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ABSTRACT Cells can dynamically organize reactions through the formation of biomolecular condensates. These viscoelastic
networks exhibit complex material properties and mesoscale architectures, including the ability to form multiphase assembilies. It
was shown previously that condensates with complex architectures may arise at equilibrium in multicomponent systems or in
condensates that were driven out of equilibrium by changes in external parameters such as temperature. In this study, we
demonstrate that the aging of initially homogeneous protein-RNA condensates can spontaneously lead to the formation of kinet-
ically arrested double-emulsion and core-shell structures without changes in external variables such as temperature or solution
conditions. By combining time-resolved fluorescence-based experimental techniques with simulations based on the Cahn-
Hilliard theory, we show that, as the protein-RNA condensates age, the decrease of the relative strength of protein-RNA inter-
actions induces the release of RNA molecules from the dense phase. In condensates exceeding a critical size, aging combined
with slow diffusion of the macromolecules trigger nucleation of dilute phase inside the condensates, which leads to the formation
of double-emulsion structures. These findings illustrate a new mechanism of formation of multicompartment condensates.

SIGNIFICANCE Biomolecular condensates formed by phase separation of proteins and nucleic acids play an important
role in cellular organization. These condensates exhibit complex material properties and architectures, including
multiphase condensates. Mechanisms regulating spatial organization of molecules in the absence of physical barriers
remain unclear. Here, we demonstrate that spatial organization can be modulated by aging of condensates, i.e., change of
interactions and material properties over time. Specifically, we show that the net strength of protein-RNA interactions
decreases over time in condensates formed by RNA and a helicase, leading to RNA release and formation of multiphase
condensates. These findings show a new mechanism to form multiphase condensates.

INTRODUCTION phases give rise to the core-shell architecture (8). Another
example of biocondensates with a complex architecture are
P-granules. In vitro, one of the two main protein compo-
nents of P-granules, PGL-3, forms liquid-like droplets,
which are stabilized by gel-like condensates of the second
main protein component, MEG-3, adsorbing to their sur-
face (9). The formation of multilayered condensates was
also observed in multicomponent systems of elastin-like
polypeptides where tuning the amino acid sequence of
the peptides affected the mutual miscibility of the liquid-
like phases formed upon phase separation and thus the
architecture of the condensates (10). It was also shown
that condensates with complex architectures form in the
systems of RNA-binding proteins and RNA depending on
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Increasing evidence suggests that cells can orchestrate
reactions in space and time by forming membraneless
organelles known as biomolecular condensates (1-4). Bio-
molecular condensates in cells are often multilayered, con-
sisting of subcompartments with different composition and
material properties (5-7). A well-studied example of a
multilayered biocondensate is the nucleolus. Its complex
architecture arises from its two main protein components,
nucleophosmin (NPM1) and fibrillarin (FIB1), phase sepa-
rating into mutually immiscible liquid-like phases where
differences in the interfacial tensions of the different
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systems depending on the relative interaction strengths be-
tween the different components and/or their stoichiometry.

It has also been shown that formation of condensates with
a complex architecture may result from kinetic rather than
purely thermodynamic driving forces. Erkamp et al. (15)
demonstrated that double-emulsion condensates form in a
poly(A)-PEG system due to a rapid change in temperature,
resulting in a change in the equilibrium concentrations of
the dense and dilute phases. Slow diffusion of macromole-
cules combined with long diffusion paths within the conden-
sates led to nucleation of the dilute phase within the dense
phase (15). This nucleation allows the system to achieve
the new equilibrium concentrations more rapidly than
relying solely on macromolecular diffusion. Thus, complex
architectures can be formed in out of equilibrium conden-
sates (15).

In this study, we demonstrate that the aging of initially
homogeneous protein-RNA condensates can spontaneously
lead to the formation of kinetically arrested double-emul-
sion and core-shell structures without changes in external
variables such as temperature or solution conditions. During
aging, intermolecular forces among the components of the
condensates exhibit gradual nonconservative changes,
which may be linked to conformational transitions of the
macromolecules. This results in changes of the material
properties of the condensates from more liquid-like to
more arrested, which reflects the slowed-down macromolec-
ular diffusion due to establishing longer-lived physical con-
tacts between the components. The molecular mechanisms
behind aging of biocondensates and their physiological
and pathological significance are a field of active studies
(14,16-21).

Here, we analyze aging of heterotypic condensates
composed of the DEAD-box protein Dhhl (22) and an
RNA model, poly(U). We find that initially homogeneous
Dhh1-poly(U) condensates transition into double-emulsion
structures upon aging, with subsequent fusion of the entrap-
ped droplets leading to formation of kinetically arrested
core-shell condensates. We use a combination of fluores-
cence correlation spectroscopy (FCS), fluorescence lifetime
imaging (FLIM), and theoretical modeling based on the
Cahn-Hilliard theory to show that our observations are
consistent with the decrease of the relative strength of pro-
tein-RNA interactions in the condensates, leading to a
decrease of the equilibrium poly(U) concentration in the
dense phase and therefore to the release of poly(U) mole-
cules into the dilute phase. We observe a size-dependent
morphology of the aged condensates, where only conden-
sates larger than a threshold size transition into double-
emulsion/core-shell structures upon aging, while smaller
condensates remain homogeneous.

Our findings provide an example of formation of multi-
compartment condensates under kinetic control, as recently
observed for heterotypic condensates formed by RNA mol-
ecules and the RNA-binding protein Whi3 (23).
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MATERIALS AND METHODS

Protein purification

Recombinant Dhh1 with an N-terminal 6xHis tag and C-terminal mCherry
tag were expressed in E. coli BL21 DE3 cells as described previously (24).
The protein was first purified by affinity chromatography using a
Ni%*-charged Fast Flow Chelating Sepharose matrix (Cytiva Sweden AB,
Uppsala, Sweden) and by size exclusion with a HiL.oad 16/600 Superdex
200 pg column (Cytiva Sweden AB). The elution buffer at pH 7.5 contained
300 mM NaCl, 25 mM Tris, 2 mM 2-mercaptoethanol, and 10% glycerol.
Selected fractions from size-exclusion chromatography were concentrated
to ~400 uM using Amicon 10,000 MWCO spin filters and flash-frozen
in liquid N, in 5-10 uL aliquots.

Poly(U)

Lyophilized polyuridilic acid (poly(U)) containing 20 and 50 nucleotides
(polyU-20 and polyU-50) and polyU-20 labeled at the 3’ end with carbox-
yfluorescein (FAM) were purchased from Microsynth AG (Baglach,
Switzerland). High-molecular-weight poly(U) (average degree of polymer-
ization of 2860) was purchased from Sigma-Aldrich (Buchs, Switzerland).

Sample preparation and imaging

Condensate formation was induced by dissolving the protein stock solu-
tion in a low-salt buffer (18 mM HEPES, 90 mM KCl, 1.2 mM MgCl,) in
the presence or absence of 0.1 mg/mL poly(U). All samples were pre-
pared and analyzed in glass bottom 384-well plates (Azenta Life Sci-
ences, Burlington, VT, USA) at a final volume of 20 uL. To prevent
evaporation during long-term incubation, the wells adjacent to the ones
containing the samples were filled with 150 mM NaCl solution and the
plate was closed with aluminum tape. Samples were imaged by wide-
field microscopy performed on an inverted epifluorescence microscope
(Nikon Eclipse Ti-E; MicroManager software, version 2.0-gamma)
equipped with a Plan Apo 60x 1.4 NA oil immersion objective (Nikon
Europe B.V., Amstelveen, the Netherlands), an LED light source (Omi-
cron LedHUB Light engine; Omicron Software, version 3.9.28) and an
Andor Zyla sCMOS camera (Andor Technology, Belfast, Northern
Ireland).

Fluorescence recovery after photobleaching

Fluorescence recovery after photobleaching (FRAP) experiments were per-
formed on a Nikon Spinning Disk SoRa confocal microscope equipped with
sCMOS Hamamatsu (Hamamatsu Photonics Europe GmbH, Ammersee,
Germany) Orca Fusion BT camera. A 100x 1.45 CFI Plan Apo oil immer-
sion objective was used. Samples were bleached and imaged using a 561 nm
laser. For each experiment, a region of interest within a protein condensate
with a size of ~10% of its diameter was chosen. For each measurement a
region of interest of the same size was placed in another condensate for
background correction. Fluorescence recovery was measured over 120 s
post bleaching. Data were analyzed using Nikon NIS Elements software.
Data presented in Figs. 1 B and S3 represent the background-corrected
and normalized mean and standard deviation of fluorescence intensities ac-
quired for three different condensates for each sample and time point.

FCS

FCS experiments were performed on an inverted confocal fluorescence mi-
croscope (Leica SP8 STED, Leica Application Suite X [LAS X] software,
version 1.0) equipped with an HC PL APO CS2 63x 1.2 NA water immer-
sion objective with a software-controlled correction collar (Leica, Wetzlar,
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Germany) and a hybrid detector for single-molecule detection (HyD SMD).
The confocal volume was calibrated using Atto 488 NHS Ester (D pefr =
400 ,umZ/s), which yielded an effective volume, Ve, of 0.6 = 0.1 fL
and a focal volume height/width ratio, k = 9. The samples were excited
with a 488 nm laser (from a white Light Laser at 80 MHz) and the fluores-
cence emission collected between 500 and 530 nm.

FLIM

FLIM experiments were performed on an inverted confocal fluorescence
microscope (Leica SP8 STED, Leica Application Suite X [LAS X] soft-
ware, version 1.0) equipped with an HC PL APO CS2 63x 1.2 NA water
immersion objective with a software-controlled correction collar (Leica,
Wetzlar, Germany) and a hybrid detector for single-molecule detection
(HyD SMD). FLIM images of the condensates with poly(U)-FAM were
acquired until 1000 photons per pixel were collected in the brightest chan-
nel. The samples were excited with a 488 nm laser (from a White Light
Laser at 20 MHz) and the fluorescence emission collected between 500
and 530 nm. Data analysis was performed using SymPhoTime 64 2.1 soft-
ware (PicoQuant, Berlin, Germany). Images were fitted pixel by pixel with
a one-component reconvolution model. The images and data shown in the
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FIGURE 1 Time evolution of the morphologies
of Dhhl-mCh condensates in the presence and
absence of poly(U). (A) Fluorescence microscopy
images collected at different time points for
Dhh1-mCh condensates in the absence of poly(U).
(B) Fluorescence recovery after photobleaching of
fresh (t = 2 h) and aged (t = 48 h) Dhh1-mCh con-
densates. Data represent the background-corrected
and normalized mean and standard deviation
of fluorescence intensities acquired for three
different condensates. (C—E) Fluorescence micro-
scopy images collected at different time points
for Dhhl-mCh samples in the presence of
0.1 mg/mL polyU-20 (C), 0.1 mg/mL polyU-50
(D), and 0.1 mg/mL polyU-3000 (E).

text display the intensity and the intensity-weighted average fluorescence
lifetime.

Cahn-Hilliard model

For the initial condensate in equilibrium with the dilute phase, the compo-
sition of dilute and dense phase as well as their volume fractions were
calculated by minimizing the free energy of the system f;,, as described

by Lin et al. (25).
of (45

fur = D =wr(efel)

with f being defined in Eq. 7 and v the volume fraction of dense phase. We
considered the total concentrations of 20 uM Dhh1-mCh and 0.1 mg/mL
poly(U) used in experiments, and protein and poly(U) densities of 1.35
g/mL (26) and 1.5 g/mL (27), respectively. N,, N,, and Ny in the Flory-
Huggins free energy model (Eq. 7) were set equal to the number of residues
(protein, 748; poly(U), 20/50; solvent, 1).

The values of the binary interaction coefficients were set to Xpu = -2,
Xps = 0.7, and x,, = —0.7 to simulate phase separation in a range of
poly(U) and protein concentrations consistent with experimental data.
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The change in the strength of protein-protein interactions during aging pro-
cess was modeled by a linear increase of the value of x,, from —2 to —1.7
and of x,,, from 0.7 to 1, over 48 h.

Following a common assumption (28), the same interfacial parameter e
was considered for protein and poly(U) (29):

/ 2
2 f— JR—
€ = (Ad)) Afmaxa (2)

where Afi. is the maximum free energy difference between the separated
and mixed system, and A¢ is the difference in protein volume fraction (we
considered only protein since it is the main component of the condensate).
The length scale /, which represents the interface width, was assumed con-
stant across simulations and equal to 2 um.

In addition to the thermodynamic parameters that determine the chemical
potential, the Cahn-Hilliard model (Eq. 5) requires the definition of the
mobility M(¢). As a first step, the initial diffusivity of polyU-20 within
the dense phase was set to 0.05 umz/s, consistent with experimental esti-
mates obtained by adding poly(U) to fresh Dhhl-mCh condensates
(Fig. 3 A). This diffusivity can change during aging due to changes in
concentrations within the condensates. As condensates are viscoelastic net-
works, it is difficult to model the viscosity of the dense phase. Furthermore,
poly(U) molecules are smaller than Dhh1 and may experience microviscos-
ity rather than macroviscosity. As a first approximation, we considered a
linear dependence of viscosity on protein volume fraction ¢,,. The diffu-
sivity is expressed as:

Dy

ARy @

Assuming a hydrodynamic radius of 1.5 nm for polyU-20 and 8 nm for
Dhh1-mCh, initial diffusivity of protein in the dense phase is 0.01 um?/s.
We set k = 20 to reproduce the polyU-20 diffusion coefficient in the dense
phase that was estimated experimentally. All model parameters are summa-
rized in Table S1. The mobility can finally be computed using the following
expression (28):

D;
) 2
6 ﬁdeal / a¢,
where f.q1 is the Flory-Huggins free energy defined in Eq. 7 in the absence
of any interactions (x; = 0). With this approach, the Cahn-Hilliard model is
equivalent to Fick’s second law in this ideal case. Equation 5 was solved in
spherical coordinates assuming radial symmetry with the condensate being

centered at the origin. Details concerning the numerical solution are pro-
vided in the supporting material.

“)
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RESULTS AND DISCUSSION

Condensates of Dhh1-mCh with and without
poly(U) age over time

We first employed fluorescence microscopy to investigate
the morphological changes of condensates composed of
20 uM mCherry-tagged Dhh1 (Dhh1-mCh) on the timescale
of several days. Phase separation was induced by diluting
the stock solution at high salt (200 mM NaCl) in 18 mM
HEPES-KOH, 90 mM KCl, 1.2 mM MgCl, buffer
(pH 6.0). Samples were incubated for 1 h before imaging.
Fig. 1 A shows fluorescence images of Dhh1-mCh conden-
sates collected at different time points after inducing phase
separation. Initially, all condensates showed spherical
morphology and relatively rapid fusion events (within sec-
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onds) indicative of their liquid-like character. After 24 h,
the condensates developed nonspherical morphologies,
indicative of arrested coalescence, with no further changes
observed after 48 h. These morphological changes point to
the kinetic competition between aging of the condensates,
likely due to establishing longer-lived protein-protein inter-
actions, and condensate growth due to coalescence (30). The
transition toward stronger protein-protein interactions is
expected to slow down protein diffusivity within the
condensate and prevent it from relaxing into the thermody-
namically favored spherical shape. We attempted to mea-
sure changes in the diffusivity of Dhh1-mCh within the
condensates using FCS, but the diffusivity was too low to
produce an autocorrelation curve. Changes of the material
properties of the Dhh1-mCh condensates over time were
confirmed using FRAP, which showed a 50% decrease in re-
covery after 48 h compared with freshly prepared conden-
sates (imaged within 2 h after preparation) (Fig. 1 B). This
aging of homotypic Dhh1-mCh condensates indicates an in-
crease of protein-protein interaction strength over time.

Next, we followed the aging of Dhh1-mCh condensates
formed in the presence of 0.1 mg/mL poly(U) with a degree
of polymerization of 20 (polyU-20). As in the case of homo-
typic Dhhl-mCh condensates, fresh heterotypic Dhhl-
mCh-polyU-20 condensates display spherical morphology
and fuse rapidly (within seconds). Upon incubation, we
observed size-dependent morphology changes (Figs. Sl
and S2). The largest condensates (diameter above 25 um)
developed a double-emulsion structure within 24 h. Within
48 h, the entrapped droplets underwent coalescence, which
resulted in the formation of a core-shell structure (Fig. 1 C).
In contrast, smaller condensates remained spherical and did
not show any signs of double emulsion formation. Similarly
to homotypic Dhh1-mCh condensates, FRAP experiments
showed a 50% decrease in protein fluorescence recovery
in condensates imaged 48 h after preparation as opposed
to condensates imaged 2 h after preparation (Fig. S3).

In addition, we followed the morphological changes of
the Dhhl-mCh condensates with longer RNA mimics,
polyU-50 (Figs. 1 C and S4) and polyU-3000 (Fig. 1 D).
In the case of condensates with polyU-50, we observed
similar morphological changes as in the case of polyU-20
but on a longer timescale: the core-shell morphologies
were observed after 72 h as compared with 48 h for conden-
sates with polyU-20. For the Dhh1-mCh condensates with
polyU-3000, no morphological changes were observed for
up to 8 days.

Poly(U) migrates from the dense to the dilute
phase as Dhh1-mCh condensates age

To get insights about the mechanism of the formation of the
double-emulsion condensates in the Dhhl-mCh-poly(U)
samples, we investigated how condensate aging affects the
partitioning of poly(U) in the dilute and dense phases. First,
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FIGURE 2 Migration of poly(U) from the dense phase into the dilute phase upon Dhh1-mCh condensate aging. (A) Fluorescence correlation spectroscopy:
autocorrelation curves acquired on FAM-labelled polyU-20 in the dilute phase coexisting with Dhh1-mCh-polyU-FAM condensates in a fresh sample
(t =2 h) and after 48 h. The correlation curves were fitted using a model assuming a single diffusing component with a triplet contribution. Fitting residuals
are displayed below the figure. Both fits yielded a diffusivity of 147 + 4 um?/s. The decrease in the autocorrelation amplitude over time indicates that
the poly(U) concentration in the dilute phase increases over time. The total poly(U) concentration in the dilute phase was 2.1 = 0.2 uM after 2 h and
3.6 = 0.4 uM after 48 h. In the aged sample (t = 48 h), poly(U) concentration was measured to be the same in the dilute phase outside of the condensates
and in the protein-poor core of the condensates. (B and D) Fluorescence intensity (left) and fluorescence lifetime (FLIM) images (right) of Dhh1-mCh-polyU-
20 condensates with 1% polyU-FAM after 2 h (B) and after 48 h (D). (C and E) Fluorescence lifetime histograms reconstructed from the FLIM images in (B)

and (D), respectively.

we measured poly(U) concentration in the dilute phase by
FCS. We prepared condensates of 20 uM Dhh1-mCh and
0.1 mg/mL polyU-20 (corresponding to 15 uM) including
1% polyU-20 labeled at the 3’ end with carboxyfluorescein
(polyU-FAM). We acquired FCS data in the dilute phase of
fresh samples (t = 2 h) and after 48 h (Fig. 2 A). The decay
and amplitude of the FCS autocorrelation curve contain in-
formation regarding the diffusion coefficient and the con-
centration of fluorescently labeled molecules, respectively
(31). The autocorrelation curves at both time points were
fitted using a model considering the presence of a single
diffusing component, yielding a Doy = 147 = 4 um?/s
(mean =+ standard deviation, n = 4), which is equal to the
value measured in a homogeneous dilute solution of mono-
meric polyU-FAM (D¢ = 151 £ 5 um?/s, n = 4,
Fig. S5). Based on the amplitude of the autocorrelation
curve, the total poly(U) concentration in the dilute phase
of fresh samples was calculated to be equal to 2.1 = 0.2
uM (mean = SD, n = 4). The decrease in the amplitude
of the autocorrelation curve over time indicates an increase
in the poly(U) concentration in the dilute phase, which after
48 hwas 3.6 = 0.4 uM (mean * SD, n = 4). Importantly, in
the aged samples, polyU-FAM concentration was measured
to be the same in the dilute phase and in the protein-poor
core of the double-emulsion condensates.

PolyU-FAM concentration within the condensates could
not be measured by FCS due to too low diffusivity. How-
ever, the increase in the polyU-FAM concentration in the

dilute phase shows that, as aging proceeds, poly(U) migrates
from the dense into the dilute phase.

To further characterize the release of poly(U) from the
condensates, we performed FLIM on the same samples pre-
viously analyzed by FCS by monitoring the fluorescence
lifetime of carboxyfluorescein conjugated to polyU-20
(Fig. 2, B and C). Fresh Dhh1-mCh-pU20 condensates
showed FAM lifetime of 2.3 + 0.1 ns (Fig. 2 B). This value
was homogeneous within and in between different conden-
sates. Due to the low poly(U) concentration in the dilute
phase, the fluorescence intensity was below the threshold
chosen for the analysis. Therefore, the lifetime histogram re-
constructed for fresh condensates is dominated by a single
peak centered at ~2 ns (Fig. 2 C), corresponding to the
polyU-FAM within the condensates. After 48 h, the FLIM
image showed detectable fluorescence signal of polyU-
FAM both in the dilute phase outside the condensate and
within the protein-poor core of the condensate (Fig. 2 D).
This signal was characterized by a longer fluorescence life-
time, and therefore the lifetime histogram for the aged sam-
ples shows two peaks: one centered around 2.3 ns,
corresponding to polyU-FAM inside the condensates, and
the second centered around 3.6 ns, corresponding to the
poly(U) in the dilute phase and in the protein-poor core of
the double-emulsion condensate (Fig. 2 E). This second
peak is consistent with the fluorescence lifetime of mono-
meric polyU-FAM measured at low concentration in the
same buffer used in our experiments (3.65 = 0.02 ns)
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(Fig. S6). The observed decrease in the fluorescence lifetime
of polyU-FAM upon incorporation in the dense phase may
be due to many factors, including changes in the refractive
index, viscosity, or pH between the two phases as well as
possible FRET between FAM and mCherry (see detailed
discussion in the supporting material). Regardless of the
exact mechanism, our FLIM data corroborate the FCS
results and confirm that, as the condensates age, poly(U)
migrates from the dense phase into the dilute phase and
that the poly(U) concentration and interaction properties
in the core of the core-shell condensates are the same as
in the dilute phase outside of the condensates.

Overall, the data described in this section indicate that
poly(U) is released from the condensates upon aging. This
process can be explained by a decrease in the relative
strength of the Dhh1-mCh-poly(U) interactions over time,
in agreement with the increase of protein-protein interac-
tions shown by aging of homotypic Dhh1-mCh condensates
(Fig. 1 A and B).

Decrease of net Dhh1-poly(U) interactions upon
aging

To support the decrease of the net Dhh1-mCh-poly(U) inter-
action strength over time, we designed an experiment in
which we prepared homotypic condensates of Dhh1-mCh
and added polyU-FAM after incubating the samples for 1
or 24 h. As shown in Fig. 3 A and B, when polyU-FAM
was added to homotypic Dhh1-mCh condensates incubated
for 1 h, within 20 min most of the condensates in the sample
became homogeneously fluorescent in the FAM channel. In
addition to the recruitment of poly(U) into existing Dhh1-
mCh condensates, the introduction of poly(U) promoted
the formation of new condensates containing both Dhhl-
mCh and polyU-FAM due to the decrease of the saturation
concentration required for phase separation, driven by the
additional contribution of attractive protein-poly(U) interac-
tions to homotypic protein-protein interactions. The fluores-
cence intensity within the condensates was relatively
homogeneous and similar among different condensates
(the average FAM intensity measured within 60 condensates
was 40 = 9 a.u., Fig. 3 B). The diffusion of polyU-FAM
within the condensates occurred over a period of 20 min.
Considering a typical diffusion distance inside the conden-
sates of 3.5 um, this timescale corresponds to a diffusion co-
efficient on the order of 0.01 ,um2/s, i.e., more than four
orders of magnitude lower than the diffusivity in the dilute
phase (150 um?/s as determined with FCS, Fig. S5). Such
a low diffusivity is ascribed to high concentration and
strong interactions between the macromolecules inside the
condensates.

As observed with fresh Dhh1-mCh condensates, the addi-
tion of polyU-FAM to Dhh1-mCh samples incubated for 24 h
led to the formation of new condensates (Fig. 3 C). However,
the partitioning and diffusion of poly(U) within aged conden-
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sates proceeded over a longer timescale. We could observe
low polyU-FAM intensity in the center of aged condensates
within 30 min. From this timescale and the typical diffusion
distance from the rim to the center of the condensates (3 um),
we estimated the upper bound of the poly(U) diffusivity in
the aged condensates to be ~0.001 um?/s (~5 orders of
magnitude lower than in buffer).

Importantly, at t = 30 min, fresh and aged condensates
coexisting in the sample displayed significantly different
fluorescence intensities of polyU-FAM (Fig. 3 D). The fluo-
rescence intensity of polyU-FAM in the center of aged con-
densates remained lower (I = 25 = 10 au. [n = 30
condensates]) compared with fresh condensates (I = 52 +
8 a.u. [n = 30]). Although we cannot ensure that poly(U)
reached its equilibrium concentration in the dense phase
within the time frame of the experiment, the fact that fluo-
rescence intensity of polyU-FAM is lower in the aged as
compared with the fresh condensates combined with the
fact that poly(U) migrates from the dense to the dilute phase
over time as shown with FCS and FLIM (Fig. 2), together
suggest that the equilibrium concentration of poly(U) in
the aged condensate is lower than in the fresh condensate.
This in turn supports the conclusion that that the relative
strength of the protein-RNA interaction in the condensate
decreases upon aging.

Cahn-Hilliard theory describes the formation of
double-emulsion condensates

The experimentally observed nucleation of a dilute phase
within the Dhh1-mCh-poly(U) condensates (Figs. 1 C, D,
S1, and S4) can be explained by a decrease in the relative
strength of protein-poly(U) interactions with time combined
with the slow diffusion of poly(U) and protein inside the
dense phase. The observed size-dependent morphology
(Figs. S1 and S2) further supports this mechanism, as nucle-
ation of the dilute phase is observed only in large conden-
sates, suggesting a kinetic rather than a thermodynamic
effect. Large condensates exhibit a slower response to
changes in equilibrium compositions due to longer diffusion
paths, which can lead to metastable or unstable composi-
tions. Our experimental results can be quantitatively ratio-
nalized using the Cahn-Hilliard phase field model (29).
The governing equation that describes the evolution of the
order parameter ¢ in time and space is given by (28):

0 )
i V-M(¢)Vu ®)
where
_OF s
b= g5 b ©)

Here, p represents the chemical potential, M(¢) the
composition-dependent mobility, and ¢ the time. The chem-
ical potential u consists of a bulk term (related to the free
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FIGURE 3 Partitioning of polyU-FAM into fresh and aged Dhh1-mCh condensates. (A) polyU-FAM was added to Dhh1-mCh condensates incubated for
1 h after inducing phase separation. The recruitment of poly(U) into existing condensates and the appearance of new condensates due to the decrease of the
saturation concentration for phase separation in the presence of poly(U) were monitored over time. The time point t = 0 min corresponds to the sample before
addition of polyU-FAM. (B) Intensity plot showing homogeneous polyU-FAM fluorescence intensity in the fresh condensates. The average FAM intensity in
the condensates at t = 20 min is 40 = 9 a.u. (n = 60 condensates). (C) polyU-FAM was added to Dhh1-mCh condensates incubated for 24 h. (D) Intensity
plot showing the difference in polyU-FAM fluorescence intensity between newly nucleated condensates formed after poly(U) addition and aged condensates
formed before addition of poly(U). The average intensity is 25 = 10 a.u. (n = 30) in the aged condensates and 52 *+ 8 a.u. (n = 30) in the fresh condensates.
In (A) and (C), representative condensates that were formed after the addition of poly(U) are marked with a yellow star.

energy of the system F, first term on right hand side of Eq. 6)
as well as a surface term (second term on right hand side
of Eq. 6), where the parameter ¢ is related to the surface
tension. At equilibrium, the chemical potential must be
identical everywhere, resulting in all time derivatives being
Zero.

Applying this model to a ternary mixture of protein,
poly(U) and solvent, we obtain coupled partial differential
equations (Eq. 5) with the volume fractions of protein (¢,,)
and poly(U) (¢,) as order parameters. The free energy of
the system F, according to the Flory-Huggins model, is
given by (32):

¢,
NP

In(¢,) +ﬂln(¢u) + ﬁ1n(¢s) + Xpu P

F(¢y,0.) = N, N,

+ Xps¢p¢: + ths¢14¢: (7)

Here, the solvent volume fraction is given by ¢, = 1 —
®p — Bus Xpus Xps» and X, are binary interaction coeffi-
cients for protein-poly(U), protein-solvent, and poly(U)-sol-
vent, while N,,, N,,, and N, are the number of monomers for
protein, poly(U) and solvent. Under the experimental condi-
tions used in this work, Dhh1-mCh undergoes phase separa-
tion in the absence of poly(U) (Fig. 1 A), indicating that the
interaction parameter x,, is positive. We chose negative
values for x,, and x,, that lead to phase separation in a
range of poly(U) and protein concentrations consistent
with experimental data. All model parameters are shown
in Table S1, and additional details concerning their choice
are reported in the materials and methods.

The starting point of all simulations is a condensate rich
in protein and poly(U) at equilibrium with the dilute phase.
The concentrations in the dilute and dense phase were calcu-
lated based on the interaction parameters defined above and
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FIGURE 4 Simulations of aging of Dhh1-poly(U) condensates based on the Cahn-Hilliard model. Simulation results for condensates with polyU-20 and
initial condensate size of 30 um (A) and 60 um (B) showing how the changes in interaction strength combined with the slow poly(U) diffusion leads to size-
dependent morphology of the aged condensates. For an initial diameter of 30 um, the condensate only shrinks as poly(U) migrates to the dilute phase,

whereas at 60 um, a dilute phase also nucleates within the condensate.

the total concentrations of protein and poly(U) used in the
experiments. To model aging, we decreased the net strength
of the protein-RNA interactions by linearly increasing the
strength of homotypic protein-protein interactions over
time (x,, and x,, were increased simultaneously).

Fig. 4 A shows the simulation of a 30 um condensate
obtained from a solution with 20 uM Dhhl-mCh and
0.1 mg/mL polyU-20 (same conditions of the experiments
shown in Fig. 1 C). The results of the simulations show
that the increasing strength of protein-protein interaction
over time leads to slight condensate shrinking and an in-
crease of protein concentration in the dense phase, but no
change in the condensate morphology. Condensate shrink-
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ing initially increases the concentration of poly(U) in the
dense phase, which later decreases due to the decrease of
the net protein-poly(U) interactions. The release of poly(U)
from the dense phase is consistent with the increase in con-
centration of poly(U) in the dilute phase measured by FCS
(Fig. 2 A). Although the Cahn-Hilliard model does not pro-
vide a good description of interfacial properties, it is inter-
esting to note that the modeling predicts maximum
poly(U) concentrations at the interface. This may result
from the balance of interactions in the aged system, with
protein-poly(U) interactions being stronger than protein-sol-
vent interactions, and poly(U)-solvent and poly(U)-protein
interactions being of comparable strength. This nontrivial



behavior is consistent with the results obtained by FLIM on
aged condensates, which show a rim of FAM lifetime inter-
mediate between the lifetime inside and outside of the con-
densates (Fig. 2 D).

We next applied the model to rationalize the effect of
condensate size on the observed formation of double-
emulsion condensates over time. While simulations with
the 30 um diameter condensate showed that the properties
of the condensates changed over time but no double-emul-
sion was formed (Fig. 4 A), simulations of a condensate
with a larger initial diameter (60 um) indicated that aging
led to nucleation of a dilute phase inside the dense phase
(Fig. 4 B). This is consistent with the experimental obser-
vation that double-emulsions were formed only in the
largest condensates (Figs. 1 C, D, S1, and S2). Indeed,
although poly(U) diffusivity inside the condensates is
low, poly(U) can still diffuse out of the dense phase due
to the relatively short diffusion paths in smaller conden-
sates. In these conditions, aging does not affect the
morphology of the condensates (they remain spherical).
However, in larger condensates the low diffusivity com-
bined with longer diffusion paths hinders migration of
poly(U) to the dilute phase. This leads to the nucleation
of a dilute phase inside the condensates to reach the lower
equilibrium concentration of poly(U) within the dense
phase upon aging. A similar process was recently
observed by Erkamp et al. (15) in a poly(A)-PEG system
where slow macromolecular diffusion was found to limit
the rate at which the condensates respond to environ-
mental changes that affect the equilibrium concentrations
of the dense and dilute phases. Double-emulsion conden-
sate formation was observed during rapid temperature
changes in condensates exceeding a critical size, which
can be explained by deviation of the system from the bi-
nodal concentrations due to slow diffusion of the macro-
molecules and thus to the condensates being out of
equilibrium (15). A key difference between the poly(A)-
PEG system and the Dhh1-mCh-poly(U) system analyzed
in this work is the trigger for changes in the equilibrium
concentrations of the dense and dilute phases. In the
poly(A)-PEG system, changes are driven by a rapid modi-
fication of an external parameter (temperature), whereas in
the Dhh1-mCh-poly(U) system they are driven by changes
in intermolecular interactions over time, possibly related
to conformational changes during aging. Independently
of the trigger, in both systems a double emulsion is formed
above a critical condensate size.

We also probed the effect of poly(U) length on the
condensate aging by performing the same simulations
with polyU-50 and observed an increase in the threshold
condensate diameter and of the time required to form the
double emulsion (Fig. S9), which is consistent with experi-
mental results (Fig. 1 D). The larger critical condensate
diameter observed with polyU-50 may seem counterintui-
tive, since the slower diffusion of polyU-50 compared

Kinetically arrested double emulsion

with polyU-20 is expected to facilitate nucleation of a dilute
phase inside the dense phase. However, due to the larger
molecular size and thus greater number of protein interac-
tions sites per poly(U) molecule, polyU-50 displays overall
stronger interaction with the protein and therefore a lower
tendency to migrate toward the dilute phase.

All together, our model is capable of rationalizing the
observed experimental trends for protein-polyU-20 and pro-
tein-polyU-50 condensates, further confirming the proposed
mechanism underlying the formation of double-emulsion
and core-shell structures upon aging of the Dhhl-mCh-
poly(U) condensates.

CONCLUSIONS

We have shown that heterotypic Dhh1-mCh-poly(U) con-
densates undergo aging over time, which results in the for-
mation of multicompartment architectures depending on the
condensate size. By a combination of experimental and
theoretical approaches, we have demonstrated that a net
decrease in the strength of protein-poly(U) interactions trig-
gers release of poly(U) molecules into the dilute phase. For
condensates smaller than a critical size, the diffusion of
poly(U) from the dense to the dilute phase, as aging pro-
ceeds, does not change condensate morphology. In contrast,
for condensates larger than a critical size, dilute phase nu-
cleates inside the dense phase, leading to the formation of
a double-emulsion structure. In analogy to previous work
(15), this process is ascribed to the slow diffusion of macro-
molecules inside the dense phase, which constitutes a
limiting step to attaining new equilibrium concentrations
in the system during aging. This work shows that multicom-
partment architectures can originate in nonequilibrium con-
densates undergoing aging over time, leading to kinetically
arrested double emulsions.

This result, together with recent findings of demixing of
heterotypic condensates formed by RNA and the RNA-
binding protein Whi3 (23), show how the formation of
multicompartment condensates can be under kinetic con-
trol, in addition to thermodynamic driving forces. The im-
plications may have significance in biology, since aging of
biocondensates has been linked to numerous pathological
states (33—36), and in the material sciences for the develop-
ment of kinetically arrested double emulsions based on
substructured condensates. These could potentially lead,
e.g., to microcapsules (37), with applications in protein
or RNA release.
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