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Abstract

Amyloid aggregation describes the aberrant self-assembly of peptides into ordered fibrils
characterized by cross-f spine cores and is associated with many neurodegenerative diseases

and type 2 diabetes. Oligomers, populated during the early stage of aggregation, are found

to be more cytotoxic than mature fibrils. Recently, many amyloidogenic peptides have been
reported to undergo liquid-liquid phase separation (LLPS) — a biological process important for

the compartmentalization of biomolecules in living cells — prior to fibril formation. Understanding
the relationship between LLPS and amyloid aggregation, especially the formation of oligomers, is
essential for uncovering disease mechanisms and mitigating amyloid toxicity. In this perspective,
available theories and models of amyloid aggregation and LLPS are first briefly reviewed. By
drawing analogies to gas, liquid, and solid phases in thermodynamics, a phase diagram of protein
monomer, droplet, and fibril states separated by coexistence lines can be inferred. Due to the

high free energy barrier of fibrillization Kinetically delaying the formation of fibril seeds out of
the droplets, a “hidden” monomer-droplet coexistence line extends into the fibril phase. Amyloid
aggregation can then be described as the equilibration process from the initial “out-of-equilibrium”
state of a homogenous solution of monomers to the final equilibrium state of stable amyloid fibrils
co-existing with monomers and/or droplets via the formation of metastable or stable droplets as
the intermediates. The relationship between droplets and oligomers is also discussed. We suggest
that the droplet formation of LLPS should be considered in future studies of amyloid aggregation,
which may help to better understand the aggregation process and develop therapeutic strategies to
mitigate amyloid toxicity.
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Introduction

Amyloid fibrils are self-assembled protein aggregates that are characterized by their
cross-P spine cores, which are comprised of tightly packed p-sheets with their p-strands
aligned perpendicular to the fibril axis.1* These protein aggregates are implicated in

many diseases, including Alzheimer’s disease, Parkinson’s disease, and Type 2 diabetes,

in which they accumulate and form extracellular plaques or intracellular inclusions.>~7
Increasing evidence suggests that soluble aggregation intermediates play a greater role than
mature fibrils in the pathology of amyloid diseases.>8 However, not all amyloid fibrils

are associated with diseases. Functional amyloids have also been discovered in many
organisms ranging from bacteria and fungi to mammals,® with biological roles including
biofilm formation, adhesion, storage, and protection against stress.?-13 Furthermore, the
unique physicochemical properties of amyloid fibrils, including their high stability, unique
mechanical properties, and biocompatibility, have led to their usage in an increasing range of
nano-biomedical applications.14-17

Despite the diversity of amyloidogenic proteins, amyloid fibrils share common structural
and kinetic properties. With recent advances such as cryo-electron microscopy (cryo-EM)
and solid-state nuclear magnetic resonance (SSNMR) in structural biology, the fibrillar
structures of many amyloid proteins have been solved.18-21 The majority of these resolved
fibrils are comprised of parallel in-register p-sheets, and fibrils formed by the same amyloid
proteins may display distinct morphologies.19-22-24 Amyloid proteins also share similar
sigmoidal aggregation kinetics, characterized by rapid exponential-like growth following
an initial lag phase, and then reaching a plateau due to saturation. A number of theories
have been developed to describe the mechanisms of amyloid aggregation,® including

the classical nucleation-dependent polymerization model, surface-catalyzed secondary
nucleation and/or fragmentation, two-step nucleation, and the nucleated conformational
conversion model.26-30
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Recent studies have revealed that many amyloid proteins — e.g., a-synuclein,3! tau,32.33

islet amyloid polypeptide (IAPP),34:3% amyloid-p (AB),3 insulin A-chain fragment,37 and
TDP-4338 — undergo liquid-liquid phase separation (LLPS) and form amyloid droplets prior
to the formation of mature amyloid fibrils (e.g., Fig. 1). LLPS is a process by which a
homogeneous solution can spontaneously separate into two phases, one rich in biomolecules
and the other poor in biomolecules.3%40 The resulting two phases have different physical
properties, such as viscosity and diffusivity, and can be characterized as a dense phase and

a dilute phase, respectively. LLPS plays a crucial role in the formation and maintenance of
membraneless organelles, such as nucleoli4! and stress granules.*2 A high concentration of
amyloidogenic proteins in the droplets might promote the formation of toxic oligomers*3
and increase the nucleation rates for the formation of amyloid fibrils.4244 It has been
postulated that LLPS could be a possible first step in the formation of amyloid fibrils.3>
However, since the conditions required for LLPS and amyloid fibril formation may differ,
and the formation of droplets has not always been actively monitored in amyloid aggregation
studies, and hence the relationship between LLPS and amyloid aggregation is still an active
area of research.

In this perspective, we first briefly discuss available theories and models for amyloid
aggregation and LLPS. We then draw analogies between LLPS and gas-liquid phase
transition as well as between highly ordered amyloid fibrils and solid crystals. Analogous
to the phase diagram of gas, liquid, and solid states, we infer a similar phase diagram

for the amyloid protein monomer, droplet, and fibril states. Because of a high free

energy barrier of fibrillization that kinetically delays the formation of fibrils, a dynamic
“equilibrium” between monomers and droplets can be observed during fibrillization —i.e.,
the monomer-droplet coexistence line extends into the fibril phase. We propose that the
formation of amyloid fibrils can then be described as the equilibration process from the
initial “out-of-equilibrium” state of homogenous monomer solution to the final equilibrium
state of stable amyloid fibrils co-existing with monomers and/or droplets via the formation
of metastable or stable droplets as intermediates. Depending on the position of the initial
“out-of-equilibrium” monomer state in the phase diagram, different aggregation pathways
and kinetics are expected.

Amyloid aggregation

There are already many excellent reviews on amyloid aggregation theories and models in the
literature.2545-47 Here, we only provide a brief overview of some of the major aggregation
models.

The classical nucleation-dependent polymerization

In the classical nucleation-polymerization model, amyloid fibril growth is described by a
single-step mechanism in which slow nucleation is followed by rapid growth. The protein
concentration in the solution must reach a threshold known as the critical concentration
in order for the fibril formation to occur.*® Above the critical concentration, the soluble,
monomeric proteins first undergo the nucleation process to form small aggregates, which
then serve as a nucleus for further protein aggregation. After the critical nucleus size is
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reached, the aggregation process becomes favorable, and the amyloid fibril begins to grow
by further polymerization via monomer addition. The model explains the nucleation and
subsequent polymerization, analogous to a homogeneous nucleation theory developed for
vapor condensation.4?

Fibril-dependent secondary nucleation and fragmentation

To capture the overall aggregation kinetics for a wide range of peptide concentrations, fibril-
dependent secondary nucleation and fragmentation models have also been proposed. The
secondary nucleation corresponds to the formation of an aggregation nucleus by monomers
adsorbed on the lateral surface of newly formed fibrils, and the fragmentation of fibrils
increases the number of active elongation sites for fibril growth. Fitting aggregation kinetics
at different concentrations with closed-form analytical solutions under different nucleation
scenarios has been successful for delineating the mechanisms of aggregation26:27:50.51 gnd
designing inhibitors,46:52

Supercritical concentration and the saturation of aggregation kinetics at high
concentrations

The nucleated polymerization model predicts that the aggregation half-time decreases as
protein concentration increases according to a strong power law dependence. However,
such strong concentration dependence weakens and even disappears at high protein
concentrations in experiments.53 To account for the saturation of aggregation rates at

high concentrations, Powers and Powers®* pointed out the existence of a “supercritical
concentration” above which the chemical potential of protein monomers in the solution is
higher than that of these the critical nucleus. Hence, near and above this concentration, the
fibril formation reaction behaves like an irreversible polymerization during the early stages,
and the aggregation half-time becomes independent of the initial peptide concentration —i.e.,
the saturation of aggregation rates. In order to account for the accumulation of oligomers
near and above the supercritical concentration of human islet amyloid polypeptide (hIAPP),
Serrano et al. introduced to the kinetics model a free energy barrier between the oligomer
and fibril states at a given nucleus size, corresponding to the refolding of oligomers into
ordered fibrils.2?

Two-step nucleation and nucleated conformational conversion

The two-step nucleation model describes the formation of amyloid fibrils in two distinct
steps — first, amyloidogenic proteins self-assemble into prenucleation clusters, which

then serve as seeds for the nucleation of amyloid fibrils.28 Differing from the classical
nucleation theory and its variants, where the proteins are basically treated as sticky objects
without internal structures, the two-step model considers the nucleated conformational
conversion of amyloid proteins that has been observed in experiments.39-23 |n the
nucleated conformational conversion model, the fibrillization-competent protein structure
is energetically unfavorable in the isolated monomeric state, but can be stabilized by
extensive inter-peptide interactions in the fibrils. Using coarse-grained model that captured
the nucleated conformational conversion, Saric et al.28 showed that the critical nucleus size
increases as both concentration and interpeptide interactions increase, in contrast to classical
nucleation theory where the critical nucleus size is independent of peptide concentration.
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Using either coarse-grained or atomistic simulations, several recent studies suggest that the
self-assembly propensity of many intrinsically disordered amyloid proteins are encoded at
the monomer level, where the fibrillization or LLPS-relevant conformations exist in the
structural ensemble of monomers.55-57

Liquid-Liquid Phase Separation

In general, LLPS can be described by a mean-field Flory-Huggins theory for homopolymer
solutions.8:59 The LLPS of heteropolymers such as proteins can also be computationally
modeled using coarse-grained simulations®%-62 or numerical modeling.63.64

Flory-Huggins Theory of Homopolymers

The Flory-Huggins theory considers the free energy change A F of mixing polymer

and solvent, where both entropy and enthalpy are estimated according to mean-field
approximations.>8:5% A dimensionless parameter, 4, is introduced to denote the net potential
energy gain upon transferring a polymer composite unit from the solution into a pure
polymer melt with respect to the thermal fluctuation energy k,T, where kg is the Boltzmann
constant and T is the system temperature. Under certain conditions of the polymer-solvent
interaction parameter y, and the polymer concentration ¢, the chemical potential of the
polymer decreases with increasing polymer concentration (i.e., the second order derivative
of free energy, 9’ AF/d¢” < 0), violating the second law of thermodynamics. Thus, the
system spontaneously separates into two coexisting phases — a low-density phase where

the polymers remain as non-interacting monomers, and a high-density phase where the loss
of mixing entropy is compensated for by the potential energy gain due to interpolymer
interactions (Fig. 2A). In the phase diagram of y versus ¢, the boundary with 0> AF/ag¢? = 0
forms the spinodal curve, and the concentrations of co-existing phases constitute the binodal
curve. There exists a critical value of y,, which is approximately 1/2 for long polymers,
below which polymers are effectively non-attractive and are completely miscible with

the solvent at any concentration. It should be noted that y.~1/2 is a small value and the
requirement for the transfer enthalpy gain (not free energy) out of the solvent greater than
0.5 k,T can be easily satisfied,5:66 making LLPS a ubiquitous self-assembly phenomenon
in solution. For example, in crystallography proteins are known to form droplets first before
crystallization occurs.57

Under a certain value of y > y,, a horizontal line intersecting with the binodal and spinodal
curves is called a tie line, which describes the phase behavior of the polymer-solvent system
at a given temperature. At low polymer concentrations below the binodal point, the system
is stable in a homogeneous low-density liquid phase. At higher concentrations between the
binodal and spinodal points, an initially homogeneous system undergoes dynamic nucleation
to form the polymer-rich high-density liquid phase. The classical nucleation-growth theory
can be applied here to describe the phase separation process and the critical nucleus results
from the competition between surface and bulk energies.*® Above the spinodal point, the
system will spontaneously undergo spinodal decomposition into two distinct phases, similar
to the “supercritical concentration” phenomenon in the kinetics models proposed by Powers
and Powers.>* The local polymer concentration for each of the two phases is determined
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only by the properties of both the polymer and solution, and changes to the total peptide
concentration only result in changes of the partition of the two phases. Further increase of
the polymer concentration to the second binodal and spinodal points results into the system
entering the high-density phase as the dominant state and the low-density phase as the
metastable state.

Modeling LLPS of Heteropolymeric Proteins

While the Flory-Huggins theory provides an excellent framework to describe the general
properties of LLPS, it lacks the sequence dependence and residue-specific interactions

of heteropolymeric proteins. It has been shown that the sequence properties are highly
related to protein aggregation,8 and the sequence information can be used to predict the
formation of condensates in LLPS.89 A stickers-and-spacers model, originally developed for
associative polymers,’0 was proposed to divide protein sequences into interacting regions
capable of multivalent linking (stickers) and the non- or weakly-interacting segments
(spacers) separating the stickers.”! Mutations in sticker, but not spacer regions, significantly
altered the phase behavior of the UBQLN2 protein,’2 suggesting that the stickers are the
main driving force for protein phase separation. Using an integrative approach combining
biophysical experiments with multiscale simulations,%2 aromatic residues were found to
function as stickers responsible for driving the LLPS of intrinsically disordered prion-

like domains (PLDs) and a numerical stickers-and-spacers lattice model enabled accurate
predictions of the corresponding binodal curve (Fig. 2B). In order to characterize the large
molecular system of co-existing phases and the heterogeneity of protein sequences, coarse-
grained (CG) off-lattice simulations have also been proven useful.89-62.73 For example,

in the Aydrophobicity scale model (HPS), each residue is modeled as a CG bead and
inter-residue interactions are assigned according to their relative hydrophobicity scales (Fig.
2C).50 Combined with the slab simulation methodology,’* the HPS model was able to
generate the phase diagrams of large proteins, the dependence of LLPS on chain length and
valence,®0 and describe mutation-induced changes of LLPS.”® The hydrophobic scales of
twenty amino acids was also optimized by the force-balance method on a library of proteins
to reproduce their experimental radius of gyration, which resulted in a better prediction of
LLPS under physiological conditions.”® Recently, some higher-resolution models have also
been developed to capture the thermodynamics of LLPS for intrinsically disordered proteins.
Benayad et al. proposed an adapted CG model by rescaling inter-protein interactions in

the MARTINI 2.2 force field to match the excess free energy of transferring proteins
between dilute solution and condensate.”® Paloni et al. adopted a “divide-and-conquer”
strategy, based on atomistic molecular dynamics simulations of various protein fragments
at high concentration, to probe the intermolecular interactions in conditions mimicking real
condensates.’’

LLPS and amyloid aggregation from the perspective of phase transitions

The phase diagram of amyloid protein monomer, droplet, and fibril states

LLPS is highly analogous to the gas-liquid phase transition. The phase diagram of chemical
potential x versus concentration ¢ for the mixed polymer solution in the Flory-Huggins
theory (Fig. 2A) is also parallel to the pressure-volume (P-V) phase diagram of gas-liquid
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phase transition for a simple Lenard-Jones system (Fig. 3A).”8 Under conditions where
the increase of pressure results in volume increase, dP/dV > 0, violating the second law

of Thermodynamics, the system spontaneously decomposes into two co-existing phases
of gas and liquid. There is also a critical temperature, above which the gas and liquid
phases become indistinguishable. For the supersaturated gas, liquid condensation also
takes place via the formation of a critical nucleus.’”® With highly ordered and compact
structures, amyloid fibrils can be regarded as the solid-like phase, although amyloid fibrils
are structurally distinct from protein crystals®® — e.g., amyloid fibrils are usually twisted
along the fibril axis, and do not have the translational symmetry of crystals.

In LLPS, the entropy loss for the formation of amyloid protein droplets mainly results from
the decrease in the number of translational degrees of freedom, and the conformational
change is not considered in the Flory-Huggins theory. The height of the droplet nucleation
barrier is, therefore, dependent on the monomer concentration. At sufficiently high monomer
concentrations, the chemical potential of a peptide in the low-density phase can be higher
than that in the critical droplet nucleus with the size of n*.54 In contrast, the nucleation of
amyloid fibrils involves major conformational change from either intrinsically disordered
or otherwise folded amyloid proteins to the fibrillar structure, leading to significant
conformational entropy loss.2? Especially for the nucleation of the critical fibril nucleus
with the size of »/, the cooperative “refolding” of multiple peptides into the fibril-like
structure results into an exceedingly high free energy barrier, kinetically delaying the
formation of fibril seeds out of the droplets. In general, the critical nucleus sizes for
droplet formation »{ and fibrillization »/ are different. Since the peptide concentration of
the droplets in equilibrium with monomers is constant according to the Flory-Huggins
theory, the free energy barrier for the fibrillization nucleation is independent of the total
peptide concentration. Once the fibril nuclei are formed, the conversion of monomers into
the fibrillar state via elongation at fibril ends has a lower free energy barrier than fibril
nucleation.

Similar to the pressure-temperature (P-T) phase diagram of gas, liquid and solid states, a
phase diagram of amyloid protein monomer (Fig. 3B), droplet, and fibril states can then

be inferred in terms of osmotic pressure IT and the effective Flory parameter ¥ (Fig. 3C).
Here, osmotic pressure is analogous to pressure and the inverse of Flory parameter is
proportional to temperature. For a dilute system like the low-density monomer phase, the
osmotic pressure is proportional to the concentration. In the phase diagram, there is a triple
point at which point the equilibrium coexistence lines of monomer-fibril, monomer-droplet,
and droplet-fibril converge. However, due to the high fibril nucleation barrier, the monomer-
liquid coexistence line can extend into the fibril phase temporarily (e.g., the red dash-line in
Fig. 3C).

Fibrillization as the equilibration process from initial “out-of-equilibrium” monomer phase

Amyloid aggregation can then be regarded as the equilibration process from the initial
“out-of-equilibrium” state of homogeneous monomers to stable states of amyloid fibrils co-
existing with monomers and/or droplets via monomer-droplet, droplet-fibril, and monomer-
fibril phase-transitions. In the phase diagram, this process corresponds to the relaxation
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from a point in the fibril phase vertically back to the point intersecting with the fibril

phase boundary, because 7 is fixed for a polymer-solution at a given temperature. For

most amyloidogenic proteins, the fibrils are highly stable under physiological conditions
and there are few monomeric proteins remaining in the final solution, corresponding to the
monomer-fibril equilibrium and suggesting a ¥ stronger than the triple point (e.g., cases
1and 2 in Fig. 3C). Most amyloid fibrils only become unstable and disaggregate under
high concentrations of denaturants,81 representing reduced 7 beyond the triple point or even
the critical point (e.g., case 3 in Fig. 3C). Near the critical point of the monomer-droplet
coexistence line, the critical opalescence due to long-range density fluctuations can be
experimentally observed.82

When the initial monomer solution is below the hidden droplet-monomer coexistence line

in the fibril phase (case 1 in Fig. 3C), the fibril seeds may still be nucleated out of the
transiently formed droplets due to thermal fluctuations, and the fibrils grow mainly by
monomer addition from the monomer phase. Equilibrium is reached when the chemical
potential of the monomers is equal to that of the peptide composite of the fibrils. During

the entire aggregation process, the droplet phase is metastable and only weakly populated
(case 1 in Fig. 3D), and thus the classical nucleation theory may be a good approximation to
describe the fibrillization kinetics. However, it should be noted that the probability of droplet
formation and then fibril nucleation under this condition depends highly on the monomer
concentration, and rapidly deceases with decreasing monomer concentration. When the
initial monomer concentration is below a certain threshold, the spontaneous formation of
fibrils may not occur and fibrillization can only take place with the addition of external fibril
seeds.

If the “out-of-equilibrium” monomer is at higher concentrations above the hidden monomer-
droplet coexistence line (e.g., case 2 in Fig. 3C), the high fibril nucleation barrier allows

the system to quickly reach a “temporary” equilibrium of co-existing monomer and

droplet phases (step | in Fig. 3D, case 2). Out of the droplets, fibril seeds are nucleated.
Fibrils then grow by the addition of peptides from both monomer and droplet phases.

As long as the droplets are not depleted, because of the relatively low free energy

barrier of LLPS, the droplet-monomer equilibrium is expected to be maintained — i.e., the
monomer concentration remains approximately the same and is egua/to that of the binodal
concentration (step 11 in Fig. 3D, case 2). Once the droplets are fully depleted, the fibrils
grow by the addition of monomers and reach the monomer-fibril equilibrium (step 111 in Fig.
3D, case 2).

For a weakly sticky system with ¥ above the triple point, the initial monomer concentration
should be high enough in order to be able form fibrils (e.g., case 3 in Fig. 3C). The

system is expected to rapidly form a homogenous high-density protein solution phase, which
further undergoes the droplet-fibril phase transition by nucleation and elongation. The final
equilibrium has the fibrils co-exiting with the high-density, protein-rich solution state (Fig.
3D, case 3). Here, the high-density protein condensate is the dominant phase, and the term
“droplet” might not be applicable to describe it.
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CG simulations of fibrillization via LLPS

Using a coarse-grained peptide model that captured the nucleated conformational conversion
and the capability of forming left-handed fibrils, we previously demonstrated that the
amyloid aggregation below and above the spinodal concentration has the protein condensate
as the metastable or stable intermediate state (Fig. 4A,B).3° To distinguish the fibril
nucleation from droplet nucleation, we computed the potential of mean force - i.e., the
aggregation free energy landscape — as the function of both the aggregate size and the
fraction of peptides forming fibrils (Fig. 4C). Indeed, the fibrillization process of the
coarse-grained peptide undergoes LLPS as the initial step, followed by fibril nucleation
inside the protein condensate, and then fibril growth by peptides from both the monomer
and condensate phases (Fig. 4D), consistent with the equilibration process from the “out-of-
equilibrium” state (Fig. 3).

In other CG simulations studying amyloid fibrillization,28:8384 the results can also be
understood from the perspective of phase transitions. For instance, Barz and Urbanc83
developed a simple tetrahedron model to study the self-assembly of ordered polymorphic
fibril-like aggregates, in which the hydropathic ratio could be regarded as Flory-Huggins
parameter y and the initial formation of disordered, fluid-like small aggregates was reported.
In the CG simulation by Saric et al.,28 the observed two-step nucleation is consistent

with the proposed amyloid fibrillization via LLPS as intermediate, where the “pre-fibrillar”
oligomers can be regarded the droplet condensate. The observed increase of the critical
nucleus size accompanying increases in both concentration and interpeptide interactions
reflected the fact that an increase in either concentration (¢) or interpeptide interactions (y)
promoted LLPS and the fibril seeds were nucleated out of larger droplets. Adding another
order parameter that distinguishes fibrils from the “pre-fibrillar” oligomers could separate
the nucleation of droplets from the nucleation of amyloid fibrils.

Relationship between oligomers and droplets

The exact relationship or distinction between droplets and oligomers in amyloid aggregation
remains elusive to date. The droplets of LLPS are usually stabilized by weak and non-
specific interactions and the condensates are expected to be fluid-like and highly dynamic.
Although the initially-formed protein droplets are nano-sized, they can grow into larger
droplets (e.g., micronsized droplets in Fig. 1) via direct fusion or Ostwald Ripening8® under
favorable conditions when the initial monomer concentrations are above the spinodal point.
In LLPS, the formation of droplets mainly reduces the translational entropy of the composite
proteins without imposing major constraints on their internal conformational degrees of
freedom. Hence, the weak interpeptide interactions probably have minimal impact on the
secondary and tertiary structures of composite proteins, especially in the pristine droplets

or within the liquid phase of droplets co-existing with the solid-like phase - i.e., fibrils

or fibril seeds. In contrast, oligomers reported in the literature usually refer to those
low-molecular-weight aggregates that are relatively long-lived, and stable enough to be
separated/isolated with various experimental methods such as centrifuge and SDS-PAGE.3!
These oligomers are stabilized by extensive inter-peptide interactions, and have distinct
structural features different from monomers.86 Taken together, droplets and oligomers are
expected to be different from each other in their sizes and composite protein structures
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as well as the extent, strength and order of inter-protein interactions. We postulate that
oligomers are not the nanodroplets formed in the process of LLPS; but likely correspond to
the on- and off-pathway intermediates species formed during the nucleation of fibrils within
the droplets. Protein droplets, on the other hand, provide a favorable environment for the
formation of oligomers.

The formation of both droplets and oligomers during amyloid aggregation has be observed
experimentally.31 However, experimental characterizations of oligomers and droplets are
usually done separately and under different conditions. To distinguish oligomers from
droplets, it is important to measure them under the same condition and use experimental
approaches with both high spatial and temporal resolutions — e.g., single-molecular
fluorescence-based approaches that are able to differentiate the structure and dynamics of
labeled peptides in liquid-like droplets versus more structurally ordered oligomers3® or in
situ liquid transmission electron microscopy.8” Computationally, previous studies focused
on fibrillization28:35.83.84.88 and the distinction between droplets and oligomers remains to
be explored /n silico. The difference between oligomers and droplets in terms of the extent
of inter-peptide interactions can be utilized to differentiate them. For example, different
cutoffs in the number of inter-protein contacts and/or backbone hydrogen bonds can be
used in the analysis of protein assemblies, and the corresponding cutoff values might be
determined by probability distributions derived from simulations. Further computational and
experimental studies are needed to uncover the exact relationship between oligomers and
droplets, including these nanodroplets.8°

Conclusion

The LLPS of proteins is analogous to the gas-liquid phase transition with monomers and
droplet condensates corresponding to the gas and liquid phases, respectively. Despite the
lack of translational symmetry, the ordered amyloid fibrils with cross-g spine cores can

be regarded as the solid phase. Similar to the thermodynamics of gas, liquid, and solid, a
phase diagram of amyloid protein monomer, condensate, and fibril states can be inferred.
In addition to the critical point of LLPS, there is a triple point where the coexistence

lines of monomer-droplet, monomer-fibril, and droplet-fibril converge. Due to a high free
energy barrier of fibrillization kinetically delaying the nucleation of fibrils, the monomer-
droplet coexistence line of LLPS extends into the fibril phase. Amyloid aggregation can
then be described as the equilibration process from the initial “out-of-equilibrium” state

of homogenous monomer solution to the final equilibrium state of stable amyloid fibrils
co-existing with monomers and/or droplets via the formation of metastable or stable droplets
as the intermediates. Depending on the position of the initial “out-of-equilibrium” monomer
state in the phase diagram, different aggregation pathways and kinetics are expected. The
sequence hydropathy heterogeneity might also drive the microphase separation inside the
droplets, affecting the fibril nucleation and growth. The droplets are expected to be highly
dynamic, undergo frequent exchanges with monomers in the solution, interact with each
other and grow via direct fusion or Oswald Ripening.8° These droplet intermediates,
especially those that are nano-sized, can be experimentally challenging to characterize.88
Future experimental and computational studies of amyloid aggregation should take droplet
formation via LLPS into consideration to better understand the aggregation process, the
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relationship between droplets and toxic oligomers, and to explore more efficient strategies to
mitigate amyloid toxicity.
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Figure 1.
Atomic force microscopy (AFM) imaging studies demonstrate the formation of amyloid

fibrils out of the droplets for (A) TDP-4338 and (B) insulin-derived chimeric peptide.3’

For both cases, the droplets were depleted and only fibrils were observed after long period
of incubation. TDP-43 images are adapted with permission from Ref.38. Insulin-derived
chimeric peptide images are adapted with permission from Ref.3” Copyright 2023 American
Chemical Society.
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Figure 2.
Liquid-liquid phase separation modeling. (A) The chemical potential x as the function of

concentration ¢ for fully mixed polymer solution with different Flory parameter y (blue
lines, upper panel) according to the Flory-Huggins theory. The dash-line for y > . denotes
that the mixed system is either unstable (within the spinodal curve) or metastable (within
the binodal curve). For a given polymer solution with a fixed y, the equilibrium of the
system with different total concentration can be described by the tie-line intersecting the
binodal and spinodal curves (lower panel). (B) The stickers-and-spacers model used to
describe the LLPS of prion-like domains (PLDs).52 The sub-panel (a) denotes the schematic
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representation of the model. The fluorescence images in sub-panel (b) demonstrates the
fusion of droplets, which can be captured by lattice-based stickers-and-spacers simulations
in subpanel (c). Adapted with permission from Ref.52 Copyright 2020 The American
Association for the Advancement of Science. (C) In the hydrophobicity scale (HPS) model,
each amino acid is treated as a single particle (sub-panel a).%0 The binodal curve (sub-panel
b) was obtained by slab simulations (sub-panel c). Adapted with permission from Ref.50
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Figure 3.

Phase transitions and phase diagram. (A) The P-V phase diagram for the gas-liquid phase

transition of a simple system interacting with
diagram of the gas, liquid, and solid. (C) The

Lenard-Jones potential.”8 (B) The P-T phase
phase diagram of amyloid protein monomer,

condensate, and fibril inferred in analogous to the phase diagram of gas, liquid, and solid.
(D) For each of the three cases in panel C representing different positions of the “out-of-

equilibrium” monomer state in the phase diagram, chemical potentials of a peptide in the
monomer, droplet, and fibril phases are shown in the schematic diagram to the left for
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different times during amyloid aggregation. The corresponding time-evolution of the mass
concentration of three different phases is shown in the schematic diagram to the right.
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Figure 4.
Coarse-grained simulations of amyloid aggregation via LLPS as intermediates.3® (A) The

coarse-grained peptide model has two energy states, corresponding to the fibrillization-prone
state B and fibrillization-incompetent state rt shown in the inset. (B) The ensemble-averaged
fraction of peptides in different components, including the monomers or low-density liquid
phase (LDLP), the droplets or the high-density liquid phase (HDLP), and the fibrils and
non-fibril aggregates in HDLP, as a function of time at concentrations blow (20.8 mM)

and above (41 mM) of the spinodal point of ~25 mM. (C) The contour plo of the

potential of mean force (PMF) is presented on the left as a function of the aggregate

size (N.,,) and corresponding fraction of peptides forming fibrils (Q.). Representative
snapshots corresponding to the denoted basins in the 2D PMF are shown on the right,
correspondingly. The peptides in monomers (orange), HDLP (purple), and fibrils (green)
are shown in a stick representation. (D) Schematic diagram of the amyloid aggregation
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mechanism through LLPS at high concentrations. Adapted with permission from Ref.35
Copyright 2021 American Chemical Society.
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