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Phase transitions are important to understand cell dynamics, and the
maturation of liquid droplets is relevant to neurodegenerative disorders.
We combined NMR and Raman spectroscopies with microscopy to follow,
over a period of days to months, droplet maturation of the protein fused
insarcoma (FUS). Our study reveals that the surface of the droplets plays a
criticalrole in this process, while RNA binding prevents it. The maturation
kinetics are faster in an agarose-stabilized biphasic sample compared with

amonophasic condensed sample, owing to the larger surface-to-volume
ratio. Inaddition, Raman spectroscopy reports structural differences

upon maturation between the inside and the surface of droplets, whichiis
comprised of B-sheet content, as revealed by solid-state NMR. In agreement
with these observations, a solid crust-like shell is observed at the surface
using microaspiration. Ultimately, matured droplets were converted into
fibrils involving the prion-like domain as well as the first RGG motif.

Research on the phase-separation behavior of biomolecules has
explodedinrecentyears as gradually more cellular functions are found
torely on such phenomena'?. Many proteins will phase separate from
the aqueous environment to form an additional phase via a plethora
oftransient weak noncovalentinteractions and may assemble into cel-
lular membraneless organelles® . Anow-commonly detected stateisa
liquid condensed phase, which enables rapid material exchange with
the surrounding cytoplasm or nucleoplasm®. In vitro, this behavior
canbereconstituted by the formation of liquid droplets. Interestingly,
the liquid state of these entities, both in vitro and in vivo, may not be
thermodynamically stable. Indeed, over time, some of these liquid
droplets transition to a less-dynamic and often even solid-like state
through a process known as maturation or aging’’. Because this solid
state has been linked to various neurodegenerative diseases, it is of

greatinterest to understand the mechanism of this transition and the
associated loss of the dynamic nature of liquid droplets. To date, no
proposed model or mechanism posits how protein droplets transi-
tion to different states. In particular, which physical properties of the
dropletsallow for gradual solidification and how the atomic structure
of the molecules influences the state of the matter are key questions
that remain unanswered.

Here, we utilize the RNA-binding protein of FUS, which self-
assembles in vivo under stress to form stress granules in the cyto-
plasm®. FUS, like other RNA-binding proteins, has previously been
shownto phase separateinvitro, and the resulting liquid droplets have
been reported to rigidify over time, with disease-related mutations
promoting significantly faster maturation than in the wild-type® .
Furthermore, a short segment of the N-terminal unstructured half
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Fig.1|Evolution of the FUS phase fraction over time studied using solution
NMR. a, Schematic representation of FUS protein domain organization. LC, low
complexity; NLS, nuclear localization signal; RRM, RNA recognition motif; Zn,
zinc finger. Definitions of biphasic and monophasic are also shown: biphasic
contains liquid droplets, whereas monophasic is a single continuous dense
phase as result of the sedimentation of droplets. The maturation processis the
transition from liquid droplets to less-dynamic immobile species. b,c¢, Overlaid
DOSY spectra at different time points at 120 uM (b) and the corresponding
integrals for direct comparison (c). d,e, Overlaid DOSY spectra at different time
points at 200 pM (d) and the corresponding integrals for direct comparison

(e). At zero gradient strength the total population of FUS is visible, whereas at
maximum gradient strength only the droplet phase is visible. The difference
between the two reportsis the dispersed fraction only. Panels d and e represent
the two distinct modes of behavior observed in this study. f, Relative FUS droplet
fraction change within 40 hin the presence and absence of RNA transcription,
with the corresponding'H NMR spectrashownin the inset. g,h, Overlay of 'H
NMR spectra atdifferent time points focused on the imino region in the absence
(g) and presence (h) of FUS liquid droplets. Orange indicates O h changing
progressively to magenta (40 h). i, RNA iminos integral progression over time
indicating the faster kinetics of the biphasic sample. a.u., arbitrary units.

of the protein has been shown to form amyloid fibrils after several

days in vitro”™

although a complete molecular pathway for this

liquid-to-solid transition is not known. Here, we investigate the
liquid-to-solid transition of FUS droplets stabilized in agarose using a
combination of (solution- and solid-state) NMR spectroscopy, spatially
resolved coherent Raman spectroscopy, electron microscopy and
micropipette aspiration, and we reveal the molecular pathway for the
FUS droplet maturation process.

Results

First days of FUS maturation studied by solution-state NMR

To study FUS droplet maturation, we prepared several biphasic FUS
N-terminal domain (NTD) samples (Fig. 1a; residues 1-267) stabilized

inside an agarose hydrogel, as described previously®. Briefly, highly
concentrated protein stockis diluted in agarose containing warm buffer
while still liquid. As the temperature drops and the sample solidifies,
proteindroplets are formed. The hydrogel acts as a cytoskeleton mimic
that prevents sedimentation and maintains micrometer-size droplets,
allowingustostudy the droplet structure invitrounder conditions simi-
lar to physiologically relevant stress granules. Furthermore, agarose
hydrogel enables FUS droplet stabilization without conformational
perturbations®.

Proteinsinside FUS liquid droplets diffuse at least 100 times more
slowly than proteins outside™. This difference enables us to observe
and quantify the protein fraction within liquid droplets (henceforth
the condensed phase) using diffusion ordered spectroscopy (DOSY)
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NMR experiments®. Therefore, the difference between the condensed
phase proteinand the total protein enables us to quantify the amount
of proteinin the dilute phase.

We undertook a series of DOSY experiments over 3 days
using different FUS preparations and various protein concentrations
(120-400 pM). Surprisingly, we observed two types of maturation
behavior. In type 1 (two cases, corresponding to the lowest concen-
trations tested: 120 pM (case 1) and 150 uM (case 3)), we measured a
decrease in the NMR signal corresponding to the condensed phase
and asimultaneousincrease in the dilute phase fraction (Fig. 1b,c and
Extended DataFig. 1a). Because we did not observe any obvious change
in turbidity in the NMR tube, we presume that the droplets did not
dissolve but rather their chemical environment changed. In type 2, at
higher initial FUS concentrations (200 pM (case 2) and 400 pM (case
4)), we observed no significant evolution of the fractions over the first
3 days (Fig. 1d,e and Extended Data Fig. 1b).

Torationalize these observations, we developed a simple model
that explores the relationship between FUS aggregation kinetics and
phase separation using recently established theories for chemical
reactionsin coexisting phases at phase equilibrium"'® (Extended Data
Fig.2a and Methods). We assume phase separation to be much faster
than maturation. To understand the role of protein-solvent interac-
tions, we varied the interaction parameters xis, x2sbetween monomers
‘1’,aggregates 2’ and the solvent ‘s When monomer-solventinterac-
tions are disfavored over aggregate-solvent interactions ( xis > X2s),
the solvent enters the liquid-droplet phase (Extended Data Fig. 2b),
which could explain the increased diffusivity of the droplet fraction
over time. By contrast, when x;s < X5, the solventis pushed out from
the droplet phase because, in this case, the increasing maturant popu-
lation disfavors solvent interactions (Extended Data Fig. 2c). Matured
species are formed when protein-protein interactions are favored
over solvent interactions. Therefore, the relevant regimeis xis > Xas,
which supports our solution-state NMR data revealing a decrease in
the one-dimensional (1ID) NMR signal corresponding to the
liquid-droplet phase. Interestingly, the model predicts that solvent
flux into the droplet phase depends on the protein concentration
(Extended Data Fig. 2d). Our results are consistent with a previous
study showing how aggregation couples with changes in droplet
volume over time”. Although these simulations show clear changes
insolvent fluxinto the droplets that are consistent with our NMR data,
other factors may also contribute to the observed changesinthe NMR
signal (Extended Data Fig. 3).

FUS maturationis suppressed in the presence of RNA

Because FUS isknown to play arolein RNA transcription®~?, we stud-
ied whether transcription could influence FUS maturationinvitro. To
this end, we prepared in vitro transcription reactions as previously
described” and quantified the reaction velocities in the absence and
presence of agarose-stabilized FUS droplets. Because no droplets are
formed at 37 °C, the experiments were performed at 25 °C. Lowering
thetemperatureresultedin slower reactions that reached saturation
only after 2 days. This provided a sufficiently long time window to fol-
low the velocity of transcription, and also the FUS droplet maturation
process. Interestingly, we observed astrong, irreversible increase (up
t040%) inthe condensed form of FUS (Fig. 1f) during the transcription
reactionover 40 h. Without transcription, the droplet fraction of FUS
isstable over time (Fig. 1f). Asreported previously, low concentrations
of RNA enhance droplet formation by RNA-binding proteins, whereas
more RNA dissolves them?®*. Hence, observation of a large increase
in the fraction of FUS in the condensed phase during the reaction
indicates that the transcribed RNA interacts with FUS and further
promotesits phase separation. Because the level of FUS in the droplet
formis maintained for several days, this suggests that RNA promotes
FUSliquid condensation over droplet maturation. Another interesting
observation was made when comparing the solution-state NMR RNA

imino signals during the time course of the reaction in the presence
and absence of FUS. In the biphasic sample of FUS, we were able to
measure a strong increase in the amount of RNA produced because
of anincrease in the initial transcription speed (Fig. 1g-i). Although
further experiments are required to elucidate the cause of this effect,
the increase in velocity could be attributed to crowding effects or
interactions between FUS and reaction components that favor the
polymerase kinetics.

FUS maturation monitored by real-time solid-state NMR
Todirectly observe the maturation of liquid droplets and the formation
of potential solid fibril species we turned to solid-state NMR, which can
detectimmobilized species and has previously been used successfully
to determine the structure of the FUS fibril core (residues 39 to 95)2
and to study the maturation kinetics of a monophasic sample of FUS
(1-163) inthe condensed phase' (Supplementary Table1). Solid-state
NMR has recently also been used to study the maturation of liquid
droplets of short peptide-based condensates®.

We tracked droplet maturation in our longer *C,*N-labeled FUS
NTD (1-267) sample in an agarose matrix (-8 mg of proteinin the NMR
rotor) over 2 days using real-time refocused insensitive nuclei enhance-
ment by polarization transfer (INEPT) and cross-polarization (CP)
NMR spectra, which allow the detection of soluble (highly mobile) and
immobilized species, respectively?® 2%, Unlike the DOSY experiment,
INEPT could not distinguish between NMR signals originating from the
dilute and condensed phases. Nonetheless, we observed only a weak
decrease in signal intensity (~10%) in the INEPT spectra over the first
2 days of maturation, followed by magic-angle spinning (MAS) (Fig. 2a
and Extended DataFig. 4a).

This agrees with our solution-state NMR observations, in which
the net protein signals (the sum of the dilute and liquid-droplet
phases) remained almost constant for the initial 3 days of matura-
tion (Fig. 1c,e). By contrast, over a longer period (37 and 73 days), we
detected an increase in the INEPT signal combined with a significant
narrowing of the resonances caused most likely by an increase in the
molecular-tumbling rate (Extended Data Fig. 4b). Turning to CP, we
already detected a signal 4 h after rotor filling. The intensity of the
CP signal increased over the course of 2 days, followed by a further
increase within the next-35 days, and no further changes after 73 days
(Fig. 2aand Supplementary Fig.1a,b). Note that comparison of the 1D
CPspectrarecordedindifferent measurement slots has an associated
uncertainty in the peak intensity of roughly +10%. We see no obvious
chemical-shift perturbations during the first 2 days of maturation,
indicating the gradual growth of asolid material thatis already present
4 hafterdroplet formation (Extended Data Fig. 5). Quantitatively, half
ofthefinal CPsignal observed after 2 days was already present after 4 h
inthefirst CP spectrum (Fig. 2a), indicating thatitis producedrelatively
quickly after droplet formation and spinning for the MAS experiment.
Initial formation of solid material thus occurs very rapidly, and the
subsequentincreaseislinear over timeinthisinitial aging regime, but
isnot associated with a corresponding decrease in the INEPT signal as
observed, for instance, in real-time solid-state NMR studies on pro-
tein aggregates®, This discrepancy between the INEPT-observed and
CP-observed protein signal during FUS maturation has been previously
reported and points to the potential presence of an NMR-invisible inter-
mediate motional regime from which formation of the solid occurs™.
Comparing the ®C CP spectra after 2 days of real-time MAS NMR and
after 37 and 73 daysrevealed some spectral differences, indicating the
formation of structurally distinct species after a longer maturation
period (Supplementary Fig.1a,b).

Moreover, visual inspection of the agarose-stabilized droplets
after 6 months revealed the presence of suspended white particles.
After extraction, we characterized the nature of these particles using
electron microscopy and observed fibrils and fibril bundles (Supple-
mentary Fig. 1c). Although further studies are required to identify the
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Fig.2|Maturation of FUSNTD liquid droplets followed by solid-state NMR
inreal time. a, Time-dependent 'H-C CP-MAS and 'H-"*C INEPT spectra of
biphasic FUS (left) and time-dependent intensity changes during 2 days of
maturation for several selected resonances (right; the spectral regions used

are highlighted by colored rectangles in the spectra). The intensity of the CP
spectrum recorded after 2 days was normalized to 1. A linear regression is shown
(straight lines) with slopes (units of 1/days) of 0.398 (carbonyl carbons, C*), 0.290
(Caromatic), 0.254 (Cax) and 0.264 (Cotgycine) for the CP spectra, and —0.062 (Cyromaric)»
—0.077 (CP), —0.058 (Car) and —0.074 (Cotgycine) for the INEPT spectra.

glycine

% 5 10 15 20 25 30 35 40 45 50
Time (h)

b, Time-dependent'H-C CP-MAS and 'H-"C INEPT spectra of monophasic FUS
(left) and time-dependent intensity changes during 2 days of maturation for
several selected resonances (right; the spectral regions used are highlighted by
colored rectangles in the spectra). The intensity of the CP spectrum recorded
after 2 days was normalized to 1. Alinear regression is shown (straight lines)
withslopes (units of 1/days) of 0.283 (C*), 0.144 (C,;omacic), 0.142 (Cat) and 0.120
(Catgycine) for the CP spectra, and —0.016 (C,omaic), ~0.019 (CPB), -0.006 (Cox)
and -0.003 (Cat,cine) for the INEPT spectra. All normalized intensities data are
presented as signal-to-noise values *s.d.

atomic details of these FUS fibrils, our NMR data indicate a different
fibril fold compared with the shorter construct obtained upon seed-
ing (1-163)".

It is noteworthy that SDS-PAGE of fresh, 1-week-old and
1-month-old biphasic samples did not reveal any protein degrada-
tion (Supplementary Fig. 1d). Moreover, these were supernatants
of biphasic samples without agarose (droplets were sedimented)
thus probing the disperse phase. Similarly, visual inspection of the
agarose-stabilized samples does not reveal any dissolvement of

droplets. Ifindeed droplets were dissolving, the intensity of the gel
bands would increase over time.

Maturation rates in biphasic and monophasic samples

Another key difference from previous studies on FUS fibrils™* is our
sample preparation protocol. In our study, FUS droplets were stabi-
lized inside an agarose hydrogel matrix where they could mature as
suspended droplets. In previous studies, droplets were centrifuged,
resultingin asingle bulk condensed phase fromwhich the fibrils were
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formed and harvested. Liquid droplets possess amuch larger combined
surface compared with a bulk phase. To gain insight into the role of
surfacesin maturation, we also tracked the development of solid-state
NMR signals over time in asample containing a single bulk condensed
phase to compare it with a sample of liquid droplets. We used around
10 mg of protein sample in the 3.2-mm rotor for the bulk condensed
phase (in the following this is denoted as the monophasic sample).

Similar to FUS droplets in the biphasic sample, the monophasic
sample did not show any significant change in the INEPT signal intensi-
tiesover 2 days (Fig. 2b). Over longer time scales, the relative intensity
increase in the INEPT spectra was small compared with the biphasic
sample (Extended Data Fig. 6a,b). Similar to the biphasic sample, some
immobilized species were detected in the first CP measurement taken
after4 h (Fig. 2b). However, two decisive differences were observed in
the maturation process between the two samples. The first is that at
the beginning of the maturation period, the CP spectraare very similar
(Extended Data Fig. 7a), but after 2 months of maturation they differ
in peak positions and peak intensities (Extended Data Fig. 7b and the
spectral regions highlighted therein). This is in line with the second
major difference, namely changesin the maturation rate between the
two samples. To obtain a rough comparison of the maturation rates,
integrated resonances over time (normalized to the spectrumat 48 h
for each case) were fitted linearly (see Supplementary Fig. 2 for the
spectraof monophasic FUSNTD matured up to 114 days). Comparison
of the slopes revealed that the biphasic sample, which contains even
less protein than the monophasic sample, has a steeper slope, thus
pointingto faster maturation thanin the monophasic sample (Fig.2a,b
and Extended DataFig. 8a,b). Despite this, the biphasic sample shows a
clearlinearincreaseinintegrated CP resonances over time (Extended
DataFig. 8a); some deviations from this behavior are observed for the
monophasic sample (Extended Data Fig. 8b).

Overall, the higher maturation rate found in the biphasic sample
pointstoaclearrolefor the liquid-droplet surface. As mentioned previ-
ously”, the surface area-to-volume ratio is substantially larger in the
biphasicsample, where droplets are stabilized, thanin the monophasic
bulk condensed phase, although under the high protein concentrations
presentinthe NMR rotor partial clustering of liquid droplets cannot be
ruled out. Because the two samples studied here also differ in agarose
content, we investigated whether the droplet surface was the primary
site for the maturation process.

Structural differences between the surface and the interior

We used Raman spectroscopy to study structural differences at the
surface of droplets. This method has the advantage of combining spa-
tial resolution with protein secondary structure detection. By diluting
FUSinside agarose hydrogel, micrometer-sized droplets were formed,
and we measured the Raman spectra in distinct areas of 1-month-old
droplets (Fig. 3a,b).

Analysis of the recorded spectra in the amide I region, which is
sensitive to the protein secondary structure, revealed clear differences
betweentheinside and the surface of the droplets. Further analysis of
the spectraby segmenting droplets into concentric rings showed that
the droplets possessed a core-shell-like structure: the interior of the
dropletswaslargely homogeneous because the spectrum changed only
very close to the droplet surface (Fig. 3c). Interestingly, normalized
spectrarevealed a more intense tyrosine peak at 1,618 cm™at the sur-
face (Fig.3c). Because thistyrosine peak s highly sensitive to hydrogen
bonding, amoreintense peak corresponds to tyrosines participatingin
astronger hydrogenbond network, as expected from fibrils containing
tyrosinesin their cores®. Theimportance of tyrosine residuesin liquid
droplet maturationis further underlined by the rigidification of their
side chains in the final fibrils suggesting - stacking, as shown by
their appearance in the solid-state NMR CP spectra.

The spectrum at the surface of droplets exhibited a significantly
narrowed peak at1,665cm ™ whichis absent inside the droplet (Fig. 3c).

Taken together, the spectraat the surface and inside the droplets clearly
reveal spectral differences that point to significant structural changes
occurringonthe droplet surface upon maturation, whereas no changes
are detected in fresh droplets (Fig. 3d).

Next, we tested the material properties by physically probing
the droplets. Specifically, we aspirated material from a 1-month-old
matured droplet to determine the material state and continuity.
Although we could aspirate the liquid interior of the droplet, we
observed that the periphery is made of a solid crust-like material that
could notbe aspirated and therefore collapsed (Fig. 3e and Supplemen-
tary Video1). Interestingly, subsequent addition of poly-uridine (PolyU)
RNA resulted in shell-less droplets that can be aspirated ten times
faster at the same pressure and using similar sized droplets (Fig. 3f and
Supplementary Video 2). Thus, itappears that the RNA can liquefy the
already-rigid droplet shell, most likely by interacting nonspecifically
withthe RGG segment of the protein. This aligns with previous reports
showing that RNA can preserve the liquid state of the FUS droplets and
decrease the viscosity of the RGG-containing LAF-1 droplets®®*. This
also agrees with our in vitro transcription experiment, in which RNA
stabilizes FUS droplets and prevents their maturation (Fig. 1).

Because the bulk of aged droplets can be aspirated, we conclude
that the bulk remainsaliquid, confirming our solution-state NMR data
and our theoretical model (Fig.1and Extended Data Fig. 2). Conversely,
the surface appearssolid, suggesting that it isamore structured mate-
rial. The liquid-crust contrast between the bulk and the interface of
the droplet in terms of aspiration agrees with the differences we see
in the Raman spectra, and clearly points to a different FUS structure
insideand at the surface of the droplet. In combination with solid-state
NMR data, in which we observe structural changes during maturation
leading to anincrease in -sheet content (vide infra), we propose that
the crust-like material observed for mature droplets is likely to be
primarily B-sheetin nature.

FUS fibril secondary structure studied by solid-state NMR

To characterize the molecular structure of the solid material formed
during the liquid-to-solid transition, we recorded two-dimensional
(2D) BC-"C dipolar assisted rotational resonance (DARR) spectra®>*
and ®N-"C NCA and NCO spectra of matured biphasic and monopha-
sic samples®. Figure 4a shows the 2D DARR spectrum for the 68 days
matured monophasic FUS sample. The spectrumis well-resolved with
B3C line widths of ~1 ppm (-240 Hz), pointing to rather homogeneous
fibrils formed during the phase-transition process. *C Ca and C3
chemical-shift values are sensitive reporters of the secondary struc-
ture®, which has been employed in structure calculations of amyloid
fibrils*. For the spectrally well-resolved threonine and serine residues
located in 3-sheets, a-helices and loops, we plotted the statistical dis-
tribution of *C Ca/Cp chemical-shift values from probability density
functions® * (Supplementary materials section and Supplementary
Fig.3). This analysis confirms the formation of 3-sheets in matured sam-
ples,inagreement with previous studies of shorter FUS low complexity
(LC) constructs (residues 1-163)". Furthermore, we inspected the 1D
BC CP spectrum of the monophasic FUS NTD obtained after 2 days of
maturation (Fig. 2b and Supplementary Fig. 3a,b) and observed the
presence of threonine Ca/C[3 resonances characteristic of -sheet
secondary structures (-61.2and 72.3 ppmfor the Cacand Cp resonances,
respectively) showing that 3-sheet appeared within the first 2 days of
maturation. We thus plotted on the 1D *C CP spectrum the threonine
BCB averaged chemical-shift values for the various secondary structure
types (Supplementary Fig. 3b)”. Indeed, the high-frequency shifted
threonine Cp resonance falls within the B-sheet region. Further com-
parison of the 1D spectrum with the well-resolved threonine shiftsin the
2D DARR of the sample after 68 days of maturation shows a clear match
for the resonances (Supplementary Fig. 3c). Together with the Raman
experiments, the fact that the biphasic and monophasic samples have
almostidentical 1D CP (Extended DataFig. 7) allows us to propose that
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initial B-sheet formation takes place at the surface of liquid droplets
and helpsin formation of the crust observed during microaspiration.

Comparing our DARR spectrum with one published previously
onshorter FUS constructs reveals several differences (Extended Data
Fig. 9)". First, a variety of additional resonances is observed in our
case (for instance, in the threonine region: orange boxes in Extended
Data Fig. 9), together with noticeable chemical-shift perturbations
for some well-isolated resonances (purple boxes in Extended Data
Fig.9).Second, we were also able to detect signals from arginine side
chainsina®N CP-MAS spectrum (Supplementary Fig. 4a), which appar-
ently also rigidify to some extent after the phase-transition process.
This is notable because arginine residues are present only in the RGG
domain (absent in FUS LC), which suggests its engagement in the
phase-separation process. The importance of the RGG domains in
liquid-liquid phase separation (LLPS) has beenreported recently in the
context of the full-length protein*’, and an indication of the role of the
RGGdomaininLLPS of FUSNTD is obtained from the solid-state NMR
spectrapresented herein. The matured FUS fibrils also show anintense
CPsignalforrigidified aromatic tyrosine side chains (Supplementary
Fig. 3b,c), which are efficiently immobilized, most likely because of
m-nstackinginteractions or hydrogenbonds, asalso indicated by the
Raman spectra. Interestingly, and as reported previously", the solid
material formed via phase separationshows clear structural differences
from FUS fibrils grown from fibril seeds (residues 1-214), for which
the fibril core (residues 39-95) was structurally solved by solid-state
NMR™. This is evident from the differences in chemical shifts between
the LLPS-induced fibril state and the fibril core reported previously (see
the back-predicted shifts for the FUS fibril core only plotted on the 2D
DARR spectrum in Fig. 4a and the 2D NCA and NCO spectra in Fig. 4b
and Extended Data Fig. 10, respectively). Similar conclusions can be

drawn from the highly resolved heteronuclear NCA and NCO spectra
shown in Fig. 4b. Because of the low amount of protein in the NMR
rotor (-8 mg) caused by the preparation of liquid droplets, asequential
resonance assignment based on 3D spectra could not be performed
and probably would require an ex situ matured sample. Unfortunately,
because of the low signal-to-noise ratio (see Supplementary Fig. 5 for
the 2D DARR spectrum), such an analysis was not possible with the
current biphasic sample.

Discussion

Eventhoughwe are able to describe the maturation of liquid droplets
bothat the macroscopic (solidification) level and the atomic (fibriliza-
tion) level, we lackinformation on how these two aspects are connected
and therefore on the mechanism behind the liquid-to-solid transition
(Fig.5a). Here, we propose a mechanism for the liquid-to-solid transi-
tion thatincorporates our experimental observations (Fig. 5b).

Our data allowed us to better understand a previously reported
NMR-invisible population of FUS™ that we detect with our solid-state
INEPT decrease (Fig. 2a and Extended Data Fig. 4a). This spectroscopi-
callyinvisible FUS may be positioned at the surface of droplets and be
progressively converted toasolid crust where it becomes visible again
(Fig. 5b). This state escapes detection by solid-state NMR because of
its motion rate, which may cause inefficient heteronuclear polariza-
tion transfer by INEPT, as well as by CP experiments*. The role of the
surface in maturation is supported by the faster rate of fibrilization
of the biphasic sample compared with the monophasic sample as
revealed by solid-state NMR, and the different structural composition
detected onthe surface of droplets compared with the dropletinterior,
asshown by Raman spectroscopy. The partial rigidification of arginine
side chains in the RGG1 domain might indicate a different fibril core
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Fig. 5| Current and proposed models for FUS maturation mechanism.

a, Current view of maturation on the macroscopic and atomic levels. b, The
proposed model. Fresh droplets have a highly dynamic interface with the solvent
allowing protein exchange between phases. Although droplets are initially
formed, afraction of the protein instantaneously adopts a protofibrillar fold
thatis present both in the bulk of the droplets and on the surface. We propose
the existence of a FUS population on the periphery, which because of the

unique environment of the interface is not detected in conventional INEPT

NMR experiments. Over time, this population is gradually incorporated into the
fibrils of the surface. During the fibrilization process the hydrophobic nature of
the droplet decreases as the hydrophobic groups of the protein are protected
inthe fibril core. This increases the flux of solvent molecules inside the droplet
causing the diffusivity of the remaining monomers to increase. Once equilibrium
is established, the whole surface is converted to fibrillar species resulting in the

observedinert hardened shelled, which hinders material exchange between
the phases.

segment from that reported previously'>*, and this is also supported
by significant chemical-shift differences between fibrils obtained
from liquid droplet maturation and seeded fibrils. Alternatively, the

partially rigidified arginine could correspond to surface-immobilized
side chains, as proposed by the coarse-grained model of Garaizar and
coworkers*. Subsequently, the concentration of fibrils increases on
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the surface, likely caused by a difference in surface tension**. During
this process, water enters the droplets to balance the equilibrium
between the two phases. The additional water decreases the viscosity
inside the droplets; hence the DOSY NMR signal for the fast-diffusing
FUS increases. Ultimately, this process results in a solid shell on the
periphery that macroscopically indicates the passage from aliquid to
a partially solid phase. This barrier between the dilute phase and the
interior bulk droplet phase prevents the exchange of protein material,
resulting in the observed limited recovery after photobleaching®.

Thecritical role of the droplet surface in liquid-to-solid transition
is only starting to emerge because it was modeled recently***¢, Our
work presents spectroscopic evidence that maturation occurs at the
surface of liquid droplets. Thisis inagreement with previous reports of
Thioflavin T accumulation and high Forster resonance energy transfer
efficiency at the coacervates surface of TDP-43 and a-synuclein, respec-
tively**5, Thus it creates an additional cellular subcompartment to
associate with molecular functions or exploit as a therapeutic target.
Eventhoughthe concept of reactive liquid-liquid interfacesis not new
inchemistry, whereinterfacial polymerizationis utilized to obtaincrys-
talline needles***°, very few examples in biology have been reported.
The synthesis of preribosomal RNA occurs at the interface between
two of the three phases that comprise the nucleolus®**. More recently,
anisosomes were discoveredin cells described as liquid spherical shells
made of the RNA-binding protein TDP-43. Although both the droplet
interior and the surrounding shell exhibited liquid properties, the
latter was much more dense and functioned as a selective barrier*.
This architecture of adense shell resembles our macroscopic observa-
tion of asolid-like droplet periphery, and future studies should reveal
whether it also shares the same function. Intriguingly, we report the
that subcompartment of the droplet shell can be dissolved by RNA,
which may indicate a specific function of the shell to orient charged
side chains (arginines) as predicted*. Collectively, the inhomogeneity
of the liquid droplets and the actual functional role of their surfaces
indicate that the droplets are the means by which to form this impor-
tant subcompartment, rather than the actual bulk condensed phase.

Maturation of FUS has been linked with disease evolution, although
debate exists. FUS disease mutation G156E matures significantly faster
than the wild-type’. If the matured species indeed causes the disease,
then for a therapeutic approach it is mandatory not to perturb the
stress granules but rather to prevent disease-relevant maturation.
Therefore, instead of designing very specific molecules, we could
repurpose already known molecules that partition into hydrophobic
interfaces that act as wetting agents and ultimately interfere with
maturation.

Online content
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maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41589-024-01573-w.

References

1.  Boeynaems, S. et al. Protein phase separation: a new phase in cell
biology. Trends Cell Biol. 28, 420-435 (2018).

2.  Wang, B. et al. Liquid-liquid phase separation in human health
and diseases. Signal Transduct. Target. Ther. 6, 290 (2021).

3. Gomes, E. & Shorter, J. The molecular language of membraneless
organelles. J. Biol. Chem. 294, 7115-7127 (2019).

4. Babinchak, W. M. & Surewicz, W. K. Liquid-liquid phase separation
and its mechanistic role in pathological protein aggregation.
J. Mol. Biol. 432, 1910-1925 (2020).

5.  Wang, J. et al. A molecular grammar governing the driving forces
for phase separation of prion-like RNA binding proteins. Cell 174,
688-699 (2018).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Shin, Y. & Brangwynne, C. P. Liquid phase condensation in cell
physiology and disease. Science 357, eaaf4382 (2017).

Van Lindt, J. et al. A generic approach to study the kinetics of
liquid-liquid phase separation under near-native conditions.
Commun. Biol. 4,77 (2021).

Bentmann, E. et al. Requirements for stress granule recruitment
of fused in sarcoma (FUS) and TAR DNA-binding protein of 43 kDa
(TDP-43). J. Biol. Chem. 287, 23079-23094 (2012).

Patel, A. et al. A liquid-to-solid phase transition of the ALS protein
FUS accelerated by disease mutation. Cell 162, 1066-1077 (2015).
Burke, K. A., Janke, A. M., Rhine, C. L. & Fawzi, N. L.
Residue-by-residue view of in vitro FUS granules that bind

the C-terminal domain of RNA polymerase Il. Mol. Cell 60,
231-241(2015).

Murakami, T. et al. ALS/FTD mutation-induced phase

transition of FUS liquid droplets and reversible hydrogels into
irreversible hydrogels impairs RNP granule function. Neuron 88,
678-690 (2015).

Murray, D. T. et al. Structure of FUS protein fibrils and its relevance
to self-assembly and phase separation of low-complexity
domains. Cell 171, 615-627 (2017).

Sun, Y. et al. Molecular structure of an amyloid fibril formed by
FUS low-complexity domain. iScience 25, 103701 (2022).
Berkeley, R. F., Kashefi, M. & Debelouchina, G. T. Real-time
observation of structure and dynamics during the liquid-to-solid
transition of FUS LC. Biophys. J. 120, 1276-1287 (2021).
Emmanouilidis, L. et al. NMR and EPR reveal a compaction of the
RNA-binding protein FUS upon droplet formation. Nat. Chem. Biol.
17, 608-614 (2021).

Brady, J. P. et al. Structural and hydrodynamic properties

of an intrinsically disordered region of a germ cell-specific
protein on phase separation. Proc. Natl Acad. Sci. USA 114,
E8194-E8203 (2017).

Bauermann, J., Laha, S., McCall, P. M., Jilicher, F. & Weber, C. A.
Chemical kinetics and mass action in coexisting phases. J. Am.
Chem. Soc. 144, 19294-19304 (2022).

Bartolucci, G., Michaels, T. C. T. & Weber, C. A. The interplay
between molecular assembly and phase separation. Preprint at
bioRxiv https://doi.org/10.1101/2023.04.18.537072 (2023).
Jawerth, L. et al. Protein condensates as aging Maxwell fluids.
Science 370, 1317-1323 (2020).

Schwartz, J. C., Wang, X., Podell, E. R. & Cech, T. R. RNA seeds
higher-order assembly of FUS protein. Cell Rep. 5, 918-925 (2013).
Kwon, I. et al. Phosphorylation-regulated binding of RNA
polymerase Il to fibrous polymers of low-complexity domains.
Cell155, 1049 (2013).

Schwartz, J. C. et al. FUS is sequestered in nuclear aggregates in
ALS patient fibroblasts. Mol. Biol. Cell 25, 2571-2578 (2014).
Nikolaeyv, Y. et al. Systems NMR: single-sample quantification of
RNA, proteins and metabolites for biomolecular network analysis.
Nat. Methods 16, 743-749 (2019).

Maharana, S. et al. RNA buffers the phase separation behavior of
prion-like RNA-binding proteins. Science 360, 918 (2018).
Lipinski, W. P. et al. Fibrils emerging from droplets: molecular
guiding principles behind phase transitions of a short
peptide-based condensate studied by solid-state NMR. Chemistry
29, 202301159 (2023).

Matlahov, I. & van der Wel, P. C. A. Hidden motions and
motion-induced invisibility: dynamics-based spectral editing in
solid-state NMR. Methods 148, 123-135 (2018).

Siemer, A. B. Advances in studying protein disorder with solid-state
NMR. Solid State Nucl. Magn. Reson. 106, 101643 (2020).

Bertini, . et al. Formation kinetics and structural features

of beta-amyloid aggregates by sedimented solute NMR.
ChemBioChem 14, 1891-1897 (2013).

Nature Chemical Biology | Volume 20 | August 2024 | 1044-1052

1051


http://www.nature.com/naturechemicalbiology
https://doi.org/10.1038/s41589-024-01573-w
https://doi.org/10.1101/2023.04.18.537072

Article

https://doi.org/10.1038/s41589-024-01573-w

29. Murray, D. T. & Tycko, R. Sidechain hydrogen bonding interactions
within amyloid-like fibrils formed by the low-complexity domain
of FUS: evidence from solid state nuclear magnetic resonance
spectroscopy. Biochemistry 59, 364-378 (2020).

30. Elbaum-Garfinkle, S. et al. The disordered P granule protein LAF-1
drives phase separation into droplets with tunable viscosity and
dynamics. Proc. Natl Acad. Sci. USA 112, 7189-7194 (2015).

31. Maharana, S. et al. RNA buffers the phase separation behavior of
prion-like RNA binding proteins. Science 360, 918-921(2018).

32. Takegoshi, K., Nakamura, S. & Terao, T. ®*C-"C polarization transfer
by resonant interference recoupling under magic-angle spinning
in solid-state NMR. Chem. Phys. Lett. 307, 295-302 (1999).

33. Takegoshi, K., Nakamura, S. & Terao, T. ®C-'H dipolar-assisted
rotational resonance in magic-angle spinning NMR. Chem. Phys.
Lett. 344, 631-637 (2001).

34. Baldus, M. et al. Cross polarization in the tilted frame: assignment
and spectral simplification in heteronuclear spin systems.

Mol. Phys. 95, 1197-1207 (1998).

35. Spera, S. & Bax, A. Empirical correlation between protein
backbone conformation and Ca and CB *C nuclear magnetic
resonance chemical shifts. J. Am. Chem. Soc. 113, 5490-5492
(1991).

36. Meier, B. H. & Bockmann, A. The structure of fibrils from
‘misfolded’ proteins. Curr. Opin. Struct. Biol. 30, 43-49 (2015).

37. Wang, Y. & Jardetzky, O. Probability-based protein secondary
structure identification using combined NMR chemical-shift data.
Protein Sci. 11, 852-861(2002).

38. Fritzsching, K. J., Hong, M. & Schmidt-Rohr, K. Conformationally
selective multidimensional chemical shift ranges in proteins from
a PACSY database purged using intrinsic quality criteria. J. Biomol.
NMR 64, 115-130 (2016).

39. Fritzsching, K. J., Yang, Y., Schmidt-Rohr, K. & Hong, M.

Practical use of chemical shift databases for protein solid-
state NMR: 2D chemical shift maps and amino-acid assignment
with secondary-structure information. J. Biomol. NMR 56,
155-167 (2013).

40. Murthy, A. C. et al. Molecular interactions contributing to FUS
SYGQ LC/RGG phase separation and co-partitioning with RNA
polymerase Il heptads. Nat. Struct. Mol. Biol. 28, 923 (2021).

41. Callon, M. et al. Fast magic-angle-spinning NMR reveals the
evasive hepatitis B virus capsid C-terminal domain. Angew. Chem.
Int. Ed. Engl. 61, €202201083 (2022).

42. Luo, F. et al. Atomic structures of FUS LC domain segments reveal
bases for reversible amyloid fibril formation. Nat. Struct. Mol. Biol.
25, 341-346 (2018).

43. Garaizar, A. et al. Aging can transform single-component protein
condensates into multiphase architectures. Proc. Natl Acad. Sci.
USA 119, e2119800119 (2022).

44. Feric, M. et al. Coexisting liquid phases underlie nucleolar
subcompartments. Cell 165, 1686-1697 (2016).

45. Chatterjee, S. et al. Reversible kinetic trapping of FUS
biomolecular condensates. Adv. Sci. 9, 2104247 (2022).

46. Farag, M. et al. Condensates formed by prion-like low-complexity
domains have small-world network structures and interfaces
defined by expanded conformations. Nat. Commun. 13,

7722 (2022).

47. Lipinski, W. P. et al. Biomolecular condensates can both
accelerate and suppress aggregation of a-synuclein. Sci. Adv. 8,
eabq6495 (2022).

48. Laurents, D. V., Stuani, C., Pantoja-Uceda, D., Buratti, E. &
Mompean, M. Aromatic and aliphatic residues of the disordered
region of TDP-43 are on a fast track for self-assembly. Biochem.
Biophys. Res. Commun. 578, 110-114 (2021).

49. Nuraje, N., Su, K., Yang, N. |. & Matsui, H. Liquid/liquid interfacial
polymerization to grow single crystalline nanoneedles of various
conducting polymers. ACS Nano 2, 502 (2008).

50. Piradashvili, K., Alexandrino, E. M., Wurm, F. R. & Landfester, K.
Reactions and polymerizations at the liquid-liquid interface.
Chem. Rev. 116, 2141-2169 (2016).

51.  Puvion-Dutilleul, F., Bachellerie, J. P. & Puvion, E. Nucleolar
organization of Hela cells as studied by in situ hybridization.
Chromosoma 100, 395-409 (1991).

52. Yao, R.W. et al. Nascent pre-rRNA sorting via phase separation
drives the assembly of dense fibrillar components in the human
nucleolus. Mol. Cell 76, 767-783 (2019).

53. Lafontaine, D. L. J., Riback, J. A., Bascetin, R. & Brangwynne, C. P.
The nucleolus as a multiphase liquid condensate. Nat. Rev. Mol.
Cell Biol. 22,165-182 (2021).

54. Yu, H. et al. HSP70 chaperones RNA-free TDP-43 into
anisotropic intranuclear liquid spherical shells. Science 371,
eabb4309 (2021).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

Nature Chemical Biology | Volume 20 | August 2024 | 1044-1052

1052


http://www.nature.com/naturechemicalbiology
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41589-024-01573-w

Methods

Protein expression and purification

FUS NTD (1-267) was expressed and purified under denaturing con-
ditions as reported previously”. Double uniformly labeled protein
(N and 2C) for solid-state NMR experiments was expressed in M9
medium with ®N ammonium chloride and ®C glucose as the nitrogen
and carbon source, respectively. Unless stated otherwise, the final
stock concentration was 10 mM in 6 M urea buffer (50 mM HEPES,
150 mM NaCl, 6 M urea, pH7.5).

Solution-state NMR

Solution-state NMR samples were prepared as described previously®.
Briefly, protein stock was diluted to the desired concentration using
hot agarose buffer (30 mM HEPES, 200 mM KClI, 0.5% w/v agarose
(Thermo Fisher Scientific), pH 7.3). The sample was transferred to a
3-mmNMR tube where the temperature gradually decreased toroom
temperature (25 °C), leading to agarose hydrogel and FUS liquid-
droplet formation.

Allsolution-state NMR experiments were recorded at 25 °C using
the following Bruker spectrometers with zaxis pulsed field gradients:
Avancelllat 750 MHz proton frequency with a PATXI room-temperature
probe (prep no.1and prep no. 5); Avance NEO at 500 MHz equipped
with a CPQCI cryogenic probe (prep no. 2); Avance Il HD at 600 MHz
(prepno.3);and Avance NEO at 700 MHz proton frequency equipped
witha CP-TCl cryogenic probe. All spectrawere processed with TopSpin
3.2 (Bruker Biospin).

Astandard pulse sequence (stebpgpls19 from TopSpin 3.2, Bruker
Biospin) was used for diffusion experiments. In total, 4,096 points with
32 scans were recorded in the proton dimension for each dimension
with variable diffusion gradient strength ranging between 2% and 95%
in various steps. The following parameters were used: diffusion time
(4) 0.05s (exceptinFig.1c,d where4 = 0.1s), gradient pulse (6) 10 ms,
smoothed rectangular-shaped gradients SMSQ10.100 and relaxation
delay (d1) 4 s.

SDS-PAGE electrophoresis

FUS NTD protein stock was diluted in buffer (30 mM HEPES, 200 mM
KCI, pH 7.3) to achieve a final concentration of 120 uM, resulting in a
very turbid sample. The sample was thenincubated at room tempera-
ture for up to 1 month. Samples (10 pl) to which SDS loading dye was
added were taken 1 hour, 1 week and 1 month post preparation and
keptat-20 °C.Onceall samples had been collected, they were loaded
ontoal5%acrylamide gel for electrophoresis. The gel was stained with
Coomassie blue.

Invitro transcription reactions

The in vitro transcription reactions were designed according to the
previously published protocol® with an additional 0.5% w/v agarose,
ifstated. The RNA transcribed is anintronic splicing regulator (down-
stream control sequence) fromthe c-srcgene®. Template DNAis cloned
inaPTX1(ref. 56) vector linearized overnight at 37 °C with Bsal enzyme.
The transcription reaction buffer (40 mM Tris-HCI, pH 7.7, 0.01%
Triton X-100,5 mM DTT) was supplemented with 5 mM fromeach NTP,
24 mM MgCl,,1U ml™inorganic pyrophosphatase from baker’s yeast,
200 pM FUS NTD (if added) and 0.3 puM T7 RNA polymerase. Finally,
highly concentrated agarose (1.5% w/v) was added to achieve a 0.5%
final concentrationand was transferred quickly, while liquid, to a3-mm
NMR tube using along glass pipette.

Theoretical model of FUS maturation in coexisting phases

We devised asimple model of FUS maturationin coexisting phases that
accounts for protein-solvent interactions, following previous stud-
ies'”'®, The model considers an incompressible, ternary mixture of
monomers, aggregates and solvent with volume fractions ¢;, ¢,
and ¢, respectively. Monomers and aggregates can undergo phase

separation as described by the Flory-Huggins free-energy density,
f(refs.57-59),

L= 2In@)+ Zin@) + Lin(@,)
B 21 23 Us 1)

X192 + (X1sP1 + X2sP2) Ps,

where k; T denotes thermal energy, v; is the molecular volume of com-
ponent (i=1,2,s)and y;aretheFlory-Hugginsinteraction parameters
describing the effective interaction between components i and j
(monomer-solvent, aggregates—-solvent, monomer-aggregates).
Phase equilibriumbetween the droplet (I) and dilute (II) phases results
fromsolving the phase-coexistence conditions:

My = py =, 11t = 11", @

of

where Hi= s is the chemical potential of component i,

II=—f+¢ % + ¢, % isthe osmotic pressure, and the superscript1/11
1 2

indicates the dense/dilute phase, respectively.

In addition to undergoing phase separation, the monomers can
aggregate. In each phase, we describe this process as a transition
between monomeric and aggregated states via the simple reaction
scheme ¢; = ¢,. We note that the model can, in principle, be general-
ized to account for more complex aggregation events, including pri-
mary nucleation, elongation, fragmentation or secondary nucleation®,
but further studies are required to understand the relative contribution
ofthese aggregation steps to the overall aggregation process indrop-
lets. We assume that the solvent is nonreactive and that the forward
(k;) and backward (k) rates are phase independent (they are identical
inthe dense and dilute phases). Under these conditions, we obtain the
followingkinetic equation for the average volume fractions of mono-
mersand aggregates, ¢; = (V!/V )P+ (V1) @l (ref. 17):

% = ki + ko = —%- 3

We consider asituationin which phase separation is much faster
thanaggregation. Under these conditions, phase equilibriumis estab-
lished almost instantly during aggregation. Therefore, we can solve
the aggregation kinetics, equation (3), for the average monomer and
aggregate volume fractions starting from a monomeric solution
$1(0) = Do

10 = h (ky + kye-(laha) (42)
$2 (0 = 2 (ky — kyetarhax) (4)
Y Ttk

and at every time point during aggregation calculate the phase-
separation equilibrium of the resulting monomer/aggregate mixture
using phase-coexistence conditions (equation (4)). This construction
allows usto follow the time evolution of the monomer, aggregate and
solvent concentrations in the dense (I) and dilute (II) phases, yielding
the plotsin Extended DataFig. 2.

To generate the plots, we used the following parameters:
Vi=U=Us, X2=0, $(0) =@, =055, $,(0)=0, x;5=3, Xos =21,
k; =0.2d7, k, = 0.1d"'(Extended DataFig.2b)and v; = v, = v, X1, = O,
$1(0) = ¢, = 0.55,¢,(0) = 0, X3 = 2.1, xps = 3,k; = 0.1d"}, k, = 0.05 d~!
(Extended DataFig. 2c). For Extended Data Fig. 2d the parameters are:
Vi=U=Us, Xp=0, $,(0) =0, x5 =3, xos = 2.1 with different initial
conditions ¢, (0) = ¢,,, = 0.55 (solid lines) and ¢, (0) = ¢, =0.8
(dashed lines).
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Microaspiration

The protein stock concentration for this experiment was 2 mM. The
droplets were prepared by dilution to afinal concentration of 100 pM
using buffer without agarose (30 mM HEPES, 200 mM KCI, pH 7.3)
and were matured at room temperature over a period of 1 month.
For this experiment, a micropipette with a 5-um tip was treated with
BSA both on the inside and outside to prevent any clogging or adhe-
sion of the condensed phase to the glass. PolyU RNA (Sigma Aldrich)
was solubilized in the above buffer at a stock concentration of
2 mg ml™. PolyU was added at a final concentration of 0.1 mg ml™. An
external pump controlled the applied pressure of the micropipette
(AP =820 Pa) and a bright field microscope was used to visualize the
microaspiration.

Electron microscopy

A FUS NTD biphasic sample was matured for 6 months at room tem-
peratureinside a3-mm NMR tube sealed using nail polish. The agarose
hydrogel was extracted from the NMR tube by breaking the bottom of
the tube. A2-mm piece of hydrogel was cut into multiple small pieces
and 50 pl of dilution buffer (30 mM HEPES, 200 mM KClI, pH 7.3) was
subsequently added. The sample was sonicated for 30 min at room
temperature.

Continuous carbon-supported copper grids (Quantifoil, Cu300)
were glow discharged (PELCO easiGlow, Ted Pella, negative,
25mA, 30 5s). After that, 3 pl of the sample was applied to the grids and
incubated for 1 min at room temperature. The grids were then blot
dried, washed with two drops of distilled water, and stained with two
dropsof1%uranylacetate for 30 s. Micrographs were acquired using a
Tecnai F20 (Thermo Fisher Scientific) microscope operated at200 kV
and equipped with a Falcon Il camera at x62,000 magnification (pixel
size: 1.7 A per pixel) at a total dose of approximately 50e” using EPU
(v.1.6.0) software (Thermo Fisher Scientific). The targeted defocus for
the dataacquisition was set to -3 pm.

Preparation of stabilized FUS droplets for coherent
anti-Stokes Raman scattering imaging

An agarose solution (0.35% w/v) of ultra-low melt agarose (Sigma) in
dilution buffer (30 mM HEPES, 200 mMKCI, pH 7.3) was made ina15-ml
conical tube. The tube was then placed ina Thermomixer (Eppendorf)
operatingat 90 °C, with shaking at 300 rpm until the solution was clear.
This stock solution was used within 2 days.

To make samples, we used Grace Bio-Labs SecureSeal Imaging
spacers as gaskets on standard glass slides. The solution of agarose was
placedinthe Thermomixer and heated to 90 °Cat300 rpm for atleast
10 mintoensureitwaswarm. Thegasket’s protective films were removed
and the gasket was stuck to aglass slide. Then 18 pl of warmed agarose
solution was placed into the free space in the center of the gasket,
and 2 pl of FUS stock (1.2 mMin storage buffer) wasimmediately added
tothissolutionandvery gently pipetted. Droplet formationwas noted by
initially observing awhitish ring that diffused radially outward after the
addition of the FUS stock to the agarose solution. A coverslip was then
placed ontop of the gasket, the sides of the coverslip were pressed down
and the sample was sealed with nail polish. These samples were stable
for more than 3 months, judging by the lack of obvious evaporation
inthe sealed sample.

As-prepared samples were allowed to sit for 2 hbefore measuring,
and are termed ‘fresh’ samples for the coherent anti-Stokes Raman
scattering (CARS) studies in this work. Samples were measured, then
stored in a drawer in the laboratory until the next measurement; for
example, 1 month later.

CARS imaging of stabilized FUS droplets

For the CARS measurements, samples were removed from the cabi-
net drawer and placed on the microscope. Our broadband coherent
anti-Stokes Raman scattering (BCARS) microscope has been described

elsewhere, and its application for liquid droplets has also been previ-
ously presented®®%. Briefly, the pump/probe and Stokes pulses are
generated inadual-output, sub-nanosecond laser source (CARS-SM-30,
Leukos), spatially and temporally overlapped at the sample plane of an
inverted microscope (Eclipse Ti-U, Nikon), and tightly focused on the
sample using a x100, 0.85 numerical aperture air objective (LCPlanN,
Olympus). The BCARS signalis filtered from the excitation pulses and
focused onto theslit of aspectrograph (Shamrock 303i, Andor), which
dispersesthe spectral componentsonacooled charge-coupled device
camera (Newport DU920P-BR-DD, Andor). Samples were mounted
with the cover slip facing the objective. The samples were then raster
scanned by moving a piezo stage (Nano-PDQ 375 HS, Mad City Labs),
and the data acquisition was controlled via interface software in Lab-
View 2015 (National Instruments).

Collected hyperspectral datawere processed afterwardinIgorPro
(Wavemetrics) to extract the Raman-like spectra. The Raman-like spec-
tra were obtained by phase-retrieval via a modified Kramers-Kronig
transform using the surrounding agarose solution as the nonreso-
nant®. The remaining error phase was removed using a Savitzky-Golay
filter with a second-order polynomial and window size of 400 cm?,
producing the Raman-like spectra for this work.

Solid-state NMR spectroscopy

FUS NTD uniformly *C-labeled and *N-labeled protein was mixed
in 1:10 ratio with dilution buffer without agarose (30 mM HEPES,
200 mM KClI, pH 7.3) to form droplets. For the biphasic samples,
the droplets were centrifuged (25 °C, 10,000g, 10 min), resulting in
sedimented droplets approximately 30 pl in size and the top dilute
phase was removed. The droplet phase was resuspended in 50 pl of
agarose containing dilution buffer and transferred quickly to the
NMR rotor. For the monophasic samples, droplets were centrifuged
and sedimented already in the rotor forming the single condensed
phase.

Solid-state NMR spectrawererecorded at 20.0 T static magnetic-
field strengthina3.2-mmBruker ‘Efree’ probe®*. The MAS frequency for
all the experiments was set to 17 kHz. All spectra were processed with
the software TopSpin (v.4.1.3, Bruker Biospin). The 2D spectra were
processed with a shifted (DARR monophasic: 2.5, NCA/NCO mono-
phasic: 3, DARR biphasic: 2) squared cosine apodization function and
automated baseline correctionin the indirect and direct dimensions.
The sample temperature was set to 278 K*. All spectra were analyzed
with the software CcpNmr (v.2.4.2) and referenced to 2,2-dimethyl-2-s
ilapentane-5-sulfonate®®’. The experimental parameters used are
summarized in Supplementary Table 2.

Analysis of real-time solid-state NMR kinetics

Kinetic analysis of the time-dependentintensities fromthe 1D spectra
of biphasic and monophasic FUS was carried out by manually extract-
ing individual signal-to-noise values of some representative peaks
(Fig.2a,b), aswellas absolute integral values (Extended Data Fig. 8), of
each spectrum in the time-dependent series via the build-in TopSpin
module SiNo (signal-to-noise calculator, intensity of a peak divided by
the square of the noise intensity). The intensities of interest were then
loaded, visualized and processed in MATLAB (v.R2021b, MathWorks).

Secondary structure chemical-shift predictions

Average secondary structure-dependent chemical-shift values for
threonines and serines and their associated standard deviations were
taken from Wang and Jardetzky®* and visualized on the 1D CP spec-
trum using a home-written MATLAB script (v.R2021b, MathWorks).
The 2D probability density distribution plots for the secondary
structure chemical-shift statistics were estimated and visualized
using the PLUQin (https://github.com/kfritzsc/pluq) python pack-
age, for which the raw data were extracted from the PASCY/BMRB
database®**’,
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this study are available within the
paper, its Supplementary Information and publicly available database
(https://doi.org/10.5281/zenod0.10708805).
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Extended Data Fig. 1| FUS fractions over time measured with different
protein preparations and concentrations. a) At 150 uM of prep no. 3 droplet
fraction simultaneously decays as the dispersed fraction increases. The two rates

of change are equal as highlighted by their average which is stable at one. b) At
400 pM of prep no. 4 both droplet and dispersed fractions remained unaltered
over time.
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Extended Data Fig. 2| Solvent behavior during maturation. (a) Schematic
representation of the model of FUS aggregation in coexisting phases. (b,c) Time
evolution of aggregate and solvent volume fractions in the droplet (I) and dilute
(I1) phases for the case when (b) monomer-solvent interactions are disfavored
over aggregate solventinteractions (i > Xas), Or (c) aggregate-solvent
interactions are disfavored over monomer-solventinteractions ( ;s < Xas)-

10

See Methods for parameters used in the plots. (d) Solvent volume fraction
asafunction of the total aggregate concentration formed during the reaction ¢,
for two different initial conditions, ¢, = 0.55 (solid lines) and ¢,,, = 0.8
(dashed lines). Simulations are performed in the regime x;5 > x»s using the
parameters in panel (b).
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Extended Data Fig. 3| FUS fractions over time measured from the same protein stock at various concentrations. a, b, c) Both droplet and dispersed fractions of
FUS did not change over the course of three days for all concentration measured (a: 100 uM, b: 200 pM, ¢: 400 pM).

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article https://doi.org/10.1038/s41589-024-01573-w

a 0 day
1 day
2 days

T T T |/ T T — T T T
140 130 120 110 70 60 50 40 30 20
5(*C) / ppm
b 0 day
37 days

| iy |

| Al

“““ SO \"&Ww-wvwm w,;,‘.,-.dhﬂ s “
r T T — I//’ T T T T T T T T T T T T v v v T v v v v T v v
140 130 120 110 70 60 50 40 30 20
8(*C) / ppm

Extended DataFig. 4 | Comparison of 1D *C-detected INEPT spectra

for biphasic FUS-NTD liquid droplets recorded at various pointsin the
maturation process. a) Almost no change in intensity is observed for the real-
time INEPT signals up to two days of measurement after liquid droplet formation.

b) Considerable increase in peak intensity, together with the appearance of
J-resolved multiplet lines, can be appreciated already after 37 days. A further
increaseis observed after 73 days.
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Extended DataFig. 5| Overview of the time-dependent CP signal increase. In the first two days of maturation for 1D ®C-detected CP spectra of biphasic FUS-NTD
recorded at different time points. Consistent signal increase together with the absence of chemical-shift perturbations can be observed, supporting the conclusion of
solid aggregate formation with a similar conformation.
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show anincrease in signal intensity, accompanied by narrowing of the resonance standard deviation.
lines). b) Comparison of the time dependence of the INEPT integrated intensities
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Extended DataFig.7 | Comparison of 1D13 CCP spectraof monophasicand notable differences can be observed, especially in the glycine region (-46 ppm)
biphasic FUS-NTD at the beginning of the maturation period (a) and aftertwo  and carbonyl region for which a much more intense peak is observed for the
months of storage at room temperature (b). a) The spectralook rather similar, biphasic sample. In a) the biphasic spectrum has been scaled up by a factor of 1.9

albeit the threonine regions (-70 ppm) differ. b) After two months of maturation, for ease of comparison.
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Extended Data Fig. 8 | Maturation during the first two days. a) Time- absolute spectral integrals during two days of maturation for *C,'H CP-MAS and
dependent intensity changes for the absolute spectral integrals during two days BC,'HINEPT spectra of monophasic FUS. The intensity of the total CP spectrum
of maturation for *C,'H CP-MAS and *C,'H INEPT spectra of biphasic FUS. The recorded after two days was normalized to one. A linear regression is shown
intensity of the total CP spectrum recorded after two days was normalized to (straight lines) with slopes of 0.214 a.u./days (CP), -0.022 a.u./days (INEPT).
one. Alinear regression is shown (straight lines) with slopes of 0.346 a.u./days Allnormalized intensities data are presented as signal-to-noise values +/-
(CP),-0.082a.u./days (INEPT). b) Time-dependent intensity changes for the standard deviation.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article https://doi.org/10.1038/s41589-024-01573-w

2D DARR FUS-NTD Monophasic
15 - 2D DARR FUS-LC Berkeley et al., 2021
T78
20 + P
”ﬁ“ 9@ , 0
25 Qs2 Qiz
) QSJ\ e @ /P72 093\
30 prz 28 as
B aseflass o Qi 2
35 QLD a6o Q 052
Vs, o1 73 a3
£ 40 - Y81 J @(NSS )
g KE N
- 45 - D46
(&) e
‘?_: 50 /msusa @
“© S90 _ ) ¥ s 5
55 S8 /595570 7 Yoi—+ o Q52
Se4g gy ) Nok y i
P i4 / %@ 0 dos .
60 S R Y75-* Q93
b T68> 5 .. P72 %Q
T455y Y J 44570 a1 vdo ﬂ ¢
65 a7 87- 95
R s
70 - AL Y TRl T8
T47/T'T 764 T&45
75+
T T T T T T T T T T T T T
75 70 65 60 55 50 45 40 35 30 25 20 15
3,(*C) / ppm
Extended Data Fig. 9 | Comparison with previously published data. 2D DARR for the FUS fibril core from*. In the figure, orange boxes represent additional
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Extended Data Fig.10 | 2D NCA (a) and NCO (b) spectra of matured monophasic FUS-NTD liquid droplets (sample stored at 114 days atr.t.). The assigned peaks
areback-predicted from*. Both spectrawere recorded at 20.0 T and 17 kHz MAS.
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reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data supporting the findings of this study are available within the paper, Supplementary Information and publicly available database.
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Population characteristics This study did not involve human research participants.
Recruitment This study did not involve human research participants.
Ethics oversight This study did not involve human research participants.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed due to in vitro and the quantitative nature of the methods used.
Data exclusions  No data exclusion.

Replication Liquid-state NMR, EM and gels were performed more than 2 times with similar results. Solid-state NMR, Raman-like and Microaspiration
experiments were measured once on multiple droplets.

Randomization  No experimental groups in this study.

Blinding No experiments with human subjects therefore blinding is irrelevant.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
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Plants

Seed stocks No plant used in this study.

Novel plant genotypes  No plant used in this study.

Authentication No plant used in this study.
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