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Abstract

TAR DNA-binding protein 43 (TDP-43) is a 414–amino acid protein comprising three
folded domains—the N-terminal domain (NTD) and two RNA recognition motifs (RRM1
and RRM2)—along with a long intrinsically disordered region (IDR) at the C-terminal.
A nuclear localisation signal (NLS) sequence connects the NTD to RRM1. TDP-43 plays
crucial roles in RNA metabolism, including transcriptional regulation, splicing, and RNA
transport. Misregulation or aggregation of TDP-43 is strongly associated with multiple
neurodegenerative diseases, including Alzheimer’s disease (AD), Amyotrophic Lateral Scle-
rosis (ALS), and frontotemporal dementia (FTD), and it is widely regarded as a hallmark
protein in these diseases.

Within cells, native TDP-43 forms liquid-like and dynamic condensates through phase sep-
aration, which are thought to contribute to its physiological function. Understanding the
molecular determinants of TDP-43 condensate formation is therefore essential for elucidat-
ing mechanisms underlying neurodegeneration. A near-atomic resolution coarse-grained
model, Martini 3, was employed to systematically investigate the roles of both folded
and intrinsically disordered regions in TDP-43 condensates. This approach allows explo-
ration of the effects of domain architecture, inter-domain interactions, and conformational
flexibility on the dynamic organization of the protein within condensates.

The application of different potentials, including harmonic or Lennard-Jones (LJ) poten-
tials, to restrain the structured domains, combined with tuning of inter-chain interactions
within the condensates, can modulate phase behavior, material properties, and dynamic
rearrangement of TDP-43. Quantitative analysis of the contributions of different struc-
tural elements to condensate stability, internal dynamics, and viscosity-like properties
was performed. Comparative analysis across multiple modeling approaches provides in-
sights into how different coarse-grained assumptions influence predicted phase behavior
and emergent material characteristics.

Overall, this work provides a detailed molecular-level understanding of the balance between
folded and disordered regions in regulating TDP-43 condensation. The study also provides
foundational data for applying the Martini 3 model as a transferable framework to study
other multi-domain proteins (MDPs) in multi-chain systems.



Zusammenfassung

TAR-DNA-Bindeprotein 43 (TDP-43) ist ein 414 Aminosäuren umfassendes Protein, das
aus drei gefalteten Domänen besteht – der N-terminalen Domäne (NTD) und zwei RNA-
Erkennungs-Motiven (RRM1 und RRM2) – sowie einer langen intrinsisch ungeordneten
Region (IDR) am C-Terminus. Eine nukleäre Lokalisationssequenz (NLS) verbindet die
NTD mit RRM1. TDP-43 spielt eine entscheidende Rolle im RNA-Stoffwechsel, ein-
schließlich Transkriptionsregulation, Spleißen und RNA-Transport. Fehlregulation oder
Aggregation von TDP-43 ist stark mit mehreren neurodegenerativen Erkrankungen assozi-
iert, darunter Alzheimer-Krankheit (AD), Amyotrophe Lateralsklerose (ALS) und fron-
totemporale Demenz (FTD), und gilt als charakteristisches Protein dieser Erkrankungen.

Innerhalb der Zellen bildet natives TDP-43 flüssigartige und dynamische Kondensate
durch Phasentrennung, die vermutlich zu seiner physiologischen Funktion beitragen. Das
Verständnis der molekularen Determinanten der TDP-43-Kondensatbildung ist daher
wesentlich, um die Mechanismen neurodegenerativer Erkrankungen zu erläutern. Ein
nah-atomarer Auflösungs-Coarse-Grained-Modell, Martini 3, wurde verwendet, um sys-
tematisch die Rollen sowohl der gefalteten als auch der intrinsisch ungeordneten Regio-
nen in TDP-43-Kondensaten zu untersuchen. Dieser Ansatz ermöglicht die Analyse der
Auswirkungen von Domänenarchitektur, interdomänären Wechselwirkungen und konfor-
mationeller Flexibilität auf die dynamische Organisation des Proteins innerhalb der Kon-
densate.

Die Anwendung verschiedener Potentiale, einschließlich harmonischer oder Lennard-Jones-
Potentiale, zur Einschränkung der strukturierten Domänen, kombiniert mit der Anpas-
sung interkettiger Wechselwirkungen innerhalb der Kondensate, kann das Phasenverhal-
ten, die Materialeigenschaften und die dynamische Umorganisation von TDP-43 mod-
ulieren. Quantitative Analysen der Beiträge verschiedener Strukturelemente zur Stabilität
der Kondensate, deren interner Dynamik und viskositätsähnlichen Eigenschaften wurden
durchgeführt. Ein Vergleich mehrerer Modellansätze liefert Einblicke, wie unterschiedliche
Coarse-Grained-Annahmen das vorhergesagte Phasenverhalten und die entstehenden Ma-
terialeigenschaften beeinflussen.

Insgesamt liefert diese Arbeit ein detailliertes molekularbiologisches Verständnis des Gle-
ichgewichts zwischen gefalteten und ungeordneten Regionen bei der Regulation der TDP-
43-Kondensation. Die Studie liefert zudem grundlegende Daten, um das Martini 3-Modell
als übertragbares Framework für die Untersuchung anderer Multi-Domänen-Proteine
(MDPs) in Mehrkettensystemen anzuwenden.

(Übersetzung erstellt mithilfe von ChatGPT)
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(B). Gōintra model at λ1.00. (C). Gōintra model at λ1.06. For each panel, the
upper triangle shows the residue-wise contact map, and the lower triangle
shows the domain-wise contact map. All contact maps share the same
colorbar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.3 Residue flexibility within the structured domains of TDP-43 un-
der all-atom, Elastic Network and Gōintra models at λ1.06. Root
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at λ1.06. (A, C). Time-dependent density histograms of the condensates for
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1 Introduction

1.1 Liquid-liquid phase separation in cells

Phase separation describes the process where a homogeneous system spontaneously cre-
ates two distinct phases to minimize system free energy. Liquid-liquid phase separation
(LLPS) gives rise to dynamic, liquid-like biomolecular condensates that play critical roles
in a wide range of physiological processes. Over time, some liquid-like condensates can
undergo maturation or aging, transitioning through liquid-solid phase separation (LSPS)
into more gel-like or solid-like states (Figure 1.1), this solidification is often associated
with pathology, as the irreversible aggregation of proteins into solid fibrils is a hallmark of
neurodegenerative diseases such as Amyotrophic Lateral Sclerosis (ALS) and Alzheimer
Disease (AD).

Figure 1.1 illustrates the phase behavior of dipeptides (e.g., Ile–Val, Gly–Ala, Phe–Trp,
and Phe–Phe) as determined by molecular dynamics simulations and corresponding in
vitro experiments. The figure represents dipeptides that do not phase separate, those
that undergo liquid–liquid phase separation to form liquid condensates, and those that
assemble into solid aggregates [1].

Figure 1.1: Distinct phase behaviors of dipeptides. Representative dipeptides ex-
hibiting no phase separation, liquid–liquid phase separation (LLPS), or liquid–solid phase
separation (LSPS). For each case, the left panels show simulation snapshots from molecu-
lar dynamics simulations, while the right panels display the corresponding in vitro exper-
imental results. The simulations and experiments consistently distinguish dipeptides that
remain dispersed, form liquid-like condensates, or assemble into solid aggregates. (Figure
adapted from Tang et al. [1] with modifications.)

Within cellular environments, homogeneous solution of biomolecules like RNA, DNA, pro-
tein and lipids can phase separates into two immiscible liquid phases, a dense phase that is
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enriched for these molecules and a phase that is depleted. Hyphosis ”cytoplasm is a liquid
emulsion” was proposed by Edmund Beecher Wilsonin in 1899[7], and in 2009 this hypoth-
esis gained experimental support when Tony Hyman and Cliff Brangwynne demonstrated
P granules in Caenorhabditis elegans germ cells which localize to the posterior of the
one-cell embryo stage exhibit liquid-like properties with measurable viscosity and surface
tension [8]. LLPS is a dynamic process that can be triggered by cellular stimulis, like elec-
trochemical gradients (pH, ion concentrations, ect.) which changes the biomolecule local
enviroment. Some liquid-state condensates are transient formed and have defined cellu-
lar functions which named as membrane-less organelles (MLO) which don’t have bi-layer
phospholipids, like stress granules (SG) in the cytoplasm can store mRNA temporarily to
prevent tranlsation and resume translation when stress releases [9].

Liquid state condensates can transform into gel-like or solid-like condensate which refers
to the process LSPS. Protein like FUS, hnRNPA1 and Whi3 can under LLPS to form
liquid-like droplet, whereas over time like 8 hours later for protein FUS, fibers merging
from the droplet can be oberseved by in vitro with arrested dynamics [10]. Functions of
solid-like or gel-like structures in the living healthy cell are less clear, but their formation
is often associated with cellular stress responses and, when dysregulated, can contribute
to pathological protein aggregation linked to neurodegenerative diseases.

1.2 Protein TDP-43

1.2.1 Endogenous TDP43

TAR DNA-binding protein 43 (TDP-43) was first identified as a 43-kDa protein that binds
to double-stranded DNA within a specific region of the Human Immunodeficiency Virus
type 1 (HIV-1) genome [11]. Protein TDP-43 plays a critical role in RNA processing and
metabolism. It is expressed in both neuronal and nonneuronal cells, shuttles between the
nucleus and the cytoplasm [2, 12]. As shown in Figure 1.2, TDP-43 is predominantly in
nucleus, from the immunofluorescence image (Right), the nuclear envelope is highlighted
in red to delineate the nucleus, and the Western blot analysis (Left) confirms that only a
small fraction of TDP-43 resides in the cytoplasm.cytoplasm.

In healthy cells, endogenous TDP-43 is predominantly expressed in the nucleus, with a
small portion localized in the cytoplasm [2, 12, 13].The protein is actively involved in RNA
metabolism, including roles in pre-mRNA splicing [14] and RNA stability [13]. Within the
nucleus, a small fraction of endogenous TDP-43 forms liquid-like condensates, although
the majority is diffusely localized. This diffuse distribution is maintained by the native
high nuclear RNA concentration, which prevents extensive condensate formation[15].

In response to cellular stress, TDP-43 can undergo reversible phase separation and form
dynamic, liquid-like condensates in both the nucleus and the cytoplasm. Under arsenic-
induced stress, TDP-43 assembles into nuclear bodies that are thought to mitigate cytotox-
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Figure 1.2: Cellular distribution of endogenous TDP-43. Left:Western blot analy-
sis of subcellular fractions showing the distribution of endogenous TDP-43 in the nucleus
(N) and cytoplasm (C) of non-transfected HeLa cells. p84 and tubulin were used as nu-
clear and cytoplasmic markers, respectively, to assess fraction purity. Right: Indirect
immunofluorescence of non-transfected U2OS cells showing endogenous TDP-43 local-
ization. TDP-43 was detected using an anti–TDP-43 polyclonal antibody and a FITC-
conjugated secondary antibody. The nuclear envelope was visualized using anti–lamin
A/C or anti–LAP2β antibodies with Texas Red– or FITC-conjugated secondary antibod-
ies. (Figure adapted from Ayala et al. [2].)

icity, and upon stress removal, these condensates gradually dissolve, restoring the diffuse
nuclear distribution characteristic of healthy cells [9]. This reversible behavior highlights
the dynamic nature of TDP-43 assemblies and suggests that its phase separation is tightly
regulated to maintain nuclear homeostasis.

In the cytoplasm, TDP-43 is similarly recruited to stress granules (SGs) under conditions of
oxidative stress. The treatment of sodium arsenite (SA) induces TDP-43 accumulation in
the cytoplasm, where it co-localizes with protein HuR, which plays as a SG marker, form-
ing discrete membrane-less organelles. SGs serve as protective compartments, temporarily
sequestering non-essential mRNAs, translation factors, and RNA-binding proteins to re-
duce translational burden and preserve cellular resources during stress. Once the stress
is alleviated, these SGs disassemble, releasing their contents back into the cytoplasm and
allowing normal cellular function to resume [16–21]. TDP-43 plays a critical role in reg-
ulating both the formation and disassembly of SGs. Alterations in TDP-43 protein level
or mutations can disrupt SG dynamics, either impairing assembly or slowing disassembly
[21].

TDP-43 accumulates in the nucleus and/or cytoplasm under stress conditions, where it
forms reversible, liquid-like condensates. These dynamic assemblies are not passive de-
posits; rather, they serve as adaptive compartments that help the cell cope with stress. To
maintain viability under unfavourable conditions, cells rely on mechanisms that temporar-
ily reorganize RNA and protein components without disrupting essential functions. The
liquid nature of these assemblies ensures that they can remain dynamic and reversible,
once the stress subsides, the sequestered components can be released, and normal cellular
functions can resume.
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1.2.2 TDP-43 in diseases

The accumulation of protein aggregates in the central nervous system is a hallmark of many
neurodegenerative diseases, including ALS and AD [3, 22]. In affected neurons, these
aggregates are predominantly localized in the cytoplasm, while the nucleus is typically
depleted of the aggregating proteins [23, 24]. Among the proteins implicated in these
pathologies, aggregates of TDP-43 are frequently observed across a broad spectrum of
neurodegenerative disorders and represent a defining feature of TDP-43 proteinopathies
[25].

In the case of TDP-43, disease-associated mutations or aberrant post-translational modifi-
cations (PTMs) can promote irreversible aggregation through a LSPS [15]. Numerous mu-
tations in the TDP-43 gene have been linked to neurodegenerative disorders, with the ma-
jority of mutations clustering within the C-terminal low-complexity domain (LCD) [26, 27].

Figure 1.3: Disease-associated mutations in TDP-43. Most disease-associated
TDP-43 mutations are concentrated in the C-terminal low-complexity domain (LCD) and
have been shown to accelerate TDP-43 aggregation. (Figure adapted from Jo et al. [3].)

The expression of disease-associated TDP-43 mutants, including G294A, G294V, G295S,
A315T, Q331K, M337V, Q343R, N345K, R361S, N390D, and N390S, some of them alter
residue charge or hydrophobicity, has been shown to promote increased TDP-43 aggrega-
tion [27–30].

The LCD of TDP-43 mediates numerous protein–protein interactions, and aberrant in-
teractions among these low-complexity regions are hypothesized to promote the matu-
ration and fibrillization of phase-separated droplets [31, 32]. In addition to full-length
TDP-43 aggregation, pathological cleavage and cytoplasmic accumulation of toxic TDP-
43 C-terminal fragments (CTFs) represent another prominent hallmark of disease [33, 34].
These CTFs vary in size, reflecting proteolytic cleavage at multiple sites within the TDP-
43 protein [35]. The C-terminal fragments lack the N-terminal nuclear localization signal
(NLS) and RNA recognition motifs, which promotes their cytoplasmic mislocalization and
aggregation propensity.

Across the spectrum of neurodegenerative disorders, aggregated TDP-43 is frequently
modified by PTMs, such as ubiquitination, SUMOylation, and phosphorylation. Phos-
phorylated TDP-43 is a highly consistent marker of disease. TDP-43 contains 64 potential
phosphorylation sites, comprising 41 serine (Ser), 15 threonine (Thr), and 8 tyrosine (Tyr)
residues. Phosphorylation at Ser-379, Ser-403/404, and Ser-409/410 has been closely as-
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sociated with TDP-43 proteinopathies [36].Consistently, a mass spectrometry analysis of
ALS spinal cord tissue identified phosphorylation at 14 serine residues, 12 of which reside
within the C-terminal LCD of TDP-43 [37].

Various alterations of TDP-43—including cytoplasmic mislocalization, proteolytic cleav-
age generating C-terminal fragments, aggregation, and phosphorylation at serine residues
within the C-terminal region—are hallmarks of neurodegenerative disorders. However,
while these pathological features are consistently observed in patient tissues, their pres-
ence does not necessarily indicate that they are the primary drivers of disease. Instead,
they may represent downstream consequences of upstream cellular perturbations, stress
responses, or other molecular events that ultimately contribute to neuronal dysfunction
and degeneration.

1.3 Molecular Dynamics

Molecular dynamics (MD) is a computational method used to map the motion of physical
particles over time [38]. The motion of particle i is governed by Newton’s second law:

mi
d2ri
dt2

= Fi (1.1)

In this equation, mi denotes the mass of particle i, and ri(t) is its position vector as a
function of time. The second derivative of the position with respect to time, d2ri/dt

2,
represents the acceleration ai of the particle. The velocity vi of the particle is related to
time by

vi = ait (1.2)

In MD simulations, the acceleration is generally not constant because Fi depends on the
instantaneous positions of all particles. The term Fi is the total force acting on particle
i, arising from interactions with other particles in the system. By computing Fi at each
time step and integrating Newton’s equations of motion, the positions and velocities of all
particles are updated, generating the trajectory of the system.

For particle i, the force Fi is computed as the negative gradient of the potential energy U
with respect to its position:

Fi = −∇riU (1.3)

Here, ∇ri is the gradient operator with respect to the spatial coordinates of particle i,
defined as
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∇ri =

(
∂

∂xi
,
∂

∂yi
,
∂

∂zi

)
(1.4)

The total potential energy U is a scalar quantity that represents the energy of the entire
system, arising from the positions of all particles. The gradient operator converts this
scalar energy landscape into vector forces acting on individual particles, and the negative
sign ensures that each particle accelerates in the direction that decreases the system’s
potential energy.

The total potential energy is typically decomposed into contributions from bonded inter-
actions, which maintain the internal molecular geometry (bonds, angles, dihedrals, and
improper torsions), and nonbonded interactions, which govern interactions between par-
ticles that are not directly bonded, such as van der Waals and electrostatic forces:

U = Ubonded + Unonbonded (1.5)

By integrating these equations of motion over small time steps, MD simulations generate
a trajectory of particle positions and velocities, which can be applied to analyze systems
as small as atoms undergoing a chemical reaction, and as large as a galaxy [39].

MD simulations are widely used to study proteins, nucleic acids, polymers, membranes,
and other biological molecular systems, providing insights into their conformational dy-
namics, folding, interactions, and self-assembly processes that are often difficult to access
experimentally.

1.3.1 Interactions in molecular dynamics

1.3.1.1 Bonded interactions

In MD, bonded interactions describe the forces within a molecule, capturing covalent bonds
and the geometry of molecular structures through energy potentials. These interactions
are essential for maintaining the integrity and conformational preferences of molecules.
Bonded interactions typically include bond stretching, angle bending, dihedral (torsional)
rotations, and improper torsions (Figure 1.4).

They are commonly modeled using harmonic potentials (1.6), which approximate the
energy associated with small deviations from equilibrium values.

U(x) =
1

2
k(x− x0)

2 (1.6)

where x represents the instantaneous value of a bond length, bond angle, or dihedral
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Figure 1.4: Molecular bonded interactions. Molecular mechanics interactions of (a)
bond stretching, (b) angle bending, (c) dihedral, and (d) improper dihedral torsion (Figure
from [4]).

angle, x0 is the corresponding equilibrium value, and k is the force constant determining
the stiffness of the interaction.

The total bonded potential energy of a molecule is given by:

Ubonded =
∑
bonds

1

2
kb(r−r0)

2+
∑
angles

1

2
kθ(θ−θ0)

2+
∑

dihedrals

1

2
kφ(φ−φ0)

2+
∑

impropers

1

2
kω(ω−ω0)

2

(1.7)

where:
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• r, θ, φ, ω are the instantaneous bond lengths, bond angles, dihedral angles, and im-
proper angles, respectively,

• r0, θ0, φ0, ω0 are their equilibrium values,

• kb, kθ, kφ, kω are the corresponding force constants defined in the force field.

Bonded interactions maintain molecular geometry and flexibility, providing a physically
realistic description of molecular structure while allowing the system to explore its con-
formational space.

1.3.1.2 Nonbonded interactions

Nonbonded interactions describe the forces between particles that are not connected by
covalent bonds, primarily comprising van der Waals (VDW) interactions and electrostatic
interactions. In the context of proteins, nonbonded interactions are critical for maintaining
protein structure, modulating stability, and governing interactions with the surrounding
solvent or other biomolecules.

VDW interactions arise from temporary or induced dipoles between atoms or molecules,
which produce weak attractive forces at intermediate distances and strong repulsion when
particles approach too closely. In MD simulations, VDW interactions are commonly mod-
eled using the Lennard-Jones (LJ) potential:

ULJ(r) = 4ϵ

[(σ
r

)12
−
(σ
r

)6
]

(1.8)

where r is the distance between two particles, ϵ is the depth of the potential well, repre-
senting the interaction strength (taken from the chosen force field), and σ is the distance at
which the potential is zero, also provided by the force field. The first term (r−12) accounts
for short-range repulsion, while the second term (r−6) accounts for long-range attraction.

Electrostatic interactions occur between charged or partially charged particles, including
ion–ion, ion–dipole, and dipole–dipole interactions. These forces are typically described
by Coulomb’s law:

UCoulomb(r) =
1

4πϵ0

qiqj
r

(1.9)

where qi and qj are the charges of the interacting particles, r is the distance between
them, and ϵ0 is the permittivity of free space, a physical constant. In biological systems,
electrostatic interactions are often long-range and can be modulated by the surrounding
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1.3 Molecular Dynamics

solvent and ionic strength, referring to protein folding, ligand binding, and membrane
formation.

The total nonbonded potential energy in a system is the sum of all pairwise van der Waals
and electrostatic interactions:

Unonbonded =
∑
i<j

[ULJ(rij) + UCoulomb(rij)] (1.10)

where the sum runs over all particle pairs i, j.

1.3.2 Coarse-Grained Simulations

In all-atom (AA) simulations, every atom in the system is explicitly represented, provid-
ing a detailed and accurate description of molecular interactions. Coarse-grained (CG)
simulations reduce the total number of particles by grouping multiple atoms into single
interaction sites or “beads.” This simplification makes the simulation of larger systems
and longer timescales computationally feasible.

In CG models, the potential energy uses similar functional forms as in all-atom simulations:

UCG = UCG
bonded + UCG

nonbonded (1.11)

where UCG
bonded includes interactions such as bonds, angles, and dihedrals between beads,

and UCG
nonbonded includes van der Waals and electrostatic interactions between beads that

are not directly connected.

The reduction in degrees of freedom enables the study of mesoscale phenomena such
as phase separation, protein aggregation, membrane remodeling, and self-assembly over
microseconds to milliseconds, which are often inaccessible to all-atom simulations.

Force fields provide the bead types, bonded parameters (bonds, angles, dihedrals), and
nonbonded interaction parameters required for coarse-grained simulations. Popular coarse-
grained force fields include Martini [40–42], UNRES [43] and HPS [6], which are widely
used in biomolecular and polymer simulations.

1.3.2.1 Chemically-detailed coarse-grained simulations

Chemically detailed coarse-grained simulation models reduce atomistic detail by grouping
atoms into coarse-grained sites, while still preserving chemically distinct backbone and
side-chain representations.
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The Martini force field, with explicitly represented water molecules, was initially developed
for simulations of lipid and surfactant systems [44]. Subsequently, it was extended and
refined to model proteins amino acids, enabling coarse-grained simulations of biomolecular
systems [40, 41].

Martini 3 represents a further refinement of the force field, featuring improved interaction
balance, the introduction of new bead types, and an updated water model, resulting in
enhanced accuracy and transferability across diverse molecular systems [45].

In Martini 3, the secondary, tertiary, and quaternary structures of proteins often require
stabilization through the application of additional interaction potentials to preserve native
conformations during simulations. Harmonic potentials are commonly implemented in the
form of an Elastic Network (EN) model, Lennard-Jone (LJ) potentials are employed in
structure-based approaches such as GōMartini and OLIVES models.

Figure 1.5: Comparison of structure-bias models used to stabilize coarse-
grained protein conformations. Atomistic structure of protein CK1δ in cartoon. The
Elastic Network (EN) model (blue) introduces 1004 harmonic restraints, the GōMartini
model (orange) adds 609 native-contact-based potentials, and the OLIVES model (red)
includes 374 potentials. While the EN and GōMartini interaction networks connect pre-
dominantly backbone beads, the OLIVES model additionally incorporates side-chain bead
interactions, providing a more extensive stabilization pattern. (Figure from [5])

Recently, to improve simulations of proteins containing both IDRs and structured domains
(multi-domain protein, MDP), it has become common to release structural restraints on
the IDRs, as described by Wang et al. (2025) [46]. The following command illustrates
a typical setup, where an Elastic Network (EN) is applied to stabilize the structured
domain (residues 1–292), while the IDR (residues 293–415) remains fully flexible using the
-id-regions and -idr-tune options:

1 martinize2 -f input_all_atom.pdb -x input_cg.pdb

2 -o protein_only.top

3 -ff martini3IDP -p backbone -dssp -elastic

4 -el 0 -eu 0.85 -eunit 1:292

5 -id -regions 293:415 -idr -tune
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The Hybrid Resolution (HyRes) protein model and its updated versions are chemically
detailed coarse-grained approaches that preserve an atomistic representation of the protein
backbone, while side chains are coarse-grained into up to five beads and solvent effects are
treated implicitly. This level of resolution enables the HyRes model to capture secondary-
structure elements such as α-helices and β-sheets within intrinsically disordered regions
during liquid–liquid phase separation, as well as the internal structural organization of
folded protein domains [47, 48].

1.3.2.2 Residue-level implicit coarse-grained simulations

Hydropathy Scale (HPS) and CALVADOS are residue-level coarse-grained (CG) simula-
tion frameworks that treat solvent effects implicitly, with each amino acid represented by
a single bead [49] (Figure 1.6). The updated versions, CALVADOS 2 and CALVADOS 3,
incorporate improved residue parameters [49, 50].

Figure 1.6: Residue-Level bead representation of proteins. All-atom represen-
tation is in balls and sticks, and coarse-grained representation in large spheres. (Figure
adpated from [6])

These parameter sets were initially developed to model liquid–liquid phase separation
(LLPS) of disordered proteins, capturing essential physicochemical properties such as
residue hydropathy and charge distributions. With further development, the frameworks
have been MDPs, where the structured domains can be stabilized either by treating them
as rigid bodies or by applying an Elastic Network (EN) to maintain their native fold while
allowing the disordered regions to remain flexible.
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Structurally, TDP-43 is a 414–amino acid protein, comprising three folded domains the
N-terminal domain (NTD) and two RNA recognition motifs domains (RRM1 and RRM2)
along with a long intrinsically disordered region (IDR) at the C-terminal and a nuclear
localisation signal (NLS) sequence links the NTD to RRM1 (Figure 2.1).

Within the C-terminal IDR, also known as the low-complexity domain (LCD), a short
helical structure has been identified as a critical structural element modulating TDP-43
liquid–liquid phase separation [51]. This helix forms transiently, with residues sampling
both helical and coil conformations as evidenced by nuclear magnetic resonance (NMR)
and molecular dynamics (MD) studies.The structured region encompasses residues 320 to
343, with residues 320–332 exhibiting higher helical propensity.

The near atomic coarse-grained Martini 3 with explicit solvent simulation model requires
additional potentials to model the protein secondary, tertiary and quanternary stuctures
during simulations [5]. In this chapter, to preserve the native three-dimensional folds,
harmonic potentials between backbone beads within certain distance are applied, this ap-
proach is known as the Elastic Network (EN) model. However, in its baseline form, the
force field underestimates global dimensions of multi-domain proteins, as shown by dis-
crepancies with small-angle X-ray scattering (SAXS) measurements. Rescaling all protein-
water interaction strength by a factor λ, including side chain beads (typically λ1.06), is an
approach to improve the representation of multi-domain protein conformations in accor-
dance with experimental benchmarks [52].

This chapter focuses on the application of an adapted Martini 3 coarse-grained force field
incorporating an EN model to elucidate the phase behavior underlying LLPS in the full-
length protein and key variants. The multi-domain architecture of TDP-43, comprising
both structured domains and extensive IDRs, provides an ideal framework for probing the
complex interplay of interactions that govern its phase behavior.
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2 Phase behavior of TDP-43

Figure 2.1: Representative structure of full-length TDP-43, with average Rg
highlighted in all-atom simulations. Residues colored in green, orange, pink cor-
respond to the N-terminal domain (NTD), RNA-recognition motif 1 (RRM1), and 2
(RRM2), respectively. Cyan areas indicate the protein’s disordered regions, and the region
colored in purple represents the helical segment within the C-terminal IDR. water and ions
are omitted for clarity for all-atom model).

2.1 Dilute-phase behavior of full-length TDP-43

A single TDP-43 chain was simulated in either a cubic or dodecahedral simulation box
to characterize chain behavior in the dilute phase, using both all-atom (AA) and coarse-
grained (CG) models. For AA simulations, dodecahedral boxes were employed to reduce
the number of solvent molecules, thereby limiting computational cost while maintaining
adequate solvation of the protein. The use of both AA and CG simulations enabled
the characterization of protein conformational properties at different levels of resolution,
providing complementary insights into the structural dynamics and flexibility of the chain.

The definitions of the NTD, RRM1, RRM2, and C-terminal helix used in this work may
differ from those reported in published studies [53–57]. Rather than strictly adhering
to literature-defined domain boundaries, this study adopts a structure-based definition.
Across all simulations presented in this thesis, folded regions with confidently identified
structures, specifically residues 4–76, 105–176, 192–259, and 320–332 as predicted by
AlphaFold2 [58], were selected and treated as structured domains. These regions were
stabilized using additional restraints to preserve their folded conformations during CG
simulations.

For the purpose of simulation analysis, the following analysis-specific domain definitions
were applied: the NTD (residues 1–80), RRM1 (residues 105–176), and RRM2 (residues
192–260). These definitions facilitate consistent quantitative analysis across different sys-
tems and do not necessarily coincide exactly with previously reported domain boundaries.
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2.1 Dilute-phase behavior of full-length TDP-43

2.1.1 Single chain compactness

Protein chain conformational compactness was quantified using the radius of gyration
(Rg), which measures the root-mean-square distance of all protein atoms from the center
of mass (COM) [59]. This metric provides a global descriptor of the spatial extent of the
protein chain and is widely used to assess changes in chain compaction or expansion.

Rg at time t is defined as:

Rg(t) =

√√√√∑N
i=1mi

∣∣ri(t)− rcm(t)
∣∣2∑N

i=1mi

, (2.1)

where N is the total number of atoms, mi is atom weight mass, ri(t) is the position of
atom i at time t, and rcm(t) is the center of mass of the protein at time t.

rcm =

∑N
i=1mi ri∑N
i=1mi

(2.2)

The Rg is mathematically equivalent to the mass-weighted standard deviation of the
atomic positions around the COM, value provides a quantitative measure of the protein’s
overall spatial extent, a lower Rg indicates that atoms lie closer to the COM, correspond-
ing to a more compact conformation, while a higher Rg signifies that the atoms are more
widely dispersed, characteristic of an extended or partially unfolded state.

In AA molecular dynamics simulations, a single TDP-43 chain was simulated for 1 µs in
each of three replicas using the Amber99SB*-ILDN-q force field together with the TIP4P-
D water model. The resulting conformational ensemble displayed substantial variability
across replicas (Figure 2.2A), reflecting the inherent flexibility of TDP-43 as a partially
disordered, multi-domain protein. This variability highlights the broad range of confor-
mations that the protein can adopt even over microsecond timescales, encompassing both
compact and more extended states. While these simulations provide valuable insights into
the conformational preferences and structural dynamics of the protein, achieving full con-
vergence of the ensemble would likely require considerably longer simulation times. Such
extended sampling would be necessary to capture rare but potentially important confor-
mational transitions and to obtain a more comprehensive representation of the protein’s
equilibrium behavior in solution.

Two of the three trajectories sampled predominantly extended conformations, with Rg

values exceeding 4 nm, reflecting the protein’s capacity to explore a broad conformational
space. In contrast, the first trajectory remained largely restricted to more compact states,
with Rg ≈ 2.5–3.0 nm. Across all replicas, the mean Rg was 2.95 nm, indicating that,
on average, the atomistic simulations may be somewhat biased toward overly compact
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2 Phase behavior of TDP-43

conformations. This variability among replicas highlights the slow convergence inherent
to simulations of partially disordered, multi-domain proteins on microsecond timescales.
A representative structure with Rg = 2.95 nm is shown in Figure 2.1, illustrating a rela-
tively compact arrangement of the IDR and providing a visual reference for the average
conformational state sampled in these simulations.

Experimental SAXS measurements (black dashed line in Figure 2.2) provide additional
context. One study reported the Rg of wild-type TDP-43 at 40◦C, where the protein
is expected to adopt more expanded conformations than at room temperature [60]. A
separate SAXS study measured a TDP-43 mutant in which all tryptophan residues were
substituted with alanine (6WA) [61]. Several Trp residues reside within the folded domains,
these substitutions may destabilize domain packing and artificially increase the apparent
Rg, which might partly explain the higher experimental value.

The 6WA mutant has also been simulated in AA simulations, which showed more ex-
panded conformations with an average Rg of 3.07 ± 0.017 nm) (Figure 2.3). However,
whether the folded domains in this mutant are fully unpacked or partially disrupted has
not yet been systematically studied. Further investigation is needed to determine how the
Trp-to-Ala substitutions specifically affect the stability of folded domains and the overall
conformational ensemble in dilute solution condition.

In the semi-coarse-grained simulations using the unrescaled Martini 3 force field, full-length
TDP-43 predominantly remained in collapsed conformations throughout the trajectories,
a trend that was consistently observed across independent replica simulations for the EN
model at λ1.00 (Figure 2.2B). As a representive structure from Figure 2.4A. These collapsed
states indicate that, in the absence of modification, the original Martini 3 protein–water
interactions favor overly compact conformations, which may not fully reflect the confor-
mational flexibility expected for a multi-domain protein with extensive disordered regions.
When protein–water interactions were rescaled, with strengthened protein-water inter-
actions (λ1.06), TDP-43 sampled more expanded conformations relative to the compact
states observed in the unscaled (λ1.00) or atomistic simulations (Figure 2.2B). The mean
Rg value for the unscaled coarse-grained model (λ1.00, 2.41±0.021 nm) clearly showed the
overly compact structures were favoured in absence of the rescaling of protein-water inter-
actions, as illustrated in Figure 2.4B. By contrast, the rescaled model with λ1.06 captures
more extended conformations and exhibit greater variability, as higher mean Rg values of
3.55± 0.13 nm.

Rescaling protein–water interactions (λ1.06) in the Martini 3 force field shifted TDP-43 to-
ward more extended conformations in the dilute phase, effectively alleviating the excessive
compactness observed in both the unscaled coarse-grained model and atomistic simula-
tions. By strengthening protein–solvent interactions relative to protein–protein interac-
tions, the rescaled model allows the intrinsically disordered regions to sample a broader
range of conformations, better capturing the balance between folded domains and flexible
regions.
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2.1 Dilute-phase behavior of full-length TDP-43

2.1.2 Intra-molecular contacts

Variations in Rg reflect differences in intramolecular interactions and conformational flexi-
bility, enabling quantitative comparison of chain behavior across different simulation mod-
els.

The three simulation models represented distinct levels of chain compactness and, there-
fore, produced clearly different intramolecular contact landscapes within full-length TDP-
43 (Figure 2.5). Intrachain contacts were defined using a physical distance cutoff, enabling
direct comparison across models with different resolutions and conformational ensembles.

In the AA simulations, TDP-43 adopted a relatively compact yet heterogeneous con-
formational ensemble, with the LCD playing a dominant role in mediating long-range
intramolecular interactions (Figure 2.5A). Within the LCD, the strongest intra-domain
contacts were observed, encompassing both short- and long-distance interactions, high-
lighting its intrinsic propensity to form transiently stabilized structures. Beyond domain
self-contacts, the LCD frequently interacted with RRM2 as well as the second linker con-
necting RRM1 and RRM2, indicating that it repeatedly folded back toward the structured
domains. Additional long-range interactions between the LCD and the NTD further re-
inforced a compact global architecture. The NLS displayed a characteristic pattern of
strong self-contacts, consistent with a locally collapsed state, along with recurrent interac-
tions with RRM1 and occasional contacts with the second linker. Together, these features
indicated that the all-atom simulations produced a contact network dominated by exten-
sive LCD-mediated interactions and stabilizing cross-domain contacts that compacted the
chain.

The Martini 3 EN model at λ1.00 preserved several qualitative features of the all-atom
contact map but also introduced systematic differences (Figure 2.5B). LCD–LCD inter-
actions remained highly enriched and formed the core of the intramolecular contact land-
scape. The LCD interacted with RRM2 and RRM1 more frequently than in the all-atom
simulations, suggesting an even stronger tendency for the LCD to associate with the struc-
tured domains under the unscaled coarse-grained force field. This enhanced cross-domain
engagement likely contributed to the exaggerated compactness observed in the λ1.00 en-
semble. Consistent with the AA simulations, the second linker exhibited recurring contacts
with both the LCD and RRM2, indicating that this region functioned as a flexible con-
nector across models. The NLS also maintained pronounced self-contacts and persistent
interactions with RRM1 and the second linker. Overall, the λ1.00 EN model amplified sev-
eral compacting interactions present in the all-atom system, resulting in an intramolecular
contact pattern biased toward excessive chain collapse.

By contrast, the λ1.06 rescaled model produced a markedly different intramolecular con-
tact network consistent with its more extended conformations (Figure 2.5C). Long-range
cross-domain interactions were substantially reduced, and the contact map became dom-
inated by local or domain-proximal interactions. LCD–LCD contacts were weakened but
remained detectable, indicating that the LCD sampled flexible but less collapsed states.
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2 Phase behavior of TDP-43

Strong NLS self-contacts persisted across all models, and NLS–RRM1 interactions con-
tinued to occur. Contacts involving the second linker remained frequent. Overall, the
λ1.06 model exhibited a more diffuse and sparse intramolecular contact pattern, reflecting
an ensemble in which stabilizing long-range contacts were diminished. This reduction in
cross-domain interactions was fully consistent with the expanded conformational states
indicated by the Rg measurements.

All-atom and λ1.00 Martini 3 models both favored compact conformations driven by exten-
sive LCD-mediated and cross-domain contacts, whereas the λ1.06 rescaled model disrupted
many of these long-range interactions, producing a more extended, less interconnected
contact network. The intramolecular contact patterns reflected the degree of chain com-
pactness imposed by each simulation model.
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Figure 2.2: Rg measurement of single chain full-length TDP-43 under all-atom
and Martini 3 Elastic Network (EN) model at λ1.00 and λ1.06. (A). Rg across three
replicates in all-atom simulation, the black dashed line marks the maximum experimental
Rg and the orange-like dashed line shows the mean values across replicas. (B). Rg over
three replicates in Elastic Network model at λ1.00, with the same dashed-line conventions.
(C). Rg over three replicates in Elastic Network model at λ1.06, with the same dashed-line
conventions.
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Figure 2.3: Rg measurement of single chain full-length TDP-43 6WA under
all-atom (AA) simulations. The black dashed line indicates the averaged Rg value in
AA simulations.

A B

Figure 2.4: Representative structure of full-length TDP-43, with average Rg
highlighted in Martini 3 Elastic Network (EN) at λ1.00 and λ1.06 simulations.
(A). Representative structure in EN λ1.00. (B). Representative structure in EN λ1.06.
Residues colored in green, orange, pink correspond to the N-terminal domain (NTD),
RNA-recognition motif 1 (RRM1), and 2 (RRM2), respectively. Cyan areas indicate the
protein’s disordered regions, and the region colored in purple represents the helical segment
within the C-terminal IDR. water and ions are omitted for clarity for EN model.
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Figure 2.5: Averaged intra-chain contact heatmap of single chain full-length
TDP-43 under under all-atom (AA) and Martini 3 Elastic Network (EN) model
at λ1.00 and λ1.06. (A). AA simulations. (B). EN model at λ1.00. (C). EN model at
λ1.06. Upper triangles are the residue-wise contact maps, lower triangles are domain-wise
conatct maps, which summing up the contact possibility and averaged by the totoal reisdue
number within the specific domain, colorbar on the right represents the residue contact
probabilities.
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2 Phase behavior of TDP-43

2.2 Dense-phase behavior of full-length TDP-43

2.2.1 Full-length protein phase separation

Figure 2.6: Full-length TDP-43 multichain condensation in cubic simulation
geometry with Martini 3 Elastic Network (EN) at λ1.06. Initial configuration
of the EN model of full-length TDP-43 simulated with protein–water interaction scaling
of λ1.06 in a cubic simulation box. Starting from a dispersed arrangement, the chains
assemble into a liquid-like spherical condensate. Na+ (red) and Cl- (blue) ions are shown;
water beads are omitted for clarity.

To investigate multi-chain phase separation, Martini 3 simulations were performed with
λ1.06 rescaling of protein–water interactions to model 70 full-length TDP-43 chains in a
50 nm cubic box. The simulation was initialized with chains dispersed randomly through-
out the simulation volume, ensuring no preformed aggregates. Over the course of the
simulation, the system consistently underwent phase separation, ultimately producing a
stable, spherical condensate (Figure 2.6). Initial clustering of chains became apparent after
approximately 5 µs, indicating the onset of coalescence and nucleation of the condensed
phase. By around 8 µs, the condensate had adopted a well-defined, liquid-like spherical
morphology, as shown in Figure 2.6 (right). The condensate remained stable throughout
the remainder of the simulation.

To quantify phase behavior, simulations were performed using a slab geometry [62], which
facilitates faster equilibration between the dense and dilute phases by providing a large
interface for phase coexistence. The Martini 3 force field was employed with varied protein–
water interaction strengths (λ) to mimic changes in solvent conditions, such as effective
decreases or increases in temperature. By systematically adjusting λ, the simulations
allowed exploration of how changes in solvent quality influence the formation, stability,
and composition of the protein condensates.

Simulations were performed with 60 chains in a slab geometry of dimensions 20×20×90 nm.
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2.2 Dense-phase behavior of full-length TDP-43

To expedite chain association, systems were initially condensed in a smaller simulation box
before being expanded to the target slab dimensions. All systems were neutralized with
150 mM NaCl to approximate physiological ionic conditions. The protein–water inter-
action parameter (λ) was set to 1.05, 1.06, and 1.07, with three independent replicates
conducted for each condition to ensure statistical robustness. Production runs were car-
ried out for about 20 µs, with some simulations extending beyond 30 µs. Analyses were
performed on the final 15 µs of each trajectory, focusing on equilibrated behavior and
stable properties of the phase-separated systems.

Tracking the concentration histograms over time provides a dynamic perspective on con-
densate stability and molecular exchange between the dense and dilute phases (Figure 2.7).
In condensates simulated with λ1.06, a fraction of molecules exchanged into the dilute phase
over the simulation timescale of tens of µs, indicating that the dense phase maintained
liquid-like dynamics while allowing ongoing molecular turnover (Figure 2.7B). Figure 2.7E
illustrates the corresponding condensate morphology. The exchange dynamics can also be
observed in other replicates (Figure 2.8).

When protein–water interactions were reduced to λ1.05, the number of proteins in the
dilute phase decreased, reflecting stronger intermolecular attractions, more stable phase
separation, and reduced chain exchange between phases (Figure 2.7A and D). Conversely,
increasing the protein–water interaction strength to λ1.07 weakened protein–protein inter-
actions, producing a dense-phase region that appeared more diffuse and heterogeneous
and compromising overall condensate stability (Figure 2.7C and F).

These observations highlight that subtle changes in protein–water interactions can modu-
late both the extent of phase separation and the dynamics of molecular exchange within
and across phases. Such tunability underscores the critical role of solvent-mediated inter-
actions in controlling the structural and dynamical properties of biomolecular condensates,
with important implications for understanding how environmental influences phase behav-
ior.

The equilibrium concentration of TDP-43 in the dilute phase, corresponding to the satu-
ration concentration (Csat) measured in in vitro experiments, was quantified by analyzing
the simulation density histograms. Specifically, the time-averaged protein density profile
along the z-axis was fitted to a hyperbolic tangent (tanh) function to parameterize the
phase boundaries (Method 5.2.1). This fitting procedure yielded quantitative estimates of
both the dilute- and dense-phase protein concentrations (Figure 2.9).

At λ1.05, phase separation was highly stable and only limited molecular exchange was
observed. Among the three independent replicates, only replicate 3 exhibited a single
dissociation event, in which one TDP-43 chain transiently escaped from the condensate
into the dilute phase before eventually being reabsorbed. This rare event contributed to
the estimated dilute-phase concentration. The experimentally reported saturation con-
centration of TDP-43 at 150 mM NaCl, 0.0041 mM [63], is in reasonable agreement with
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Figure 2.7: Phase separation of full-length TDP-43 in Martini 3 Elastic Net-
work (EN) simulations within slab geometry. (A–C) Time-dependent concentra-
tion histograms for simulations with the Martini 3 EN model at protein–water interaction
strengths of λ1.05, λ1.06, and λ1.07. Protein concentration is indicated by the color bar.
(D–F) Snapshots of the protein condensate along the z-axis for the Martini 3 EN model
at λ1.05, λ1.06, and λ1.07, respectively.

the dilute-phase concentration obtained from simulations at λ1.05 (0.0020± 0.0018 mM).
However, because this estimate is dominated by a single dissociation event occurring in
only one replicate, the resulting Csat value suffers from limited statistical robustness and
should be interpreted with caution.

In contrast, simulations performed at λ1.06 displayed consistent and reproducible chain ex-
change dynamics across all replicates. TDP-43 molecules repeatedly exited and re-entered
the condensate on microsecond timescales, indicative of a liquid-like dense phase with
ongoing molecular turnover. This dynamic equilibrium enabled a well-defined separation
between dense and dilute phases and yielded a reproducible estimate of the dilute-phase
concentration, making λ1.06 the most reliable condition for quantitative analysis.

At λ1.07, the condensate exhibited clear signs of destabilization. The dense phase became
more diffuse and heterogeneous, and the distinction between dense and dilute regions was
progressively blurred. As a result, identifying phase boundaries and extracting reliable
concentration profiles became increasingly challenging. This behavior is consistent with
weakened effective intermolecular attractions and reflects a shift toward partial dissolution
of the condensate.

Although the simulated Csat at λ1.05 shows encouraging agreement with experimental
measurements, the lack of sustained molecular exchange limits confidence in this apparent
correspondence. By contrast, λ1.06 produced the most robust and reproducible exchange
dynamics across all replicates, and therefore all subsequent analyses in this study were
conducted under this condition.

As protein–water interactions were progressively strengthened, the condensate became
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Figure 2.8: Time-dependent concentration histograms for full-length TDP-43
in Martini 3 Elastic Network (EN) simulations within slab geometry, shown
for replicates at protein–water interaction strengths of λ1.05, λ1.06, and λ1.07.

increasingly unstable and ultimately showed a tendency toward dissolution. Among the
conditions tested, λ1.06 yielded the most consistent, stable, and reproducible phase behav-
ior, characterized by well-defined dense and dilute phases and clear evidence of ongoing
molecular exchange between them. On this basis, λ1.06 was selected as the reference
condition for all subsequent analyses of TDP-43 variants.

Regardless of whether cubic or slab simulation geometry was employed, the Martini 3
Elastic Network model with λ1.06 consistently produced liquid-like condensates. In both
geometries, the condensates exhibited characteristic features of a liquid state, including
a well-defined dense phase, dynamic molecular rearrangements, and continuous exchange
of protein chains between the dense and dilute phases. The reproducibility of liquid-like
behavior across distinct simulation setups demonstrates that the observed phase separation
is not an artifact of the simulation geometry but instead reflects an intrinsic property of
the model under this interaction scaling. These results further support λ1.06 as a robust
parameter choice for capturing physiologically relevant condensate behavior of full-length
TDP-43.
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Figure 2.9: Phase concentration quantification in Martini 3 Elastic Network
(EN) simulations within slab geometry for replicates. Density along the z-axis
fitting results across replicas on λ1.05, λ1.06 and λ1.07 .

2.2.2 Inter-molecule interactions

2.2.2.1 Overall interactions

The intermolecular interaction network across full-length TDP-43 plays a central role in
driving condensate formation and maintaining its stability. To systematically characterize
these interactions, inter-chain contacts were quantified using a defined physical distance
cutoff and analyzed across equilibrated portions of the trajectories. The resulting contact
probabilities were visualized as heatmaps, enabling the identification of specific residues
and protein regions that contribute most strongly to intermolecular association within the
condensate (Figure 2.10A and B).

Residue-wise contact heatmaps were generated by computing the probability that each
residue forms contacts with residues on neighboring chains, providing high-resolution in-
sight into interaction hotspots along the protein sequence. In parallel, domain-wise contact
heatmaps were constructed by summing all intermolecular contacts within each predefined
domain and normalizing by the number of residues in that domain. This domain-wise rep-
resentation facilitates comparison of interaction strengths between structured domains
and disordered regions, allowing assessment of their relative contributions to condensate
cohesion. Together, these complementary analyses provide a comprehensive view of the
intermolecular interaction architecture that stabilizes TDP-43 condensates.

The majority of intermolecular contacts were localized within intrinsically disordered re-
gions (IDRs), most prominently the low-complexity domain (LCD) and the nuclear local-
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2.2 Dense-phase behavior of full-length TDP-43

ization sequence (NLS; residues 80–104) (Figure 2.10A). In contrast, residues within the
folded domains exhibited relatively weak intermolecular interactions and rarely engaged
in direct contacts with other structured regions, indicating that structured–structured
domain interactions do not substantially contribute to condensate stabilization.

The LCD played a dominant role in mediating intermolecular interactions within the
condensate. It engaged extensively in homotypic LCD–LCD contacts between neighboring
chains and also formed heterotypic interactions, albeit to a lesser extent, with the folded
domains. Within the LCD, a helical core region spanning residues 320–332 emerged as a
prominent interaction hotspot, forming frequent contacts with equivalent helical regions
on adjacent chains (Figure 2.10A). In addition to these homotypic interactions, this helical
segment also contacted residues within the RRM2 domain, suggesting a potential role in
bridging disordered and structured regions across chains.

Aromatic residues within the LCD were particularly enriched at intermolecular inter-
faces (Figure 2.10B). Specifically, eight phenylalanine residues (Phe276, Phe283, Phe289,
Phe313, Phe316, Phe367, Phe397, and Phe401) and three tryptophan residues (Trp334,
Trp401, and Trp412) frequently participated in inter-chain contacts. The prevalence of
these aromatic interactions is consistent with their known roles in driving phase separa-
tion through π–π and hydrophobic interactions [64, 65], underscoring the importance of
sequence-encoded interaction motifs within the LCD for condensate formation and stabil-
ity.
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Figure 2.10: Inter-molecular contacts within condensates. A. Inter-chain contact
heatmaps of Elastic Network with λ1.06 in the slab geometry, upper triangle is the residue-
wise contact maps, lower triangle is domain-wise conatct maps, residue- and domain-wise
contact maps are sharing same colorbar. B. Averaged inter-molecular contact possibility
of each residue, tryptophan residues are indicated by red arrows, phenylalanine residues
by green arrows, and other aromatic residues by black arrows.

Similarly, the NLS formed effective intermolecular contacts not only with NLS regions on
neighboring chains but also with the extended LCDs, highlighting its role as a mediator
of multivalent interactions within the condensate. Although NLS–NLS interactions were
not strongly enriched in the domain-wise contact map, residues within the NLS exhibited
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2 Phase behavior of TDP-43

distinct peaks in the residue-wise contact profile (Figure 2.10B), indicating recurrent inter-
actions at the residue level. A representative structure of NLS–NLS contacts is shown in
Figure 2.11A, illustrating how these regions can transiently associate across chains. While
these spikes within NLS region were less pronounced than those of the aromatic residues,
they were consistently higher than those of other non-aromatic residues within the LCD,
indicating a measurable contribution of the NLS to intermolecular interactions.

In addition to NLS–NLS interactions, the NLS frequently engaged with the LCD of neigh-
boring chains, forming a network of heterotypic interactions that likely stabilizes the con-
densate. Representative NLS–LCD contacts are depicted in Figure 2.11B. Within these
NLS–LCD interactions, Residue Met in the NLS contributed noticeably, while Trp residues
within LCD formed frequent contacts with positively charged residues (Lys and Arg) in
the NLS (Figure 2.11C). These observations indicate that, although the NLS is shorter
and less aromatic than the LCD, it plays a complementary role in mediating inter-chain
associations, contributing to both the structural integrity and dynamic behavior of TDP-
43 condensates. This highlights the importance of specific residue types within IDRs,
aromatic and charged residues, in establishing multivalent contacts that drive liquid-like
condensate formation.

Overall, the LCD and NLS emerged as the primary drivers of inter-chain interactions in
TDP-43 condensates. Within these intrinsically disordered segments, aromatic residues
(Trp and Phe) and positively charged residues (Arg and Lys) exhibited the highest con-
tact frequencies, forming recurrent interaction hotspots that facilitate multivalent associ-
ations across chains. The aromatic residues likely contribute through a combination of
π–π stacking and hydrophobic interactions, while the positively charged residues promote
electrostatic and cation–π contacts. Together, these residues establish a dense and inter-
connected network of inter-chain contacts that stabilizes the condensed phase, providing
both structural cohesion within the condensate.

2.2.2.2 LCD in condensates

Although residues within the LCD contributed extensively to inter-chain interactions in
the context of full-length TDP-43, the isolated LCD fragment alone was insufficient to drive
phase separation under the same solvent conditions (λ1.06) (Figure 2.12A). In contrast,
full-length TDP-43 readily formed condensates under these conditions (Figure 2.12B), in-
dicating that the cooperative action of additional domains, including the NTD, RRM1,
RRM2, and NLS, is required to achieve robust phase separation. These observations high-
light that, while the LCD provides key multivalent interaction motifs, the presence of other
structured and disordered regions within the full-length protein is critical for establishing
a network of interactions capable of driving and stabilizing liquid-like condensates.

Within the simulation system, a single full-length TDP-43 protein contains more beads
than an isolated LCD fragment. In all simulations, the total number of protein beads
and the overall system size were kept constant to enable direct comparisons. The helical
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Figure 2.11: Inter-chain contacts involving the NLS under Martini 3 Elas-
tic Network (EN) simulations at λ1.06. (A). Snapshot illustrating NLS–NLS inter-
chain contacts. (B). Snapshot illustrating NLS–LCD inter-chain contacts. Folded domains
(NTD, RRM1, RRM2, and the C-terminal helix) are shown in green, orange, and pink,
respectively, while intrinsically disordered regions from different chains are colored in cyan
and purple. (C). Residue-type contact heatmap of NLS–LCD inter-chain interactions.

structure within the LCD was stabilized using the EN model. Under λ1.06 conditions, the
LCD fragments did not accumulate to form a clearly detectable condensate. In contrast, at
λ1.04, LCD fragments readily aggregated, forming a well-defined dense phase (Figure 2.12A
and C). At these lower values of λ, stable LCD condensates were consistently observed.
However, upon increasing the interaction parameter to λ1.06, LCD condensates that had
formed at λ1.04 dissolved (Figure 2.12B), indicating that the LCD alone is insufficient to
sustain condensates under conditions that favor full-length TDP-43 phase separation.

Despite having an identical number of beads in the simulation box, full-length TDP-43
readily formed a condensate under λ1.06, whereas the isolated LCD failed to do so. This
observation was mirrored experimentally, under identical buffer conditions and protein
concentration, the isolated LCD fragment failed to form condensates, whereas the full-
length protein (WT) phase separated (Figure 2.12E). This direct comparison indicates that
the phase behavior of the full-length protein cannot be recapitulated by its LCD alone and
suggests that additional regions of the protein enhance condensate stability and resilience.
Consistently, experimental deletion of residues 1–101 abolished condensate formation, and
partial removal of other regions also prevented condensate formation, highlighting the
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Figure 2.12: LCD phase separation under Martini 3 Elastic Network (EN)
simulations. (A). Protein density profiles along the z-axis. Full-length TDP-43 was
simulated with λ1.06, and LCD chains were simulated with λ1.06, λ1.05, and λ1.04 in the slab
geometry. (B). Representative snapshot of LCD condensate at λ1.06. (C). Representative
snapshot of LCD forming a condensate at λ1.04. (D). Ion and water density profiles along
the z-axis for full-length TDP-43 (λ1.06) and LCD (λ1.04). (E) In vitro experiments testing
phase separation of full-length TDP-43, a TDP-43 variant lacking residues 1–101, and the
isolated LCD at different protein concentrations. Experimental data in panel E were
kindly provided by Dr. Saskia Hutten (Dormann Group).

cooperative contribution of multiple protein segments to robust phase separation.

The LCD is enriched in aromatic residues, which are key drivers of phase separation [66],
and participates in numerous inter-chain interactions, including LCD–LCD contacts as well
as interactions with the RRM2, RRM1, NTD, and NLS regions of neighboring chains. This
indicates that the stabilizing contributions from the folded regions cannot be overlooked.
Although the isolated LCD possesses intrinsic multivalency, its interactions may be too
weak or transient to maintain a stable condensate under the more stringent conditions
simulated at λ1.06. In contrast, the full-length protein presents a composite interaction
network in which structured domains provide crucial, complementary adhesive motifs.
These folded regions might likely act not merely as passive spacers but as active partici-
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2.3 Phase behavior of TDP-43 Variants

pants, organizing and reinforcing the LCD-mediated network.

A key difference between the LCD and full-length TDP-43 lies in their net charge per
residue (NCPR). The LCD, spanning residues 261–414, contains 3 Glu, 1 Asp, 5 Arg, and
2 Lys residues, resulting in a net charge of +3. It also contains 1 His, which is treated as
neutral in the Martini 3 force field, giving the LCD an NCPR of approximately +0.019.
In contrast, the full-length protein (414 residues) contains 5 His, 20 Arg, 20 Lys, 22
Glu, and 22 Asp residues, resulting in a net charge of –4 and an NCPR of roughly –0.001.
Consequently, LCD condensates bind more ions than condensates of the full-length protein
(Figure 2.12D), likely weakening effective intermolecular protein–protein interactions and
disfavoring phase separation.

This observation can be understood within a broader biophysical framework. While it
is generally true that, under identical conditions, increasing chain length generally favors
phase separation [67]. For protein TDP-43, folded regions not only increase effective chain
length but also act as essential organizers of the condensation network. Their presence is
required to generate specific interactions that nucleate and stabilize the condensate, going
beyond the simple collapse of the isolated LCD.

Full-length TDP-43 undergoes phase separation under λ1.06 conditions, whereas its isolated
LCD fragment fails to form stable condensates despite possessing intrinsic multivalency
and aromatic residues that mediate inter-chain interactions. Simulations and experiments
consistently show that additional regions of the protein, including folded domains, are
required to stabilize condensates. Differences in net charge per residue between the LCD
and full-length protein also modulate ion binding and effective intermolecular interactions,
further influencing phase behavior. These results highlight that both disordered and struc-
tured regions cooperatively drive TDP-43 condensation, demonstrating that phase sepa-
ration is governed not only by intrinsic LCD properties but also by contributions from the
full-length protein architecture.

2.3 Phase behavior of TDP-43 Variants

Aromatic residues have been shown to exhibit high contact probabilities in intermolecular
interactions. In addition, twelve serine residues within the LCD (Ser373, Ser375, Ser379,
Ser387, Ser389, Ser393, Ser395, Ser403, Ser404, Ser407, Ser409, and Ser410) have been
identified as critical drivers of phase separation [68]. To assess how mutations at these
residues affect phase behavior, the transfer free energy, ∆Gtransfer, was introduced to
quantify the thermodynamic preference of a protein to reside in the dense (condensed)
phase relative to the dilute phase. This quantity is defined from the ratio of protein
concentrations in the two coexisting phases at equilibrium,

∆Gtransfer = −RT ln

(
cdense
cdilute

)
, (2.3)
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2 Phase behavior of TDP-43

where cdilute and cdense are the protein concentrations in the dense and dilute phases, re-
spectively. A more negative ∆Gtransfer indicates a stronger thermodynamic driving force
for phase separation, reflecting favorable intermolecular interactions that stabilize the con-
densed phase. Conversely, a less negative (or positive) ∆Gtransfer corresponds to weakened
condensation and a reduced propensity for phase separation.
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Figure 2.13: Phase separation of aromatic and serine mutants under Martini 3
Elastic Network (EN) simulations at λ1.06. (A). Transfer free energies of the mu-
tants in slab-geometry simulations at λ1.06. All mutants display reduced phase separation
relative to the wild type (WT). (B). In vitro phase-separation assays for the aromatic mu-
tants under identical experimental conditions, showing diminished condensate formation
compared to the WT. Experimental data in panel B were kindly provided by Dr. Saskia
Hutten (Dormann Group).

Substituting these twelve serines with charged aspartates (12D) disrupted condensate for-
mation both experimentally and in simulations, reducing the transfer free energy relative
to the wild type (WT) (Figure 2.13A) and producing less favorable values than WT across
all three replica simulations of the 12D variant (Figure 2.19). Similarly, replacement of
three tryptophans with alanine (W3A), as well as a combined substitution of six pheny-
lalanines (Phe276, Phe283, Phe289, Phe367, Phe397, and Phe401) together with the three
tryptophans (F6W3A), also reduced condensation, as indicated by the transfer free energy.
These effects were further confirmed in in vitro experiments (Figure 2.13B).

In this framework, the mutations decreased the ratio
(

cdense
cdilute

)
, thereby increasing ∆Gtransfer

and diminishing the stability of the condensed phase. Because ∆Gtransfer depends only
on the equilibrium concentrations of the two phases, it provides a direct and quantitative
measure for comparing phase behavior across different protein variants.
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2.3 Phase behavior of TDP-43 Variants

2.3.1 Aromatic mutants

In the study of LCD aromatic mutants, six of the eight phenylalanine residues were sub-
stituted with alanine, while Phe313 and Phe316 were retained. Previous work by Rizuan
et al. [69] demonstrated that single-point mutations F313A and F316A can each signifi-
cantly reduce phase separation. To avoid confounding effects arising from these critical
residues, Phe313 and Phe316 were retained. Consequently, the remaining six phenylala-
nine residues, together with three tryptophan residues, were substituted with alanine to
selectively perturb aromatic-mediated interactions while minimizing dominant effects from
Phe313 and Phe316.

From the time-dependent density histogram plots, W3A exhibited a lower dense-phase
concentration and more frequent exchanges between the dense and dilute phases com-
pared to the WT across all replicas (Figure 2.19A–C). F6W3A displayed an even stronger
tendency toward dissolution than W3A, consistent with experimental observations (Fig-
ure 2.13B). Experimentally, the WT formed liquid droplets at all tested concentrations (5,
10, 20, and 40 µM), with droplet size increasing with concentration. The W3A mutant
produced only a few small droplets at the highest concentration (40 µM), whereas F6W3A
failed to form droplets at any concentration. These experimental trends were mirrored in
simulations, which showed a clear reduction in the transfer free energy (∆Gtransfer) for the
mutants (Figure 2.13A).
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Figure 2.14: Time-dependent density distributions of aromatic mutants along
the z-axis under Martini 3 Elastic Network (EN) simulations at λ1.06. (A–C)
Concentration histograms over time for the wild-type (WT) protein and aromatic mutants
W3A and F6W3A. Protein concentration is indicated by the color bar on the right.

Aromatic residues with high inter-chain contact probabilities were replaced with alanine,
resulting in marked changes in inter-chain interactions (Figure 2.15). Overall, contacts
between the LCD and neighboring LCDs, as well as interactions with the RRM2 and
NLS regions, were substantially reduced in the mutants compared to the wild-type pro-
tein. At the specific sites of mutation, the corresponding residues became largely silent
in the contact maps, indicating a loss of local intermolecular interactions. In the W3A
variant, residues 334, 401, and 412 exhibited markedly diminished contact probabilities
(Figure 2.15D), while in the F6W3A mutant, all substituted aromatic positions showed
similarly reduced interaction signals. Inter-chain contacts near the C-terminal region were
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Figure 2.15: Intermolecular contacts within aromatic mutant condensates un-
der Martini 3 Elastic Network (EN) simulations at λ1.06. (A–C). Inter-chain con-
tact heatmaps for the WT protein and aromatic mutants W3A and F6W3A, respectively.
Upper triangles are the residue-wise contact maps, lower triangles are domain-wise conatct
maps, residue- and domain-wise contact maps are sharing same colorbar. (D). Averaged
intermolecular contact probability for each residue. Tryptophan residues are indicated by
red arrows, phenylalanine residues by green arrows, and other aromatic residues by black
arrows.

particularly affected, showing a pronounced overall reduction.

In these simulations, the core helical structure within the LCD was not explicitly stabilized
by harmonic restraints. As a result, the contribution of helix stability to condensate for-
mation and maintenance was not directly assessed. To disentangle whether the observed
loss of inter-chain contacts arises primarily from reduced aromatic-mediated interactions or
from destabilization of the helical structure itself, future simulations incorporating explicit
helical stabilization would be informative. Such simulations could clarify whether main-
taining helix integrity rescues intermolecular contacts and condensate stability, or whether
aromatic residue identity and side-chain interactions are the dominant determinants.

The loss of inter-chain contacts destabilized the condensed phase, increasing ∆Gtransfer and
weakening the intermolecular interactions that support phase separation. Time-dependent
density histograms reflected this weakening, aromatic mutants maintained a lower dense-
phase concentration and exhibited more frequent exchanges between dense and dilute
phases. While W3A displayed instability, F6W3A showed more severe dissolution, directly
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2.3 Phase behavior of TDP-43 Variants

linking disrupted contact networks to unfavorable transfer thermodynamics and a loss of
condensate stability.

2.3.2 Serine to Aspartate phosphomimicking mutant

Residues Ser within the LCD are frequently phosphorylated, a hallmark of patho-
logical TDP-43 inclusions observed in neurodegenerative diseases such as ALS and
FTLD [36, 70, 71]. Phosphorylation introduces additional negative charges (−2) into
the LCD, altering its electrostatic landscape and weakening intermolecular interactions
that support condensate formation. In this context, the 12D mutant, where twelve ser-
ine residues were substituted with Asp amino aicds to mimic phosphorylation, provides
a mechanistic model for assessing the impact of serine phosphorylation on phase behav-
ior [68].

The 12D mutant exhibited a markedly reduced propensity for phase separation
(Fig. 2.13A), in line with experimental evidence that serine-mimicking diminishes TDP-
43 condensation [68]. Long-timescale simulations exceeding 30 µs enabled quantitative
characterization of how these mutations reshaped protein partitioning between the dense
and dilute phases as equilibrium was established, revealing continuous molecular exchange
between the two phases (Figure 2.16B and Figure 2.19G–I).

The 12D mutant exhibited a markedly reduced propensity for phase separation, as re-
flected by lower dense-phase concentrations and more frequent exchanges between the
dense and dilute phases (Figure 2.16B and Figure 2.19G–I). Correspondingly, the transfer
free energy, ∆Gtransfer, was less favorable than that of the wild-type protein, quantita-
tively capturing the destabilization of the condensed phase (Fig. 2.13A). The 12D variant
carried a net charge of −16 and a net charge per residue (NCPR) of −0.039, resulting in
enhanced recruitment of Na+ ions within the condensate relative to the wild-type protein
(Figure 2.16C). In addition, regions of “water holes” were observed within the condensate
(Figure 2.17); one such water hole is highlighted by a blue outline. These observations in-
dicate that the serine-to-aspartate phosphomimetic mutations not only weaken inter-chain
interactions and reduce phase separation propensity but also perturb the internal orga-
nization of the condensate, including ion distribution and local solvent structure, which
may further contribute to its instability.

In terms of inter-chain interactions, substitution of the twelve serines with aspartates (12D)
led to a pronounced reduction in contacts at the mutated positions, reflecting a local loss of
intermolecular interactions. A few aromatic residues (Phe313 and Phe316) and the helical
region within the LCD displayed slightly enhanced inter-chain contacts (Figure 2.18B–C),
partially compensating for the loss of serine-mediated interactions. Overall, LCD–LCD
contacts were modestly increased, whereas interactions between the LCD and other do-
mains, such as the RRM1, RRM2, or NTD regions, were weakened. This combination
of increased ionic content, resulting from the negatively charged aspartates, and the local
loss of inter-chain interactions contributed to reduced condensate stability, reflected in a
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Figure 2.16: Phase separation of the phosphomimetic 12D mutant under Mar-
tini 3 Elastic Network (EN) simulations at λ1.06. (A-B). Time-dependent concen-
tration histograms along the z-axis for the wild-type (WT) protein and the 12D mutant,
with protein concentration indicated by the color bar. (C). Ion and water density profiles
along the z-axis for WT TDP-43 and the 12D mutant, highlighting differences in ion re-
cruitment and local hydration within the condensate.

Figure 2.17: Water cavities within the 12D mutant condensate. One of the water-
filled cavities is highlighted with a blue circle.

lower dense-phase concentration and weakened protein–protein interactions driving phase
separation.

This case illustrates how charge can modulate condensate stability. The introduction of
negatively charged residues Asp in place of residues Ser increased the net charge of the
protein, promoting greater recruitment of counterions into the condensate and altering
the electrostatic environment. These charge-mediated effects weakened inter-chain inter-
actions with other domains, diminishing the overall network of contacts that supported
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Figure 2.18: Inter-molecular contacts within the phosphomimetic 12D mutant
under Martini 3 Elastic Network (EN) simulations at λ1.06. (A–B). Inter-chain
contact heatmaps of the wild-type (WT) protein and the Ser-to-Asp mutant 12D. (C).
Averaged inter-molecular contact probability for each residue, with all serine residues
indicated by black arrows.

condensate stability. Some local contacts were enhanced due to the altered electrostatics,
the net effect favored ion accumulation and condensate dissolution, highlighting the del-
icate balance between specific interactions and electrostatic contributions in determining
condensate stability.
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Figure 2.19: Time-dependent concentration histograms of mutant replicas under the
Martini 3 Elastic Network (EN) model at λ1.06. Protein concentration is indicated by the
color bar.

2.4 Discussion

This chapter primarily examines the full-length TDP-43 protein, which comprises both
structured and intrinsically disordered regions, with a focus on its conformational com-
pactness in the dilute phase and its phase-separation behavior. By employing the Mar-
tini 3 Elastic Network (EN) model with a protein–water interaction rescaling factor of
λ1.06, these properties were characterized through time-resolved protein density profiles
and inter-chain contact analyses, while time-dependent density histogram plots were used
to visualize molecular exchange between coexisting dense and dilute phases.

A central finding of this work is that the Martini 3 EN model at λ1.06 provides a physically
consistent description of TDP-43 condensation. Under these conditions, individual protein
chains remain sufficiently expanded in the dilute phase while still forming a stable, liquid-
like condensate characterized by dynamic chain exchange. This balance is particularly
important for multi-domain proteins, where overly compact chains can artificially suppress
intermolecular contacts, while excessive expansion can destabilize condensates altogether.
The ability of the EN-stabilized Martini 3 model to reproduce both phase coexistence and
exchange dynamics highlights its suitability for studying biomolecular condensates formed
by proteins with mixed ordered–disordered architectures.

Beyond reproducing wild-type behavior, this simulation framework was successfully ex-
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2.4 Discussion

tended to examine a range of TDP-43 mutants, including aromatic substitutions and
phosphomimetic variants. These mutant simulations revealed how subtle sequence-level
perturbations reshape intermolecular interaction networks, alter ion partitioning, and ul-
timately modulate condensate stability. Importantly, the simulation results showed strong
qualitative agreement with available in vitro experimental data, reinforcing the relevance
of the chosen parameterization and analysis strategy. This demonstrates that the model is
not merely descriptive but can serve as a predictive tool for probing how sequence features
control phase separation in multi-domain proteins.

Recent methodological advances, such as the approach introduced by Wang et al.
(2025) [46], provide an alternative route for simulating phase separation by releasing angu-
lar and dihedral restraints within intrinsically disordered regions (IDRs) while maintaining
Elastic Network stabilization for folded domains. Notably, in both the method of Wang
et al. and the approach used in this chapter, angular and dihedral restraints within IDRs
are released, allowing for chain flexibility.

However, a key distinction lies in how condensate dynamics are tuned. In the present
work, rescaling protein–water interactions provides an additional control parameter for
modulating intermolecular attraction strength and condensate fluidity. For example, at
lower rescaling values (e.g., λ1.05), condensates become noticeably less dynamic, exhibiting
reduced molecular exchange despite the absence of explicit IDR restraints. This highlights
that solvent-mediated interactions can strongly influence condensate dynamics even when
chain flexibility is preserved.

In contrast, the method of Wang et al. relies primarily on force-field reparameterization
without an explicit solvent-interaction tuning knob analogous to λ. This raises one open
question, whether such an approach, without further adaptation, can robustly capture
the full range of condensate dynamics observed, particularly for systems in which subtle
changes in interaction strength strongly regulate molecular exchange.

A direct and systematic comparison between these approaches, benchmarked against ex-
perimental observables such as dense phase concentration, condensate viscosity, and molec-
ular exchange rates, will be essential to determine how best to balance physical realism,
transferability, and computational efficiency when modeling phase separation of complex,
multi-domain proteins.

Another consideration is whether applying protein–water interaction rescaling selectively
to intrinsically disordered regions (IDRs), rather than uniformly across the entire protein,
could provide a more balanced description of phase separation. In principle, such a tar-
geted rescaling strategy might preserve the native stability and specific contacts of folded
domains while still enhancing the driving forces for condensation mediated by disordered
regions.

This question is particularly relevant because global rescaling inevitably weakens inter-
actions involving structured domains as well. Indeed, in next chapter 3, protein–water
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2 Phase behavior of TDP-43

rescaling was found to reduce NTD dimerization propensity, indicating that folded–folded
interactions are sensitive to the same tuning parameter used to promote condensate dy-
namics. Selective rescaling of IDRs might therefore mitigate this unintended effect while
maintaining sufficient folded-domain intermolecular attraction to support liquid–liquid
phase separation.

At present, this idea remains speculative, as such a region-specific rescaling scheme has
not yet been systematically tested. Nevertheless, it represents a promising direction for
future methodological development, especially for multi-domain proteins in which both
structured domains and IDRs contribute distinct and competing roles to phase behavior.

From a methodological perspective, simulations in slab geometry required careful prepa-
ration to ensure efficient equilibration. Pre-compaction of protein chains into a smaller
simulation box was necessary to accelerate nucleation and promote condensate formation
within accessible simulation timescales. To avoid artifacts associated with early-stage nu-
cleation, all quantitative analyses were restricted to the final 15 µs of each trajectory,
during which the systems exhibited stable phase coexistence and steady exchange dy-
namics. While this strategy proved effective, it also highlights an ongoing challenge in
condensate simulations, achieving sufficient statistical sampling at equilibrium remains
computationally demanding, particularly for large protein systems.

Nevertheless, the results presented in this chapter demonstrate that the Martini 3 EN
model with appropriate interaction rescaling offers a good framework for dissecting the
molecular determinants of phase separation in TDP-43. More broadly, this approach
provides a foundation for studying liquid-like condensate formation in other multi-domain,
thereby contributing to a deeper mechanistic understanding of biomolecular condensation
in both physiological and pathological contexts.
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3 Regulating TDP-43 LLPS via structured
domain stabilization and inter-chain
bridging

In addition to employing an Elastic Network (EN) model to stabilize the three-dimensional
structures of proteins, Lennard–Jones (LJ) potentials have also been incorporated to cap-
ture conformational flexibility within the folded domains, as implemented in the Gōintra
model. The native NTD dimerization interaction was underestimated in the baseline mod-
els, including both the Elastic Network and Gōintra models. To address this, an additional
LJ potential describing inter-chain contacts between folded domains was introduced in
the Gōintra+inter model. This chapter will focus on how condensate formation and material
properties are shaped by the interplay between specific interactions among TDP-43 folded
domains and their intrinsic conformational flexibility.

3.1 Single chain full-length protein conformation

With less restrictive restraints provided by the LJ potentials, individual chains adopted
more extended and flexible conformations under the Gōintra model at λ1.06. The definition
of the structured regions, i.e., the residues forming stable secondary structures, was kept
identical to that used in the Elastic Network Model (Section 2.1). However, the number of
applied bonds differed from the bond count used in the Elastic Network implementation,
reflecting the more reduced rigidity in the Gōintra setup.

3.1.1 Single chain compactness

Using the Gōintra model at λ1.06, single-chain simulations of full-length TDP-43 were per-
formed using the same system setup as in the Elastic Network model. All replicas were
simulated for more than 10 µs. In the Elastic Network model, the protein exhibited an
average radius of gyration of Rg = 3.55± 0.13 nm at λ1.06, reflecting an expanded confor-
mational ensemble, as discussed in Chapter 2.1.

The Gōintra model exhibited a degree of chain compactness comparable to that of the Elas-
tic Network (EN) model when using a stronger protein–water interaction strength (Fig-
ure 3.1A and C). At the baseline rescaling factor λ1.00, the single TDP-43 chain remained
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Figure 3.1: Radius of gyration (Rg) of single-chain full-length TDP-43 under
different models and λ values. (A). Rg across three replicates in the Elastic Network
model at λ1.06; the black dashed line indicates the maximum experimental Rg, and the
orange dashed line shows the mean across replicates. (B). Rg across three replicates in
the Gōintra model at λ1.00, with the same dashed-line conventions. (C). Rg across three
replicates in the Gōintra model at λ1.06, with the same dashed-line conventions.

relatively compact, with a mean radius of gyration Rg = 2.38± 0.013 nm (Figure 3.1B).
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3.1 Single chain full-length protein conformation
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Figure 3.2: Averaged intra-chain contact heatmaps of single-chain full-length
TDP-43 under different models. (A). Elastic Network model at λ1.06. (B). Gōintra
model at λ1.00. (C). Gōintra model at λ1.06. For each panel, the upper triangle shows the
residue-wise contact map, and the lower triangle shows the domain-wise contact map. All
contact maps share the same colorbar.

Increasing the interaction strength to λ1.06 led to a substantial expansion of the protein,
with the average radius of gyration increasing to Rg = 3.64 ± 0.073 nm. This value was
slightly smaller than the experimental upper bound (black dashed line in Figure 3.1) and
was markedly larger than that observed at λ1.00.

The distribution of Rg values at λ1.06 closely resembled that obtained from the EN model at
the same interaction strength, suggesting that both modeling strategies sample similarly
extended single-chain conformations under equivalent solvent conditions. These results
demonstrate the Gōintra model is capable of capturing the essential balance between chain
flexibility and residual intramolecular interactions that govern TDP-43’s conformational
ensemble in the dilute phase.

Compared to the Elastic Network model at λ1.06, the Gōintra model also exhibited a reduc-
tion in long-range intramolecular contacts. The Gōintra model was dominated by short-
range, domain-local contacts, with long-distance interactions largely absent (Figure 3.2A
and C). NLS–RRM1 contacts were present in both models but occurred less frequently
in the Gōintra model. Interactions between the LCD and other domains were strongly
suppressed in the Gōintra model, particularly at λ1.00 compared to λ1.06 (Figure 3.2B and
C).

Overall, under the Gōintra model at λ1.06, single-chain expansion was captured, showing
slightly greater extension compared to the Elastic Network model under the same solvent
conditions.
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3 Regulating TDP-43 LLPS via structured domain stabilization and inter-chain bridging

3.1.2 Residue flexibility

Residue flexibility of the folded domains of TDP-43, as observed in atomistic molecular
dynamics, was captured by both the rescaled Martini 3 Elastic Network and Gōintra mod-
els. This flexibility was quantified using the root-mean-square fluctuation (RMSF), which
measures how much each particle fluctuates around its ensemble-averaged position over
the course of the simulation. For particle i, the ensemble-averaged position is defined as

⟨xi⟩ =
1

T

T∑
t=1

xi(t), (3.1)

where xi(t) is the position of particle i at time t and T is the total number of frames. The
RMSF is then calculated as

ρi =

√〈
(xi(t)− ⟨xi⟩)2

〉
. (3.2)

Trajectory frames were first aligned to the average structure to remove overall translation
and rotation. Backbone beads were used in coarse-grained simulations, whereas Cα atoms
were used in all-atom simulations. Higher RMSF values indicate residues with greater
flexibility, whereas lower values correspond to more rigid residues.

Atomistic molecular dynamics simulations in general provided a very accurate description
of the conformational ensembles of folded protein domains[72–74] and thus can serve as a
benchmark for Martini3 models[72, 74]. Figure 3.3 applied dual-axes to depict the residue
fluctuations from different models within sub-regions of the over-all folded domain. The
primary (left) y-axis represented the RMSF value of each residue. Simultaneously, the
secondary (right) y-axis represented simulation time, and in combination with the color
bar illustrated changes in secondary structure over time for individual residues in all-
atom simulations. The color at different time points represented whether the particular
residue was part of a helical, an extended (β-sheet), or an unstructured sub-region (coil).
Residues maintaining stable secondary structures within the sub-folded region showed low
RMSF, while the loops maintain flexibility across various coarse-grained models, resem-
bling the behavior observed in all-atom model. For instance, residues 216-221 in RRM2
stabely formed an extended β-strand like conformation in the atomistic molecular dynam-
ics simulations and RMSF values were below 2 Å for these residues. By contrast, focusing
on the α-helix formed by residues 236-242, some residues towards its N- and C-terminal
ended transiently lose their helical conformations; nevertheless, the RMSF values remained
low as the segment kept its structure. The N-terminal residues of the adjacent β-strand
residues 246-250 sometimes lost their extended conformation and the RMSF values for
these residues rose to values close to 2 Å.

Collectively, the rescaled Martini 3 force field (λ1.06), implemented with either the Elas-
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3.1 Single chain full-length protein conformation

tic Network or Gōintra model, accurately captured single-chain conformations as well as
residue-level flexibility.
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Figure 3.3: Residue flexibility within the structured domains of TDP-43 under
all-atom, Elastic Network and Gōintra models at λ1.06. Root mean square fluctua-
tion (RMSF) of backbone beads in folded regions: NTD, RRM1, RRM2, and the helical
segment of the C-terminal disordered region. The left axis measures the RMSF of each
residue from its average position. Here both rescaled and unrescaled Martini 3 models
are shown for comparison. The right axis in combination with the colorbar track the sec-
ondary structure of each residue over the time course of an AA simulation: blue is helix,
pink is extended structure (β-sheet), and white is coil.
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3.2 Dilute TDP43-NTD dimerization characterization

3.2 Dilute TDP43-NTD dimerization characterization

The N-terminal domain (NTD) of TDP-43 is capable of forming homodimers, predomi-
nantly mediated through interactions between the head region of one monomer and the
tail region of a neighboring monomer [75]. The dimerization interface is characterized by
electrostatic complementarity, where a negatively charged head region interacts with a
positively charged tail region, facilitating stable association. Structural insights from the
crystal structure (Figure 3.4A) show that the tail β-sheet (β51−58, colored pink) establishes
contacts not only with the head β-sheet (β16−20, pink) but also with the α-helix (α26−35,
green) of the adjacent chain. These interactions collectively stabilize the NTD dimer,
creating a well-defined interface that is critical for oligomerization and may contribute to
the multivalent interactions that drive higher-order assembly of full-length TDP-43 [76].
The combination of electrostatic complementarity and secondary-structure contacts under-
scores the importance of both sequence and structural elements in guiding NTD-mediated
dimerization.
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Figure 3.4: NTD dimerization. (A). The dimer is stabilized by complementary elec-
trostatic interactions between the negatively charged head of one chain (right; β-sheet
in pink and α-helix in green) and the positively charged tail of the partner chain (left;
β-sheet in pink). (B). Fraction of native inter-chain contacts observed in all-atom and
coarse-grained simulations of the NTD homodimer.

The NTD homodimer was simulated using all-atom models, the EN model, and both
coarse-grained Gōintra and Gōintra+inter models. The fraction of native contacts, Q(x) [77],
was used to quantify the preservation of native inter-molecular contacts within the NTD
dimer. In all-atom simulations, the dimer remained stably associated over the full 2 µs
trajectory, with Qx values consistently close to 1 (Figure 3.4B), in excellent agreement
with the experimental crystal structure (PDB: 5mdi) reported in Ref. 75.

All three coarse-grained models were able to capture NTD dimer formation, though with
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3 Regulating TDP-43 LLPS via structured domain stabilization and inter-chain bridging

varying degrees of accuracy in reproducing the native inter-chain contacts (Figure 3.4B and
3.5). The decomposition of native contacts focused on the specific interactions between the
β51−58–β16−20 and β51−58–α26−35 interfaces, as well as other residue contacts across the
dimer. The EN model successfully captured the overall formation of the dimer; however,
it rarely reproduced both the β51−58–β16−20 and β51−58–α26−35 interfacial contacts with
consistently high Q(x) values. This indicates that, while the EN model is sufficient to
maintain global dimer architecture, it may not fully capture the detailed residue-level
interactions that stabilize the interface.

The Gōintra model also maintained the dimer and sampled interfacial interactions more
frequently than the EN model, suggesting improved flexibility in capturing transient con-
tacts. Nevertheless, the two critical contact interfaces remained somewhat less stable
than in the all-atom reference, highlighting limitations in describing inter-chain speci-
ficity when only intra-chain interactions are included. In contrast, the Gōintra+inter model,
which incorporates additional inter-chain Lennard–Jones potentials to better describe na-
tive contacts, consistently preserved dimer formation and produced relatively high Q(x)

values across both interfaces. Despite this improvement, the β51−58–α26−35 contacts were
still somewhat underestimated, suggesting that even the enhanced coarse-grained model
cannot fully recapitulate all atomistic details of the NTD dimer interface.

Rescaling the protein–water interaction did not improve the capture of inter-chain contacts
or their frequency, as evidenced by the inter-chain contact heatmaps (Figure 3.6). Without
rescaling, the Gōintra model (Figure 3.6B) captures more inter-chain interactions than the
EN model (Figure 3.6A). Upon rescaling (λ1.06), some inter-chain contacts persisted in
the EN model (Figure 3.6C), whereas the corresponding contacts were largely lost in the
Gōintra model (Figure 3.6D). It should be noted that rescaling effects on NTD monomer
conformations have not been quantified using the Q(x) metric.

This evaluation focuses on the integrity of the two main interfacial contacts, rather than
on individual residue-pair interactions. Among the coarse-grained models, the Gōintra+inter

model remains the most reliable in representing NTD dimerization.

Overall, for monomer association, without scaling up the protein–water interaction
strength, the Martini 3 Gōintra model performed better than the Elastic Network model
in capturing the contact geometry observed in the crystal structure, and the additional
inter-chain potential in the Gōintra+inter model enhanced both the frequency and accuracy
of native contacts.
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Figure 3.5: Decomposition of native inter-chain contacts in NTD homodimer.
Breakdown of Qx into individual interface components: β-β, β-α, and other contacts for
(A) AA, (B) EN, (C) Gōintra, and (D) Gōintra+inter models.
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Figure 3.6: Inter-chain contact heatmaps of NTD dimerization under different
models. (A). EN model at λ1.00. (B). Gōintra model at λ1.00. (C). EN model at λ1.06.
(D). Gōintra model at λ1.06.
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3.3 Full-length TDP-43 condensation via LJ-enhanced models

Similar to the condensation simulation methods used in basic Elastic Network models
within the slab geometry, full-length TDP-43 simulations were performed with the protein–
water interaction parameter (λ) set to 1.05, 1.06, and 1.07 in the Gōintra model, and to
1.06 in the Gōintra+inter model.

3.3.1 NTD-dimer within condensates

NTD dimerization and higher-order oligomerization are essential for full-length TDP-43
liquid-liquid phase separation (LLPS) [75]. The Elastic Network model, without enhanced
protein–water interaction strength, underestimated the association propensity of the iso-
lated monomeric NTD fragment. In full-length protein condensation simulations, a key
question was whether NTD dimerization could be maintained under the adjusted interac-
tion parameters that define the condensate environment.

To quantify inter-chain associations, the total number of contacting chain pairs as well as
NTD-dimer-mediated chain pairs were counted in condensates across three different mod-
els at λ1.06 (Figure 3.7A). The Gōintra model (orange gradient lines) slightly increased the
total number of contacting chain pairs relative to the baseline Elastic Network model (blue
gradient lines) within the condensate, while both models maintained a similar number of
NTD-mediated contact pairs. The Gōintra+inter model (green line) showed increases in
both overall inter-chain associations and NTD-dimer-mediated interactions (Figure 3.7A).
NTD dimers dynamically associated and dissociated within the TDP-43 condensate (Fig-
ure 3.7B), contributing to internal rearrangements and fluidity of the condensed phase.
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Figure 3.7: Inter-chain and NTD-dimer-mediated contact pair counts within
condensates formed under the Elastic Network (EN), Gōintra, and Gōintra+inter

models at λ = 1.06. (A). Total contact pair counts are shown using blue gradients for the
EN model, orange gradients for the Gōintra model, and green gradients for the Gōintra+inter

model. (B). Inter-molecular Q(x) values of full-length chain pairs within the condensate
that form NTD dimers dynamically.
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3 Regulating TDP-43 LLPS via structured domain stabilization and inter-chain bridging

Together, condensates formed from rigid and flexible folded domains (EN and Gōintra
models) maintained comparable levels of NTD-mediated and total inter-chain contacts.
The enhanced inter-chain potential in the Gōintra+inter model allowed dynamic exchange
of chains while preserving the NTD-mediated interaction network within the condensate.

3.3.2 Inter-molecular interactions within condensates

Similar to the protein inter-chain interactions observed in the condensate under the EN
model at λ1.06, the intrinsically disordered regions (IDRs), including the NLS and LCD,
actively mediated inter-chain interactions in both Gō-based models (Figure 3.8A–C).
These flexible regions contributed extensively to the network of multivalent contacts, with
LCD–LCD and NLS–LCD interactions being particularly abundant. This observation
suggests that, despite the differences in modeling approaches, the disordered regions re-
tained their central role as primary drivers of intermolecular associations and condensate
assembly. Notably, within the LCD, aromatic residues displayed the highest inter-chain
contact probabilities (Figure 3.8D), highlighting their critical contribution to stabilizing
dense-phase interactions. Together, these findings emphasize that both the sequence com-
position of IDRs and the presence of aromatic residues govern the multivalent interactions
underlying phase separation, even when the folded domains are modeled differently.

Furthermore, in the Gōintra and Gōintra+inter models, a broadening of the inter-chain in-
teraction network was observed. NLS–NLS interactions became more pronounced in both
coarse-grained models compared to the EN model baseline. The NLS region was defined
as residues 80–104. In the Gōintra model, residues 89–95 displayed higher contact probabil-
ities than in the EN and Gōintra+inter models (Figure 3.9). With the inclusion of enhanced
NTD-dimer interactions in the Gōintra+inter model, charged residues within the NLS ex-
hibited contact probabilities that equaled or exceeded those observed in the Gōintra model,
and clearly surpassed the EN model baseline (Figure 3.9). These results highlight that
both the Gō-based models promote a more extensive and dynamic network of interactions
within the NLS, with subtle differences in the specific residues contributing to contacts
depending on the presence of additional inter-chain potentials.

Beyond the disordered regions, both Gō-based models promoted increased contact forma-
tion among structured domains. Notably, there was a significant rise in inter-chain inter-
actions involving RRM2 domains, as well as contacts between RRM2 and the C-terminal
helix, highlighting a coordinated role for both flexible and folded domains in stabilizing the
condensate network. Within the RRM2 domain, residues 321–331 exhibited particularly
high contact probabilities (Figure 3.8D).

This expansion of the interaction network was strongly associated with enhanced NTD-
mediated contacts. In the Gōintra+inter model, the data demonstrated a clear trend where
strengthening NTD-dimerization drove a global increase in inter-chain interactions, indi-
cating that NTD–NTD contacts act as a scaffold that recruits and organizes both flexible
and folded domains within the condensate.
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Figure 3.8: Inter-chain contacts within TDP-43 condensates under the EN,
Gōintra, and Gōintra+inter models at λ1.06. (A–C). Inter-chain contact heatmaps for
the EN, Gōintra, and Gōintra+inter models, respectively. Upper triangles show residue-
wise contact maps, while lower triangles display domain-wise contact maps, calculated by
summing the contact probabilities and averaging over the total number of residues within
each domain. Residue- and domain-wise contact maps share the same colorbar. (D).
Averaged inter-molecular contact probability of each residue across the three models: EN
in green, Gōintra in orange, and Gōintra+inter in dark green. Aromatic residues are indicated
with arrows.
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3 Regulating TDP-43 LLPS via structured domain stabilization and inter-chain bridging

Overall, the Gō-based models not only preserved the multivalent interactions driven by dis-
ordered regions but also expanded the inter-chain interaction network to include structured
domains. These results suggest that flexible and folded regions cooperate synergistically to
stabilize the condensate while maintaining its dynamic internal organization, underscor-
ing the importance of multivalent interactions across all domains in shaping condensate
properties.

3.3.3 Density distribution within condensates

The equilibrium concentrations of TDP-43 in the dilute and dense phases were quantified
under theGōintra andGōintra+inter models using the same method as for the Elastic Network
model(Method 5.2.1) within the slab geometry.

At λ1.06, the Gōintra+inter model exhibited more pronounced phase separation than the
Gōintra model, as evidenced by a higher dense-phase concentration and a correspondingly
lower dilute-phase concentration (Figure 3.10B and D). This enhanced stability of the
dense phase was closely linked to differences in chain dynamics at the condensate interface.

In the Gōintra model, individual chains frequently exchanged between the dilute and dense
phases (Figure 3.10A). This dynamic behavior was consistently observed across replicates
at λ1.06 (Figure 3.11) and contributed to a relatively elevated dilute-phase concentration
(Figure 3.12). By contrast, in the Gōintra+inter model, chains approaching the condensate
surface were often retained through attractive inter-chain interactions, particularly those
mediated by N-terminal domains (NTDs) (Figure 3.13). This “surface capture” mechanism
effectively impeded chain escape, thereby reducing the dilute-phase concentration and
stabilizing the dense phase.

Together, these observations suggest that the inclusion of inter-chain Gō interactions not
only strengthens condensate cohesion but also alters interfacial dynamics, suppressing
the exchange of chains between phases. This mechanistic insight highlights how subtle
differences in interaction networks at the condensate boundary can have substantial con-
sequences for macroscopic phase behavior.

Concentrations of coexisting dense and dilute phases were quantified across a range of λ
values, with standard errors used to construct phase diagrams (Figure 3.14A). As λ in-
creased, the dense-phase concentration systematically decreased, indicating that stronger
protein–water interactions enhanced the solubility of TDP-43 in the aqueous phase and
progressively suppressed LLPS. This trend highlights the delicate balance between solva-
tion forces and intermolecular interactions in determining the propensity for phase sepa-
ration.

Across the λ range examined, the Gōintra model consistently exhibited more pronounced
phase separation compared to the Elastic Network baseline. Notably, at λ1.06 and
λ1.07, condensates in the Gōintra model remained highly stable, despite the stronger pro-
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3.3 Full-length TDP-43 condensation via LJ-enhanced models

Figure 3.10: Condensate density analysis under Gōintra and Gōintra+inter models
at λ1.06. (A, C). Time-dependent density histograms of the condensates for the Gōintra
and Gōintra+inter models, respectively. (B, D). Corresponding averaged density histograms,
fitted to a hyperbolic tangent (tanh) function (Eq. 5.2) to extract dense- and dilute-phase
concentrations.

tein–water interactions that would otherwise favor solubilization. This enhanced stability
is likely attributable to the increased inter-chain contacts captured by the Gōintra po-
tential, which reinforce the internal network of the dense phase and resist the escape of
chains into the dilute phase. In other words, attractive inter-chain interactions effectively
counterbalance the solubilizing effect of protein–water interactions, preserving condensate
integrity under conditions that partially destabilize LLPS.

Analysis of the full phase diagrams further revealed that the Gōintra model shifted the
coexistence curve outward, resulting in a higher critical point relative to the EN model.
This outward shift indicates that condensates could remain stable under conditions where
the baseline model would no longer support phase separation, suggesting that the inter-
chain interaction network plays a key role in expanding the range of conditions compatible
with stable condensates.

Taken together, these findings demonstrate that LLPS is governed by a competition be-
tween solubilizing forces and inter-chain cohesive interactions. Increasing protein–water
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Figure 3.11: Time-dependent density histograms along the Z-axis across replicates of
condensates for the Gōintra model at λ1.05, λ1.06, and λ1.07 in Gōintra model.

interaction strength counteracts phase separation by promoting solubility and weakening
the driving forces that stabilize the dense phase, whereas enhanced inter-chain contacts
act to preserve condensate structure and maintain phase integrity. These results provide
mechanistic insight into how subtle modifications of interaction networks can fine-tune the
stability and composition of biomolecular condensates.

3.3.4 Surface tension and shear viscosity

The surface tension of protein condensates is a critical biophysical parameter that gov-
erns droplet morphology, stability, and biological function [78]. It reflects the net bal-
ance between cohesive protein–protein interactions and solvation effects at the condensate
boundary. Condensate interfacial tension was computed for the Elastic Network (EN)
model and two distinct Gō-based models to examine how inter-chain interactions influ-
ence surface properties.

As shown in Figure 3.14B, the surface tension decreased with increasing values of λ,
indicating that stronger protein–water interactions weaken the cohesive forces stabilizing
the dense phase. For a fixed solvent interaction strength, the different models yielded
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Chain i at the interface 

Chain j attempting to dissociate

Figure 3.13: A chain trapped at the condensate interface in the Gōintra+inter model at
λ1.06.

57



3 Regulating TDP-43 LLPS via structured domain stabilization and inter-chain bridging

1.05 1.06 1.07 1.08
Rescaling Factor λ

0.0

2.5

5.0

7.5

10.0

Pr
ot

ei
n 

[m
M

]

A

Elastic Network
G intra

G intra+ inter

1.05 1.06 1.07
Rescaling Factor λ

0.00

0.05

0.10

0.15

0.20

γ
 [m

N/
m

]

B
Elastic Network
G intra

G intra+ inter

1.4 1.6 1.8 2.0 2.2
ln B [nm]

10

20

30

W
B

2
 [n

m
2
]

C
Elastic Network
G intra

G intra+ inter

Elastic Network G intra G intra+ inter

0.0

0.5

1.0

1.5
Vi

sc
os

ity
 η 

[m
Pa

·s]

D

Figure 3.14: (A). Phase diagram of the Elastic Network (EN) and Gōintra models across
varied rescaling factors λ, with the dense- and dilute-phase concentrations of Gōintra+inter

shown at λ1.06. (B). Surface tension measurements for each model. (C). Interfacial width
of condensates across models at λ1.06. (D). Viscosity estimated from end-to-end distance
autocorrelations for each model at λ1.06.

quantitatively distinct values for both surface tension and interfacial width (Figure 3.14B,
C and 3.15). At λ1.05, the EN and Gōintra models produced comparable values of surface
tension and interfacial width, suggesting a similar balance between cohesive inter-chain
forces and solvation effects. In contrast, at λ1.06, the EN model exhibited a lower surface
tension and a broader interfacial width relative to both Gōintra and Gōintra+inter models,
indicating that weaker inter-chain interactions allow greater interfacial fluctuations and
reduce energetic penalties for residue exposure to solvent.

The two Gō-based models introduce additional attractive contacts between chains, pro-
viding stronger energetic stabilization within the dense phase. This increased cohesion
produces a larger energetic penalty for exposing residues to solvent [79], resulting in a
higher surface tension and a sharper, narrower interface. Strong inter-chain attractions
effectively pull chains inward, restricting protrusion at the boundary, whereas weaker in-
teractions permit chain segments to extend and fluctuate more freely, producing broader
and more diffuse interfacial regions.

At λ1.07, all models showed a dramatic reduction in surface tension, consistent with behav-
ior approaching the critical point where dense and dilute phases become indistinguishable.
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Figure 3.15: Interfacial width W 2 as a function of block size B. The interface
region is divided into rectangular segments, and the interfacial tension γ is determined
using W 2(B) = W 2

0 + kBT
2πγ ln L

B , where W0 is the intrinsic interfacial width, kB is the
Boltzmann constant, T is the temperature, and L is the simulation box size.

Despite this general decrease, the Gō-based models consistently exhibited higher surface
tension and sharper interfaces compared to the EN model, reflecting the stabilizing ef-
fect of stronger inter-chain contacts. These results highlight how variations in intra- and
inter-chain interactions tune the physical properties of condensate surfaces, modulating
both interfacial width and surface tension, which in turn can influence droplet stability,
morphology, and potentially their biological function.

The shear viscosity of the protein condensates was estimated from the variance of the
chain end-to-end distance and its relaxation time using Eq. 5.8 under λ1.06 across the
three models. The end-to-end (ee) distance relaxation time, τ , was determined from the
autocorrelation function of the ee distance, C(t), which quantifies how the chain’s end-to-
end distance decorrelates over time:

C(t) =
⟨Ree(t0) ·Ree(t0 + t)⟩
⟨Ree(t0) ·Ree(t0)⟩

, (3.3)

where Ree(t) is the end-to-end distance of a polymer chain at time t, and ⟨·⟩ denotes a
time average over all starting times t0.

To account for multi-timescale relaxation behavior, C(t) was fitted to a biexponential
function:

C(t) = A1 e
−t/τ1 +A2 e

−t/τ2 , (3.4)
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where A1 and A2 are amplitudes, and τ1 and τ2 are characteristic relaxation times of the
fast and slow components, respectively. The effective relaxation time τ was then extracted
from the fitted parameters as the amplitude-weighted sum of the two relaxation times in
the biexponential fit to the autocorrelation function, averaged over all protein chains in
the system.

This approach enabled a quantitative estimation of the internal constraints imposed on
polymer chains within the condensate that limit their conformational relaxation, yielding
an effective measure of shear viscosity.

Condensates under the Elastic Network model, with fewer inter-chain contacts and faster
chain reconfiguration, exhibited lower viscosity than either of the two Gō-based models.

Between the two Gō-based models, the viscosities were statistically similar in terms of
their mean values and chain reconfiguration. However, the viscosity estimate for the
Gōintra+inter model displayed a larger error bar than that of the Gōintra model, leading to
increased uncertainty in the viscosity estimation.

Although the shear viscosity was inferred from end-to-end relaxation dynamics, it pri-
marily reflects the extent to which chain conformational relaxation may be influenced by
crowding from neighboring polymer chains and interactions with the surrounding solvent.
Increased inter-chain coupling is expected to slow relaxation and potentially elevate vis-
cosity, whereas reduced intermolecular constraints may allow more rapid reconfiguration
and lower viscosity.

The larger error bar observed for the viscosity estimate of the Gōintra+inter model likely
reflects greater variability in chain relaxation dynamics rather than a systematically higher
or lower viscosity. While the mean viscosity is comparable to that of the Gōintra model,
the stronger inter-chain interactions in the Gōintra+inter model may impose additional con-
straints on some chains. As a result, different chains could relax at different rates de-
pending on their transient interaction networks, leading to a broader spread in end-to-end
relaxation times. This variability contributes to increased statistical uncertainty in the
viscosity estimate without necessarily affecting the average value.

The similar mean viscosities suggest a comparable overall resistance to flow at the conden-
sate scale, while the enhanced inter-chain interactions in the Gōintra+inter model may lead
to stronger and more variable constraints that fluctuate over time. The viscosity estimates
are based on end-to-end relaxation, which can exhibit substantial fluctuations in relax-
ation times. If estimated carefully, viscosity could also be assessed using mean-squared
displacement (MSD) analysis as an alternative approach.
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3.4 Discussion

This study applied fewer restraints within the structured domains by using Lennard-
Jones (LJ) potentials, allowing the folded regions of the proteins to remain flexible. This
increased conformational freedom facilitated additional inter-chain interactions, particu-
larly through N-terminal domain (NTD) contacts, which further strengthened the overall
network of interactions within the condensate. As a result, the enhanced inter-chain inter-
actions promoted protein phase separation under identical solvent conditions, emphasizing
the importance of specific residue-residue contacts in stabilizing the dense phase.

Modifications in the internal inter-molecular interaction network also affected the prop-
erties of the condensate interface. Stronger inter-chain interactions, particularly those
mediated by NTD–NTD contacts, contributed to a sharper and more cohesive interface
by limiting chain protrusion and reducing fluctuations at the boundary. In contrast, the
more weakly interacting EN regions allowed greater chain mobility near the interface, re-
sulting in a broader and more diffuse interfacial region. Despite these differences at the
boundary, the internal chain dynamics within the bulk of the condensate remained largely
similar between the Gōintra and Gōintra+inter models. This suggests that the primary im-
pact of enhanced inter-chain contacts is on interfacial cohesion, rather than on overall
internal mobility within the condensate.

Overall, these results indicate that modifications in the internal interaction network, par-
ticularly through enhanced inter-chain contacts, can tune both the stability of the dense
phase and the structural characteristics of the condensate interface, even when the internal
dynamics of chains within the bulk remain largely unchanged.

The three semi-coarse-grained models reveal differences in the internal interaction networks
of the condensates, although the overall patterns are similar. In the case of TDP-43, it
has been shown that NTD dimerization plays an important role in modulating condensate
behavior. For other proteins, the role of inter-chain interactions has not been clearly
characterized, and further studies are needed to determine whether the models capture
the key contacts accurately.

From a computational perspective, the Gōintra and Gōintra+inter models include additional
virtual beads to implement the extra potentials, which increases the total number of beads
in the system. As a result, using the same computational resources, simulations with the
Gōintra and Gōintra+inter models require roughly two to three times longer than simulations
with the EN model. Therefore, the choice of model largely depends on the specific scientific
questions and computational constraints of the study.
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4 Helical Structure within the TDP-43
C-Terminal Intrinsically Disordered Region

Within the C-terminal disordered region of TDP-43, a helical structure enhances the
liquid–liquid phase separation (LLPS) of the LCD fragment. The helix spans residues 321
to 332 as a core and extends to residue 343 [51, 69, 80]. Trp334, located at the boundary of
the helical core, plays a key role in mediating inter-chain interactions within the dynamic,
liquid-like condensates. Notably, this same region can also adopt β-sheet conformations,
which are associated with less dynamic, pathological aggregates [81].

This structural duality raises a fundamental mechanistic question, what are the respec-
tive contributions of secondary structure versus specific “sticky” residues in driving phase
behavior? Specifically, does the transient α-helix primarily serve as a scaffold that opti-
mally presents residues such as Trp334 for dynamic intermolecular interactions, or does
the helical conformation itself encode a unique interaction interface that is critical for
maintaining liquid-like properties? Resolving this balance is essential for understanding
how the same sequence can give rise to either dynamic liquid condensates or static solid
aggregates, and provides insight into the molecular determinants that govern condensate
material properties.

4.1 Residue W334 intra-contacts within the helix and
inter-contacts in the condensate

The single-chain helical structure was simulated at the all-atom level using two different
initial configurations (Figure 4.1), each with three independent replicas. The simulations
were performed using the same setup as that applied to the full-length protein described
in Chapter 2.2.2.2.

The intra-residue contacts were defined using specific physical cutoff distances. Within this
framework, Trp334 exhibited a high contact probability with hydrophobic residues Phe313,
Leu330, and Met337, as well as with polar residues Gln327 and Gln331. Neighboring
residues at positions i± 2 (i.e., 332 and 336) were omitted from certain contact analyses
for clarity (Figure 4.2A and B); nevertheless, these residues contributed to stabilizing the
helical fold through conventional backbone hydrogen bonding and local steric packing.

The interactions among hydrophobic residues follow the canonical i, i + 3, and i + 4
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A B

Figure 4.1: All-atom simulations of helix starting configurations. Initial struc-
tures derived from PDB entries 2N2C (A) and 2N2X (B), with residues Leu330, Trp334,
and Met337 highlighted.

spacing characteristic of a helical structure, in which the carbonyl oxygen (O) at position
i forms a hydrogen bond with the amide hydrogen (H) at position i+ 4. Specifically, the
carbonyl oxygen of Leu330 forms a hydrogen bond with the amide hydrogen of Trp334,
corresponding to a characteristic i + 4 interaction, while the carbonyl oxygen of Trp334
forms a hydrogen bond with the amide hydrogen of Met337, corresponding to an i + 3
interaction (Figure 4.2C and D; bonds are indicated by black dashed lines). This hydrogen-
bonding pattern is consistent with the canonical backbone interactions of an α-helix.
Beyond this backbone framework, direct side-chain contacts, particularly among Leu330,
Trp334, and Met337, contribute significantly to structural cohesion and further stabilize
the helical fold (Figure 4.2C and D).

The Trp334–Phe313 (i − 21) contact represents a long-range π–π interaction that buries
hydrophobic surface area, thereby shielding both residues from the polar solvent (Fig-
ure 4.3A).

Trp334 also forms contacts with nearby polar residues. The Trp334–Gln327 (i − 7) and
Trp334–Gln331 (i − 3) pairs engage in amino–π interactions (Figure 4.3B and C). The
Trp334–Gln327 interaction involves side-chain amino–π stacking and introduces a sub-
tle local bend in the helix (Figure 4.3B). In contrast, the Trp334–Gln331 interaction is
structurally compatible with the α-helical geometry and primarily serves to desolvate the
hydrophobic face of Trp334 by shielding it from solvent exposure (Figure 4.3C).

In addition, Trp334 and Gln327 form a stabilizing hydrogen bond, while Met337 con-
tributes hydrophobic packing interactions. Together, these contacts create a tightly packed
three-residue interaction motif that reinforces local helical stability and reduces solvent
exposure of Trp334 (Figure
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Figure 4.2: Intra-chain interactions within the helix in all-atom simulations.
(A–B). Intra-chain contact probability heatmaps for 2N2C (A) and 2N2X (B), with residue
Trp334 indicated by dashed lines. (C–D). Zoomed-in views illustrating the local packing
and contacts among residues Leu330, Trp334, and Met337 within the helical structures
of 2N2C and 2N2X, respectively. Dashed black lines indicate hydrogen bonds between
residues Leu330–Trp334 and Trp334–Met337.

In single-helix W334A mutant simulations, the Trp334–Leu330, Trp334–Gln331, and
Trp334–Met337 interactions were partially retained, whereas the Trp334–Gln327 contact
was lost (Figure 4.4A and B). The helix propensity across residues within the helical core
region was generally reduced in the mutant compared to the WT (Figure 4.4C and D).
Importantly, the backbone i → i + 3 and i → i + 4 hydrogen bonds that define the helix
were not completely lost, but were weakened relative to the WT (e.g., the 334–Leu330 and
334–Met337 interactions). As a consequence, the helix within the core region (residues
320–332) was modestly destabilized rather than fully unfolded, whereas the extended heli-
cal segment (up to residue 343) became disordered or unstructured (Figure 4.5A). Notably,
the backbone helical network involving residues 330–334–337 was disrupted.

Replacement of Trp with Ala removed the bulky aromatic indole side chain that mediates
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A B

C D

Figure 4.3: Representative structures illustrating side-chain contacts mediated
by Trp334 within the helix. A. Representative snapshot of the Phe313–Trp334 side-
chain contact within the helix, with the atoms of Phe313 and Trp334 shown. B. Side-
chain interaction between residues Gln327 and Trp334. C. Side-chain interaction between
residues Gln331 and Trp334. D. Representative configuration showing the combined side-
chain contacts involving residues Gln327, Trp334, and Met337.

extensive side-chain packing and solvent shielding. As a result, the side-chain–driven hy-
drophobic face of the helix was disrupted, and the 334–337 side-chain contact was substan-
tially weakened, indicating that helix stability in the WT is supported by Trp-mediated
side-chain interactions. Although the 334–331 interaction persisted in the W334A mutant,
it was maintained primarily through backbone hydrogen bonding and inward backbone
packing rather than the extensive side-chain packing observed in the WT.
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Overall, the W334A mutation reduced side-chain–driven hydrophobic stabilization while
preserving the backbone hydrogen-bond scaffold, resulting in a measurable loss of helical
stability.
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Figure 4.4: Intra-chain interactions and helix propensities of the W334A mu-
tant in all-atom simulations. (A). Intra-chain contact probability heat map for the
W334A mutant using PDB:2n2c as the starting structure. (B). Intra-chain contact prob-
ability heat map for the W334A mutant using PDB:2n2x as the starting structure. (C).
Residue-resolved helix propensities for the W334A mutant starting from PDB:2n2c. (D).
Residue-resolved helix propensities for the W334A mutant starting from PDB:2n2x.

Within the liquid-like condensate, Trp334 maintained high inter-chain contact activity,
while helix preservation was enforced through harmonic-bond constraints in the adapted
Martini 3 force field (Chapter 2.2.2). Trp334 formed strong inter-chain interactions with
aromatic residues from neighboring chains, supporting its role as a key aromatic interaction
node within the condensate environment (Figure 4.6A). In addition, Trp334 exhibited
strong intramolecular contacts with residues 327–331, reinforcing the helical backbone
hydrogen-bond scaffold, and the Trp334–Met337 interaction remained stable in the dense
phase (Figure 4.6C).
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A B

Figure 4.5: Representative snapshots illustrating the Leu330–Trp334–Met337
interaction motif and the Trp334–Met337 contact within the helix of the
W334A mutant. (A). Leu330–Trp334–Met337 interaction motif; black dashed lines in-
dicate inter-residue distances. (B). Trp334–Met337 contact within the helix; black dashed
lines indicate inter-residue distances.

In contrast, the W3A condensate—in which all Trp residues in the disordered region were
mutated to Ala (Chapter 2.3.1)—exhibited substantially reduced intra-chain interactions
(Figure 4.6B). Although the 330–334–337 interaction motif could still be detected, its
occurrence was strongly diminished compared to the WT condensate. This reduction in
intramolecular contacts is likely due to the absence of the Trp334 side chain, the lack
of additional helix-stabilizing harmonic restraints (Elastic Network), or a combination of
both. Consequently, the relative contributions of sequence mutation versus enforced helix
stabilization cannot be fully disentangled in the current setup. A WT condensate simu-
lation without helix stabilization would therefore be required for a direct and controlled
comparison, representing a limitation of the present study.

Consistent with these observations, the W3A condensate showed a dramatic loss of inter-
chain contact activity at the position corresponding to residue 334 (Figure 4.6B). This
result highlights a mechanistic ambiguity: while the presence of the helix has been shown
to be critical for condensate formation, it remains unclear whether this requirement arises
from the helical secondary structure itself or from the aromatic residues embedded within
the helix that mediate inter-chain interactions. In the W3A system, disruption of aromatic
side chains within the helical region coincides with reduced helix stability and diminished
intermolecular contacts, making it difficult to disentangle the relative contributions of helix
geometry versus Trp-mediated aromatic interactions to condensate cohesion. Addressing
this question would require either a WT condensate simulation without helix stabilization
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Figure 4.6: Contact heatmaps of WT and W3A condensates showing inter-
and intra-chain interactions under the EN model at λ1.06. (A–B). Inter-chain
contact heatmaps for WT and W3A condensates, respectively. (C–D). Intra-chain contact
heatmaps for WT and W3A condensates, respectively.

or a W3A mutant with enforced helix stabilization.

Together, these results indicate that Trp334 is essential not only for stabilizing the local
helical structure but also for mediating the inter-chain aromatic and hydrophobic interac-
tions that underpin condensate cohesion.
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Figure 4.7: Phospho-mimicking or phosphorylated Ser residues at positions
332 and 333 and their effect on helix stability in all-atom simulations. (A–B).
Intra-chain contact heatmaps for the phospho-mimicking and phosphorylated Ser residues,
respectively. (C–D). Residue-resolved helix propensities for the phospho-mimicking and
phosphorylated Ser residues, respectively.

Two serine residues lie at the edge of the core helical region, and serines in the C-
terminal disordered region represent major phosphorylation sites that are key pathologi-
cal hallmarks in neurodegenerative disease. Within the isolated helix, Ser332 and Ser333
form several stabilizing intra-chain contacts, including Ser333–Leu330, Ser333–Met336,
Ser332–Ala329, and Ser332–Gly335, which reinforce the local helical scaffold (Figure 4.2A
and B).

Within the condensate environment, the contribution of these serine residues to inter-chain
interactions was minimal. Helix–helix contacts are primarily mediated by hydrophobic and
aromatic residues, with Ser332 and Ser333 participating only weakly at the intermolecular
level. Ser333 exhibited somewhat higher inter-chain interactions with nearby aromatic
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4.2 Residue Ser332 and Ser333 in helix

Figure 4.8: Representative snapshots illustrating two phosphorylated Ser
residues in all-atom simulations. All atoms of the phosphorylated Ser residues are
shown.

residues (e.g., Phe313, Phe316, and Trp334), likely due to its proximity to Trp334. Over-
all, their primary role is intramolecular stabilization rather than supporting condensate
cohesion (Figure 4.6A).

Replacing Ser with Asp, commonly used as a phosphomimetic (2D), or explicitly intro-
ducing phosphate groups at both Ser332 and Ser333 (2pSer) produced distinct effects on
helix stability. The Ser→Asp substitutions modestly destabilized the helix (Figure 4.7C),
whereas phosphorylation did not destabilize the structure; instead, it increased the stabil-
ity of the isolated core helical region (Figure 4.7D). In the Asp mutant, contacts involving
Ser333–Leu330, Ser333–Met336, Ser332–Ala329, and Ser332–Gly335 were substantially re-
duced and often undetectable (Figure 4.7A). In contrast, these interactions were enhanced
in the phosphorylated system (Figure 4.7B).

Phosphorylated serine side chains preferentially projected outward from the helix, enabling
new long-range intramolecular interactions (e.g., Phe313–Leu340). These interactions pro-
moted a subtle bend within the helical fragment, suggesting that phosphorylation stabi-
lized the helix through a mechanism distinct from local side-chain packing (Figure 4.8).
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4 Helical Structure within the TDP-43 C-Terminal Intrinsically Disordered Region

The results described above were obtained from single-helix all-atom simulations, and how
these effects translate to condensate formation remains unknown. Nevertheless, several
aspects can be assessed once condensate simulations are performed to evaluate the con-
tributions of helix stability and residue-specific interactions to phase separation. Notably,
Asp carries a net charge of −1, whereas a phosphate group carries a net charge of −2.
Introducing these additional negative charges may either dissolve the condensate or alter
its compactness. If condensate dissolution is observed, it remains unclear whether this
effect arises primarily from increased electrostatic repulsion or from changes in helix sta-
bility induced by the modifications. Disentangling these contributions will be essential for
understanding how charge modulation and secondary-structure stability jointly regulate
condensate behavior.

4.2.1 12pSer

To extend the study of serine phosphorylation within the low-complexity domain (LCD)
(Chapter 2.3.2), twelve phosphate groups were incorporated into the full-length protein
model. Building on earlier insights, preliminary investigations were conducted using both
all-atom simulations and residue-level implicit coarse-grained approaches. These initial
results motivated a more detailed analysis of phosphorylation-induced effects on protein
conformation and phase behavior, which is presented in the following section.

Consistent with the single-chain WT TDP-43 simulations, all-atom simulations of the
phosphorylated protein (mutant 12pSer) were performed using the AMBER99SB*-ILDN-
q protein force field in combination with the TIP4P-D water model. Phosphoserine pa-
rameters were adopted from [82], with corrections to the oxygen parameters from [83].
Each simulation was run for 1 µs, with three independent replicates.

Phosphate groups located distal to the C-terminal helix enhanced helix stability (Fig-
ure 4.9A and B). The helical propensity increased across nearly all residues, affecting not
only the core helix region (residues 320–332) but also the extended helical segments. In
contrast, intra-chain interactions differed only modestly from those of the WT protein
(Figure 4.10A and B). Most contacts remained localized within folded regions, while long-
range inter-domain contacts, particularly between the second linker and the LCD, were
reduced upon phosphorylation.

Focusing on the LCD region (residues 261–414), the positions of phosphorylated serine
residues are indicated by arrows at the top of both the WT and 12pSer mutant contact
heatmaps (Figure 4.10C and D). Overall, long-range contacts within the LCD were re-
duced in the 12pSer mutant, with the strongest decreases observed at phosphorylated
serine sites. In addition, contacts between the LCD and the C-terminal helix were di-
minished. This effect may result from the negatively charged phosphate groups recruiting
counterions or water molecules, thereby screening intermolecular interactions and hinder-
ing residue–residue contacts.
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Figure 4.9: Helix stability of the 12 phosphorylated Ser residues (12pSer)
in full-length TDP-43 AA simulations. (A). Representative snapshots illustrating
12pSer in all-atom simulations. All atoms of the phosphorylated Ser residues are shown,
and the helical region is colored in red. (B). Residue-resolved helix propensities for the
12pSer mutant.

In condensate simulations, residue parameters were taken from the CALVADOS2 force
field [84, 85]. All folded regions, including the helix, were modeled as rigid bodies, disal-
lowing internal flexibility within regions possessing defined three-dimensional structures.
Phosphorylation of twelve serine residues dissolved the condensate (Figure 4.11). At the
same simulation temperature (290 K), condensate formation was observed for the WT
system but not for the 12pSer mutant.

Analysis of averaged density histograms along the slab z-axis revealed clear separation
into dense and dilute phases for the WT condensate, whereas the dense phase was difficult
to distinguish in the 12pSer system. This result is consistent with previous findings by
Silva et al. [68], who reported that phosphorylation of all twelve serine sites dissolved the
LCD condensate. Notably, in the present study, phosphorylation was sufficient to dissolve
condensates formed by the full-length protein. Overall, this behavior is consistent with
the idea that increased negative charge favors solvated states, thereby weakening TDP-43
condensates.
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Figure 4.10: Intra-chain contact heatmaps of WT and 12pSer mutant in all-
atom simulations. (A–B). Intra-chain contact heatmaps for WT and 12pSer mutant,
respectively. (C–D). Zoomed-in intra-chain contact heatmaps for the LCD region of WT
and 12pSer mutant, respectively.
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Figure 4.11: 12pSer condensates in implicit coarse-grained simulations. (A).
Representative snapshots of the condensates: WT (upper) and 12pSer mutant (lower).
(B). Averaged protein density along the z-axis in the slab geometry for WT and 12pSer
condensates.
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4.3 Discussion

In all-atom simulations, the aromatic mutant W334A modestly destabilized the helix,
whereas phosphorylated serines, particularly in the 12pSer mutant, enhanced helix stabil-
ity. How helix stability contributes to condensate formation, however, remains unclear.
Although numerous phenomena have been observed, such as alterations in intra-chain
contacts, side-chain orientations, and inter-chain interactions, it is still unknown whether
the secondary structure itself or the outward projection of specific residue side chains
primarily governs condensate stability.

The interplay between helix stability and residue-specific interactions is likely context-
dependent. For example, a stable helix may serve as a scaffold that optimally positions
key residues like Trp334 for intermolecular contacts, whereas destabilization could reduce
the efficiency of these interactions. Conversely, outward-facing side chains may drive
condensate cohesion even in partially disordered helices. Disentangling these contributions
requires carefully designed control simulations, such as WT helices with enforced rigidity,
mutants that preserve helical secondary structure but alter key side chains, or variants
with partial phosphorylation.

Helix stability remains a central concern in TDP-43 condensation studies, motivating
systematic simulation strategies to probe how structural and chemical modifications in-
fluence both local folding and macroscopic phase behavior. Such analyses are critical for
understanding the mechanistic links between secondary structure, residue chemistry, and
condensate formation.

In CG simulations, direct atomic-level resolution is often absent, making it challenging to
assess secondary structure formation using traditional metrics. Therefore, specialized al-
gorithms are required to quantify helix, β-sheet, and other structural motifs in CG models.
Several approaches have been proposed, including mapping coarse-grained beads back to
pseudo-atomic coordinates, analyzing backbone dihedral angle distributions, or computing
local hydrogen-bonding patterns inferred from bead positions. Additionally, residue-level
simulation models should be carefully validated to ensure that they can accurately cap-
ture helix and β-sheet propensities observed in all-atom simulations or experiments. Such
validation is essential for interpreting CG simulations of phase separation, as the abil-
ity to maintain secondary structures can significantly influence intra-chain interactions,
inter-chain contacts, and ultimately the stability and morphology of protein condensates.
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5 Methods

5.1 Molecular Dynamics Simulations

5.1.1 Atomistic simulations

Atomistic molecular dynamics simulations were performed using the GROMACS 2024 [86–
92] software package with the AMBER99SB*-ILDN-q [93–96] protein force field and the
TIP4P-D [97] water model. All systems were neutralized to a physiological salt concen-
tration of 150mM NaCl. Periodic boundary conditions (PBC) were applied in all three
spatial dimensions. Nonbonded interactions were computed using a 12 Å cutoff for both
electrostatic and van der Waals (VDW) interactions, and long-range electrostatics were
evaluated using the Particle Mesh Ewald (PME) method.

Equilibration was performed in the NPT ensemble using a 2 fs timestep, allowing the
system volume to relax prior to the production phase. During equilibration, the temper-
ature was maintained at 300K using the Berendsen thermostat [98], and the pressure was
controlled at 1 bar with the Berendsen barostat [98].

Production simulations were subsequently carried out in the NPT ensemble with a 2 fs inte-
gration timestep. Temperature and pressure were maintained at 300K and 1 bar using the
Bussi–Donadio–Parrinello velocity-rescaling thermostat [99] and the Parrinello–Rahman
barostat [100], respectively.

5.1.2 Explicit coarse-grained simulations

Explicit coarse-grained simulations were performed using the Martini 3 force field, or an
adapted variant with rescaled protein–water interaction strengths, within the GROMACS
2024 software framework, and subjected to PBC in all directions. All Martini-based coarse-
grained systems were solvated in water and neutralized with 150mM NaCl. Verlet cutoff
scheme were applied as neighbor-searching algorithm within a cutoff radius of 11 Å for
Nonbonded interactions (Both Lennard–Jones (VDW) and Coulomb interactions). Elec-
trostatics were handled using the Reaction-Field (RF) approach with a dielectric constant
of 15.

System equilibration was conducted under NPT conditions using a 10 fs timestep, with
temperature maintained at 300K via the Berendsen thermostat and pressure controlled
at 1 bar with the Berendsen barostat.
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Production simulations were performed using a 20 fs timestep. Temperature and pres-
sure during production were maintained at 300K and 1 bar, respectively, using the same
velocity-rescaling thermostat and Parrinello–Rahman barostat as atomistic simulations.

5.1.2.1 Elastic Network model

Multi-domain proteins contain both structured regions and intrinsically disordered regions
(IDRs). The structured domains were stabilized using an Elastic Network Model (ENM)
[101], in which harmonic bonds are applied between coarse-grained beads to preserve the
native fold.

Protein inputs (all-atom level) were coarse-grained by applying martinize2 in vermouth
0.14.1 [102] Python script. Secondary structures within the folded regions were assigned
with the the STRIDE algorithm [103] in the STRIDE Web interface1. Elastic network
restraints were applied using a force constant of 700 kJmol−1 nm−2, with bead pair dis-
tance included between 0 nm and 0.85 nm. The Elastic restraints (rubber bands), dihedral
and angle potential within linker regions and IDRs between structured domains were all
removed as [104].

The adapted Martini 3 force field was obtained by rescaling the protein–water interaction
strength [52, 104] through modification of the Lennard–Jones (LJ) well depth, ε. Specifi-
cally, the LJ ε parameter between all protein and water beads was scaled by a factor λPW.
The Lennard–Jones potential is given by

VLJ(r) = 4λPW ε

[(σ
r

)12
−
(σ
r

)6
]
, (5.1)

where ε is the interaction well depth, σ is the distance at which the LJ potential equals
zero, and λPW is the scaling factor applied to protein–water interactions. The Python
script used for protein–water interaction rescaling is available online2.

5.1.2.2 Intra Gō-type potential model

Following a Gō-like approach [105], we stabilized native contacts in structured domains by
creating virtual backbone beads and applying additional Lennard-Jones (LJ) potentials
between relevant bead pairs. This section outlines the specific methodology for imple-
menting LJ potentials for intra-chain contacts within folded domains.

Protein input structures were coarse-grained using martinize2 as described in the Elas-
tic Network Model section. For simulation systems containing multiple chains, each

1https://webclu.bio.wzw.tum.de/cgi-bin/stride/stridecgi.py
2https://github.com/KULL-Centre/papers/tree/main/2021/Martini-Thomasen-et-al/PW_

rescaling_example
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5.1 Molecular Dynamics Simulations

chain requires a unique identifier for distinguishing. TTo define intra-chain native con-
tacts, single-chain contact maps were obtained from a web server3. The Python script
create goVirt.py4 was used to implement Gō-like bonds. The strength of the Go model
structural bias was set to the default value of 9.414 kJ/mol. Additional statements were
added to the Martini 3 force field to incorporate the created Gō-like bonds. Similar to the
Elastic Network Model approach, Gō-bonds, dihedral, and angle potentials within linker
regions and intrinsically disordered regions (IDRs) between structured domains were re-
moved. For multi-chain systems (e.g., 60 chains), the .tpr file generated in GROMACS
for equilibration and production requires 128 GB of memory allocation.

Application of the adapted Martini 3 force field follows the same procedure as for the
Elastic Network Model.

The Gō-like model was implemented using the Vermouth 0.15.0 library, which provides a
more advanced and streamlined setup procedure 5.

5.1.2.3 Intra and inter Gō-type potential model

For multi-chain systems, inter-chain contacts can be stabilized with additional Lennard-
Jones (LJ) potentials alongside the intra-Gō potential. We adapted the approach by
Korshunova and Bruiniks [106] for multi-domain proteins involving intrinsically disordered
proteins (IDPs), as implemented by L. Baltz6.

Similar to both the Elastic Network and intra Gō-like models, atom-level protein struc-
tures were first coarse-grained using martinize2. The additional inter- and intra-chain LJ
potentials were implemented using the adapted Python script sorted goVirt.py7. This
script can exclude LJ potentials for linker regions and IDRs upon request. Additionally, di-
hedral and angle potentials within these flexible regions between structured domains have
to manually remove. This approach can also be utilized for systems requiring only the
Intra Gō-type potential model, which offers the advantage of reduced memory allocation
compared to multi-chain implementations.

5.1.2.4 Multi-chain simulation setup

Multiple full-length TDP-43 chains were simulated in both cubic and slab geometries.
Protein chains were initially placed at random positions within a cubic simulation box,
which was subsequently solvated with water and neutralizing ions. Systems in the cubic
geometry were simulated using the adapted Martini 3 force field with a rescaling factor of

3http://pomalab.ippt.pan.pl/GoContactMap/
4https://github.com/Martini-Force-Field-Initiative/GoMartini/blob/main/GoMartini/create_

goVirt.py
5https://cgmartini.nl/docs/tutorials/Martini3/ProteinsI/Tut1.html
6https://github.com/luhtzia/multichain-martini-go
7https://github.com/luhtzia/multichain-martini-go/tree/master
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5 Methods

λ1.06 during energy minimization, equilibration, and production runs. In the slab geom-
etry, multiple full-length TDP-43, its variants (12D, W3A, F6W3A) and LCD fragments
were simulated in the slb geometry with different starting configurations. The production
run duration and initial configuration in the slab geometry for WT protein system are
provided in Table S1.

Table 5.1: Initial configurations and simulation time lengths for each of the three replicas
of the Martini3 Elastic Network and Gōintra models.

5.1.3 Implicit coarse-grained simulations

Following the simulation protocol described at 8 [107], simulations were performed using
HOOMD-blue [108]. The system setup, force field parameters, and treatment of phospho-
rylated residues were implemented according to the repository guidelines, ensuring that
the effects of phosphorylation on protein structure and condensate formation could be
accurately modeled.

8https://github.com/ezippo/hoomd3_phosphorylation
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5.2 Molecular Dynamics Simulation Analysis

5.2 Molecular Dynamics Simulation Analysis

The quantitative analysis of LLPS was performed on simulations employing a slab geom-
etry.

5.2.1 Density and phase diagram calculations

The system was aligned by translating the protein chains such that their collective center
of mass (COM) was centered at z = 0. The spatial distribution of protein along the z-axis
was computed and stored as a histogram for each trajectory frame. The time-averaged
density profile was then symmetrized by averaging the density from both slab halves (z < 0
and z > 0), producing a single symmetrized profile for z ≥ 0. This symmetrized profile
was fit to a hyperbolic tangent function to characterize the interface:

ρ(z) =
ρdil + ρden

2
+

ρden − ρdil
2

· tanh
(
z − z0
w

)
(5.2)

where z0 defines the midpoint of the interface and w parameterizes the interface width.
The coexisting phase concentrations, ρdil and ρden, were determined directly from the
averaged histogram by calculating the mean density in regions defined by the interface
cutoffs. To estimate statistical uncertainties, the trajectory was divided into consecutive
blocks. The average concentration within each block was computed, and the standard
error of the mean (SEM) was calculated from these block-averaged values.

Phase diagrams were constructed by plotting the coexisting phase concentrations, ρdil and
ρden, against the interaction rescaling factor λ. The critical point (λC) was obtained by

∆ρ = ρden − ρdil = B(1− λ

λc
)β (5.3)

B is a fitting parameter representing the critical amplitude, and assume the systems belong
to the 3d Ising universality class, with a critical exponent β = 0.325.

The critical density ρc was estimated using the law of the rectilinear diameter:

ρd =
ρden + ρdil

2
= ρc + C(λc − λ) (5.4)

is applied with a positive fitting constant C [109, 110].

5.2.2 Interfacial tension calculations

Estimation of condensate surface tension is based on Capillary wave theory with block
analysis method in the slab geometry [111, 112] to describe the squared condensate inter-
facial thickness grows as logarithm of the block size.

81



5 Methods

W 2(B) = W 2
0 +

(
KB · T
2π · γ

)
·
(
ln

B

L

)
(5.5)

the average of the interfacial widths measured from all blocks of a given size B, W0 is an
intrinsic width, KBT is the thermal energy (product of the Boltzmann constant KB and
temperature T), γ gives the surface tension, L is the system size of x or y dimension, B is
the block size of x or y dimension.

In the block analysis method with slab geometry, the interface regions present along the x
and y axis and are divided into rectangular blocks with dimensions as Lx/nB × Ly/nB ×
Lz, nB is grid number as an integer, ranging from 4 to 10. Within the segments, droplet
interfacial width W values are obtained from a tanh fit to concentration profiles.

ρ(z) =
ρden + ρdil

2
+

ρden − ρdil
2

· tanh
(
Z − Z0

W0

)
(5.6)

z0 is the local interface position within a specific block, W0 represents the intrinsic width.

5.2.3 Viscosity estimation

The viscosity within the condensate followed the approach by Benayad et al[113]. The
variation of the end to end distances r and of the end to end distance from this one can
arrive an estimate of (conformational) diffusion coefficient [113, 114] of the end-to-end
dynamics of the TDP-43 chains

D =
var(r)

τ
(5.7)

By comparing the D from the condensates and dilute solution D0 and assuming that their
ratio scales with η we can arrive at an estimate of the shear viscosity

η =
D0

D
· ηw (5.8)

The viscosity of Martini3 water ηw = 0.66 mPa · s at 300 K was taken from Prass et al
[115].
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[20] Anäıs Aulas, Stéphanie Stabile, and Christine Vande Velde. Endogenous tdp-43, but
not fus, contributes to stress granule assembly via g3bp. Molecular neurodegenera-
tion, 7(1):1, 2012.

[21] Yousra Khalfallah, Rachel Kuta, Camille Grasmuck, Alexandre Prat, Heather D
Durham, and Christine Vande Velde. Tdp-43 regulation of stress granule dynamics
in neurodegenerative disease-relevant cell types. Scientific reports, 8(1):7551, 2018.

84



Bibliography

[22] J Paul Taylor, John Hardy, and Kenneth H Fischbeck. Toxic proteins in neurode-
generative disease. science, 296(5575):1991–1995, 2002.

[23] Caroline Vance, Boris Rogelj, Tibor Hortobágyi, Kurt J De Vos, Agnes Lumi
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