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Liquid condensates are membraneless organelles that form via phase separation in living cells. These
condensates provide unique heterogeneous environments that have much potential in regulating a range of bio-

chemical processes from gene expression to filamentous protein aggregation—a process linked to Alzheimer’s
and Parkinson’s diseases. Here we theoretically study the physical interplay between protein aggregation, its
inhibition, and liquid-liquid phase separation. Our key finding is that the action of protein aggregation inhibitors
can be strongly enhanced by liquid condensates. The physical mechanism of this enhancement relies on the
partitioning and colocalization of inhibitors with their targets inside the liquid condensate. Our theory uncovers
how the physicochemical properties of condensates can be used to modulate inhibitor potency, and we provide
experimentally testable conditions under which drug potency is maximal. Our findings suggest design principles
for protein aggregation inhibitors with respect to their phase-separation properties.

DOLI: 10.1103/PhysRevResearch.4.043173

I. INTRODUCTION

The proteostasis network in living cells uses chaperones
as key players for protein quality control [1,2]. The main
role of chaperones is to stabilize the native fold of proteins,
but they are also involved in degradation processes such
as lysosome-mediated degradation of dysfunctional proteins
[3,4]. A decline of the proteostasis network, due to ageing, for
example [2], causes the accumulation of misfolded proteins
and their subsequent aggregation into filamentous aggregates
and amyloid fibrils—a process linked to over 50 devastat-
ing disorders, including Alzheimer’s and Parkinson’s diseases
[5-9]. It is therefore important to obtain insights into the
mechanisms underlying filamentous protein aggregation.

These mechanistic insights are particularly important for
understanding how inhibitors affect protein aggregation. A
range of compounds, including molecular chaperones [10]
or rationally designed inhibitors, such as small druglike
molecules [11,12], nanoparticles [13], and antibodies [14],
have been shown to affect aggregation in vitro and in vivo
[11-27]. Recent in vitro studies indicate that these compounds
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inhibit aggregation by binding to specific targets, including
monomers, aggregate growth ends, or surfaces [10,28-31].
However, these different inhibition mechanisms have been
elucidated in homogeneous in vitro systems, disregarding
that cells are spatially heterogeneous due to the presence
of organelles.

A new class of organelles that has recently received sig-
nificant attention are protein condensates. They form via
phase separation from the cyto- or nucleoplasm and share
most physical properties with liquid-like, condensed droplets
[32-35]. Liquid condensates provide physicochemical en-
vironments distinct from the surrounding cytoplasm and
nucleoplasm, allowing a range of biochemical reactions asso-
ciated with biological function or dysfunction to be spatially
regulated. Recent experimental [35-37] and theoretical [38]
studies show that condensates can affect amyloid aggregation.
For example, stress granules concentrate monomers causing
aggregation to occur only inside the condensates [39,40].
Condensates can accumulate chaperones capable of either
suppressing aberrant phase transition of condensates [41] or
driving amyloid formation by sequestering misfolded proteins
[42-44]. Chaperones are also involved in the control of con-
densate stability [45] and the surveillance of stress granule
quality [46,47].

The relevance of liquid condensates for the spatial orga-
nization of chaperones and filamentous aggregates suggests
that spatial compartmentalization may play an important role
in regulating and suppressing protein aggregation. Similarly,
the action of synthetic aggregation inhibitors may be af-
fected by the presence of liquid condensates. Abbreviating
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FIG. 1. How liquid-like condensates impact protein aggregation
inhibition. (a) We determine the physical conditions when the pres-
ence of a phase-separated condensate (phase I, right) yields a higher
degree of inhibition of aggregation (e.g., fewer aggregates at the
end of the reaction) compared with a homogeneous system (left).
(b) Definition of partitioning of monomers and drug components
and associated nonequilibrium diffusive fluxes across the condensate
interface. We neglect diffusive exchange of aggregates through the
interface. (c¢) The reaction network of filamentous protein aggrega-
tion and three established mechanisms of inhibition [10,28-30].

both chaperones and synthetic inhibitors as “drugs,” we raise
the following question: How do liquid condensates affect
drug-mediated inhibition of protein aggregation [Fig. 1(a)]?
Here, we address this question by presenting a physical
model of protein aggregation inhibition coupled to liquid-
liquid phase separation. We find that liquid condensates can
significantly amplify drug-mediated inhibition of protein ag-
gregation. The mechanism for this amplification builds on the
colocalization inside the condensate of the inhibiting drug
and its target [Fig. 1(a)]. The key control parameters are the
volume of the condensate and the partitioning coefficients
of drug and monomers. Our results reveal a simple physical
mechanism that may allow liquid condensates to control pro-
tein aggregation in cells and are likely to inspire new drug
discovery strategies against protein aggregation disorders that
could improve drug efficacy.

II. AGGREGATION KINETICS WITH INHIBITORS
AND LIQUID CONDENSATES

We consider a system of volume V containing a phase-
separated liquid-like condensate of volume V' (phase I)
coexisting with the surrounding, dilute phase (phase II).
Phase I is rich in some protein A, while phase II is di-
Iute in A but is rich in another protein, lipids, or water,
shortly denoted as the B component [Fig. 1(a)]. In addi-
tion to the phase-separating components A and B the system
contains a concentration M of monomeric protein and a
concentration cq of an inhibitor of aggregation. We assume
that all aggregating species and the drug are sufficiently
dilute with respect to A and B such that their impact on

AB-phase separation can be neglected (see Supplemental
Material [48] Sec. 1.3.1). The coexisting phases I and II
thus create distinct biochemical environments for aggregation
and can give rise to diffusive fluxes across the interface that
partition aggregating monomers and drug components, which
we denote with i (i.e., i denotes monomers or inhibitors). By
equating chemical potentials of component i between the two
phases, we can calculate the equilibrium partitioning coeffi-
cient of species i as p; = c!leq/cMeq. Here, ¢! and ¢! are the
concentrations of component i in phases I and II, respectively.
p; is determined by the degree of phase separation and the
relative strength of interaction between species i and A or B
(see Supplemental Material [48] Sec. 1.3.1 and Ref. [38]).
Favoring interactions between i and A, for instance, leads to
pi > 1, i.e., enrichment of i in the condensate. Deviations
from partitioning equilibrium lead to interphase fluxes of
species i that reestablish equilibrium [Fig. 1(b)]. For small de-
viations from equilibrium, these fluxes depend linearly on the
concentrations in phases I and II (see Supplemental Material
[48] Sec. S1.3.2 and Ref. [38])

I =—J" = —kari (¢} — pic}'). (1a)
where p; is the equilibrium partitioning coefficient and
kaite,; = 4w RD; is the relaxation rate toward equilibrium, with
R being the radius of the condensate and D being the diffu-
sion coefficient of species i. Note that these fluxes vanish at
partitioning equilibrium, i.e., when c!/c!' = p;.

In the presence of a liquid condensate, aggregation occurs
in both phase I and phase II involving a number of different
microscopic events [49—-56], which are illustrated in Fig. 1(c).
Aggregation is initiated by primary nucleation, i.e., the forma-
tion of the smallest aggregates directly from the monomers.
Aggregates then grow by elongation. In addition, aggrega-
tion is often accelerated by secondary nucleation mechanisms
[57], including fragmentation, lateral branching, or surface-
catalyzed secondary nucleation [Fig. 1(c)]. These secondary
nucleation processes are in general characterized by a depen-
dence on the current population of aggregates and introduce
therefore an autocatalytic cycle in the system [Fig. 1(c)].

We focus here on suppression of aggregation by the in-
hibitor through three established mechanisms [10,28-30],
including inhibitor binding to (i) free monomers, (ii) aggre-
gate growth ends, and (iii) aggregate surface sites, as depicted
in Fig. 1(c) (see Supplemental Material [48] Fig. S1 for exam-
ples of inhibitors). For simplicity, we neglect drug binding to
other species, including intermediate oligomers, but note that
our framework can in principle be generalized to account for
these inhibition mechanisms.

To couple the aggregation kinetics with liquid-liquid phase
separation, we consider an approximate case where the par-
titioning of monomers and inhibitors is close to equilibrium
at all times. This approximation is valid if these species
diffuse fast compared with the characteristic timescales of
aggregation and inhibitor binding (see Supplemental Material
[48] Sec. S1.4). Typical values for the aggregation rates and
condensate sizes suggest that our approximation is consistent
with experimental conditions (see Supplemental Material [48]
Table S1). For simplicity, we restrict ourselves to monomers
and drug molecules diffusing through the condensate interface
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and neglect the diffusive exchange of aggregates. Aggregate
diffusion is slow due to their large molecular weight, which
limits their diffusion via slow reptation in an environment
of entangled filaments. Under these assumptions, deviations
from the equilibrium partitioning, caused by slow aggrega-
tion, are quasistatically balanced by rapid diffusive fluxes of
monomers and drug molecules across the condensate interface
[Eq. (1a)]. These fluxes ensure that the partitioning of the
respective species stays approximately close to equilibrium at
all times. Moreover, as suggested by recent inhibition experi-
ments in vitro [10], inhibitor binding to its target is often much
faster than aggregation, such that this binding kinetics can be
considered to be in pre-equilibrium (see Supplemental Mate-
rial [48] Sec. S2 and Table S1). In this case we can capture
the impact of the drug on aggregation by means of effective
rate parameters (see Supplemental Material [48] Secs. S1.2
and S1.3).

1 m
=k|—— ) , (1b)
'(1 +ch§°‘>>
1 " 1
@)y _
kZ(Cd ) = k2(1 + ch((la)> (1 + KSC‘(;X)>’ (IC)

ko () =k ! ! 1d
+(eg”) = ks 4 Kne® )\ T4 Kec® )" (1d)

where ki, k, and k denote the aggregation rate constants for
primary nucleation, secondary nucleation, and growth in the
absence of the inhibitor and K; are the equilibrium binding
constants of the drug to monomers (i = m), fibril ends (i = e),
and fibril surface sites (i = s).

By combining the above ingredients, a coupled set of
kinetic equations describing inhibited aggregation in both
phases o = I, II can be written as (see Supplemental Material
[48] Sec. S2)

dc(a) a o)l o o) o

S ()M + k() M) M, (1e)

am®

= 2k ()M e, (1

M) @\ 1@ @ T

P = —2ky (cg" )M + Y@ (1g)
(a) (a)

dcd _ Jy (1h)
dt V@’

where ¢ and M{*) denote the number and mass concentra-
tions of aggregates, respectively, in phase o, and M@ is the
monomer concentration in phase «, and cff’) is the drug con-
centration in phase «. Equation (le) describes the formation
of new aggregates by primary and secondary nucleation, with
n; and n, denoting the respective reaction orders. Depending
on the value of n,, the secondary nucleation rate describes
different processes [56]: fragmentation (n, = 0), branching
(ny = 1), and surface-catalyzed secondary nucleation (1 >
1) (see Supplemental Material [48] Fig. S1 for typical reaction
orders). These reaction terms can be combined to describe the
competition of multiple nucleation processes. Equation (1f)
captures the buildup of aggregate mass by monomer pickup,
where k is the rate constant for elongation and the factor 2

accounts for two growing ends per aggregate. Equation (1g)
accounts for monomer depletion by growth and the inter-
phase flux maintaining the monomer equilibrium partitioning.
Equation (lh) describes the partitioning dynamics of the
drug.

The validity of Eqgs. (1a)—(1h) relies on a few implicit
assumptions. For example, phase coexistence and the aggre-
gation kinetics are usually coupled since both are determined
by the chemical potentials of the components [58]. How-
ever, for irreversible aggregation processes it can shown
that both actually decouple [59]. Moreover, focusing on ir-
reversible aggregation in Eqs. (la)—(1h), we neglected the
effect of monomer dissociation (inverse process of elongation)
and filament coagulation (inverse process of fragmentation).
These processes may be easily included in the kinetic equa-
tions [60-62]. However, for typical amyloid-forming systems
their effect on the aggregate concentration is negligible except
in the very late stages of aggregation, i.e., past the plateau
phase when the aggregate size distribution slowly relaxes
to thermodynamic equilibrium. Finally, we consider system
and condensate volumes, V and V7, to be sufficiently large
(>1 pL) such that stochastic effects on primary nucleation are
negligible [63].

Overall, our model has three aggregation rate parameters,
reaction orders for primary and secondary nucleation, bind-
ing equilibrium constants for each inhibition mechanism, and
three phase-separation parameters: compartment volume |4
and the partitioning coefficients for drug and monomers, pq4
and pp. In the following, we will choose the aggregation
parameters such that they are consistent with in vitro experi-
ments [53] and vary the phase-separation parameters in ranges
such that they are consistent with protein condensates found
in vitro and in vivo (see Table I for a summary of parameters
in the model and associated values).

III. RESULTS

A. Condensates enhance inhibition of secondary nucleation

To study the impact of a liquid condensate on aggrega-
tion inhibition, we numerically studied Egs. (1a)-(1h) and
determined asymptotic analytical solutions for the number
and mass concentrations of aggregates inside and outside
the liquid condensate (Fig. 2(a); see Supplemental Material
[48] Sec. S2.5). As an illustrative example, we focus on the
inhibition of secondary nucleation by drugs that bind to the
surface of existing fibrils. In Figs. 2(a) and 2(b) we consider
the uninhibited, homogeneous system (no condensates, no
drug) as a reference and compare the number concentration
of aggregates formed for three systems: (i) no condensates
with drug, (ii) condensates, no drug, and (iii) condensates with
drug; systems (i) and (iii) have the same total drug concentra-
tion. Strikingly, while in all three systems the terminal (f —
oo) number concentration of aggregates is reduced relative to
the reference, we see that the system with condensates and
drugs is most effective in inhibiting aggregation. Moreover,
adding the drug to a heterogeneous system results in a signif-
icantly more pronounced reduction compared with adding the
same amount of drug to the homogeneous system [Fig. 2(b)].
Therefore the presence of liquid condensates can enhance the
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TABLE I. List of parameters in kinetic model and values used for generating the graphs in Fig. 2. Note that in the limit of fast inhibitor
binding and rapid establishment of phase equilibrium the exact values of the binding or unbinding and diffusion rates do not affect the plots in
Fig. 2, as long as these rates are fast compared with aggregation.

Symbol Meaning Value

ky rate constant for primary nucleation 104 M~ !s!

ko rate constant for secondary nucleation 4 x 10* M257!

ki rate constant for aggregate elongation (growth) 3x 10° M~!s™!

n reaction order for primary nucleation 2

n, reaction order for secondary nucleation 2

M total monomer concentration 1 uM

et total drug concentration 2 uM

Kp.i binding constant for inhibitor binding to aggregate ends (i = e), 10® M~ (for surface)
aggregate surface (i = s), or monomers (i = m)

viyv fraction of volume occupied by condensate 1073

DPm monomer partition coefficient 20

P drug partition coefficient 20
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Monomer and drug Diffusive monomer flux Drug molecules inhibit Diffusive drug flux Enhanced inhibition inside,

partitioning causes aggregation to aggregation in replenishes drug in uncontrolled aggregation
occur in condensate condensate condensate outside condensate

FIG. 2. Mechanism by which liquid condensates amplify inhibition of secondary nucleation. (a) Representative aggregation time courses
for different systems (from top to bottom in terms of final plateau): (1) a homogeneous system without an inhibitor, (2) a homogeneous system
with an inhibitor of secondary nucleation, (3) a heterogeneous system with a liquid condensate in the absence of the drug, and (4) same as
system (3), but in the presence of the drug. A list of parameters used to generate the plots can be found in Table 1. (b) Number concentration of
aggregates at the end of the aggregation reaction for the four systems [systems (1)—(4)] considered in (a). (¢c) Aggregation time course inside
(phase 1, top part of plot) and outside (phase II, bottom part of plot) the liquid condensate without and with the drug. We see that adding
the drug causes a reduction of aggregate concentration inside the condensate (phase I) but leads to an increase in aggregate concentration
outside the condensate (phase II). (d) Schematic representation of the positive feedback mechanism causing enhanced inhibition inside the
liquid condensate. For p,, > 1, aggregation occurs primarily in phase I due to the diffusive flux of monomers maintaining equilibrium. As drug
molecules in phase I bind to their target (pg > 1), their concentration decreases. The resulting concentration imbalance across the condensate
interface causes a diffusive flux of drug molecules from phase II to phase I to restore phase equilibrium. As a result, inhibition is enhanced
inside the condensate (phase I), but the reaction proceeds in an uncontrolled fashion outside (phase II).
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inhibitory action of the drug compared with the homogeneous
system.

B. A positive feedback mechanism underlies enhanced
inhibition in the presence of condensates

To understand the mechanism underlying this enhancement
effect, we consider the impact of the drug on the aggre-
gate concentration inside (phase I) and outside (phase II)
the condensate [Fig. 2(c)]. We find that, while the drug in-
hibits aggregation in phase I, aggregation in phase II yields
more aggregates in the presence of the drug compared with
not having the drug. This counterintuitive effect is a direct
consequence of the rapid tendency of monomers and drug
components to reestablish partitioning equilibrium [Fig. 2(d)].
Consider the case where monomers and drugs partition prefer-
entially into the condensate (py, > 1, pq > 1). Because p,, >
1, aggregation in phase I is accelerated compared with the
continuous phase II [38]. As aggregation occurs in phase I,
further monomers diffuse from phase II to phase I to maintain
the monomer partitioning equilibrium, causing aggregation to
occur primarily in phase I [38]. Partitioning of inhibitors into
the condensate then leads to an increase in binding events
of drug molecules to the aggregates inside the condensate.
Therefore further drug molecules diffuse from the outside
into the condensate to maintain the chemical potential of
inhibitors constant across the interface of the condensate. This
positive feedback in phase I couples to negative feedback in
phase II, where drug molecules are continuously depleted in
favor of the condensate. As a result, aggregation in phase I is
suppressed, while aggregation in phase II potentially remains
“uncontrolled” due to positive feedback. In other words,
inhibition is enhanced in phase I, while it is lowered in
phase II.

C. Physical conditions for enhanced inhibition of secondary
nucleation by condensates

To understand which of these competing effects dominate,
we need to quantify how the phase-separation parameters of
volume and partitioning coefficients affect the total amount
of aggregates in the system. To this end, we introduce an
enhancement function £ as

£ = Ca(_oo)|homo' (2a)
Ca(00)
The enhancement £ compares the final aggregate concentra-
tion formed in a homogeneous system in the presence of the
drug, c¢,(00)|homo, With the average aggregate concentration
formed with the same amount of drug in the phase-separated
system (see Supplemental Material [48] Sec. S3):

VI _ VI

Ga(00) = 37 ch(00) + — (o). (2b)
For £ > 1, the condensate enhances inhibition in the entire
system compared with a homogeneous solution. For large
condensates (V! >~ V), we find that inhibition is enhanced for
pa > 1. For pg < 1, we find € < 1, i.e., the phase-separated
system yields more aggregates than the homogeneous one.
Enhanced inhibition therefore occurs if both the inhibitor and

the target are concentrated inside the condensate (colocaliza-
tion). For small condensates (V! <« V), the contribution of
c;(oo) to the average concentration ¢, (00) is reduced, making
the system more susceptible to uncontrolled aggregation in
phase II. Thus, in the limit of small condensates, the drug
should preferably partition outside the condensate (pg < 1).
Overall, our results suggest that that there are two compet-
ing effects at play: Effective enhancement of inhibition by
the condensate requires colocalization of the drug with the
aggregates inside the condensate while avoiding uncontrolled
aggregation outside. Consistently, the drug should partition in
phase I for large condensates, while for smaller droplets the
drug should suppress aggregation outside the condensate.

D. Optimal enhancement

This qualitative change of mechanism with condensate
volume raises the question of which system yields the most
effective reduction of aggregate concentration. To this end, we
compare the terminal aggregate concentrations for different
values of drug partitioning pyq and condensate volumes V'/V
and for the different systems [Fig. 3(b)]: (i) no condensates
with drug, (ii) condensates, no drug, and (iii) condensates with
drug. For large condensates the optimal system depends on
pa- When py < 1, the optimal choice is to add the drug to
a homogeneous solution, while if the drug is enriched in the
condensate (pg > 1), the most effective suppression of aggre-
gation occurs in the phase-separated system in the presence
of the drug. For intermediate condensate volumes, adding the
drug to the heterogeneous system is the best strategy for all
values of py. By contrast, for smaller condensates, adding
the drug to the phase-separated system causes an increase
in the overall aggregate concentration due to uncontrolled
aggregation in phase II. In this case, the optimal solution is
the phase-separated system without the drug. The resulting
phase diagram, shown in Fig. 3(c), thus provides a practical
strategy for choosing the most effective system to suppress
aggregation depending on the phase-separation parameters.

E. Condensates increase potency of aggregation inhibitors

Our theory predicts under which conditions condensates
promote the activity of protein aggregation inhibitors relative
to a homogeneous system. This implies that an equivalent
degree of inhibition compared with the homogeneous sys-
tem can be realized using a smaller amount of drug in the
presence of condensates. In other words, liquid condensates
can enhance the potency of a drug. To illustrate this effect,
we define for both the homogeneous and the phase-separated
system a drug-response curve R(cq) given as the relative
difference between asymptotic fibril concentrations with and
without drug, R(cg) = 1 — €2(00)/¢,(00)]¢,=0 [Fig. 4(a)]. On
the basis of the response function, we introduce the drug
potency P = 1/ECs as the inverse of the drug concentration
necessary to suppress S0% of the aggregates, denoted as ECsy.
The smaller ECsy is, the more potent is the drug. In Fig. 4(b),
we show the relative potency, defined as the ratio between the
ECsq values in the absence and in the presence of condensates,
respectively (see Supplemental Material [48] Sec. S4). We
see that the relative potency increases with decreasing drop
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FIG. 3. Conditions for enhanced inhibition and phase diagram of optimal system. (a) Enhancement function £ = ¢,(00)|nomo/Ca(00)
against drop volume V!/V and drug partitioning py (for fixed p,, and drug concentration). We separate regions where liquid droplets enhance
(€ > 1, red) or reduce (£ < 1, blue) the effect of an inhibitor of secondary nucleation. Contour lines for £ are shown in logarithmic scale
in steps of 10%3. (b) Comparison of terminal number concentration of aggregates formed for different systems [(1) no condensates, (2) no
condensates + drug, (3) condensates, (4) condensates + drug] against drug partitioning pg. The plots are shown for V!/V = 107! (top right),
VI/V = 10723 (bottom left), and V!/V = 10~*3 (bottom right). (c) Phase diagram indicating the system that yields the most effective reduction
of total aggregate concentration depending on V!/V and pq for an inhibitor of secondary nucleation.

volume in the limit of large condensates. In this limit, we find

ECSOlhomo ~ Pd
ECSOldrops 1+ (Pd - I)VI/V

The relative potency Pk increases from unity for large con-
densates to a value equal to the drug partitioning py when
the condensate volume is decreased. Hence reducing the
volume of the condensate V!/V and/or increasing the drug
enrichment factor py lead to a strong increase in the rela-
tive potency. This increase corresponds to a strong reduction
of the amount of drug necessary to inhibit aggregation. For
small condensates, the optimal system becomes the phase-
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separated system without drug [Fig. 3(c)]; correspondingly,
the potency decreases due to uncontrolled aggregation in
phase II.

IV. DISCUSSION AND CONCLUSIONS

Heterogeneous environments have much potential in reg-
ulating biochemical reactions [32-35]. Our present study
shows that liquid-like condensates can strongly affect drug-
mediated inhibition of filamentous protein aggregation by
providing such a heterogeneous environment composed of
two coexisting phases. A key finding is that the potency of
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FIG. 4. Liquid condensates increase the potency of protein aggregation inhibitors. (a) Drug-response curve R(cq) in the absence and in
the presence of a liquid condensate. The presence of the liquid condensate increases the potency by reducing ECsy. The plot is shown for an
inhibitor of secondary nucleation using the same parameters as in Fig. 3(c) except for pg = 10? and V!/V = 1072. (b) Relative drug potency
Pra of inhibitors that bind to fibril surfaces against drop volume for py = 10 (plotted at bottom of graph), ps = 10% (plotted in middle of
graph), and py = 10° (plotted at top of graph). The potency is defined as P = 1/ECs, of the respective system. For small condensates, the
potency of the inhibitor of secondary nucleation decreases due to uncontrolled aggregation in phase II. The solid lines indicate Eq. (3).
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inhibitors can be increased due to the presence of a liquid con-
densate. This increase in potency implies that a significantly
smaller drug dose is required to equally inhibit aggregation
compared with the corresponding homogeneous system. We
find that this potency increase depends on the colocalization
of the inhibitor with its target within the liquid condensate
leading to a positive feedback on the inhibition of aggre-
gates. In a Flory-Huggins model of phase separation, we
can calculate the degree of drug or monomer partitioning in
the dilute limit (see Supplemental Material [48] Eq. (S12)).
The partitioning of species i depends on parameters such
as the degree of phase separation, molecular volumes, and
the relative interaction parameter between species i and the
phase-separating components A and B, derived from multiple
microscopic processes and specific interactions. These param-
eters may be tuned experimentally to affect the tendencies
of inhibitors and aggregates to colocalize within the droplet
phase.

To experimentally scrutinize our key findings, we pro-
pose considering protein-rich condensates which recruit
aggregation-prone monomers as well as aggregation inhibitors
(chaperones or synthetic drugs that are both dilute compared
to the condensate components, and determining the response
as a function of inhibitor concentration with and without con-
densates [Fig. 4(a)].

In living cells, the colocalization of inhibitors and aggre-
gates may not only increase the therapeutic outcome but also
reduce the toxic effects on the organism by preventing drug
molecules from interacting with other sensitive cellular do-
mains. Thus our finding of an enhanced drug potency due to
the presence of condensates suggests revisiting nominally ef-
ficacious drugs that have been disregarded in a homogeneous
setting due to their high toxicity and shifting the focus to how
drugs act specifically in the context of a spatially organized,
intracellular environment.
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