C-terminus

also serves as a scaffold for cluster formation (Farzadfard et al., 2022).

Our results support this view: multivalent cations such as spermine directly interact with the
C-terminus, stabilising cluster formation (Figure 51). Without these ligands, electrostatic
interactions between the N- and C-termini are non-stoichiometric, weakening intermolecular
contacts, consistent with our TEM observations (Figure 35). With a multivalent cation, these
compensatory interactions are no longer necessary, enabling stable intermolecular C-
terminal contacts. The mechanism combines charge compensation, which mitigates C-
terminal electrostatic repulsion, with multivalent ion-specific effects. High net charge and
charge density allow multivalent cations to bridge like-charged chains; in this context,
spermine may bridge multiple C-termini to form clusters, promoting phase separation and

microstructural organisation.

aSyn: aSyn clusters 1 aSyn: spermine clusters

i aSyn chain 1
aSyn chain 1

aSyn chain 2 aSyn chain 2

140
£

Spermine

Figure 51. aSyn: aSyn clusters are weaker due to very asymmetric electrostatic interactions
between the C-termini and N-termini of the protein (left). In contrast, in the presence of
spermine this asymmetry is reduced allowing C-termini interactions to occur more easily.

87



Connection to function and pathology

aSyn is a peripheral membrane protein that predominantly localises to the pre-synapse
(Figure 52) (Maroteaux et al., 1988). Through interactions with vesicle lipid membranes,
aSyn can modulate the synaptic vesicle cycle, including docking and fusion steps (Hilbert
etal., 2021; Yamazaki et al., 2022). Binding of calcium to the C-terminus of aSyn increases
the density of the protein at vesicle membranes (Lautenschlédger et al., 2018). The original
interpretation was that calcium induces the C-terminus to interact with the membrane
alongside the N-terminus. An alternative, complementary explanation is that cation binding
promotes intermolecular C-terminal interactions, analogous to the mechanism we observe
with spermine. Calcium can reduce electrostatic repulsion at the C-terminus, allowing C-
termini from multiple aSyn chains to approach each other more closely. Furthermore,
calcium-induced bridging effects may attract additional aSyn molecules, generating a dense,
liquid-like microenvironment—essentially a micro-coacervate—at the membrane surface.
This mechanism implies that calcium occupancy can modulate aSyn density at membranes,
with direct consequences for synaptic vesicle regulation. Interestingly, the N-terminus of
aSyn has also been shown to dictate mutually exclusive binding between membranes and P-
body scaffolds (Hallacli et al., 2022), highlighting the dynamic interplay of sequence

domains in subcellular localisation.
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Figure 52. aSyn binds to membranes with its N-terminus and has its C-terminus exposed to
solvent. Obtained from (Diao et al., 2013).
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Our results also indicate that phase separation conditions accelerate aSyn aggregation,
consistent with reports that condensates can nucleate rapid aggregate formation (Dada et al.,
2023; Ray et al., 2020). How this translates to cellular aggregation and eventual Lewy body
deposition remains unclear, but in vivo, aSyn condensate aggregation rates are influenced
by the presence of synaptic vesicles (Hardenberg et al., 2021). Notably, under certain
conditions, aggregation rates can also be reduced (Sternke-Hoffmann et al., 2024),
suggesting that the interplay between phase separation and aggregation is highly context-

dependent, varying with cellular conditions and local environments.
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5 Outlook

In this work, we investigated the interplay between electrostatic interactions involving
cellularly abundant polyamines, RNA, and intrinsically disordered proteins (IDPs) with
acidic patches. In this context, our work highlights how electrostatics and multivalency
jointly govern IDP and a-synuclein (aSyn) condensation, with implications for both cellular

function and pathology.

Our results highlight that polyamines, particularly spermine, can promote the phase
separation of IDPs, including the stress granule scaffold G3BP1, via interactions with its
acidic IDR1. While this finding contrasts with previous claims that the acidic IDR1 functions
as an autoinhibitory domain for G3BP1 phase separation, further work is needed to clarify
the precise roles of IDR1 and the RNA-recognition motif. Future studies could incorporate
RNA to examine how a ternary system of spermine, RNA, and G3BP1 behaves, and whether

competitive interactions between RNA and spermine can dissolve G3BP1 from droplets.

We also show that the C-terminus of aSyn acts as a scaffold domain controlling its phase
separation. Electrostatic interactions with spermine drive both the formation of sub-saturated
clusters and a macroscopic phase-separated state. While we observed clusters within the
macroscopic condensates, additional work is required to determine the internal organisation
of aSyn within these clusters, including which domains are solvent exposed. It is also
important to establish whether inter-cluster interactions exist within condensates, as
predicted by the percolation transition model for aSyn at high concentration. Based on our
results, we propose a model in which a combination of electrostatic and hydrophobic
interactions, mediated by multivalent cations like spermine, stabilises aSyn clusters.
Although aSyn can partition into P-bodies in cells, its primary biological function is likely
associated with binding to membrane vesicles. A key future challenge is to determine
whether membrane-bound aSyn via its N-terminus can interact with spermine through its C-

terminus, and whether this induces clustering analogous to the system studied here.

Additionally, we show that acetylation of spermine strongly reduces its ability to promote
IDP phase separation, primarily due to the reduced net charge of the polyamine. Given that
acetylated spermine is implicated in cancer and neurodegeneration, it will be important to

investigate the roles of spermine and its acetylated variants in biomolecular condensates.
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However, several challenges complicate such studies. The small size of polyamines makes
accurate determination of their cellular localisation and concentration difficult, as
fluorescently labelled analogues have very different physical properties. One approach might
involve extracting intact stress granules to directly measure polyamine content in Vvitro,
although the liquid-like nature of some granules may cause mixing with the bulk solution
during extraction. An alternative strategy could be to isolate stress granule scaffolds from
cells, induce phase separation in vitro, and subsequently add polyamines to assess their

effects.

Emerging NMR methodologies designed to analyse contacts in the crowded and viscous
environment of condensates will be particularly valuable in addressing these questions
(Ahmed et al., 2024). For instance, it would be informative to monitor interactions between
polyamines and aSyn within condensates over time, and to explore how competitive

interactions with nucleic acids modulate these contacts.
Overall, our findings suggest that multivalent cations act as key modulators of biomolecular

condensate formation, cluster dynamics, and composition, with implications for both

physiological function and pathological aggregation.
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7 Appendix

7.1 Pulse Sequences Used.

/* WET DPFGSE

Pulse program: WET DPFGSE

Water suppression block (WET) adapted and included from Bruker pulse program (pp): wet.

References:

S. H. Smallcombe, S. L. Patt, P. A. Keifer, J. Mag. Reson., Ser. A. 1995, 117, 295-303
W. Kozminski, Pol. J. Chem. 2000, 74, 1185-1189

*/

#include <Avance.incl>
#include <Grad.incl>
define delay WETWAIT
"d11=30m"

"d12=20u"

"d13=4u"

"d16=2m"
"WETWAIT=10m-d16"
"acqtO=-(p1*6/3.1416)-4u"
1 ze

2 30m

20u BLKGRAD

dl

50u UNBLKGRAD

d12 pl0:f1

di3

(p11:sp7 ph4):f1

4u

pl6:gp21

d16 pl0:f1

(p11:sp8 ph5):fl

4u

pl6:gp22

d16 plO:f1
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(p11:sp9 ph5):fl
4u

pl6:gp23

d16 plO:f1
(p11:sp10 phS):fl
15

4u

pl6:gp24

dl6

WETWAIT pll:f1
pl phl

pl7:gpl

d17 pl0:f1

30u gron0
p12:sp2:f1 ph2:r
30u groff
pl7:gpl

d17

pl7:gp2

d17 plO:f1

30u gron0
pl2:sp2:f1 ph3:r
30u groff
pl7:gp2

d17

go=2 ph31

30m mc #0 to 2 FO(zd)

20u BLKGRAD

exit

ph1=0000111122223333

ph2=0123

ph3=0000000000000000

ph4=0
ph5=1
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ph31=0202131320202020

;pl0: OW

;pll: f1 channel - power level for pulse (default)

;spl: f1 channel - shaped pulse power level for 90 degree pulse {WET}
;sp2: f1 channel - shaped pulse power level for spatial selection
;sp7: f1 channel - shaped pulse

;sp8: f1 channel - shaped pulse

;sp9: f1 channel - shaped pulse

;sp10: f1 channel - shaped pulse

;spnam?2: shaped pulse for spatial selection {Reburp.1000}
;spnam7: shaped pulse for WET block {Eburp2.1000}
;spnam8: shaped pulse for WET block {Eburp2.1000}
;spnam9: shaped pulse for WET block {Eburp2.1000}
;spnam10: shaped pulse for WET block {Eburp2.1000}

;pl : f1 channel - 90 degree high power pulse

;pl1: fl channel - 90 degree shaped pulse {WET} [20msec]
;p12: f1 channel - 180 degree shaped pulse

;p16: homospoil/gradient pulse [2msec]

;p17: homospoil/gradient pulse [1msec]

;d1 : relaxation delay; 1-5 * T1

;d11: delay for disk I/O [30msec]

;d12: delay for power switching [20 usec]

;d13: short delay [4 usec]

;d16: delay for homospoil/gradient recovery {WET} [200usec]
;d17: delay for homospoil/gradient recovery spatial selection block [200usec]
16

;GPZ0 : spatial selection gradient [0-20%]

;GPZ1 : coherence order selection [1.00]

;GPZ2 : coherence order selection [0.75]

;use gradient ratio: gpl : gp2

;20:15

;use gradient ratio: gp21 : gp22 : gp23 : gp24
;80:40:20:10

;for z-only gradients:
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;2pz21: 80%

;2pz22: 40%

;2pz23: 20%

;2pz24: 10%

;use gradient files:
;gpnam21: SMSQ10.100
;gpnam22: SMSQ10.100
;gpnam23: SMSQ10.100
;gpnam24: SMSQ10.100
;use power levels (dB) sp7 sp8 sp9 sp10
; spl +0.87 -1.04 +2.27 -5.05
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