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In living cells, liquid condensates form in the cytoplasm and nucleoplasm via phase separation
and regulate physiological processes. They also regulate aberrant aggregation of amyloid fibrils,
a process linked to Alzheimer’s and Parkinson’s diseases. In the absence of condensates it has
been shown that amyloid aggregation can be inhibited by molecular chaperones and rationally
designed drugs. However it remains unknown how this drug- or chaperone-mediated inhibition of
amyloid fibril aggregation is affected by phase-separated condensates. Here we study the interplay
between protein aggregation, its inhibition and liquid-liquid phase separation. Our key finding
is that the potency of inhibitors of amyloid formation can be strongly enhanced. We show that
the corresponding mechanism relies on the colocalization of inhibitors and aggregates inside the
liquid condensate. We provide experimentally testable physicochemical conditions under which the
increase of inhibitor potency is most pronounced. Our work highlights the role of spatio-temporal
heterogeneity in curtailing aberrant protein aggregation and suggests design principles for amyloid

inhibitors accounting for partitioning of drugs into liquid condensates.

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 pro-
teins 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 amyloid fibrils — a process linked to over 50 devas-
tating disorders, including Alzheimer’s and Parkinson’s
diseases [5HI]. It is therefore important to obtain insights
into the mechanisms underlying the aggregation of mis-
folded proteins into amyloid fibrils.

These mechanistic insights are particularly important
for understanding how inhibitors affect amyloid fibril for-
mation. A range of compounds, including molecular
chaperones [I0] or rationally designed inhibitors, such as
small drug-like molecules [T}, 12], nanoparticles [13], and
antibodies [I4], have shown to affect amyloid formation in
vitro and in vivo [IIH2T]. Recent in vitro studies indicate
that these compounds inhibit aggregation of amyloid fib-
rils by binding to specific of targets, including monomers,
fibril ends or surfaces [10), 28431]. However, these differ-
ent inhibition mechanisms have been elucidated in ho-
mogeneous in vitro systems, disregarding that cells are
spatially heterogeneous due to the presence of organelles.

A new class of organelles that has recently received
significant attention are protein condensates. They form
via phase separation from the cyto- or nucleoplasm and
share most physical properties with liquid-like, con-
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densed droplets [32H35]. Liquid condensates provide
physiochemical environments distinct from the surround-
ing cyto- and nucleoplasm, allowing to spatially regulate
a range of biochemical reactions associated with biologi-
cal function or dysfunction. Recent experimental [35H37]
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 accu-
mulate chaperones capable of either suppressing aber-
rant phase transition of condensates [41] or driving amy-
loid formation by sequestering misfolded proteins [42H44].
Chaperones are also involved in the control of condensate
stability [45] and the surveillance of stress granule qual-
ity [46, 47].

The relevance of liquid condensates for the spatial or-
ganization of chaperones and amyloids suggests that spa-
tial compartmentalisation may play an important role in
regulating and suppressing aberrant protein aggregation.
Similarly, the action of synthetic drugs capable of inhibit-
ing amyloid formation may be affected by the presence
of liquid condensates. Abbreviating both chaperones and
synthetic inhibitors as ‘drugs’, we raise the following
question: how do liquid condensates affect drug-mediated
inhibition of amyloid fibril formation (Fig.|l)? Here, we
address this question by presenting a physical model of
amyloid inhibition coupled to liquid-liquid phase separa-
tion. Our model is inspired by recent experimental stud-
ies on amyloid formation in the presence of condensates
and builds on the latest insights obtained from system-
atic studies on homogeneous amyloid aggregation kinet-
ics in the presence of inhibiting drugs. The key phase
separation parameters determining the amplification are
the condensate volume and the partitioning coefficients
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of drug and monomers. Using our model we find that lig-
uid condensates can significantly amplify drug-mediated
inhibition of amyloid fibrils. The mechanism for this am-
plification builds on the colocalization inside the conden-
sate of the inhibiting drug and the target site such as
the aggregating monomers or the aggregates themselves
(Fig.[[c-d)). Our results have important implications for
the control of aggregation in cells and for drug discovery
against amyloid disorders. In fact, our work showcases
the potential of condensed phases to regulate aberrant
protein aggregation in living cells. Moreover, our find-
ings suggest new design principles for amyloid inhibitors
based on pronounced partitioning of drugs into the liquid
condensates.

Model for amyloid formation with inhibitors and
liquid condensates

As the starting point of our model of amyloid inhibition
with 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, di-
lute phase (phase II). Phase I is rich in protein A, while
the other phase is dilute in A but could be rich in another
protein, lipids or water, shortly denoted as B component
(Fig. [[{a)). In addition to the phase-separating compo-
nents A, B, the system contains a concentration Mo
of amyloidogenic monomers and a concentration cq of an
inhibitor of amyloid aggregation. We assume that all ag-
gregating species and the drug are sufficiently dilute with
respect to A and B such that their impact on AB-phase
separation can be neglected (SI Sec. 1.3.1). The coexist-
ing phases I and II thus create distinct biochemical envi-
ronments for aggregation and give rise to diffusive fluxes
across the interface that partition aggregating monomers
and drug components, which we denote with ¢ (i.e. ¢ de-
notes monomers or inhibitors). By equating chemical
potentials of component i between the two phases, we
can calculate the equilibrium partitioning coefficient of
1, I'; = cﬂeq/ cHeq, where ¢! and cl! are the respective
concentrations of component ¢ in the phase I and II. T;
is determined by the degree of phase separation and the
relative strength of interaction between species i and A
or B (SI Sec. 1.3.1 and Ref. [38]). Favouring interac-
tions between ¢ and A, for instance, lead to I'; > 1, i.e.,
enrichment of i in the condensate. Deviations from par-
titioning equilibrium lead to inter-phase fluxes of species
i that re-establish equilibrium. For small deviations to
equilibrium, these fluxes depend linearly on the concen-
trations in phase I and II (SI Sec. S1.3.2 and Ref. [38])

(]1,1 = _JZ,H =k (ci —-TIy c?) , (1a)

where I'; is the equilibrium partitioning coefficient and
k; = 47wRD; is the relaxation rate toward equilibrium,
with R being the radius of the condensate and D; the

diffusion coefficient of species i. Note that these fluxes
vanish at equilibrium, i.e. when c}/cil = T;.

In the presence of a phase-separated liquid conden-
sate, aggregation of monomers into amyloid fibrils oc-
curs in each phase I and II involving a number of differ-
ent microscopic events [48H55], which are illustrated in
Fig.[I{b). Aggregation is initiated by primary nucleation,
i.e., the formation of the smallest fibrillar structures di-
rectly from the monomers. Aggregates then grow by fibril
elongation. In addition, aggregation is often accelerated
by secondary nucleation mechanisms [56], including fib-
ril fragmentation, lateral branching or surface-catalyzed
secondary nucleation (Fig. [I[b)). These secondary nucle-
ation processes are characterised by a dependence on the
current population of aggregates and introduce therefore
an autocatalytic cycle in the system (Fig. [I[b)). We fo-
cus here on suppression of fibril kinetics by the inhibitor
through three established molecular mechanisms [10], 28}
30], including inhibitor binding to (i) free monomers, (ii)
fibril ends, and (iii) fibril surface sites, as depicted in
Fig. b) (see SI Fig. S1 for examples of inhibitors of amy-
loid formation). For simplicity, we neglect drug binding
to intermediate oligomers, but note that our framework
can in principle be generalised to account for these, and
indeed other, inhibition mechanisms.

To couple the aggregation kinetics with inhibitors and
liquid-liquid phase separation, we consider an approx-
imate case where the partitioning of the aggregating
monomers and the drug is close to equilibrium at all
times during aggregation kinetics. This approximation
is valid if these species diffuse fast compared to the char-
acteristic timescales of aggregation and inhibitor binding
(SI Sec. S1.4). Typical values of amyloid aggregation
rates and condensate sizes suggest that our approxima-
tion is consistent with typical experimental conditions
(SI Table S1). For simplicity, we restrict ourselves to
monomers and drug molecules diffusing through the con-
densate interface and neglect the diffusive exchange of
fibrils (Fig. [I{a)). Diffusion of fibrils is considered to be
slow compared to monomers due to their large molecu-
lar weigth, which limits their diffusion via slow reptation
in an environment of entangled fibrils. Under these as-
sumptions, deviations from the equilibrium partitioning
of monomers and drug molecules, caused by slow aggre-
gation and its inhibition, are quasi-statically balanced
by rapid diffusive fluxes across the interface of the liquid
condensate. These fluxes ensure that the partitioning of
the respective species stays approximately close to the
equilibrium value at all times. Moreover, as suggested
by recent inhibition experiments in wvitro [10], the bind-
ing rate of the drug to its target is often much faster than
aggregation, such that the drug binding kinetics can be
considered to be quasi-statically equilibrated at all times
during the aggregation kinetics (SI Sec. S2, Table S1). In
this case we can capture the impact of the drug on ag-
gregation by means of effective rate parameters (see —
(1g)). By combining the above ingredients, a coupled set
of kinetic equations describing inhibited aggregation in
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FIG. 1. Impact of liquid-like condensates on drug-mediated inhibition of amyloid aggregation. (a) We determine

the physical conditions when the presence of a phase-separated condensate (phase I, right) yields a higher degree of inhibition
(e.g., less fibrils at the end of the aggregation reaction) compared to a homogeneous system (left). Inset: Definition of
partitioning of monomers and drug components and associated non-equilibrium diffusive fluxes across the condensate interface.
We neglect diffusive exchange of fibrils through the interface because long fibrils may only slowly diffuse due to the presence of
other fibrils (repatation). (b) The reaction network of amyloid fibril assembly and three established mechanisms of inhibition [10),
28430]. (c-d) Mechanism by which an inhibitor of secondary nucleation affects amyloid aggregation in a homogeneous (c) and
a heterogeneous system (d). In a homogeneous system the drug reduces the overall fibril concentration by suppressing the
autocatalytic fibril cycle associated with secondary nucleation and growth (depicted by a circular arrow, see panel (b)). In the
phase-separated system, partitioning the drug in I suppresses the autocatalytic fibril cycle in the condensate. This causes a
decrease of cL(oc0), but also a reduction of the monomer flux J,, from IT to I, which in turn causes cL'(co) to rise. The balance
between these two opposing effects determines the efficacy of the drug to suppress aggregation in the heterogeneous setting.

both phases o = LI can be written as (SI Sec. S2): cleation and ni, ne denoting the respective reaction or-

ders. Depending on the value of nq, the secondary nucle-

dcgf‘) (@) o7 (@) - N ation rate describes different processes [55]: fragmenta-
ar ki (eq™) [Mr(n )] "t k2 (eg”) [Mr(n )} M tion (ng = 0), branching (ny = 1), and surface-catalysed
(1b)  secondary nucleation (nz > 1) (see SI Fig. S1 for exam-

dM(a) ples of amyloid forming systems and associated reaction

=2k, (C((ja))Mr(na) Ca(La) ’ (1c) orders). captures the bgildup of aggregate mass by
dt monomer pickup, where k; is the rate constant for fib-
d Mr(no‘) (") ril elongation and the factor 2 accounts for two growing

a _2k+( (a))M(Q) )+ Vi)’ (1d) ends per aggregate. (ld]) accounts for monomer deple-
4@ @ tion by fibril growth and the inter-phase flux maintaining

Ca _ Ja 7 (1e) the monomer equilibrium partitioning. describes the

de V(@) partitioning dynamics of the drug. Moreover, in the limit

(@) (@) ] of fast inhibitor binding, the drug is in pre-equilibrium

where ca’ and M, denote, respectively, the num-  (ip its target and the inhibitor concentration. In this

ber and mass concentrations of aggregates, Mr(na) is the

(@)

monomer concentration and ¢y’ is the drug concentra-
tion in phase a. describes the formation of new ag-
gregates by primary and secondary nucleation with ki,
ko being the rate constants of primary and secondary nu-

case, the on/off-binding rate constants of the drug to
monomers (¢ = m), fibril ends (i = €) and fibril surface
sites (¢ = s) enter as equilibrium constants K; (SI
Sec. S1.2, [31]) and the the effective aggregation rates
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can be written as (SI, Sec. S1.3)

o 1 "
k1 (C((i )) =k1 <@> ) (1f)

1+ Kney

na
1 1
ko ) = ko , (1g)
( d ) 1+ ch((ia) 1+ Ksc((ia)

. 1 1
be(ed”) = ke <1+K c<“)> <1+Kc(“>> » (1h)
mCq eCq

where ki, ko, ky denote the aggregation rate constants
for primary nucleation, secondary nucleation and growth
in the absence of the inhibitor. Overall, our model for
fibril formation in the presence of condensates and drugs
has three aggregation parameters, reaction orders for pri-
mary and secondary nucleation, binding equilibrium con-
stants for each inhibition mechanism, and three phase
separation parameters: compartment volume VI, and
the partitioning coefficients for drug and monomers, 'y
and I',. In the following we will choose the aggrega-
tion parameters consistent with amyloid fibril formation
in vitro [52] and vary the phase separation parameters
in ranges consistent with protein condensates in in wvitro
and in vivo.

RESULTS

Condensates enhance inhibition of secondary
nucleation

To study the impact of a liquid condensate on aggrega-
tion inhibition, we numerically studied equations and
determined asymptotic analytical solutions for the num-
ber and mass concentrations of fibrils inside and outside
the liquid condensate (Fig. 2a) and SI Sec. S2.5). These
analytical solutions are valid if the timescales between the
diffusion of monomers and drugs is much shorter than
the comparatively slower aggregation reactions, an as-
sumption which is realised in practice as discussed in SI
Sec. 1.4. In Fig. a) we show representative aggregation
time courses for the number concentration of fibrils in the
absence or in the presence of an inhibitor of secondary nu-
cleation, and with and without condensates, respectively.
We consider the uninhibited, homogeneous system (no
condensates, no drug) as a reference, and compare the
terminal (¢ — oo) number concentration of aggregates
formed for three systems: (i) no condensates with drug,
(ii) condensates, no drug and (iii) condensates with drug
(Fig.[2b)); systems (i) and (iii) have the same total drug
concentration. Strikingly, while in all three systems the
overall concentration of fibrils is reduced relative to the
reference, we see that the system with condensates and
drugs is most effective in inhibiting aggregation. More-
over, adding the drug to a heterogeneous system results
in a significantly more pronounced reduction of fibrils
compared to adding the same type and amount of drug

4

to the homogeneous system (Fig. 2b)). Therefore, the
presence of liquid condensates can enhance the inhibitory
action of the drug compared to the homogenous system.

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

To understand the mechanism underlying this en-
hancement effect, we consider the impact of the drug
on the aggregate concentration inside (I) and outside
(I) the condensate (Fig. [2fc)). We find that, while the
drug inhibits aggregation in I, aggregation in II yields
more aggregates in the presence of the drug compared
to the case without drug. This seemingly counterintu-
itive effect is a direct consequence of the rapid tendency
of monomers and drug components to reestablish par-
titioning equilibrium (Fig. (d)). Let us consider the
case where monomers and drugs partition preferentially
into the condensate (I';; > 1, 'y > 1). An enhanced
concentration of monomers inside the condensate accel-
erates aggregation in phase I compared to the contin-
uous phase IT [38]. As aggregation occurs in phase I,
further monomers diffuse from phase II to I to maintain
the monomer partitioning equilibrium, causing aggrega-
tion to occur primarily in phase I [38]. Partitioning of
inhibitors into the condensate then leads to an increase
of binding events of drug molecules to the aggregates in-
side the condensate. This causes further drug molecules
to diffuse from the outside into the condensate to main-
tain 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 favour of the
condensate. This causes effective suppression of aggrega-
tion in I, but leaves aggregation in II potentially uncon-
trolled. As a result, inhibition is enhanced inside the
phase (I), while it is lowered outside (II).

This coupling effect is reflected in the corresponding
analytic solution to which provides further mechanis-
tic insights. In the SI Secs. S2 and S3 we show that in
a system with condensates but no drug cl(c0)|c =0 x &
and cl(c0)|e =0 o v/kK, where v = ki[M°Y™ is the
rate of primary nucleation and x = \/2k ko [Mfot]72F1 is
the effective rate of aggregate multiplication through the
autocatalytic fibril cycle driven by secondary nucleation
and growth [52] (Fig. [[{b)). We see that the key mech-
anism relies on the coupling of the autocatalytic fibril
cycles inside and outside through the diffusive monomer
flux (Fig. [[[c-d)). For I'y, > 1, faster autocatalytic pro-
liferation of aggregates in phase I promotes diffusion of
monomers from II to I; the autocatalytic fibril cycle in
phase I thus acts as a sink of monomers in phase II. In-
deed, increasing & rises ¢ (00) but lowers ctl(co). Thus,
the faster the autocatalytic fibril cycle in I, the greater is
the enrichment of aggregates in the condensate compared
to II. Partitioning the drug in the condensate (I'q > 1)
suppresses fibril autocatalysis in I, hence reducing the
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FIG. 2. Mechanism by which liquid condensates amplify inhibition of secondary nucleation during amyloid

aggregation. (a) Representative reaction time courses of amyloid aggregation for different systems (from top to bottom in
terms of final plateau): (i) a homogeneous system without drug, (ii) a homogeneous system with a drug that inhibits secondary
nucleation, and a heterogeneous system with a phase separated liquid condensate in the absence (iii) and presence (iv) of
the drug. The solid lines show the numerical result from the kinetic equations , while the dashed lines show the analytical
solution derived in this study (see SI Sec. $2.5). The plots are generated for V'/V = 1073, I'y, = T'q = 20 and using typical rate
parameters determined previously for the AB42 peptide [30, 52]: M' = 1uM, ci* = 2uM, k1 = 107* M~ 's™! ko = 4 x 10*
Mfzsfl, ky =3X 10° Mflsfl, n1 =nz =2, kon = 10° Mflsfl, kog = 1071 sfl, k; =102 s, (b) Concentration of aggregates
at the end of the aggregation reaction for the four systems (i-iv) considered in panel (a). We see that combining the drug with
liquid-liquid phase separation leads to a significant decrease of the final fibril concentration compared to adding the drug to a
homogeneous system. (c¢) Time course of aggregation inside (I, top part of plot) and outside (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 (I) but leads to an increase in aggregate concentration outside the condensate (II). (d) Schematic representation
of the positive feedback mechanism causing enhanced inhibition inside the liquid condensate. For I', > 1 aggregation occurs
primarily in phase I due to the diffusive flux of monomers maintaining equilibrium. As drug molecules in phase I bind their
target (I'q > 1), their concentration decreases. This leads to a concentration unbalance across the interface of the condensate
which causes a diffusive flux of drug molecules from II to I to restore phase equilibrium. As a result, inhibition is enhanced
inside the condensate (I), but the reaction proceeds in an uncontrolled fashion outside (II).

monomer flux from II to I and decreasing aggregate en- kinetics. To understand which of these competing effects
richment in I. In particular, we find (derivation see SI dominate we need to quantify how the phase separation
Sec. S3): parameters of volume and partitioning coefficients actu-
! (o) ally affect the total amount of aggregates in the system.
c, (00 —1/2
™) 4 Kelac) ™, (2a)
Ca(oo>|cd20
11 Physical conditions for enhanced inhibition of
Ca (00) 1/2
I ~ (1 + stdfdcd) s (Qb) secondary nucleation by condensates
Ca (Oo)|cd:0
where the impact of condensate volume is captured by We introduce an enhancement function & =

the partitioning degree &g = 1/[1 + (Tq — 1)V!/V] (in €a(09) [Lomo /Ca(00) to compare the final aggregate con-
terms of &4 the drug concentration in phase I is given as centration formed in a homogeneous system in the pres-
ch = &Taca). Wesee from () that upconcentrating drug  ence of the drug, €a(00) [home» With the average aggregate
molecules in phase I by increasing I'q causes effective in- concentration formed with the same amount of drug in
hibition inside phase I, while in phase II, the aggregate  the phase-separated system, ¢,(co) = (V1/V)¢cl(o0) +
concentration is increased compared to the uninhibited — (V/V)¢cll(00) (SI Sec. S3). For £ > 1 the condensate
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FIG. 3. Conditions for enhanced aggregation inhibition mediated by liquid condensates and phase diagram
of optimal system for inhibiting aggregation. (a) Enhancement function & = ca(00)|,, . /Ca(c0) With respect to drop
volume, V! /V, and equilibrium drug partition coefficient, I'q (for fixed I'm, and drug concentration). We separate regions where
liquid droplets enhance (£ > 1, red) or reduce (£ < 1, blue) the inhibitory action of a drug that binds fibril surface sites.
The contour lines of the enhancement function £ are shown in logarithmic scale in steps of 10%°. (b) Comparison of terminal
aggregate concentrations formed for different systems ((1) no droplets, (2) no droplets + drug, (3) droplets, (4) droplets +
drug) against drug partitioning I'q. The plots are shown for fixed drop volume: V!/V = 107" (top), V!/V = 1072 (middle)
and VI/V = 107*5% (bottom). (c) Phase diagrams indicating the system that yields the most effective reduction of the total
aggregate concentration depending on drop volume VI/V and drug partitioning I'q for an inhibitor of secondary nucleation.
The parameters are the same as in Fig. [2] except for I', = 10, M = 3uM and cif* = 10uM. (d-e) Phase diagrams indicating
the system that yields the most effective reduction of the total aggregate concentration for an inhibitor that binds monomers
(d) or fibril ends (e).

enhances inhibition in the entire system compared to a
homogeneous solution, since the system with drop and

of inhibition by the condensate requires colocalization of
the drug with the aggregates inside the condensate while

drugs yields fewer aggregates than the system without
droplets but with drugs. For large condensates (V! ~ V),
we find that inhibition is enhanced for I'y > 1. For
T'q <« 1, we find £ < 1, i.e. the phase-separated system
yields more aggregates than the homogeneous one. En-
hanced inhibition therefore occurs if both the inhibitor
and the target are concentrated inside the condensate
(colocalization). As V! is lowered, the contribution of

cl(c0) to the average concentration ¢,(oco) is reduced,

a
making the system more susceptible to uncontrolled ag-
gregation in II. Thus, in the limit of small condensates the
drug should preferably partition outside the condensate
(Tq < 1). Overall, our results suggest that that there

are two competing effects at play: effective enhancement

avoiding uncontrolled aggregation outside. Consistently,
the drug should partition in phase I for large condensates,
while for smaller droplets the drug should suppress ag-
gregation outside the condensate.

Optimal enhancement

This qualitative change of mechanism with con-
densate volume raises the question of which sys-
tem (with/without drugs and with/without droplets;
Fig. b)) yields the most effective reduction of aggregate
concentration. To this end, we compare the terminal fib-
ril concentrations as a function of drug partitioning I'q
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for three different condensate volumes V!/V and for the
different systems (Fig. [3(b)): (i) no droplets with drug,
(ii) droplets, no drug and (iii) droplets with drug. For
large condensates the optimal system depends on I'q: If
I'y < 1, the optimal choice is to add the drug to a ho-
mogeneous solution, while if the drug is enriched in the
condensate, I'y > 1, the most effective suppression of
aggregation occurs in the phase-separated system in the
presence of the drug. For intermediate condensate vol-
umes, adding the drug to the heterogeneous system is
the best strategy for all values of I'y. By contrast, in
the limit of smaller condensates adding the drug to the
phase-separated system causes an increase of the over-
all fibril concentration due to uncontrolled aggregation
outside the drop in phase II. In this case, the optimal so-
lution is the phase-separated system in the absence of the
drug. The resulting phase diagram, shown in Fig. Bfc),
thus provides a practical strategy for choosing the most
effective system to suppress aggregation depending on
the phase-separation parameters.

Role of inhibition mechanism

We next sought to understand how the results for an
inhibitor of secondary nucleation differ from other inhi-
bition mechanisms. For example, for an inhibitor that
binds aggregating monomers, we find (derivation see SI

Sec. S3):

~(1+ stdFdCd)7(n2+1)/2 ; (3a)

(
021(00) (n2+1)/2—n4
T X (14 Ky&al'qca) . (3b)

Ca (OO)|cd:O
We see that the drug has opposite effects on the aggre-
gate concentration in II depending on the sign of the
exponent (ng + 1)/2 — ny. Here, (no + 1)/2 is the ef-
fective reaction order of the autocatalytic fibril cycle[? ]
and n; is the reaction order of primary nucleation. Thus,
when n; < (ng+1)/2 the drug inhibits the autocatalytic
fibril cycle in I much more effectively than primary nu-
cleation in II (Fig. d)) This reduces the aggregate
concentration in I but causes uncontrolled aggregation
in II, similar to what we found for an inhibitor of sec-
ondary nucleation. By contrast, when ny > (ng +1)/2
the drug inhibits primary nucleation in II much more
effectively than the autocatalytic proliferation of fibrils
in I. This causes effective suppression of aggregation in
both phases, because aggregation in II never gets out
of control. Crucially this observation implies that when
the drug is an effective inhibitor of primary nucleation,
adding the drug to the phase-separated system is always
the optimal strategy (Fig. d)) However, for drugs in-
hibiting growth at fibril ends, the system with droplets
but without drug is always the optimal one (Fig. [3{e)).
This effect is because binding the fibril ends increases the
fibril number concentration.

Condensates increase potency of aggregation
inhibitors

Our theory predicts under which conditions conden-
sates enhance aggregation inhibition compared to a ho-
mogeneous system. This indicates that an equivalent
degree of inhibition compared to the homogeneous sys-
tem can be realised 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 homoge-
neous 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(ca) = 1 = €a(0)/ €a(o0)|,,—o (Fig. 4p). On the ba-
sis of the response function, we introduce the drug po-
tency P = 1/ECsp as the inverse of the drug concen-
tration necessary to suppress 50% of the aggregates, de-
noted as ECsp. The smaller EC5p, the more potent is
the drug. In Fig. @b, we show the potency for two in-
hibition strategies that exhibit distinct phase diagrams
for the optimal system to inhibit aggregation (Fig. [3]).
For an inhibitor of secondary nucleation we see that
the potency increases with decreasing drop volume in
the limit of large condensates. For small condensates,
the optimal system becomes the phase-separated system
without drug (Fig. [Bt); correspondingly, the potency de-
creases due to uncontrolled aggregation in phase II. For
an inhibitor that binds monomers with ny < (ng +1)/2,
the behavior is fundamentally different. The potency in-
creases with decreasing drop volume reaching a plateau.
This effect is in line with the prediction that the phase-
separated system with drug is the optimal one for all
values of V1/V (Fig. [3d). We then calculate the ratio
between ECs5q values in the absence and in the presence
of condensates, respectively, which we refer to as relative
potency (SI Sec. S4):

ECs50 ‘homo ~ L'y

Prer = 1+ Ta- VIV

(4)

EC50 ‘droplets

Strikingly, we find that while the absolute value of the
potency differs among the different inhibition strategies,
the relative potency is independent of the specific mech-
anism of inhibition, at least under the conditions when
the phase-separated system with drug is the optimal sys-
tem (Fig. ); Prel thus represents a universal relation-
ship for how drugs affect aggregation in the presence of
condensates. The relative potency P, increases from
unity for large condensates to a value equal to the drug
partitioning I'y when the condensate volume is decreased
(Fig. ) Hence, reducing the volume of the condensate
V1/V and/or increasing the drug enrichment factor Ty
lead to a strong increase of the relative potency. This
increase corresponds to a strong reduction of the amount
of drug necessary to inhibit aggregation.
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Liquid condensates increase the potency of protein aggregation inhibitors. (a) Drug-response curve

R(ca) in the absence and in the presence of a liquid condensate. The presence of the liquid condensate increases the potency by
reducing ECso. The plot is shown for an inhibitor of secondary nucleation using the same parameters as in Fig. Bk except for
I'q = 10? and V'/V = 1072, (b) Potency of inhibitors that bind fibril ends (orange) or monomers (with n; = 1 and na = 2, blue)
against drop volume for T'q = 102. The potency is defined as P = 1/ECso of the respective system. The dashed lines indicate
the potency of the respective homogeneous system. (c) Relative drug potency, defined as P = ECso],, droplets/ EC5O‘droplets7
collapses onto a universal curve, (4), at least for large condensates (thick dashed line). For small condensates, the potency of
the inhibitor of secondary nucleation decreases due to uncontrolled aggregation in phase II.

DISCUSSION AND CONCLUSIONS

Heterogeneous environments have much potential in
regulating biochemical reactions [32H35]. Our present
study shows that liquid-like condensates can strongly af-
fect drug-mediated inhibition of amyloid aggregation by
providing such a heterogeneous environment composed
of two coexisting phases. A key finding is that the po-
tency of amyloid fibril inhibitors (chaperones, synthetic
drugs) can be increased due to the presence of a liquid
condensate. This increase in potency implies that a sig-
nificantly smaller drug dose is required to equally inhibit
aggregation compared to the corresponding homogeneous
system. We find that this potency increase follows a uni-
versal trend with partitioning coefficient and condensate
volume which is independent of the specific inhibition
mechanism. Instead the potency depends on the generic
colocalization of the inhibitor with its target within the
liquid condensate leading to a positive feedback on the
inhibition of aggregates.

To experimentally scrutinize our key findings we pro-
pose considering protein-rich condensates which recruit
aggregation-prone monomers as well as aggregation in-
hibitors (chaperones or synthetic drugs) and determining
the response as a function of drug/chaperone concentra-

tion with and without condensates (Fig. [4h).

In living cells, the colocalization of drug/chaperones
and aggregates may reduce the toxic effects on the
organism by preventing drug/chaperone molecules from
interacting with other sensitive cellular domains. Thus,
our finding of an enhanced drug potency due to the
presence of condensates suggests revisiting nominally
efficacious drugs that have been disregarded in a homo-
geneous setting due to their high toxicity and shift the
focus to how drugs act specifically in the context of a
spatially organized, intra-cellular environment.
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