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Abstract

Biomolecular condensates have been identified as a ubiquitous means of intracellular organization, exhibiting very
diverse material properties. However, techniques to characterize these material properties and their underlying molecular
interactions are scarce. Here, we introduce two optical techniques — Brillouin microscopy and quantitative phase imaging
(QPI) — to address this scarcity. We establish Brillouin shift and linewidth as measures for average molecular interaction
and dissipation strength, respectively, and we used QPI to obtain the protein concentration within the condensates. We
monitored the response of condensates formed by FUS and by the low-complexity domain of hnRNPA1 (A1-LCD) to
altering temperature and ion concentration. Conditions favoring phase separation increased Brillouin shift, linewidth,
and protein concentration. In comparison to solidification by chemical crosslinking, the ion-dependent aging of FUS
condensates had a small effect on the molecular interaction strength inside. Finally, we investigated how sequence
variations of A1-LCD, that change the driving force for phase separation, alter the physical properties of the respective
condensates. Our results provide a new experimental perspective on the material properties of protein condensates.
Robust and quantitative experimental approaches such as the presented ones will be crucial for understanding how the
physical properties of biological condensates determine their function and dysfunction.

1 Introduction

Cells organize their complex inner structure to control the reactions of different components in space and time. This can be
achieved by enclosing specific parts of the cellular interior within a membrane, as is the case for the nucleus, mitochondria,
or transport vesicles. Another way, which has attracted increasing interest in recent years, is the formation of membraneless
compartments via phase separation. Phase separation of macromolecules into a condensed phase occurs above threshold
concentrations of the macromolecules, and the driving force for phase separation is modulated by the concentration of
ions, molecular crowders, and ligands, and by physical parameters such as temperature [1, 2].

Due to their distinct molecular composition, biomolecular condensates may provide an environment with particular physical
properties impacting the chemical and physical processes within the condensates [3, 4]. Some condensates are highly
dynamic accumulations of certain proteins and nucleic acids promoting specific biochemical reactions, such as the nucleolus
[5] or DNA damage repair sites [6, 7]. However, there is also a continuum of more stable, less dynamic condensates [3], for
example, Balbiani bodies during cell dormancy [8], or keratohyalin granules which are crucial for skin barrier formation [9].
Moreover, the condensates’ material properties are variable and may change due to the partitioning of different molecules
[10, 11], or in response to physical parameters like temperature [12]. Condensates that are viscoelastic fluids initially,
may also transition into viscoelastic solids [12] or solid cross-beta fibrils [6, 13] over time — a state often associated
with pathology. For example, mutations in the fused in sarcoma (FUS) and hnRNPA1 proteins investigated in this study
are implicated in a spectrum of neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS) [14, 15]. The
question of how material properties of biological condensates relate to their diverse functions has been referred to as a
major question in the field of biological phase separation [3].

For the characterization of the complex viscoelastic properties that biological condensates may exhibit, or to uncover the
underlying molecular interactions, the state of the art comprises the use of a set of techniques reporting on different
characteristics. A molecular perspective, that is for example taken by nuclear magnetic resonance (NMR) [16] or Forster
resonance energy transfer (FRET) [17], helps to understand single residue dynamics and specific interaction patterns.
For a more general characterization of bulk material properties, however, different approaches are needed. A common
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method used in the field is fluorescence recovery after photobleaching (FRAP). Assuming a purely viscous fluid, FRAP
can be used for a qualitative assessment of relative viscosity [18]. Challenges of this technique mainly arise due to the
required assumptions about the system probed and the consequential difficulty obtaining robust quantitative values [19].
Condensate coalescence times are typically utilized to determine inverse capillary velocities, which can be converted to
surface tensions with the knowledge of viscosities — again assuming a purely viscous fluid [20]. Optical traps [18, 21, 22]
or tracking of tracer particles [23] allow the extraction of complex elastic shear moduli, providing direct insight into the
viscoelastic properties of condensates. The incorporation of beads or tracer particles into the condensates, however, can
be experimentally cumbersome and potentially influence the results obtained.

Moreover, a simple measure of molecular interaction strengths applicable to all states of matter found in biological
condensates is not yet available. With these challenges in mind, we chose a purely optical approach that does not rely
on fluorescent labels or extensive assumptions and reports on macroscopic material properties and average molecular
interaction strength. We employed Brillouin microscopy to investigate biological phase separation at intermediate length
and timescales by quantifying the average molecular interaction strength that drives collective molecular motion. One form
of collective molecular motion is a thermally excited pressure wave (Figure 1) propagating through a material at the speed
of sound, v. Light that is scattered by such a propagating wave experiences a frequency shift vg, called Brillouin shift. This
type of inelastic light scattering was described theoretically by Brillouin and Mandelstam [24, 25] in the 1920s. The absolute
value of the Brillouin shift is proportional to the speed of sound (g o v), which is determined by longitudinal modulus
M and mass density p as v = /M/p. The longitudinal modulus can be interpreted as an average molecular coupling
constant, giving rise to a resistance against uniaxial compression. Important to note is that this resistance is not specific
to a particular type of molecule (e.g., proteins); any molecule within the probed volume contributes. A stronger coupling
between molecules gives rise to a higher sound velocity and a greater Brillouin shift (M oc v2). The molecular motion
probed takes place in the sub-nanosecond regime and averages molecular interactions over a few hundred nanometers.
While the Brillouin shift is associated with the elastic properties of the material (i.e., the longitudinal modulus), the
linewidth Ag is related to dissipation. In a liquid that is homogeneous on the length scale of the sound wave, sound
attenuation is determined by the internal degrees of freedom of the material that dissipate energy and give rise to its
viscosity (see also Section S 5) [26, 27].
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Figure 1: lllustration of a thermally excited pressure wave. Individual particles are indicated as grey dots, the blue line indicates
the change in pressure, density, and refractive index compared to an unperturbed state. The amplitude of the wave and the
corresponding particle displacement are exaggerated for better visualization. Due to the pressure wave, particles get pushed together
(high pressure) or pulled apart (low pressure). (Inter)molecular interactions give rise to an inherent resistance to this collective
particle displacement. This resistance can be quantified by the longitudinal modulus M, an average molecular coupling constant on
the length scale of the acoustic wavelength A, which is in our case on the order of a few hundred nanometers corresponding to an
acoustic frequency in the Giga-Hertz regime. Stronger particle interactions lead to a higher longitudinal modulus and faster pressure
wave propagation. As the pressure p is coupled to density p and consequently refractive index n, periodic changes in pressure can
scatter light (Brillouin scattering). The measurement of the Brillouin shift vg gives access to the longitudinal modulus and therefore
the average molecular interaction strength in the probed volume. The wave attenuation, on the other hand, is determined by the
dissipative properties of the medium and is linked to the Brillouin linewidth Ag. The relation of these quantities to other established
viscoelastic quantities is further treated in the supplement (S 5).

While the application of Brillouin microscopy for biophysics research is a relatively recent development [26, 28], the
investigation of viscoelasticity with sound waves has a long history. Ultrasonic investigations were used broadly in material
science and polymer physics, as well as to study phase separation [29, 30]. One specific advantage of using a sound-based
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method to study protein condensates is the possibility to quantitatively characterize material properties in any state of
matter. There is no limitation to liquids or solids; in the case of Brillouin microscopy, optical accessibility is the only
requirement. Furthermore, the determination of mechanical properties does not involve the application of a mechanical
model which requires certain assumptions about the system probed. This is particularly advantageous for samples where
the state of matter is not known or changes over time.

As the calculation of the longitudinal modulus based on the Brillouin shift requires knowledge about the refractive index
(see 4.5), a combination of Brillouin microscopy and quantitative phase microscopy such as QPI or optical diffraction
tomography (ODT) is advantageous [31]. Those techniques are able to capture the complex optical fields, including
the phase information, while conventional light microscopes only probe the light intensity. The phase information can
be converted into the sample's refractive index distribution, if the object geometry is known (e.g. spherical), or if the
specimen is imaged from different angles in a tomographic manner [32, 33]. Furthermore, the refractive index can be
utilized to calculate protein concentration, volume fraction, as well as mass density, which is also required for longitudinal
modulus computation (see 4.5).

Brillouin microscopy has already been applied to membraneless organelles. While other groups have previously studied
nucleoli [34] and FUS-condensates in fixed cells [35], our group has recently employed a combination of spatially resolved
refractive index measurements and Brillouin microscopy to study nucleoli, FUS-condensates, and poly-Q accumulations
in living cells . A key finding was that nucleoli and poly-Q aggregates have a lower compressibility and higher refractive
index than the surrounding material [31]. Following this proof of principle showing the applicability of Brillouin microscopy
for the investigation of biomolecular condensates in general, a further establishment of this experimental method needed
additional experimental work evaluating the sensitivity of this technique to changes in the physical state of the condensates
in a systematic manner. Therefore, we tuned parameters known to affect phase separation and quantified their impact on
the physical properties of different protein condensates.

Here, we used a combination of Brillouin microscopy and quantitative phase imaging (QPI) to investigate the impact
of solution conditions, temperature, time, and amino acid sequence alterations on protein condensates in vitro, in a
non-invasive, purely optical manner. We quantified changes in the molecular interaction strength in terms of Brillouin
frequency shift, and dissipative properties in terms of Brillouin linewidth. Additionally, we compute protein concentration
and volume fraction from refractive index measurements. We found thatprotein condensates exhibited higher values
in the aforementioned optomechanical quantities in conditions with a stronger tendency for phase separation (i.e., low
temperatures [36, 37], high, or low salt concentrations [38]) revealing stronger molecular interactions. We also characterized
the aging process of FUS condensates and found that their protein concentration and volume fraction, as well as their
dissipative properties, remained unaffected. The aging process was also characterized by a gradual increase in Brillouin shift
(i-e., molecular interaction strength), however, this effect was much weaker than the Brillouin shift elevation due to chemical
fixation. Accordingly, the observed aging process may be characterized by a progressive establishment of a crosslinked
polymer network across the condensates. Finally, we showed that the molecular grammar governing macromolecular
condensation also has a strong impact on the physical properties of the condensates. Our experiments with variants of
the low-complexity domain of the hnRNPAL protein (A1-LCD) [39] revealed distinct molecular interaction and dissipation
strength, as well as different densities. Moreover, we found that the driving force for phase separation (quantified by the
saturation concentration) showed a correlation with the molecular interaction strength in the condensates.

Overall, we demonstrated an all-optical approach that does not rely on fluorescent labels to quantify molecular interaction
strength as well as protein concentration of protein condensates. We showed the sensitivity of our measurement tech-
niques to known parameters affecting phase separation and physical properties of protein condensates. Such quantitative
approaches are crucial to consolidate the current state of knowledge and to address open questions in the field of biological
phase separation.

2 Results

2.1 Experimental setup

Figure 2 illustrates the experimental setup as well as the analysis workflow. Brillouin microscopy was performed by doing
point measurements in the condensed and dilute phases of phase-separated protein solutions. Surface wetting of the protein
was minimized by polyethylene glycol coating, keeping the condensates in a spherical shape. This enabled the use of QPI
to measure the refractive index and calculate protein concentration and volume fraction. Furthermore, the refractive index
was utilized to calculate mass density and longitudinal modulus (see Sections 4.4 and 4.5).

2.2 Increasing temperature weakens molecular interaction strength in a polymer rich-phase

Temperature is an important thermodynamic control parameter for the formation of protein condensates. Previous reports
have revealed that FUS condensation follows an upper critical solution temperature (UCST) phase diagram [37]. Therefore,
we asked how temperature increase, which diminishes the driving force for phase separation [36, 37], affects the physical
properties of FUS condensates.

To obtain a reference system illustrating the impact of temperature and solute concentration on the average molecular
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Figure 2: Introduction of experimental techniques. Left column: Schematic representation of the optical setup. Brillouin
microscopy probes a single confocal spot, QPI illuminates the complete field of view with a plane wave. Middle column: Schematic
representation of the Brillouin scattering process in the confocal volume probed, where 6 denotes the scattering angle. The incoming
probe beam is inelastically scattered by microscopic pressure waves. Brillouin frequency shift vg (i.e., the distance between the
elastic peak and the Brillouin peak on the frequency axis) and linewidth Ag are indicated in an example spectrum of water. Right
column: QPI quantifies the phase delay A¢ introduced by a specimen compared to the surrounding medium with a known refractive
index ns. Due to the higher refractive index of the specimen n > ns, the light traveling through the specimen is delayed resulting
in a distortion of the incoming plane wave. This distortion can be captured in a phase image showing A¢. A custom algorithm fits
the phase image obtained, assuming a spherical shape of the specimen, providing the radius r and refractive index n of the fitted
sphere (see Section 4.3 for more details). Non-spherical samples require a tomographic imaging techique such as optical diffraction
tomography (ODT).

interaction and dissipation strength of a polymer solution, we first measured the Brillouin shift and linewidth of polyethylene
glycol 3350 (PEG) solutions. We found that increasing the temperature of water (0% PEG) or a 10% PEG solution
increased Brillouin shifts while decreasing linewidths (Figure 3A). Above a PEG concentration of 20 %, the slope Ag vs.
vg became positive, yielding both an increased Brillouin shift and linewidth with lower temperatures. Our results are in
line with previous Brillouin scattering measurements of PEG 600 [40] and concentrated sucrose solutions [41].

The increase of the Brillouin shift in a dilute polymer solution due to an elevation of temperature from 10°C to 50 °C can
be explained by the viscoelastic properties of water. Water exhibits a minimum in compressibility (resulting in a maximum
of the bulk modulus K) at 45 °C [42] and a vanishing shear modulus G = 0. Due to the relation M = K + 3G, this implies
a maximum of the longitudinal modulus [43] and accordingly in the Brillouin shift (see also Section S 5). In summary,
the viscoelastic properties of water dominate at low solute concentrations up to 10 % PEG, while the solute dominates at
concentrations above 20 %.

After the establishment of the PEG-model system, we conducted in vitro experiments on FUS and A1-LCD condensates.
To extend the accessible temperature range we added 5% dextran to the FUS buffer system preventing the dissolution
of the condensates. In the dilute phase of the phase-separated protein solution (Figure 3B) we found an increase of the
Brillouin shift and a reduction of the linewidth as a result of a temperature increase. The same trend was observed before
for water and a 10% PEG solution (Figure 3A). The protein condensates on the other hand (Figure 3B), exhibited a
reduction of Brillouin shift upon the same temperature change, similar to a 30 % PEG solution (Figure 3A). Figure 3 also
illustrates that the impact of polymer concentration on linewidth and Brillouin shift decreases for higher temperatures.
This effect was observed for the phase-separated protein solution as well as the PEG model system. To compare our results
with a widely used technique in the field, we performed fluorescence recovery after photobleaching (FRAP) to qualitatively
inspect protein diffusion in the FUS condensates. We found a faster intensity recovery at higher temperatures (Figure
3B). This observation together with the measured trends in the Brillouin linewidth shows a reduction of dissipation upon
temperature increase.

In addition, we investigated whether an increase in temperature would also result in a decrease in refractive index [44] and
density [45, 46] as previously reported for PEG solutions. Such behavior would be expected for a narrowing two-phase
regime at increasing temperature in a UCST system. Indeed, we observed a subtle decrease in refractive index and protein
concentration of FUS condensates upon a temperature increase from 25°C to 35°C (Figure 3C), similar to what was
reported for mEGFP-TAF15 condensates [47]. The same trend was found for A1-LCD, but the accessible temperature
range was more restricted, as we did not use a crowding agent in this case. The onset of condensate dissolution above
30°C and the consequent lack of spherical condensates prevented QPl measurements at higher temperatures.

As the approximation p/n? =~ const. is justified in our case (see Section S 6 for further details), it follows that
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Figure 3: Temperature alterations of PEG solutions and protein condensates. A: Brillouin shift vg and linewidth Ag for PEG
solutions at different temperatures. The labels indicate the PEG weight fraction. B: Brillouin shift vg and linewidth Ag for FUS and
A1-LCD condensates and corresponding dilute phase for different temperatures at 150 mM KCl with 5 % dextran and 150 mM NaCl,
respectively. A control experiment for FUS condensates without the addition of dextran can be found in the supplement (Figure
S 8A). Inset shows fluorescence intensity recovery after photobleaching (FRAP) of FUS condensates at 10°C and 40°C. The solid
line shows the median intensity recovery of five individual condensates. C: Corresponding protein concentration and protein volume
fraction of protein condensates for various temperatures. The accessible temperature range for A1-LCD was limited by the onset
of condensate dissolution. D: Brillouin shift squared 12 (left axis) and Brillouin linewidth Ag (right axis) of protein condensates
normalized to the respective values of the dilute phase. Note that the Brillouin shift of A1-LCD at 10°C, indicated by [*], might
be subjected to a systematic underestimation; more details can be found in Section S 4. Markers indicate median values; error bars
represent the range containing 68.3 % of the data points that are closest to the median. In some cases, the marker diameter is larger
than the error bars.

M =~ M(vg) < v& and a measurement of the Brillouin shift is sufficient to detect changes in the longitudinal modu-
lus. Accordingly, we report 2 instead of M as a measure of molecular interaction strength in the following text. To
facilitate the comparison of the different factors that were investigated in this study (temperature, ion concentration, and
aging), we utilized the dilute phase for the normalization of Brillouin shift squared 2 and linewidth Ag of the dense phase.
This approach helps to highlight the distinct changes of the physical properties of the dense phase compared to the dilute
phase. Similar normalized quantities employing water as a reference were earlier introduced as " Brillouin elastic contrast”
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for the Brillouin shift and as " Brillouin viscous contrast” for Brillouin linewidth, respectively [48].

Plotting these normalized quantities for the phase-separated FUS system as a function of temperature shows a clear
reduction of l/é and Ag upon temperature increase (Figure 3D). The local maximum of Brillouin linewidth for A1-LCD
condensates at 15 °C together with the monotonic trend in the Brillouin shift could denote a relaxation process [49]; i.e. the
timescale of molecular motion was slowed down into the regime of the experimentally accessed timescale of few hundred
picoseconds.

In summary, we found a reduction in molecular interaction and dissipation strengths in the protein condensates upon
temperature increase, accompanied by a reduction in protein concentration, where there was also evidence for a molecular
relaxation process in the A1-LCD condensates indicated by a distinct signature in Brillouin shift and linewidth.

2.3 Variation of ion concentration reveals distinct interaction regimes

A

0.55 1 -0.39 1.91 hnRNPA1 / NaCl | 4

T ©® FUS/KC
4 (!
= 0.50 - O hnRNPA1/ NaCl L 0.35 1.8 1 l o V_g [ 35
= @® FUS/KCl c — )
a ) o [ A
— -+
S 0.45- £ 0.32 § 1.7 1 L 3.0
© o
€ 0.40- o.28 § 16 7 £2.5 | &
9] [e) .'Fll-
c > |
S = « 20
c 0.35 1 -0.258 1.5 4 $¢ i .
[0 o . . ®
‘é’ o ) © - ® L5
a 0.301 F0.21 i ] - L.
3 E E 141 @ »
i °
0.251 L0.18 134 $ 2 r1.0
00 05 10 15 2.0 0.0 0.5 1.0 15 2.0
Salt concentration [M] Salt concentration [M]

Figure 4: Impact of different ion concentrations on protein condensates. A: Protein concentration and volume fraction of FUS
condensates at 5% dextran and different KCI concentrations and of A1-LCD at varying NaCl concentrations. Note that the data
shown for FUS at 150 mM KCl is the same as in Figure C at 22.5°C. 4B: Corresponding Brillouin shift squared 12 (left axis) and
Brillouin linewidth Ag (right axis) normalized to the respective values of the dilute phase. Markers indicate median values; error
bars represent the range containing 68.3 % of the data points that are closest to the median.

Another important parameter that can tune the interactions between proteins is the ion concentration in the surrounding
medium. lons have specific effects on protein-protein interactions as they directly affect the various possible interaction
mechanisms of amino acids [2] and the solubilities of proteins. A previous study demonstrated that FUS exhibits a reentrant
phase behavior, resulting in two phase separating regimes, one at low and another one at high ion concentrations [38].
Also, the phase separation behavior of A1-LCD in response to different ion concentrations has already been investigated.
In contrast to the FUS protein, a larger ion concentration leads to a lower saturation concentration of A1-LCD, whereas a
reentrant phase separation was not observed [50]. We hypothesized that these ion-dependent interaction regimes should
be also reflected in the physical properties of the protein condensates. As above for exploring the effect of altering
temperature, we added 5 % dextran ensuring the presence of FUS condensates of suitable size across the full range of KCl
concentrations.

Figure 4 illustrates the distinct impact of ion concentration on the physical properties of the protein condensates. While
the buffer solutions showed a linear dependence of refractive index on ion concentration (see supplement Section S 2 and
Figures S 6A and S 6B), as well as the Brillouin shift of the dilute phases (Figures S 6C and S 6D), the dense phases
exhibited more complex dependencies. The calculation of protein concentration and volume fraction (Figure 4A), which
is based on the refractive index difference of buffer and sample (see Section 4.4), showed that the maximum of protein
concentration and volume fraction of FUS protein condensates is found at the lowest KCl concentrations. Towards higher
KCI concentrations, in the region where FUS condensates would dissolve without the addition of a crowding agent (i.e.,
0.5M and 1M KCI), protein concentration and volume fraction showed a minimum, before slightly increasing again at
even higher KCI concentrations. A1l-LCD condensates, on the other hand, were found to be generally denser than FUS
condensates and showed a further increase of protein concentration and volume fraction upon higher NaCl concentrations.

Finally, as for the different temperatures in Figure 3, we computed normalized values for Brillouin shift squared v and
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Figure 5: Effect of FUS condensate aging on morphology and density. A: Bright-field images of a representative FUS condensate
over a time course of 36 h at 150 mM KCl and 5% dextran. B: Refractive index, protein concentration and volume fraction of FUS
condensates measured 3h, 12h, 24 h and 36 h after condensate formation. Markers indicate median values. Scale bar: 10 pm.

linewidth Ag (Figure 4B). For FUS condensates, we identified a minimum in both quantities around a KCl concentration
of 1 M, while the largest values were located at the lowest ion concentrations, similar to the trends of protein concentration
and volume fraction. In the same line, A1-LCD showed larger values of Brillouin shift and linewidth at higher NaCl
concentrations.

In summary, our results show that the physical properties of the condensates change according to the previously identified
interaction regimes. In addition, we found that low ion concentrations lead to denser FUS condensates with stronger
molecular interactions compared to high ion concentrations.

2.4 FUS condensate aging is ion concentration dependent

Multiple publications have investigated the time dependence of viscoelastic properties of FUS protein condensates. In
general, the aging process of FUS condensates resulted in reduced protein mobility. The states of matter described for
aged FUS condensates range from viscous fluids [51], and mixed liquid-gel states [52], to fibrillar solids [6, 52]. Given this
broad range of results, we used Brillouin microscopy and QP! in various buffer conditions to provide an unbiased view of
the aging of FUS condensates.

Previous publications reported morphological and mechanical changes in a time frame of about 12h to 24h [6, 51].
Accordingly, we conducted QPI measurements shortly after sample preparation, as well as 12h, 24 h, and 36 h later. In
contrast to some previous publications, we could not find morphological changes even after 36 h, other than Ostwald
ripening. Accordingly, bigger condensates were growing while smaller ones were shrinking (Figure 5A). In contrast to a
previous study on PGL3 condensates reporting an increase in protein concentration over time [47], we could not detect a
change in refractive index, protein concentration, or protein volume fraction (Figure 5B).

We also conducted Brillouin microscopy measurements over the same time course as the QPl measurements. We were
aiming to investigate the same condensate population over the whole time course. In the case that a particular condensate
became inaccessible we chose a new one that was then monitored over the remaining time. To minimize any possible
effects of the laser light, we chose a laser power of about 11 mW, even though much higher laser powers (> 40 mW at
660 nm) have already been shown to be safe for imaging live cells [53]. As data acquisition was easier for condensates
with a diameter of at least 5 pm, due to reflections caused by the refractive index jump at the condensate interface, our
measurements were performed mainly on condensates that were growing (Figure 5A).

We found that the aging process of the condensates was characterized by a shallow increase in 13 of the condensate

population in the case of low ion concentrations. At a KCl concentration of 2.5M, however, this trend was suppressed
(Figure 6A). Similar to the density of the condensates, the dissipative properties of the condensates were also mostly
unaffected by the condensate aging (Figure 6B). An increase in viscosity that was reported previously [51] should have
been reflected in an increase in Brillouin linewidth.

To create a reference system for a completely solidified protein condensate we added 0.05% glutaraldehyde to a phase
separated FUS-protein system. To verify the solidification of the condensates we increased the temperature up to 40°C
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Figure 6: Effect different buffers on FUS droplet aging. Time evolution of 2 (A) and Ag (B) of FUS condensates for
three different buffer conditions. Fixed condensates were chemically crosslinked by the addition of 0.05 % glutaraldehyde at a KCI
concentration of 100 mM. Markers indicate median values.
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Figure 7: Physical properties of different Al-LCD-variants against their saturation concentration. Measurements were
conducted at 23°C and 150 mM NaCl. A: Protein concentration. Refractive index and volume fraction are shown in Figure S 10.
B: Brillouin shift squared (left axis) and Brillouin linewidth (right axis) normalized to the value of the dilute phase (same value for
all conditions). Markers indicate median values; error bars represent the range containing 68.3 % of the data points that are closest
to the median.

after the measurement. As the condensates did not dissolve, we concluded that the solidification was irreversible. The
chemical cross-linking led to an increase in v of 29 % leading to the highest value of all conditions investigated in this
study.

These findings suggest that the observed ion-dependent condensate aging process is not characterized by the formation of
ordered crystalline structures, or an increase in viscosity, but rather by the development of an elastic network across the
condensates.

2.5 Relationship between driving force for phase separation and the optomechanical prop-
erties of condensates

To interrogate the link between the driving force for phase separation and optomechanical properties, we conducted QPI
and Brillouin microscopy experiments with designed variants of the A1-LCD. The amino acid sequences can be found
in the supplement (Table S 14). The variants differ in their composition of aromatic residues, which were previously
identified as the main drivers of pairwise interactions that generate three-dimensional networks and mediate homotypic
phase separation in this system [54]. By substituting the other aromatic residues with tryptophan, which has the largest
aromatic ring system, we were able to increase the driving force for phase separation of the resulting protein variant. In
the first mutant, only the 7 tyrosine residues of the wild-type (WT) were substituted with tryptophan residues (YtoW).
In a second mutant, all 12 phenylalanine residues were substituted with tryptophan residues (FtoW), further increasing
the phase separation propensity. Finally, all 12 phenylalanine and 7 tyrosine residues were mutated to tryptophan residues
(allW) yielding a strongly phase-separating variant. Together, these four variants provided a broad range of phase separation
propensities which is reflected in a range of saturation concentrations spanning two orders of magnitude [12]. We observed
an overall negative trend of the saturation concentration with the protein concentration, but no consistent correlation
(Figure 7A). Figure 7B shows that v/ follows a logarithmic relationship with the saturation concentration according to

V3 ~ alog s + ¢. The Brillouin linewidth, on the other hand, shows similar values for allW and FtoW, as well as for
YtoW and WT, but does not follow a consistent trend with the saturation concentration.

In summary, we find that altering pairwise protein-protein interaction strengths by changing the molecular grammar of
protein sequences does not only change the saturation concentration but also the physical properties of the respective
condensates. However, the presented data highlights that even though measured quantities are related to intermolecular
interactions, they are not necessarily connected by simple relationships.
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3 Discussion

In this work, we present Brillouin microscopy as a promising tool for the characterization of the physical properties of
biomolecular condensates, as it introduces new ways to quantify the average molecular interaction and dissipation strength.
The combination with QPI offers the possibility to obtain the condensate density and allows a precise calculation of the
longitudinal modulus. In contrast to other commonly employed techniques, our experimental approach is non-invasive,
does not rely on fluorescent labels, and can be applied in vitro and in vivo.

We showed that parameters with an impact on the phase diagram (i.e., temperature, ion concentration, and amino acid
sequence) also affect the physical properties of protein condensates. Molecular interactions are therefore not only related
to the saturation concentration but can be also accessed directly via the optomechanical properties of the dense phase.
In general, the absolute values of longitudinal modulus and protein concentration are relatively high for condensed biological
materials. We found protein concentrations between 0.26 g/ml for FUS condensates at 0.5M KCI and 0.60g/ml for
A1-LCD allW and longitudinal moduli between 2.65 GPa for FUS condensates at 40 °C and 4.26 GPa for A1-LCD WT at
0.5M NaCl. Typical dry mass densities for HeLa cells for example cover a range from about 0.07 g/ml in the nucleoplasm
to 0.15g/ml in nucleoli [55], corresponding to a longitudinal modulus of about 2.4 GPa to 2.5 GPa. Intracellular FUS
condensates in living cells fall in the same range [31].

Similar values for protein concentration (0.26 g/ml) and longitudinal modulus (3.1 GPa) were previously found for in-
tracellular polyQ aggregates in vivo [31]. Concentration measurements of phase-separated FUS-EGFP [56], as well as
low-complexity domain molecules of FUS [57, 58] and A1-LCD [39, 54] found values of a few hundred mg/ml. Further-
more, a recent study employing QPI measured 0.34 g/ml for FUS-mEGFP [47] which is in line with our findings. Overall,
these results show that the average molecular interaction strength and density of the investigated condensates in vitro are
higher in living cells .

The differences between monocomponent condensates in vitro and complex multicomponent condensates in cells may
underlie these substantial differences. Our study highlights the fact that the physical properties of protein condensates
may be variable and context dependent, responding to external parameters such as thermodynamic variables. We also
demonstrate how the physical properties can be tuned by altering the amino acid sequence. Therefore, the complex
biochemical environment in living cells will modulate their properties, for example, due to the incorporation of additional
molecules into the condensates or by post-translational modifications [59].

Uncertainties for the calculation of the density, protein concentration, and related quantities (i.e., protein volume fraction,
longitudinal modulus) arise from the application of dextran as a crowding agent in some of the conditions studied (see
Section S 8 for further details). It was found that in the absence of specific interactions and with high molecular weight
crowders, depletion effects dominate and the crowder molecules are excluded from the condensates [60]. In light of these
findings, the underlying assumption for our calculation of the density was that the crowder (dextran T500) is largely
excluded from the protein condensates, and the values for a and 6 were chosen accordingly. Nevertheless, we found that
the addition of 5% dextran resulted in a small reduction in Brillouin shift and linewidth of the FUS condensates at low
KCI concentrations (see Section S 9 for further details). Whether this difference arises from a partitioning of crowder
molecules into the condensates still needs to be investigated. Furthermore, we assumed identical ion concentrations in the
dilute and the dense phase, while we aware that ion partitioning in dilute and dense phase may differ [61]. The impact of
this uneven ion distribution on the refractive computation, however, should be negligible due to the weak dependency of
ion concentration on refractive index (see Section S 2 for further details).

It should be noted that refractive index measurements of non-spherical membraneless organelles in cells would require a
tomographic imaging technique, such as ODT.

Our investigation of PEG solutions and protein condensates at different temperatures revealed characteristic behavior for
different solute concentrations. We found that water dominates the response in the dilute phase of the phase separated
protein samples and in PEG solutions up to a concentration of about 10 %. For PEG concentrations higher than 20 %,
and in the investigated protein condensates, the polymers have a greater impact on viscoelasticity. This fits with the
fact that both polymers have now exceeded their overlap concentrations and have entered the semi-dilute regime, greatly
increasing the likelihood of interactions and entanglements [62]. Consequently, we find a decrease in molecular interaction
and dissipation strength upon an increase in temperature. Such behavior is also known from glass-forming liquids [49, 63].
Consistent with the decrease in Brillouin linewidth, polymer solutions typically show lower viscosities at higher temperatures
[46, 64]. A reduction in viscosity with increasing temperature was also recently observed in A1-LCD condensates [12].
The lowering of molecular interaction strength due to a temperature increase was also reflected in smaller protein con-
centrations in the condensates. Our findings are in line with experimental phase diagrams of A1-LCD [54] as well as
coarse-grained simulations of FUS condensates [65]. We speculate that the local maximum of the Brillouin linewidth at
15°C could be the hallmark that the molecular relaxation time in the A1-LCD condensates moved into the regime of the
probed timescale of few hundred nanoseconds [26]. Such a transition was already observed for gelatin [49] at protein weight
fractions above 0.4 (corresponding to volume fractions of about 0.3) and would be consistent with a further increase of
protein volume fraction in A1-LCD condensates for temperatures below 22 °C. These results highlight that temperature
strongly impacts the physical properties of protein condensates.

We also investigated the effect of varying ion concentrations on the physical properties of protein condensates, as ionic
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strength is a strong determinant of phase separation. In the case of FUS, the complex interplay of ion concentration and
molecular interactions leads to reentrant phase separation [38]. At a low salt concentration below 125 mM, electrostatic
interactions contribute to phase separation. These interactions are shielded by the presence of higher ion concentrations.
At very high KCI concentrations above 1.5 M, however, hydrophobic and non-ionic interactions drive the system again into
a phase-separating regime.

Our results agree with these interaction regimes and further reveal the ion dependence of molecular interactions in FUS
condensates. In the presence of a crowding agent, we found a drop of protein concentration in the dense phase at KCl
concentrations above 100 mM associated with a reduction of Brillouin shift and linewidth. Furthermore, we discovered
that molecular interactions were strengthened at KCl concentrations above 1 M but did not reach the levels of the low
salt conditions, even above the previously reported reentrant point of 1.5 M KCIl. Also, protein concentration and volume
fraction reached their maximum at the lowest ion concentrations. We conclude that the overall molecular interactions are
weaker in the high salt regime. Apparently, the reduction of electrostatic interactions is not completely compensated by
the hydrophobic and non-ionic interactions.

In the case of A1-LCD an increase of ionic strength leads to a reduction of the saturation concentration [50]. Note that full-
length hnRNPA1 shows the opposite behavior. As for the FUS condensates, we found that molecular interaction strength
and density of the condensates correlated with the saturation concentration. Accordingly, a larger NaCl concentration led
to higher protein concentration in the dense phase and a larger molecular interaction and dissipation strength.

Protein condensates are metastable fluids that can undergo changes in their morphologies and material properties. This
may manifest in a slowing of molecular dynamics upon condensate aging or even in the formation of solid aggregates [66].
Although the transition of the majority of FUS condensates into fibrous aggregates was previously reported to take place
after 12 h [6], we only observed Ostwald ripening even 36 h after phase separation. Our observations are in agreement with
the cryo-EM images of Jawerth et al. [51], where morphological changes were only occasionally visible on the condensate
interface but not in the bulk material. Along the same line, recent publications suggest that the aging of FUS protein
condensates is an inhomogeneous process resulting in different material properties within the same condensate [67], and
solidification can be promoted by the condensate interface [52].

We found that the aging process of the FUS condensates is accompanied by an increase of the Brillouin shift at low ion
concentrations, while a change in linewidth and protein volume fraction was not detected. Our results may be interpreted
as increasing polymer crosslinking, similar to what was found in gelatin [49] and gelatin methacryloyl (GelMA) [68]. The
change of Brillouin shift and longitudinal modulus induced by crosslinking of a polymer solution is typically small if the
polymer volume fraction is kept constant [49, 69, 70]. An increase in shear viscosity as reported previously [51] should
have been reflected in a larger Brillouin linewidth, although the relationship between shear viscosity and Brillouin linewidth
is not straightforward [71] (see also Section S 5).

Interestingly, the increase of the Brillouin shift was suppressed at a KCl concentration of 2.5 M, suggesting that a high
abundance of ions attenuates the molecular interactions driving the aging process. A similar effect (i.e., suppression of
aging) of high salt concentrations was previously reported for PGL-3 condensates [51]. These results suggest that the
electrostatic interactions operating at low ion concentrations not only result in higher protein concentration and stronger
average molecular interactions but are also important for the aging process of FUS condensates. The chemical crosslinking
via the addition of glutaraldehyde led to a strong increase in the Brillouin shift and linewidth illustrating the effect of a
complete condensate solidification.

We conclude that the ion-dependent aging that we observed was not the transition into semi-crystalline fibers, as this would
have been associated with morphological changes, a large increase in Brillouin shift, and probably changes in Brillouin
linewidth and protein volume fraction.

Our investigations of A1-LCD variants with increasingly strong driving forces for phase separation revealed an overall
negative trend of saturation concentration with protein concentration and Brillouin linewidth of condensates, but not an
absolute correlation. Specifically, YtoW condensates have a higher density than FtoW condensates despite having a higher
saturation concentration and, the FtoW variant has a higher Brillouin linewidth than may be expected compared to the
YtoW and allW variants. These two observations may be related to the length scales of the underlying interactions or the
modulation of hydrodynamic effects by the different types of aromatic interactions. We have recently observed a similar
decoupling of viscosities from the driving force for phase separation in variants that are dominated by different types of
aromatic residues [12].

The negative trend with the saturation concentration is more apparent for the Brillouin shift; hence, the interaction
strength between the proteins impacts both the saturation concentration and the average molecular interaction strength
within the condensed phase. A comparison of A1-LCD and FUS shows that the FUS protein forms less dense condensates
with weaker interactions compared to the Al-LCD variants, although the saturation concentration of FUS is relatively
low (about 2pM at 150 mM KCI) compared to most of the A1-LCD variants. One should note here that in the case of
FUS, we studied the full-length protein with a GFP-tag, not the low-complexity domain in isolation. While we have not
explicitly investigated the impact of a fluorescent label, the comparison of the properties of condensates assembled by
labeled and unlabeled protein would be an interesting topic for future studies as many experimental techniques in the field
of biomolecular condensates are based on the use of fluorescent labels. Our findings also further substantiate the sensitivity
of the employed optical techniques to molecular interactions underlying phase separation. The sequence-dependent effects
for protein concentration and Brillouin linewidth indicate an interesting decoupling of thermodynamics and hydrodynamics
in variants that are dominated by different types of aromatic residues [12].
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Finally, we want to discuss our methods and results with regard to biological systems. Over the past years, fluorescence
microscopy has been the workhorse of molecular biology. It casts a spotlight on a selected molecular species, allows
to localize them, and thereby enabled the discovery of membraneless organelles with liquid-like properties [72]. The
majority of the abundant molecules in the investigated organelle and around remains invisible, though. While intracellular
condensates appear as dense accumulations under a fluorescence microscope, it often remains unclear to what extent such
accumulations of molecules really provide a different physical environment than the surroundings. The material properties
of the condensates, however, have a crucial impact on the behavior of their content.

Less dense condensates with similar material properties as the surrounding intracellular space may interact as reaction
sites [1]. Condensates exhibiting strong molecular interactions and high density can serve as a cellular mechanism to
shut down biochemical reactions as a response to external stress or to enable cellular dormancy [3]. Moreover, recent
research suggests that some condensates might also exert forces on other cellular organelles [9]. Therefore, cells need to
regulate and sometimes actively change the physical properties of membraneless organelles, for example during germ cell
development [4] or in DNA repair sites [11]. Our research also revealed that external stimuli, as well as intrinsic properties
of the proteins, give rise to many subtle changes in the physical properties of the investigated condensates, which cannot
be simply covered by qualitative terms such as "liquid-like" or "solid-like".

Unraveling the implications of these diverse material properties and how cells control them will be a major task for the field
of biomolecular condensates. This task requires the measurement of bulk physical properties in a quantitative, robust, and
non-invasive way as reported here. The bulk quantities we measure, such as protein concentration, volume fraction, as
well as sound velocity, and longitudinal modulus, may also be useful in refining coarse-grained simulations of condensates
[39, 73, 74, 75] which can complement experimental results.

3.1 OQutlook

While the presented experimental approach has great potential to advance our understanding of the physical properties of
biomolecular condensates in general, we identified some opportunities for further improvement. A useful modification of the
Brillouin microscope could be the employment of a spectrometer with a larger free spectral range. While the free spectral
range is sufficient for most biological samples, we found that in some of the experimental conditions, an unambiguous
evaluation of the Brillouin shift was obstructed by an overlap of the Brillouin peaks.

A powerful addition to the current instrumentation would be the possibility to detect shear waves as demonstrated by
Kim et al. [76]. This would allow to directly measure the shear modulus, extract the bulk modulus from the longitudinal
modulus, and derive an even more detailed physical description of the sample. Moreover, the detection of shear waves could
be another modality to quantify a solidification process, because liquids are not permissive for shear wave propagation.
Furthermore, faster data acquisition will be important for future studies targeting condensates in living cells. While the
refractive index distribution of a full field of view covering multiple cells can be measured in about a second [55], the
employed Brillouin microscope with its confocal point scanning approach (approximately 0.1s to 1s per pixel) poses
a bottleneck as small and dynamic condensates might diffuse out of focus during the data acquisition. However, the
acquisition speed of Brillouin microscopes is rapidly increasing and new technical innovations including full-field Brillouin
microscopes are on their way [77].

Less dynamic and larger condensates, such as Balbiani and nuclear amyloid bodies, may therefore be promising next
targets for Brillouin microscopy. There are a couple of burning questions regarding this type of condensates which urgently
need fresh experimental concepts. What are the differences between physiological and pathological amyloid bodies? Why
can cells dissolve the physiological ones? Could differences in the physical properties of physiological and pathological
amyloid bodies explain this? We are convinced that the presented methods can be an important building block for future
experiments that may answer these and other fundamental questions.

4 Materials and Methods

4.1 Protein purification

4.1.1 FUS-GFP

FUS-GFP protein was expressed from insect cells using a baculovirus expression system [78]. Cells were lysed using an
LM10 Microfluidizer (Microfluidics, USA) at 10000 psi in lysis buffer containing 50 mM Tris-HCI pH 7.4, 1M NaCl, 5%
glycerol, 1mM DTT, 33U/ml of benzonase, and complete, EDTA-free Protease Inhibitor Cocktail (Merck). Lysed cells
were centrifuged at 60000 RCF for 1h to separate soluble from insoluble fractions. The soluble fraction was bound to
amylose resin (NEB, USA) for 1 h and washed with 14 column volumes of wash buffer containing 50 mM Tris-HCI pH 7.4,
1M NaCl, 5% glycerol, 1mM DTT. The protein was cleaved from the MBP by loading one column volume of the
same buffer supplemented with 6 pg/ml 3C protease (produced in house), and incubating for 3h. Protein was eluted in
two column volumes of the same wash buffer, and the elution fraction was concentrated to 5 ml using an Amicon Ultra
Centrifugal Filter Unit (30 kDa MWCO, Merck). The concentrated protein was applied to size exclusion chromatography
using a HiLoad 16/600 Superdex 200 pg (Cytiva) column on the Akta Pure (Cytiva) FPLC system in 50 mM Tris-HCI
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pH 7.4, 750mM KCI, 5% glycerol, 250 mM urea, and 1 mM DTT storage buffer. The protein was concentrated to
60 pM — 100 pM using an Amicon Ultra Centrifugal Filter Unit (30 kDa MWCO, Merck) and stored at —80 °C.

4.1.2 hnRNPA1-LCD

A1-LCD construct design and purification were carried out as described previously [12, 39]. In brief, the A1-LCD sequence
was cloned into pDEST17, with a TEV cleavage site to allow for His-tag removal. Proteins were expressed in BL21(DE3)
cells overnight at 37 °C using autoinduction media. The protein was purified from the insoluble fraction using denaturing
buffers and nickel-chelating resin. The tag was cleaved with His-tagged TEV protease, which was removed with a second
nickel column. The proteins were further purified on a size exclusion column under denaturing conditions.

4.2 Brillouin microscopy

The Brillouin microscope was already described in detail elsewhere [79]. Briefly, a diode laser (TA pro 780, Toptica,
Germany) was stabilized to the D2 transition of Rubidium 85 at 780.24 nm. In order to suppress amplified-spontaneous
emission, the light was transmitted through a Fabry—Pérot interferometer in a two-pass configuration and guided on a
Bragg-grating. The light was coupled to a Zeiss Axiovert 200 M microscope stand (Carl Zeiss, Germany) and directed to
the sample through a 40x/0.95 air objective (Carl Zeiss, Germany). The backscattered light was collected in a confocal
manner and analysed with a two-stage VIPA-spectrometer. We performed ca. 40-50 point measurements for several
protein condensates for each condition. The number of evaluated condensates for each figure is given in the supplement
(Table S 1). Dilute phase measurements consist of ca. 30 spectra from one location.

Data analysis was conducted with a custom software written in Python [80]. Brillouin spectra were fitted with two individual
Lorentzian peaks in the case of dilute phase and the sum of four Lorentzian peaks in the case of protein condensates.
The latter approach was necessary as in most cases also the Brillouin peaks of the dilute phase were contributing to
the spectrum while all peaks were overlapping. In order to improve the quality of the fit, a measurement of the dilute
phase was used to constrain the Lorentzian peaks correspondingly. Note that reported linewidths were broadened by the
spectrometer and also by the distribution of scattering angles collected by the objective [81]. Temperature was controlled
via a custom-built temperature stage [82].

4.3 Quantitative Phase Imaging (QPI)

QP! was performed with a previously described setup [31] which is also suitable for ODT. It is based on Mach-Zehnder
interferometry, employing a frequency-doubled Nd-YAG laser with a wavelength of 532 nm (Torus, Laser Quantum, UK).
A 40x/1.0 water-dipping objective lens (Carl Zeiss, Germany) was used for sample illumination. The light diffracted by
the sample was collected with a 63x/1.2 water immersion objective (Carl Zeiss, Germany). For all temperatures above
room temperature (23°C), the sample temperature was set by two foil objective heaters (Thorlabs, USA), one for each
objective, controlled by a TC200 temperature controller (Thorlabs, USA).

Phase images were computed from raw holograms that were acquired at a straight angle using qpimage [83]. From the
phase image covering the full field of view, individual FUS condensates were segmented by a custom Python software
[84]. The refractive index of the individual FUS-condensates was calculated from the segmented phase images by fitting
a sphere using the Rytov approximation employing gpsphere [85, 86]. Only droplets with a diameter greater than 2 pm
were considered for the evaluation.

4.4 Density and protein volume fraction computation

The mass density p was calculated with the following formula based on a binary mixture model,

p:”_"5+ps<1—9"_"5>, (1)

[ [0

employing the assumption of volume additivity and the Biot mixing rule of refractive indices [79, 87]. In Equation 1, ng
denotes the refractive index of the solvent, ps the density of the solvent, 8 the proteins partial specific volume and « its
refractive index increment. The first term in Equation 1 can be identified as the protein concentration ¢ [88, 89]:

n—ns
c=—.

(2)
Using the information of the amino acid sequences of each protein, the values for § and « were estimated based on the
method proposed in [90] (see Table S 13). Here, instead of employing the Wiener mixing rule for dilute solutions under
use in [90], the Biot mixing rule was used to maintain consistency with the above Equation 1 [87]. The refractive index of
the solvent was measured with an Abbe-refractometer (2WAJ, Arcarda, Germany) (see Table S 11B and Figure S 1).
The protein volume fraction ¢ was calculated based on the protein concentration with the following formula:

(%

Vprot mprota -

¢ =Tt = —E = of. (3)
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Effects of temperature on «, 6, and ps were neglected and the respective values at room temperature were used to calculate
refractive index, dry mass, volume fraction, and longitudinal modulus.

4.5 Longitudinal modulus computation

All measurements were performed in the back-scattering configuration, where the scattering angle 6 (as defined in Figure
2) is approximately zero. Accordingly, the longitudinal modulus can be calculated by

)\VB 2 )\Z/B 2
M=p(—"B ) —,(2&
p(2ncost9/2> p<2n> )

where X\ denotes the incident wavelength of 780.24 nm. Equation 4 may be also written as

M = abvd (5)

2
where a = (%) denotes a setup-specific constant and b = . We found variations of b in the range of only
cos /2 n

about 2% (see Section S 6 for more details). Therefore, b &~ const. and M  v3 are reasonable approximations in the
context of the presented data. For specimens with a more complex composition, where not only proteins are present, this
approximation needs a more cautious treatment [87].

4.6 Data normalization

The values for the dilute phase, that were used to normalize longitudinal Modulus, Brillouin shift, and linewidth were either
obtained by the respective median value of the dilute phase (Figure 3) or by taking the value corresponding value of a
linear fit (Figure 4) in order to not transfer noise from the buffer measurement to the normalized values.

4.7 Fluorescence Recovery After Photobleaching (FRAP)

FRAP experiments were carried out with an Andor spinning disc microscope (Nikon TiE inverted stand, Nikon Apo 100x,
NA 1.49 Oil objective, Andor iXon+ camera) equipped with a FRAPPA unit (Andor, Northern Ireland). Temperature was
controlled the same way as for the Brillouin microscopy experiments. Condensates were bleached with a 488 nm pulse
with 20 ps dwell time. Fluorescence recovery was recorded in a single focal plane. For each recorded temperature recovery
curves of 5 individual condensates were recorded and analyzed with a custom python software using trackpy to correct
for stage drifting [91].

4.8 Sample preparation

4.8.1 FUS protein samples

If not stated differently, the protein stock solution (see Section 4.1.1 for further details) was diluted in a buffer containing
1mM DTT, 20mM PIPES at a pH of 7.4 to achieve a concentration of 5yM FUS. If indicated, a concentration of 5 %(w/w)
dextran T500 (Pharmacosmos A/S, Denmark) was used to ensure phase separation at intermediate salt concentrations
and high temperatures. For imaging the sample was loaded into a chamber, built up by a PEG-coated cover slide at the
bottom and a silicone spacer (Grace Bio-Labs, USA) with a height of 0.9 mm and a diameter of 4.5mm, resulting in a
sample volume of about 14 pl. PEG coating was performed according to a protocol published earlier [92]. For Brillouin
microscopy and FRAP experiments, the glass surface of the temperature control stage served as the upper boundary of
the sample chamber. For the QPI measurements, an untreated cover slide was used instead, as the temperature control
stage was not compatible with the QPI-setup.

Condensate fixation was performed by the addition of 0.05 % glutaraldehyde after the initialization of phase separation by
dilution of the stock protein solution with water.

4.8.2 hnRNPA1-LCD protein samples

Amicon Ultra centrifugal filters (Merck, Germany) were filled with 440 pl of 1 M MES pH 5.5 buffer. 60 ul of approximately
500 pM protein in 4 M GdmHCI was added. Filters were centrifuged for 15 min at 21000 g. Afterwards, the sample was
filled up to the initial volume of 500 pl with MES buffer. The centrifugation step was repeated until a 1000-fold dilution
of the initial GAmHCI buffer was achieved. After the last centrifugation step, the centrifugal filter was refilled with 20 mM
HEPES pH 7.0, and the previous procedure was repeated until a 10,000-fold dilution of the MES buffer was achieved.
Phase separation was induced by adding NaCl to a final concentration of 150 mM. Samples were loaded on a PEG-coated
cover slide and enclosed by an imaging spacer (Grace Bio-Labs, USA).
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4.8.3 PEG 3350 solutions

Polyethylene Glycol (Sigma, USA) was dissolved in water to obtain a stock solution with a mass fraction of 50 %. PEG
solutions with a lower mass fraction were derived from the stock solution by dilution with water. Temperature control and
sample mounting were conducted as for the FUS protein samples (see Section 4.8.1).
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Supplement

S 1 Number of evaluated samples

Protein FUS hnRNPA1
Temperature [°C] | 10 | 20 | 30 | 40 | 10 | 15 | 20 | 25 | 30 | 35 | 40
N 7188|8108 8| 8 |10|38] 8

Table S 1: Number of evaluated condensates N in Figure 3B and 3D.

Protein FUS hnRNPA1
Temperature [°C] | 22.5 | 25 30 35 40 45 25 30 35
N 175 | 365 | 228 | 212 | 140 | 205 | 176 | 348 | 389

Table S 2: Number of evaluated condensates N in Figure 3C.

Protein / salt FUS / KCI hnRNPA1 / NaCl
Salt conc.[M] | 0.066 | 0.1 | 0.15 |05 | 1 |17 |213| 0.1 |0.15| 0.3 | 05
N 262 | 112 | 175 | 62 | 76 | 52 | 130 | 148 | 176 | 324 | 453

Table S 3: Number of evaluated condensates N in Figure 4A.

Protein / salt FUS / KCI hnRNPA1 / NaCl
Salt conc.[M] | 0.066 | 0.15 | 0.5 | 1 | 1.7 | 2.13 | 0.1 | 0.15 | 0.3 | 0.5
N 10 31 12 | 30 | 31 29 15 10 15 | 12

Table S 4: Number of evaluated condensates N in Figure 4B.

Time point[h] | 3 12 | 24 | 36
N 524 | 556 | 489 | 433

Table S 5: Number of evaluated condensates N in Figure 5B.

Condition fixed | 0.15M KCI 5% dextran 0.1 M KCI 2.5M KCI
Time point [h] 0 0|12 | 24 36 0 |12 24136 0 | 12|24 | 36
N 11 31|29 | 36 35 30131 (28|29 (32|30 31|32

Table S 6: Number of evaluated condensates N in Figure 6A and 6B.

Variant | allW | FtoW | YtoW | WT
N 133 290 396 176

Table S 7: Number of evaluated condensates N in Figure 7A.

Variant | allW | FtoW | YtoW | WT
N 9 9 10 10

Table S 8: Number of evaluated condensates N in Figure 7B.
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S 2 Derivation of refractive index and density of buffer solutions

A B
H,0 H,O

NaCl [M] n plg/ml] KCl [M] n plg/ml]
0 1.334 0.997 0 1.334 0.997
1 1.344 1.0361 0.5 1.339 | 1.01977
2 1.353 1.0721 1 1.344 | 1.04134
3 1.362 1.10557 1.5 1.3485 | 1.06189
4 1.37475 | 1.13684 2 1.3535 | 1.08152

2.5 1.3585 | 1.10031

Table S 9: Refractive index and density of aqueous salt solutions.

modulus in S 5B. The influence of PIPES / HEPES on the density was neglected.

A B
H,O0 H,0 + 5% Dextran
1.201 O Refractive index 1.37 1.201 O Refractive index 1.37
<> Density <{> Density
o]
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Figure S 1: Density and refractive index of aqueous ion solutions. Values were taken from Table S 9. Refractive index and

KCI concentration [M]

C
H,0 5% dextran
K M| n | plg/ml]
0 1.341 1.0192
0.5 1.346 1.0393
1 1.351 1.0593
1.7 1.3585 | 1.0874
2.13 1.362 1.1046
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Refractive index values were measured with an Abbe-
refractometer at room temperature (22 °C). Density values in (B) and (A) were taken from literature [1] and were measured at
25°C. Density values in (C) were calculated via Equation 1, with apextran = 0.14ml/g [2] and Opextran = 0.5959ml/g [3]. A linear
fit of the density values was used to approximate the density of the dilute phase for the calculation of the normalized longitudinal

Refractive index

density for KCl dissolved in water (A), KCl dissolved in water with the addition 5 % dextran (B), and NaCl dissolved in water. Fitting
parameters for the linear fits are displayed in Table S 10.

coefficient NKCl PKCI TKCl4Dex PKCl+Dex NNaCl PNaCl
a 0.0093/M | 0.0413g/(mIM) | 0.0107/M | 0.0376g/(mIM) | 0.0099/M | 0.0349 g/(mIM)
b 1.3345 0.9987 g/ml 1.3399 1.0218g/m| 1.3337 0.9997 g/ml

Table S 10: Linear fitting parameters for refractive index n and density p of salt solutions.
according to the equation y = ax + b, were y denotes either refractive index or density and x denotes the ion concentration.
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A B C
H,O + 20 mM HEPES H,O + 20 mM PIPES H,O + 20mM PIPES + 5% dextran
NaCl [M] n KCl [M] n KCI [M] n
0 1.3345 0 1.3345 0 1.3425
0.1 1.3355 0.15 1.3365 0.15 1.344
0.15 1.336 0.5 1.34 0.5 1.3465
0.3 1.3375 1 1.346 1 1.352
0.5 1.3395 1.7 1.35225 1.7 1.3595
1.5 1.349 2.13 1.356 2.13 1.3635
25 1.36
Table S 11: Refractive index of buffer solutions. Refractive index values were measured with an Abbe-refractometer at room

temperature (22°C). A linear fit of the refractive index values was used to calculate protein concentration and volume fraction of
the condensates.

A B C
H20 + 20 mM PIPES H20 + 20 mM PIPES + 5% Dextran H,0 + 20 mM HEPES

1.365 1.365 o 1.365

1.360 o 1.360 o 1.360
x x
b p 3
21355 1.355 21.355
o o o} o
>1.350 1.350 > 1.350 °
2 2
g o S S
E1.345 1345 o L1345
() [e} Q
o o

1.340 o 1.340 1.340 o

o
o}
1.335{c 1.335 1.335{ %
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KCI concentration in [M]

KCI concentration [M]

NaCl concentration [M]

Figure S 2: Refractive index of the buffer solutions. Values were taken from Table S 11. Refractive index for KCI dissolved in
water (A), KCl dissolved in water with the addition 5% dextran (B), and NaCl dissolved in water(C).

linear fits are displayed in Table S 12.

coefficient | nkci+PIPES | TPIPES+KCI+Dex | "NaCl+HEPES
a 0.01/M 0.01/M 0.0097/M
b 1.335 1.3422 1.3346

Fitting parameters for the

Table S 12: Linear fitting parameters for refractive index n of buffer solutions. Parameters were calculated according to the
equation y = ax + b, were y denotes the refractive index.

S 3 Refractive index increment and partial specific volume of the studied proteins

Protein FUS-GFP allw FtoW YtoW WT
aml/g] | 0.199469 | 0.215825 | 0.21149 | 0.207454 | 0.203518
0[ml/g] | 0.704177 | 0.67979 | 0.676467 | 0.682987 | 0.681031

Table S 13: Refractive index increment « and partial specific volume 6 for FUS-GFP and the investigated hnRNPA1 variants.
Calculations were carried out as described in [4] based on the amino acid sequence.
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S 4 Brillouin spectra of hnRNPA1-LCD WT at different temperatures

Figure S 3 illustrates the challenges for the evaluation of the spectra of hnRNPA1-LCD WT recorded at low temperatures,
with the employed Brillouin spectrometer. Because of the periodicity of the Brillouin spectrum, the correct calculation of
the Brillouin shift relies on a clear attribution of each Brillouin peak to the elastic peaks (also called Rayleigh peaks) of
the same scattering order (see also Figure 2, where a smaller fraction of a Brillouin spectrum is shown).

At a temperature of 20°C, the Brillouin peaks corresponding to the protein condensates (the two peaks in the center
around 7.59 GHz) are well separated. For larger Brillouin shifts or broader peaks (i.e., larger Brillouin linewidth), as for
example in the spectra of Figure S 3C and Figure S 3B, the maxima of the peaks start to overlap.

A
hnRNPA1 condensate at 20°C
lilute dilute
2 v
- -— —s 1,
>
5,
_é‘ I/;J;Ull l\\‘\/\ l/](_.;)“
%] <
C
2 \/ \j
]
£
L\f// . edian
95% data points
0.00 7.59 15.18
Frequency [GHz]
B
hnRNPA1 condensate at 15°C
=
8,
=
)
e
()
]
<
—— median
95% data points
0.00 7.59 15.19
Frequency [GHz]
C
hnRNPA1 condensate at 10°C
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)
c
[
o
<

0.00 7.59 15.18
Frequency [GHz]

Figure S 3: Brillouin spectra of hnRNPA1-LCD WT at different temperatures. Subfigures show spectra of three individual
condensates at 20°C (A), 15°C (B) and 10°C (C). Each dataset contains 50 individual spectra. The outer peaks (elastic peaks)
correspond to different orders of the unshifted laser frequency, where their distance is given by the free spectral range of the
spectrometer (approximately 15.2 GHz). The distance of a Brillouin peak to the corresponding elastic peak defines the Brillouin shift
vg. The recorded spectra contain four Brillouin peaks, where the outer two correspond to the dilute phase (z/g”“‘e), the inner ones
to the dense phase (v§").

While it is still possible to fit the overlapping peaks in such a condition, the attribution to the elastic peaks becomes
ambiguous, in particular for the measurement at 10 °C. In other words, it is not clear weather the Brillouin peaks moved
over the middle of the spectrum (corresponding to half of the free spectral range Avgsr/2), resulting in a Brillouin
shift greater than Avgsg/2. The employed fitting procedure, however, assumes the Brillouin shift to be smaller than
Avgsr/2. Therefore, the calculated Brillouin shifts might be subjected to a systematic underestimation. As this potential
underestimation does not affect the conclusions that were drawn from the results, we decided to keep the respective data
in the figure and discuss the experimental challenges for these specific measurements. We want to point out here, that
the Brillouin linewidth is not affected by this ambiguity. For comparison, Figure S 4 shows a modified version of Figure
3D assuming vg > Avgsgr/2 for hnRNPAL at 10 °C. The issue of the overlapping peaks can be circumvented by the usage
of a spectrometer with a greater free spectral range.
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Figure S 4: Modified version of Figure 3D. Reproduction of Figure 3D assuming vg > Avrsg/2 for hnRNPAL at 10 °C, indicated
by [#], where Avesg denotes the free spectral range. The modified value of the Brillouin shift vg* can be derived by the following
formula: vg' = vg + 2|Avpsr/2 — vg].
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S 5 Relation of derived quantities with commonly used viscoelastic parameters

The most general description of the elastic properties of a material (in the linear regime) is the stiffness tensor in the
generalized Hooke's law with 21 independent components. All elastic moduli (bulk modulus K, longitudinal modulus
M, Young's modulus E, shear modulus G) are derived from the stiffness tensor and describe the material’s response for
a specific type of load (e.g., shear stress). In the isotropic case, however, the stiffness tensor can be reduced to two
independent parameters. Accordingly, any elastic modulus can be expressed by two other moduli. For the longitudinal
modulus it is insightful to use bulk and shear modulus:

M:K+§G (S 6)

In the case of an ideal liquid G = 0 and M = K. While shear and Young's modulus vanish (both describe a material
deformation with constant volume), bulk and longitudinal modulus (both describe a material deformation with changing
volume) are greater than zero. A deformation associated with a volume change requires a change in the equilibrium distance
of the molecules (or atoms) assembling the material and are therefore directly coupled to molecular interaction strength.
Protein condensates, in particular, are viscoelastic materials and can not be treated as simple liquids and consequently
exhibit G, E > 0. Note that elastic properties, as well as viscous properties which are discussed in the subsequent text,
may depend on the probed time scale (and accordingly frequency scale). A comprehensive overview of this topic is also
provided in [5].

Assuming a Newtonian liquid, the Brillouin linewidth Ag in the employed backscattering geometry may be expressed by

_ Smnin
A e

Ap (S7)

where )\ is the laser wavelength (780.24 nm in our case) and n_ is the longitudinal viscosity [6]. The longitudinal viscosity
in S 7 is defined analogue to the longitudinal modulus:

4
N =Nk + 36 (58)
In fluid dynamics, 7/p is also known as kinematic viscosity. In the following section S 6 we find that -5 ~ const. for the
conducted experiments. In this case, it follows that

AB = ()77|_7 (S 9)

where b is an approximately constant value. It should be noted here that the linewidth is broadened by experimental
setup, in particular due to the collection of a distribution of scattering angles which is defined by the objective's numerical
aperture [7]. Furthermore, there are additional wave decay mechanisms leading to an increase of Ag, for example, due to
static inhomogeneities [8], which are not included in this consideration. As the elastic moduli, the probed viscosity may
depend on the rate at which it is measured (non-Newtonian behavior). Despite these caveats, it has been shown that
the viscosity probed by a falling ball viscosimeter and viscosity calculated from Ag may exhibit a linear relationship for
glycerol-water mixtures [6]. A detailed treatment of this topic can also be found in [9], where the relation of shear viscosity
and Brillouin scattering derived viscosity of blood samples is investigated.
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S 6 Longitudinal modulus scaling

As already mentioned in the methods section 4.4 we used formula 1 to compute the mass density p = p(n, a, 8), which
establishes a linear relationship with the refractive index n. Keeping the refraction increment « and the partial specific
volume @ constant it follows the commonly used approximation % ~ const. for small changes of n. Note that this
approximation is only valid if the specimen exhibits constant values of a and 6 . Proteins and lipids, for example, show
different values for o and 6. Consequently, it has been shown that the assumption vZ oc M is not valid for adipocytes
[10], because proteins and lipids have very distinct values for o and 6. Figure S 5A illustrates the relative change of £
for the most extreme values of n appearing in this study using equation 1. We found changes of -£; in the range of 2 %.
Due to this small change of % we found a linear correlation of vg and M (Figure S 5B). Values for ns, ps which were
required for the calculation of the mass density based on Equation 1, were interpolated from the second and third column

of Table S 11B, respectively.

A B
a=0.19 [ml/g], 6=0.735 [ml/g] @ rUS temp DEX
100.01 1.97 @ FUS KCI DEX
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Figure S 5: Impact of density and refractive index on longitudinal modulus computation. A: Relative changes of 5 over
the range of observed refractive index values. B: Correlation of normalized longitudinal Modulus with the normalized Brillouin shift
squared. The presented values correspond to Figure 3D (FUS temp DEX), Figure 4B (FUS KCl DEX), Figure S 8B (FUS KCI) and
Figure 7B (hnRNPA1), respectively. Error bars are based on Equation S 10 and the standard deviation of vg.

The longitudinal modulus calculation was based on Brillouin shift, refractive index, refractive index increment, and partial
specific volume, e.g., M = M (vg,n,«,0). The only contributions of random uncertainties originated from the measure-
ments of Brillouin shift and refractive index. Based on the Gaussian error propagation we used the following formula to
quantify the random uncertainties of the longitudinal modulus:

2
AM = \/ —AVB + (?jAn) (S 10)

al/B
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S 7 Supplementary figures for Protein condensates at different ion concentrations
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Figure S 6: Comparison of buffer and protein condensates. Refractive index values of FUS condensates (circles) and buffer

(squares) for various KCl concentrations (A) and for hnRNPA1 for various NaCl concentrations (B), respectively. Corresponding values
of Brillouin shift squared of protein condensates (circles) and dilute phase (squares) for FUS (C) and hnRNPA1 (D), respectively.
Markers indicate median values; error bars represent the range containing 68.3 % of the data points that closest to the median.

S 8 Uncertainties of the density computation

As already mentioned, deviations from the calculated density values may arise from the presence of dextran in the condensate
(in case dextran was added to the buffer). The presence of dextran in the condensates would alter the effective values
of refraction increment o and partial specific volume 6 (i.e., @pextran = 0.14ml/g [2], Opextran ~ 0.6 ml/g [3]; Aprotein ~
0.19ml/g , Oprotein ~ 0.735ml/g [11]). The effect of these uncertainties on the calculation of the (dry) mass density is
illustrated in Figure S 7.

Furthermore, ion concentration was assumed to be equal in dilute and dense phase. As the presence of ions impacts
the refractive index, a non-uniform distribution of ions across the two phases would lead to an offset in the refractive
index computation of the condensates. However, as this impact is relatively small (for KCl and NaCl in water we found
dn /de < 0.01 M1, see Table S 12), we believe that this effect is likely negligible. Finally, the quantities & and 6 might
exhibit a certain variability upon changing ion and temperature conditions [12, 13, 14] that was not considered.
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Figure S 7: Impact of refractive index increment and partial specific volume on density computation. A: Solute concentration
for different refractive index values and refraction increment. B: Mass density for mixtures of dextran and FUS for a given refractive
index. Lower left of the plot corresponds to pure dextran, the upper right to pure FUS.

28


https://doi.org/10.1101/2024.03.19.585750
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.19.585750; this version posted October 23, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

S 9 Reference measurements of FUS condensates without dextran

In order to check the effect of dextran on the physical properties of FUS condensates we compared suitable conditions with
and without the presence of dextran. While trends were qualitatively maintained, we found an offset due to the addition
of dextran. In fact, we found that Brillouin shift and linewidth (Figure S 8), as well as refractive index (Figure S 9),
protein concentration, and protein volume fraction of the FUS condensates were affected by the presence of a 5% dextran
concentration. As phase separation was suppressed for temperatures above 30 °C and for intermediate ion concentrations,
we could not acquire data in those regimes.

A B
| I —— — 2.2
10 ! 20 30[ o 40 {b 1.55 ¢ | V_B
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Figure S 8: Evaluation of the impact of 5% dextran on Brillouin microscopy results. A: Values for Brillouin shift vg and
linewidth Ag of dilute and condensed phase for various temperatures. The KCI concentration in was set to 150 mM.Triangles
correspond to the dilute phase, diamonds show the condensed phase. Squares and circles correspond to the respective values with
5% dextran in the buffer as presented in the main text. The condensate markers contain values of 4 (15°C), 5 (20°C), 5 (25°C),
5 (27.5°C), and 5 (30°C) individual condensates, respectively. B: Brillouin shift squared v2 (left axis) and Brillouin linewidth Ag
(right axis) of FUS condensates normalized to the respective values of the dilute phase (diamonds). Temperature was set to 20 °C.
Circles correspond to the respective values with 5% dextran in the buffer as presented in the main text. The condensate markers
contain values of 12 (75 mM), 30 (0.1 M), 12 (2.13 M), and 32 (2.5 M) individual condensates, respectively. Markers indicate median
values; error bars represent the range containing 68.3 % of the data points that are closest to the median.
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Figure S 9: QPI measurements of FUS condensates. A: Refractive index of buffer and FUS protein condensates at different
KCI concentrations. B: Corresponding protein concentration and protein volume fraction. Circles represent median values of FUS
condensates, squares single measurements with a refractometer of the buffer solution. The data distributions contain values of 308
(75mM), 408 (0.1 M), 561 (2.13 M), and 303 (2.5 M) individual condensates, respectively.
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S 10 Amino Acid sequences of hnRNPA1 variants

variant | sequence

WT GSMASASSSQRGRSGSGNFGGGRGGGFGGNDNFGRGGNFSGRGGFGGSRGGGGY
GGSGDGYNGFGNDGSNFGGGGSYNDFGNYNNQSSNFGPMKGGNFGGRSSGPYGG
GGQYFAKPRNQGGYGGSSSSSSYGSGRRF

FtoW GSMASASSSQRGRSGSGNWGGGRGGGWGGNDNWGRGGNWSGRGGWGGSRGGGGY
GGSGDGYNGWGNDGSNWGGGGSYNDWGNYNNQSSNWGPMKGGNWGGRSSGGSGG
GGQYWAKPRNQGGYGGSSSSSSYGSGRRW

YtoW | GSMASASSSQRGRSGSGNFGGGRGGGFGGNDNFGRGGNFSGRGGFGGSRGGGGW
GGSGDGWNGFGNDGSNFGGGGSWNDFGNWNNQSSNFGPMKGGNFGGRSSGGSGG
GGQWFAKPRNQGGWGGSSSSSSWGSGRRF

allw GSMASASSSQRGRSGSGNWGGGRGGGWGGNDNWGRGGNWSGRGGWGGSRGGGGW
GGSGDGWNGWGNDGSNWGGGGSWNDWGNWNNQSSNWGPMKGGNWGGRSSGGSGG
GGQWWAKPRNQGGWGGSSSSSSWGSGRRW

Table S 14: Amino acid sequences of the studied low complexity domains of hnRNPAL.

S 11 Refractive index and protein volume fraction of hnRNPA1 condensates
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Figure S 10: QPI measurements of hnRNPA1 condensates. Refractive index (A) and protein volume fraction (B) of hNRNPAL
condensates at 23°C and 150 mM NaCl. Markers indicate median values.
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