bioRxiv preprint doi: https://doi.org/10.1101/2021.07.22.453380; this version posted July 23, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Non-specific adhesive forces between filaments and membraneless

organelles

Thomas J. Boddeker,! Kathryn A. Rosowski,! Doris Berchtold,?
Leonidas Emmanouilidis,> Yaning Han,® Frédéric H. T. Allain,?

Robert W. Style,! Lucas Pelkmans,? and Eric R. Dufresne!

L Department of Materials, ETH Zurich, Zurich, Switzerland
2Department of Molecular Life Sciences,
University of Zurich, Zurich, Switzerland

3Institute of Biochemistry, ETH Zurich, Switzerland
(Dated: July 21, 2021)

Abstract

Membraneless organelles are liquid-like domains that form inside living cells by phase-separation.
While standard physical models of their formation assume their surroundings to be a simple liquid,
the cytoplasm is an active viscoelastic environment. To investigate potential coupling of phase
separation with the cytoskeleton, we quantify structural correlations of stress granules and micro-
tubules in a human-derived epithelial cell line. We find that microtubule networks are significantly
perturbed in the vicinity of stress granules, and that large stress granules conform to the local
pore-structure of the microtubule network. When microtubules are depolymerized by nocodazole,
tubulin enrichment is localized near the surface of stress granules. We interpret these data using a
thermodynamic model of partitioning of particles to the surface and bulk of droplets. This analysis
shows that proteins generically have a non-specific affinity for droplet interfaces, which becomes
most apparent when they weakly partition to the bulk of droplets and have a large molecular
weight. In this framework, our data is consistent with a weak (< k7T") affinity of tubulin sub-units
for stress granule interfaces. As microtubules polymerize their affinity for interfaces increases, pro-
viding sufficient adhesion to deform droplets and/or the network. We validate this basic physical
phenomena in vitro through the interaction of a simple protein-RNA condensate with tubulin and

microtubules.
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Phase separation is a physical mechanism utilized by cells to rapidly alter the biochemical
landscape by locally concentrating or segregating key molecules [1, 2]. The resulting domains
are called membrane-less organelles and are involved in various processes inside the cell.
Typically composed of protein and RNA, they include, for example, nucleoli in the nucleus
as well as p-bodies and stress granules in the cytoplasm [3, 4]. Membrane-less organelles
can be very dynamic, exhibiting liquid properties such as coalescence [5-8] and recovery
from photobleaching [4, 5, 9]. In recent years, biologists, chemists and physicists have come
together to understand the interplay of phase separation, composition and function of these
droplet-like domains [10].

Phase separation inside cells takes place in an active, viscoelastic environment. Be it
the chromatin network of the nucleus or the cytoskeleton of the cytoplasm, protein-mRNA
droplets grow within filamentous networks [11]. Recent studies have focused on the impact
of networks on the growth of droplets at scales well beyond the mesh scale. In that case,
elastic energy stored in network deformations has been found to significantly alter droplet
growth and coarsening, both for synthetic mixtures of oil in cross-linked silicone [12-14] and
protein droplets in chromatin [15-18].

In the cytoplasm, membrane-less organelles interact with filaments of the cytoskeleton.
For example, multiple lines of cell-biological evidence show that stress granules can interact
with microtubules directly or through interaction with microtubule-binding p-bodies [5, 19].
Stress granules are liquid-like complexes of proteins and mRNA [20] that form throughout
the cytosol under conditions of biological stress (e.g. heat shock or exposure to arsenite), that
modulate the translation of cytoplasmic mRNA [4, 9, 21, 22]. As biological stress persists,
these granules grow and coalesce to reach a size up to a few microns [23, 24]. Microtubules
have been suggested to aid stress granule formation by acting as tracks for active transport
of granule components [25-28] and by encouraging droplet fusion [23, 24, 29]. Since the
characteristic mesh size of the microtubule network is about a micron, the dimension of
membraneless organelles and the microtubule mesh are comparable, and their interactions
fall in an unexplored physical regime. Recent theoretical works suggest that structure and
mechanical properties at the pore-scale can play an essential role [30, 31].

Here, we investigate physical mechanisms underlying the interaction of microtubules and
stress granules. Analysis of their structural correlations shows that microtubule network

densities are enhanced at the surface of stress granules and decay to their usual value over
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distances much larger than the granule size. Conversely, large stress granules tend to conform
to irregular gaps in the network of microtubules. When microtubules are perturbed by
nocadozole, which hinders microtubule polymerization, tubulin intensities remain enhanced,
but more strongly localized, at the surface of stress granules. These observations point to
adhesive interactions of tubulin and stress granules. A simple and generic model shows
that surface adsorption requires no surface-specific molecular functionalization. Instead, it
emerges naturally when macromolecular sub-units, with little preference for either phase,
assemble into larger structures. While these non-specific adsorption energies are very small
(< 0.1k,T) for a single tubulin sub-unit, they are sufficient to cause adhesion between
microtubules and the surface of stress granules with a strength of order 50 kgT'/um. We
demonstrate this effect in vitro by comparing the interaction of RNA-protein condensates

with tubulin sub-units or microtubules.

To reveal interactions of membrane-less organelles and cytoskeletal filaments, we chose to
work with stress granules in U20S epithelial cells. On fibronectin functionalized substrates,
U20S spread thoroughly, facilitating cytoskeletal imaging [32]. Formation of stress granules
is readily triggered by addition of small quantities of arsenite to the imaging media [5,
21]. An example of the nucleation and growth of stress granules in a live cell tagged for
G3BP1 (a stress granule marker protein) and tubulin is shown Supplementary Movie 1 (see
supplement section A). This movie suggests a rich interplay of microtubules and stress
granules, which not only varies over time as the granules grow, but also across different
positions in the cell. To quantify these interactions we record confocal stacks of fixed cells
after 90 minutes of arsenite treatment. We find that granules form within about 15 to
30 minutes after treatment, continue to coalesce and grow but show little change in size
after about 60 minutes of treatment. To limit spatial variation, we controlled cell shapes
by plating them on patterned fibronectin patches [32]. All cells whose final shape did not
conform to the pattern were excluded from analysis. We stained cells for G3BP1 and -
tubulin and acquired stacks of ry images separated by Az = 0.2 um with a spinning disc
confocal microscope (Nikon Ti2 with Yokogawa CSU-W1, 100x, NA 1.45).

An example zy-slice of the G3BP1 and p-tubulin channels 90 minutes after arsenite
treatment are shown in Figure 1 (A, B). In this example, we notice several important features.
Stress granules have a wide range of sizes, with compact irregular shapes. They tend to be

found in the region near the nucleus, which is also rich in microtubules. To quantify these
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FIG. 1. Stress granules and the surrounding microtubule network. (A,B) Exemplary xy-slices of
the G3BP1 and p-tubulin channels of the same cell after 90 minutes of arsenite treatment. The
black line shows the outline of the detected cell and nucleus. (C,D) Images of the stress granule
and surrounding microtubule network at the location indicated by the box in (A4,B). (I) gives
the average intensity of the respective channel across a cell (see supplement section B6). (E,F)
Averaged images of N = 113 stress granules and their microtubule network for granules with a
radius within the interval of 0.98 to 1.11pm. (G,H) Exemplary xy-slices of the reference cells
calculated from N = 335 cells for the G3BP1 and -tubulin channel as well as side views along the
respective center line. The white line indicates the average cell and nucleus shape. The z-axis has
been scaled to match the resolution in the xy-plane. (I,J) Same images as in (C,D) normalized by
the intensities of the corresponding location in the respective reference cell (indicated by the black
boxes). The intensity is now given in units of relative intensity, where a value of one corresponds
to as expected in the reference cell. (K,L) Distribution maps of G3BP1 and S-tubulin for granules

with a radius within the interval of 0.98 to 1.11 pm.

observations, we automatically detect individual stress granules and record their spatial
coordinates, shape, and size (see supplement section B5). We find a size distribution of
granule radii with a broad peak between 0.5 and 1pum, which decays towards larger sizes
with practically no granules larger than 1.5 pm (see Fig. S7). We classify granule shape as
round or elongated. Round granules have an aspect ratio between 1 to 1.5, and make up
79% of observed stress granules. Elongated granules have aspect ratios greater than 1.5, and
can reach values as large as 5.2 (Fig. S7). Live cell imaging of GFP-G3BP1 tagged stress

granules confirms that these large aspect ratios can relax over time, and are therefore not a
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sign of granule hardening (Supplemental Movie 1).

To reveal interactions of stress granules and microtubules, we quantify the structure of the
microtubule network in the presence of stress granules. The basis of this analysis are pairs
of images of the G3BP1 and -tubulin channels centered on a given granule. An example of
such a image pair is shown in Fig. 1 (C) and (D). For the moment, we consider only round
granules with radii greater than 195nm. This corresponds to the diffraction limit of our
optical setup (see supplement section B4). To visualize the typical shape of both granules
and their surrounding network, we average the granule-centered images of both channels for
granules of similar radii. Example average images for granules with effective radii of about
1.04 pm are shown in Fig. 1 (F) and (F'). The average images for all size bins can be found
in Fig. S3 and S4.

The average image of the stress granule channel shows a circular granule with an intensity
greater than 10x the average G3BP1 intensity in the cell. The average S-tubulin images
reveal a volcano-like shape, with a central region of relatively lower intensity that matches
the size and shape of the granule. This circular region is surrounded by a ring-like structure
of almost twice the normal tubulin concentration, followed by a decay in S-tubulin intensity
over several micrometers towards the average tubulin intensity.

To quantify how local perturbations of microtubule network structure are correlated with
the presence of stress granules, we needed to account for systematic variations in microtubule
architecture across the cell. To do so, we constructed reference cells, spatially-resolved image
stacks for each channel averaged across the full ensemble of cells. Details of image alignment,
construction and normalization are described in supplement section B 8. The reference cells
provide the expected intensity of the S-tubulin and G3BP1 channels for each 3D location in
the cell, as well as the average cell shape and location of the nucleus. Slices of the G3BP1
and [-tubulin reference cells in the xy, xz and yz -planes are shown in Fig. 1 (G) and (H).
Both tubulin and G3BP1 are brightest near the nucleus.

With reference cells in place, we calculate the enhancement of G3BP1 and S-tubulin
intensity in and around individual granules by point-wise division of the stress granule or
[S-tubulin images by the intensity of the corresponding reference cell at the same location.
Figure 1 (/) and (J) show the same images as 1 (C) and (D), where each pixel is now
normalized by the respective reference. Thus, a value greater (less) than one indicates that

the intensity is higher (lower) than expected at that location. Note that pixels that are
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masked due to being outside the cell or inside the nucleus in either individual image and/or
the reference are discarded.

Averaging these normalized images for the same granule size and condition, we arrive at
distribution maps, see Fig. 1 (K) and (L). Qualitatively, the average images (Fig. 1 (£)) and
distribution maps for the G3BP1 channel are quite similar. The normalization largely just
rescales the relative intensities. For the tubulin channel, normalization by the local intensity
has stronger effect. It flattens the intensity distribution outside of the stress granule, while
retaining the enhancement of tubulin around its surface. Within the granule, the tubulin

signal drops to a value close to one.
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FIG. 2. The microtubule network is modulated in the presence of stress granules. (A) distribution
map of the S-tubulin channel for round granules with a radius from 0.39 to 0.52 pm. N gives the
number of contributing images. (B) Corresponding distribution map for G3BP1. (') distribution
map of the S-tubulin channel for round granules with a radius from 0.78 to 0.91 pm. (D) Corre-
sponding distribution map for G3BP1. (£) Radial distribution function g(r) of S-tubulin around
round granules of different size. (F) g(r) of G3BP1.

These basic features are found for granules of all sizes, as shown in Fig. 2. However, the
enhancement of the microtubule signal around stress granules is stronger for larger granules,
as exemplified in Fig. 2 (A-D). For quantitative comparison, we azimuthally average the
distribution maps, to form a radial distribution function g(r) for the tubulin and stress
granule channels. These curves are shown for various granule radii in Fig. 2 (£) and (F'). As
expected for a compact phase-separated object, g(r) for G3BP1 peaks near » = 0 and decays
to one over a distance corresponding to the granule radius. For S-tubulin, g(r) increases
from a value near one at the center of the granule (r = 0) to a peak just outside the granule,

followed by a slow monotonic decay over a distance much larger than the size of the granule.
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We validated this novel method to characterize structural correlations in a heterogeneous
environment with a computational negative control. In order to construct distribution maps
with no structural correlations, we used the measured positions of each stress granule, but
images of the G3BP1 and tubulin channels at the same location in a different cell. As
expected, the resulting distribution maps for both G3BP1 and #-tubulin showed none of the

features described above, but simply fluctuate around a value of one, see Fig. S3 and S4.
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FIG. 3. Elliptical granules correlate with elliptical shapes of the microtubule network. Distribution
map of the tubulin network and corresponding granules around granules binned by principal axis
ratio. The area of all granules is fixed between 0.5 and 1.5m?. Both individual granule as well as

tubulin image are rotated such that the long axis of each granule is vertical.

So far, we have considered only granules with a principal axis ratio up to 1.5. Now, we
turn our attention to the network around elongated granules. Figure 3 shows the distribu-
tion maps for granules with larger ellipticity. Here, we keep the size of the granule constant
and bin the granules by their principal axis ratio. The construction is analogous to the
distribution maps of round granules, only now individual images of granules, as well as the
corresponding image of the tubulin channel, are rotated such that the major principal axis is
vertical before averaging. We find that elongated granules are correlated with complemen-
tary depletions in the S-tubulin intensity that match its size and shape. On average, larger
stress granule are more elongated, suggesting that larger granules are more affected by the
network, see Fig. S7 (H). Since the favored shape of a liquid droplet is spherical, elongated
droplets reflect anisotropic forces acting upon them. The correspondence in shape of the
granules and the ‘cavity’ in the tubulin channel suggests that the microtubule networks can

deform stress granules.

Our results suggest that microtubule networks are deformed in the presence of stress
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FIG. 4. p-tubulin localizes at the granule surface in nocodazole-treated cells. Distribution map of
B-tubulin (A) and G3BP1 (B) of granules with a radius around 0.65 pm in nocodazole-treated cells.
(C) g(r) for the distribution maps in the first two panels (solid line with error bars) compared to
the g(r) of the same size of granules with intact microtubule network (dashed lines). (D) Maximum
value, gmax, of the tubulin g(r) for granules of different radius calculated as the running average
considering data of the indicated radius £0.065 pm. Data are shown for both nocodazole-treated
cells and cells with arsenite treatment only. The darker color shades indicate the size of granules
where the intensity of G3BP1 saturates inside the granule. (F) Running average of the position of
the maximum value 7y in the tubulin g(r) for granules of different radius in nocodazole-treated

and untreated cells. The dashed line indicates the detected granule surface.

granules (Fig. 2) and that stress granules conform to the local structure of the micro-
tubule network (Fig. 3). To perturb microtubules, we treat cells with 0.5 pg/ml nocodazole.
Nocodazole hinders microtubule polymerization, leading to depolymerization of the network
within 10 to 20 minutes [33]. Cells are treated for 90 minutes with both sodium arsenic and
nocodazole before fixation. After nocodazole treatment, filamentous structures are absent
from the [-tubulin channel and stress granules are smaller and more numerous (Fig. S7),
in line with previous observations [23]. Note that we can not confirm that microtubules
are fully depolymerized into sub-units, tubulin may also be present in the form of small

aggregates below the optical limit.

Distribution maps of nocodazole-treated cells are shown in Fig. 4 (A, B). The distribution
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map of S-tubulin shows a relatively narrow ring surrounding the peak in the G3BP1 channel.
This observation becomes clearer in ¢(r), which reveals a peak localized at the granule
surface. A direct comparison of the S-tubulin and G3BP1 ¢(r)’s (Fig. 4 (C)) reveals that
the surface enhancement of S-tubulin is more localized in nocodazole-treated cells. Further,
the maximum value of the S-tubulin g(r) is typically higher in nocodazole-treated cells
for granules of all sizes (Fig. 4 (D)). Finally, the location of the fg-tubulin peak, rpay is

consistently closer to the center of the granule in nocodazole-treated cells (Fig. 4 (E)).

The persistent preference of tubulin, with or without a well-defined microtubule network,
for the surface of stress granules suggests that tubulin may have an affinity for the surface
of stress granules. To investigate this more precisely, we quantify intensities as a function of
distance, d, from the stress granule surface, instead of the distance, r, from the center of the
granule. In this way, we can consolidate data from granules of different sizes and shapes.
The interface (d = 0) is defined by the granule detection routine. Averaging intensities for
pixels with the same d from reference-cell-normalized images, we arrive at a surface-relative
distribution function, gs(d), for each granule. An example of gs(d) for the G3BP1 and -
tubulin channels of one granule in a nocodazole-treated cell is shown in Fig. 5 (A). gs(d) for
the G3BP1 channel reveals an interface region over which the intensity of G3BP1 transitions
smoothly from the inside of the granule to the cytosol. The corresponding g,(d) for tubulin
has a strong peak within this interface zone. While there is strong variation in the S-tubulin
gs(d) from granule to granule (Fig. 5 (B)), we typically observe a local maximum within
this interface zone. This observation becomes clear in the average gs(d) of S-tubulin, which

shows a peak centered within the interface zone of the G3BP1 ¢,(d) (Fig. 5 (C)).

We quantified the affinities of tubulin sub-units for the surface and bulk of stress granules
using partition coefficients. Generally speaking, partition coefficients measure the concen-
tration of a species in a particular domain relative to their values in a nearby reservoir, here
the cytosol. Based on the average gs(d) for G3BP1, we define the interface zone of width
|d| < 0.39 pm, where G3BP1 intensities transition from their values in the stress granule to
their values in the bulk. We defined the surface partition coefficient, k,, as the ratio of the
peak value of g,(d) within the interface zone to its value just beyond the interface zone, out-
side of the granule. Similarly, the partition coefficient for the bulk of an individual granule,
kg, is the ratio of gs(d) just inside to just outside the interface zone (see supplement section

B 10). Given the broad apparent interface region, we only consider granules with a radius
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FIG. 5. Tubulin sub-units in nocodazole-treated cells adhere to the granule surface. (A) Surface-
relative distribution function gs(d) for the S-tubulin as well as the G3BP1 channel for a single
stress granule in a cell treated with nocodazole. The dashed vertical lines at +0.39 pm indicate the
approximated width of the surface enhancement. The dotted vertical line shows the position of the
maximal slope in the G3BP1 channel. (B) gs(d) for the S-tubulin for randomly picked granules. (C')
gs(d) of the tubulin and G3BP1 channels for all sufficiently large granules (N = 449), i.e. collected
over all data shown in the scatter plot in panel (E). The dashed lines show the assumed width of the
interface at £0.39 pm and the dotted line shows the position of the maximal gradient in g5 g3pp(d).
(D) Histogram of the natural logarithm of the bulk partitioning coefficient In(k,) = —AG, and
the surface partitioning In(ks) = —AGs with the respective mean and variance of a Gaussian fit.
(E) Scatter of In(ks) as a function of In(k,). Each point corresponds to one granule (N = 449).

The red line shows the best fit of the theory to the data.
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of 0.59 um and larger, i.e. granules with a defined bulk phase. Note that these partition
coefficients are based on intensities, not concentrations. Therefore, systematic variations in
fluorophore efficiency or antibody binding in different environments could lead to systematic
errors in partition coefficients. However, we expect such errors to be negligible in the limit
of weak bulk partitioning (k, ~ 1) as observed here.

Assuming local equilibrium, we can relate the partition coefficients to the free energy

difference of tubulin relative to the cytosol:
kys=exp(—AG,/kT) . (1)

Here, AG, and AG| indicate the free energy difference of tubulin inside and on the surface
of stress granules, respectively, relative to the cytosol. Histograms of the bulk and surface
affinities of tubulin —AG, and —AGj are shown in Fig. 5 (D). We find that the distribution
of affinities for the bulk of the granules has a small but statistically significant (p = 0.002)
mean of —0.016 k7', suggesting a subtle preference for the cytosol. On the other hand, the
distribution of surface affinities has a significant (p < 0.001) mean value of 0.066 k,T". This
suggests that tubulin sub-units have a weak attraction to the interface of stress granules.
The apparent surface and bulk affinities are correlated, as shown by the scatter plot in Fig.
5 (E). The surface affinity increases with the bulk affinity, but remains positive as the bulk
affinity vanishes.

This behavior is consistent with a simple physical picture where tubulin is attracted
to the surface to reduce the interfacial energy of stress granules. In other words, tubulin
acts as a very weak surfactant. To capture the essential physics, we developed minimal
physical models where tubulin (in the form of a sub-unit or a small aggregate) has no
specific molecular mechanism for attachment to the surface of a stress granule. As in the
theory of Pickering emulsions [34-36], ubulin’s affinity for the bulk of the granule is AG, =
AoAy = Ao(vg — ). Here, A is the surface area of the tubulin, and v;, & . are the
interfacial energies of the tubulin against the granule & cytoplasm, respectiviely. In the
special case where the tubulin would have no preference for either phase (—AG, = 0), it
would be bound to the interface with an affinity —AG; = A,v.,, where A, is the area of
the interface covered by the tubulin sub-unit and ., is the interfacial energy between both
liquid phases (see supplement section D). The affinity is simply caused by the reduction of

energy of the interface when part of the interface is covered by a particle. When the particle
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is larger, it takes up more area at the interface and is stronger bound. Assuming that tubulin
attaches to the interface in sub-units with A.,; ~ 28 nm? [37], the observed surface affinity
at AG, = 0 of about 0.1 kT is consistent with a interfacial energy of the stress granules
Yeg = 15 pJ /m?, which is well within the range of typical values for membraneless organelles
[6, 38]. Since a single sub-unit is the smallest plausible aggregate size, this estimate is an
upper bound for the interfacial energy.

The theory of Pickering emulsions, however, was developed for systems where the particle
size is much larger than the interface thickness. Since tubulin sub-units have a similar size
to the components of stress granules, we do not expect it to apply here. We further note
that the apparent half-width of the interface is about 0.4 pm (Fig. 5 (C)), which is much
larger than the size of a tubulin sub-unit. Therefore, we extend the basic Pickering concept
to situations where particles interact with an interface of finite width, w. In the limit where
the particle size is much smaller than w, the free energy difference between a particle at
position = and bulk cytosol (z — o0) has two terms, one proportional to its surface area,

Ap, and one to its volume, Vj:

AG(z) = Ag (7(2) = 7(00)) = Vo (f(z) = f(o0)), (2)

The area term captures the interfacial energy between particle and fluid and the volume term
describes the energy of the fluid displaced by the particle. To determine the free energy of
the particle localized to a thick interface, we follow the description of Cahn and Hillard of a
simple two-component system [39-41]. Expanding the energy landscape around the center

of the interface (z = 0) and keeping terms up to second order in x/w, we find

A~y x 3% (1 22
AG) ~ g 2 (1-2) =1 S22 (S - 2.
Glo) D) w Vo 2w \2 w? ()
A particle at the interface then has the equilibrium position
Agw? A
Ty = G 4)
6V0 Veg
with a corresponding affinity
1 (—AG,)?
-AG, = —(—=A ~——%

We find a single physical parameter ag, which gives the surface affinity of a tubulin particle

at AG, = 0. For a spherical particle with radius R,

ao = 7R, (g) | (6)
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Note that the thin interface model gives a similar quadratic form with different pre-factors.
Complete derivations of each theory are provided in supplement sections D and E. Fitting
the data in Fig. 5 (F) to equation 5 with only one fit parameter, we find ag = 0.067 +
0.002 kT, see supplement section B 11.

The above analysis of nocodazole-treated cells shows that tubulin fragments have a small
affinity (< 0.1 kT') for the surface of stress granules. As tubulin polymerizes to form mi-
crotubules, this affinity should increase linearly with the length of the filament. Assuming
that the surface affinity measured in nocodazole corresponds to individual sub-units, mi-
crotubules as short as 100 nm will bind to the surface of stress granules with an adhesion
energy of more than 5 k7. This implies that microtubules can strongly bind to the surface

of stress granules, even when tubulin sub-units do not.

Alexa 647 Merge

FIG. 6. S-tubulin and microtubules localize to the surface of FUS-RNA droplets in vitro. (A4,B,C)
FUS-RNA droplets with tubulin sub-units. The droplet is visualized with Alexa 647 and tubulin
with rhodamine. The mid-plane of a z-stack is shown. (D) Side-view of two droplets at the location
indicated by the line in (C). (E,F,G) FUS-RNA droplets with taxol-stabilized microtubules. The
maximum projection along z is shown to visualize all filaments around the droplets. (H) Zoomed
image of two small droplets at the location indicated by the box in (G). (I) Side-view of a droplet

at the location indicated by the line in (G).

To test this, we performed experiments on a simplified system in vitro. In place of stress
granules, we made protein-RNA condensates with full length FUS protein, a component of
stress granules [9], and RNA (poly-U), see supplement section B 13. In this minimal system,
we observed a significant affinity of rhodamine-labelled tubulin sub-units for the surface
of the droplets, see Fig. 6 (A-D). Strikingly, taxol-stabilized microtubules have a much
stronger preference for the surface of the droplet, see Fig. 6 (E£-I). This is consistent with

the simple model we have proposed, and is reminiscent of other recent in vitro observations,
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where filaments were strongly localized to the surface of synthetic phase-separated polymer
droplets [42, 43].

Previous experiments and theory on the interaction of phase-separation and macromolec-
ular networks have focused on the expansion of cavities in elastic networks [12-15, 18, 30, 44].
These deformations are driven by the free-energy per unit volume liberated by condensation,

i.e. condensation pressure. For a single phase-separating component,

Pcond = nLka hl(”/”sat)y (7)

where ny, n, and ng, are the number densities in the droplet, in the continuous phase, and
at the point of saturation in the continuous phase, respectively [12]. When the surrounding
medium is an ideal elastic solid, cavities grow without bound when peynq > 5E/6 [44]. While
these ideas are well-suited for permanently cross-linked networks, visco-elastic relaxation of
the cytoplasm [45-48] makes them largely irrelevant to the steady state of stress granules.
Indeed, it is clear from Supplementary Movie 1 that stress granules and microtubules can
re-arrange over timescales of a few minutes. Consequently, we expect elastic stresses induced
by droplet growth to have fully relaxed within 90 minutes after induction of the granules,
the focus of the current study.

Instead, the adhesion of tubulin and stress granules, as described above, appears to be the
driving force underpinning the observed structural correlations of stress granules and tubulin.

Generically, these surface affinities can do work when the adhesion energy is positive:
W = Yeg + Ve — Ttg > 0. (8)

Since results for nocodazole-treated cells are consistent with |y, — V4| < 7oy, We expect
W = 7,.4. This positive adhesion energy could drive deformation of the microtubule network
(Fig. 2) or stress granules (Fig. 3). Since the microtubule network presents little resistance
to deformation on long time scales, we expect adhesive forces to consolidate the microtubule
network around the droplet. This is consistent with macroscopic experiments and theory
showing that neutrally wetting droplets preferentially sit at the side of filaments [49]. Be-
cause the persistence length of microtubules is large, concentration enhancements around
stress granules must decay slowly (Fig. 2). Note that microtubules are too rigid to be signif-
icantly bent by sub-micron stress granules (see [50-53] and supplement section B 12), while

some bending is apparent in the adhesion of microtubules to larger in wvitro droplets. Over
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long timescales, adhesion thus favors the migration of stress granules to regions of the cell
with higher microtubule concentrations. In our experiments, we find that the microtubule-
rich regions on either side of the nucleus are also the preferred location of stress granules (see
Fig. 1 (G,H)). This effect is quantified by Fig. S8, where a voxel-wise cross-correlation of
tubulin and G3BP1 intensities shows a strong tendency for granules to be found in regions

of above average tubulin intensity.

We have introduced a statistical method to quantify structural correlations of various
components in living cells, and identified significant interactions of microtubules and stress
granules. This approach should be applicable to quantify a variety of weakly-bound struc-
tures within the cell. Depolymerization of microtubules and a physical model of adsorption
support the hypothesis that non-specific adhesive interactions are sufficient to drive the ob-
served structures. Tubulin sub-units’ weak affinity for the surface of stress granules, and
weak repulsion from the bulk of stress granules, are amplified as microtubules polymerize,
leading to the distinct enhancement of tubulin density around granules. With more precise
structural data on the thickness of the interface between membraneless organelles as well as
on the size of adsorbing particles, non-specific adsorption could provide a route to measuring

in vivo surface tension through the fit parameter ay.

These interfacial phenomena could impact a wide-range of cellular phenomena. Sur-
face partitioning could contribute to the observed core-shell structure of stress granules
[9]. Wetting interactions of protein droplets with microtubules have been shown to facil-
itate branching [54, 55]. Because of their non-specific nature, we expect that interfacial
forces could play a role in a number of interactions of membrane-less organelles with other
supra-molecular structures. For example, the interaction of phase-separated domains with
membrane strurctures including the endoplasmic reticulum [56], phagosome [57], Golgi ap-
paratus [58], and synaptic vesicles [59]. We anticipate that similar interactions may also
impact the localization of pathological liquid like aggregates as observed during neurode-
generative diseases [2, 60] or of functional aggregates in the formation of the skin barrier

(61, 62).

15


https://doi.org/10.1101/2021.07.22.453380

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.22.453380; this version posted July 23, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

I. ACKNOWLEDGEMENTS

This work was primarily supported by grant numbers 172824 and 189940 from the Swiss
National Science Foundation.

We thank Michael Murrell for helpful discussions and his micropatterning protocol. We
thank Michael Steinmetz for advice and materials for in vitro experiments with tubulin.
Moreover, we thank Mahdiye ITjavi for advice and discussion on in wvitro experiments. We
thank our lab members and members of the Bringing Materials to Life consortium at ETH

for fruitful discussions.

II. AUTHOR CONTRIBUTIONS

T.B, K.R., D.B., L.P. and E.D designed cell experiments; T.B and K.R. performed cell
experiments; K.R., L.E., F.A., and E.D. designed in vitro experiments; K.R. performed in
vitro experiments; Y.H. and L.E. purified protein for in vitro experiments; T.B. and E.D.
developed statistical tools and analyzed data; T.B., R.S. and E.D. developed theoretical
models; T.B. and E.D wrote the paper with input from all the authors.

I1I. SUPPLEMENT
A. Supplementary Movie

Epifluorescences time lapse of arsenite-treated U20S cells. Tubulin in green and GSBP1
in magenta. Field of view is 26.3 x 16.4 um?, movies is played back at 210x the original

speed

B. Materials and Methods
1. Cell culture

U20S human osteosarcoma cells were grown in DMEM medium supplemented with 10 %
fetal bovine serum, and 2mM L-glutamine (all from Thermo Fisher), at 37°C in 5% COs.

For experiments, patterned coverslips were coated with 20 pg/ml of fibronection (Sigma)
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and single cells were plated on these coverslips 4-6 hours prior to experiments to ensure

sufficient spreading.

2. Micropatterning

Glass coverslips were incubated in 0.1 mg/ml poly-L-lysine-g-poly(ethyleneglycol) (PLL(20)-
g[3.5]-PEG(2), SuSoS AG) for one hour. The coated coverslips were then exposed to deep
UV light coated-side up in a UV/Ozone cleaner (ProCleaner Plus BioForce Nanosciences)
through a chrome on quartz photomask (printed by Deltamasks). The transparent features
on the otherwise opaque photomask are 25pm-by-30 pm rectangles with two hemisphere
caps of radius 12.5 pm at the ends and several hundred features per coverslip. Features are
spaced at least 100 pm apart from edge to edge in all directions. After UV treatment, the

patterned coverslips were coated with fibronectin and cells plated.

3. Immunofluorescence

After specified durations of treatment with 0.5mM sodium arsenite (Sigma) to induce
stress granule formation (see e.g. [5]), wild-type U20S cells were fixed with 4 % formaldehyde
for 15 min, permeabilized with 0.1 % Triton X-100 in PBS, and blocked with 5 mg/ml bovine
serum albumin (Sigma), in some cases containing also 0.25 % Triton X-100. Fixed cells were
incubated overnight at 4°C with primary antibodies: mouse anti-G3BP (1:500, abcam),
rabbit anti-S-tubulin (1:200, abcam) to stain for stress granules and microtubules. Note
that G3BP does not co-precipitate in S-tubulin immunoprecipitation and is commonly used
as a stress granule marker [26, 63]. Secondary antibodies consisted of: Rhodamin Red-
X anti-mouse IgG (1:500, Jackson ImmunoResearch) and Alexa 647 anti-rabbit IgG (1:500,
Jackson ImmunoResearch). DNA has been stained for by incubating in DAPI (1:500, Sigma)

for 15 min at room temperature. Coverslips were mounted in ProLong Gold (Thermo Fisher).

4. Cell Imaging

Fixed cells were imaged on a Nikon Ti2 Eclipse with Yokogawa CSU-W1 spinning disk
and 3i 3iL35 Laser Stack using a 100x oil objective with a numerical aperture of 1.45. The
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spatial resolution in the focal (xy-)plane was 0.065pum/pixel and the step height (z-axis)

was 0.2pm. The theoretical diffraction limit for the shortest used wavelength (488nm) is

0.51\
V2NA

of the theoretical point spread function of a confocal microscope [64]. For the actual optical

130 nm, calculated as with numerical aperture N A, i.e. the full width half maximum

setup, we assume a diffraction limit of three pixels (195 nm).

5. Cell Detection and Sorting

Image analysis has been carried out using MATLAB and has been automated to allow
for efficient and reproducible processing of a large number of cells. Each set of confocal
data acquired on the microscope contained one cell. The cell has been identified in the
xy-plane using the REGIONPROPS function on an overlay of the maximum projections along
z of all channels as well as a wide-field image of the nucleus through the DAPI stain. For the
accurate detection of the cell shape in the focal plane, the image has been sharpen before
thresholding. All images have been cropped around the detected cell in the xy-plane. To
determine the z-coordinate of the base of each cell (cell base height) the sum of the median
and 80th-percentile of each xy-plane for the filament channel has been collected. With only a
small rim of background around the cropped cells, the median of the image is slightly below
the median intensity of the cell and serves as a proxy for the overall structure of the cell. The
80th-percentile captures more pronounced features, such as individual filaments, while being
robust against outliers. The cell base height has then been calculated as the z-coordinate
corresponding to the maximal gradient of this intensity measure, which reliably detected
the side of the cell attached to the coverslip. We assume the error of this measurement
to be +1 z-step. The maximum intensity z-slice was typically 2 to 4 slices above the cell
base height. Cells in which this distance fell out of this interval were discarded. Moreover,
cells with an area outside 85 to 110 % of the area of the prescribed pattern (1257 pm?) were
discarded. Cells with a ratio of the short principal axis to the long principal axis outside
the interval [0.43 0.55] were also discarded. The corresponding ratio of the pattern itself is
0.45. These criteria have been chosen based on the corresponding histograms of all cells to
discard outliers.

The background intensity of each channel has been approximated from the intensity in

the corners of the cropped image outside the detected cell. Each channel has been corrected
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for this background intensity individually.

Multiple cells were recorded on each coverslip in one acquisition session. Within one such
a batch, all patterns have the same orientation. The orientation of the patterns has been
determined as the mean orientation of cells from one batch. Batches with less than 10 cells
remaining after filtering the cell area and shape have been discarded. Individual cells with
an orientation that deviates by more than 3° relative to the pattern orientation were also
discarded. All cells have been rotated by the mean orientation of the pattern to ensure
consistent cell orientation across samples. The remaining cells were aligned such that the
centroid of the cell was in the center of the xy-plane. Because the nucleus is not always
exactly in the center of the cell, cells were arranged such that the centroid of the nucleus
always falls in the same hemisphere of the image, i.e. some cells were rotated by 180°. This
yields cell stacks that are oriented in the xy-plane such that the long axis of the cell is

horizontal and the nucleus falls to the left side.

6. Intensity Normalization

The intensities of the G3BP1 and -tubulin channel of each cell were individually normal-
ized by their mean intensity (I) to account for differences in protein expression or staining.
In order to define this mean intensity, we select a set of representative pixels. The x- and
y-coordinates of representative pixels are those that fall inside the cell shape but outside
the cell nucleus, based on the maximum projection along the z-coordinate of all channels.
Pixel outside the cell or inside the nucleus were set to NaN (not a number) throughout all
following analysis. The z-coordinates of the representative pixels are set as the second to
fourth z-coordinate above the detected cell base height. Typically, the third z-coordinate
above the cell base is the maximum intensity z-plane. The mean intensity is then calculated
across all such representative pixels. Each channel is then normalized by the respective

mean intensity in that cell.

7. Stress Granule Detection

To analyse the interactions of stress granules with their surrounding, we need to first

identify the granules. Stress granules were detected in the G3BP1 channel using an auto-
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mated routine probing various global thresholds. This routine yields the spatial coordinates,
centroid, volume and the eccentricity of well-defined stress granules within the bulk of the

cytoplasm.

In a first step, the G3BP1 channel is filtered by subtracting a dynamic background. The
background is determined by convolving a 30x30x5 box kernel on the confocal stack. The
filtered image is then slightly blurred using the command imgaussfilt to decrease shot noise.
The lowest probed threshold was set as the maximum of the mean intensity values in the xy-
plane of the filtered G3BP1 channel across the height of the stack. The maximal threshold
was set as the global maximum. 101 threshold values spaced evenly over the resulting range
have been probed. For each threshold, the (matlab) function regionprops3 has been used
to detect volumetric blobs with intensity values above threshold. The number of detected
blobs as well as median and mean volume have been recorded for each threshold. The
aim is to detect stress granules, that is mathematically a group of finite size consisting of
neighboring voxels. Further, the group of voxels must have a high intensity compared to the
environment and be set apart by a reasonably sharp gradient in intensity to ensure that we
do not detect fluctuations in the diffuse G3BP1 protein. Consequently, the optimal threshold
shows a minimal change in the number of detected blobs upon varying the threshold level
and corresponds to a local maximum in both median and mean volume, i.e. captures all
or most granules in the cell. The mean volume ensures that we detect a large portion of
the granules and do not overestimate the threshold. The median volume is sensitive to
the distribution of sizes. Too low thresholds typically yield one large detected volume and
many small blobs on the periphery. Thresholds that yield many small blobs will have a low
median volume. The median volume consequently offers a handle to avoid underestimating
the threshold. Weighting these three criteria (change in number of granules, mean and
median volume) allows to assign a quality factor to each threshold and to detect a suitable
value. Cells that do not exceed a minimal quality factor for the stress granule detection
were discarded. In a second step, a logical three-dimensional mask of the detected granules,
i.e. false where there is no granule and true for all voxels that are part of a granule, has
been inflated by dilation with a sphere of radius 3 pixels. Applying these granule masks on
the initial G3BP1 confocal stack, we can calculate the weighted centroid of the inflated and
initially detected blobs. If the weighted centroids of a given blob differed by more than 0.5

pixels, the blob has also been discarded to ensure robustness of the detection. Moreover, all
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pairs of granules that fused upon dilation have been discarded to ensure a minimal distance
between granules. Moreover, granules, typically very small, that reside below or above the
cell nucleus were discarded as they fall outside the cell mask. The ellipticity of each granule
has been defined as the ratio of major to minor principal axis of an ellipse fitted to each
granule. Here, we only considered the principal axes in the xy-plane. The effective radius
of the granule is defined as Rsg = \/H/ﬁ, where Agq is the area of the stress granule
projected into the zy-plane like a shadow cast.

Aside from the characteristics (position, orientation, volume, etc.) a number of images
are saved for each granule. All images are centered on the centroid of a given granule and
show the xy-plane closest to the granule centroid. Note that pixels within these images that
fall outside the cell limits or inside the respective cell nucleus are set to NaN. The size of
these images is 221x221 pixels (about 14x14 pm), to capture also the long range deformations
of the tubulin network around granules.

In the following analysis, granules with a radius below 3 pixels are discarded. Therefore,
only granules with a diameter larger than twice the diffraction limit of 130 nm are considered,
see supplement section B4.

In a final step we filter granules after calculation of the individual distribution map in
the G3BP1 channel (see e.g. Fig. 1 (I)). Granules that are not at least twice as bright as
their local environment are discarded. The local environment is defined by dilating the
individual granule shape with a disk of 8 pixel radius and subtracting the original granule
shape. Further, granules with a mean relative intensity higher than the mean plus one
standard deviation of the relative intensity across all granules are discarded to account for

positive outliers.

8. Construction of the reference cell

The alignment of all cells in three dimensions allows to construct cell stacks by overlaying
all cells that belong to the same experimental conditions, e.g. duration of arsenite treatment.
Each cell stack is blurred in the xy-plane using a Gaussian kernel with a variance of 4 pixels.
While this method retains the overall intensity, noise as well as single filaments are blurred
to suppress short range fluctuations. To capture the finite size of the cytosol as well as of

the nucleus, each cell is masked by the cell outline and the nucleus shape. Based on these
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stacks, the reference intensity for any spatial coordinate is calculated as the mean intensity
across all cells at this position, omitting the data from cells where the given pixel is masked.
If more than half of the intensity values for a given coordinate fall within these masks of the
nucleus or cell outline, the pixel is considered outside the cytoplasm of the reference cell.
This way, the reference cell also serves as a mask for the expected cell shape (see Fig. 1 (G)
and (H)).

Note that the symmetry along the short axis has deliberately been broken by rotating all
cells such that the cell nucleus falls into the same half of the cell. The remaining symmetry
of the pattern allows to fold the cell along the center line of the long axis to enhance
the statistics for the calculation of the reference cell. Using n cells, this process yields 2n
intensity values for all spatial coordinates in one hemisphere of the cell. The full reference
cell is then recovered by mirroring the result along the center line.

Note that, due to fluctuations in the height of the cells, we only considered the intensity
values between the cell base height up to 1.2pm (6 slices) into the cell as reliable. Stress

granules outside this range are not considered in the following analysis.

9. Calculation of averaged images, distribution maps, radial distribution function g(r) and

surface-relative distribution function gs(d)

To calculate averaged images we first define a subset of granules with comparable size
and ellipticity. Images of round granules (i.e. with a principal axis ratio not exceeding 1.5),
for example, are binned by the granule radius Rg¢g in steps of three pixel (195nm). Given
a minimal granule radius of 195nm, the first size bin is [195nm 325nm]. This size bin is
then labeled as Rsg = 0.26 pm. Unless stated otherwise, data are shown in bins that are
statistically independent, i.e. each data point is assigned one bin.

To calculate the averaged images of a given bin (see e.g. Fig. 1 (E,F)), we average the
intensity values for a given pixel location from all images of the G3BP1 and A-tubulin
channel for granules of that bin. Note that we omit those pixels that fall outside the cytosol
of the corresponding cell.

We calculate distribution maps (e.g. Fig. 1 (K, L) in the same way as averaged images only
that each individual image is now normalized by the corresponding image of the reference

cell. Normalization is done by point-wise division with the respective image originating from
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the reference cell of that channel at the same location. Note that, if a pixel is masked in either
reference or G3BP1 and S-tubulin image, it is considered masked. Consequently, different
pixels of a distribution map may not have the same number of pixels that contributed to
the calculation of the corresponding intensity value.

Fluctuations in the number of contributing data sets for different pixel locations intro-
duces a non-linearity when further analyzing distribution maps, which has to be taken into
account when calculating the radial distribution g(r) of a distribution map. To capture
the varying statistical weight, we do not take the radial average of the distribution map
in question. Rather we take the average over all intensity values from the individually
reference-cell-normalized images that the distribution map is calculated from at distance r
from the center, again omitting masked entries. This way we know how many data points
contribute to each entry in g(r). The error of g(r) at a given distance r is then calculated
as the standard error, i.e. the standard deviation of the contributing values divided by the
square root of the number of contributing values.

The surface-relative distribution function gs(d) is calculated from the reference-cell-
normalized images for each granule individually, as it is the basis of the calculation of the
partitioning coefficients for each granule. Here, the distance d for a given pixel location is
calculated as the minimal distance to the outline of the stress granule. The outline itself
has a value of d = 0 and pixels inside the granule have negative entries. The outline is
defined by the stress granule detection routine. g4(d) is then calculated by averaging the
intensities of pixels with the same d, omitting masked pixels. The error is again calculated

as the standard error.

10.  Calculation of the partitioning coefficients kg and ki

To calculate the partitioning coefficients k, = ¢,/c. and k; = ¢5/c., we need to calculate
the intensities of S-tubulin at the surface and in either bulk phase. Note that we assume
that intensity and concentration are linearly proportional, the proportionality constant then
cancels out when taking the ratio of intensities. Given that tubulin shows little preference
to either bulk phase and is enhanced by a factor of less than 1.2 at the interface compared to
the cytosol, we assume the same proportionality constant in and around a granule. In order

to accurately access the intensity at the interface and around it, we base our calculation on
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the surface-relative distribution function g,(d). This way, variations in granule shape do not

affect the measurement of surface intensity (see Fig. 5 (4-C)).

Based on gs(d) the intensity at the surface of a given granule I is calculated as the
maximum intensity in gs(d) within -2 to +2 pixels (-0.13 to 0.13 pm) around the maximal
gradient Vg (d) of G3BP1, which corresponds to the position of maximum adsorption in the
limit of neutral wetting of tubulin particles to the surface. The interval is chosen to allow for
variations in the peak around the interface (see Fig. 4 (C')). At the surface, we find a broad
peak of the tubulin intensity, with a width typically larger than the point-spread-function
of the microscope (195nm), suggesting that, while optical artifacts are certainly expected
to affect the shape of the peak, the peak is indeed broad. Note that the width of the peak
coincides with the region over which the intensity of G3BP1 transitions from bulk cytosol
to bulk granule. In order to avoid artifacts from this broad peak across the interface of the
stress granule, we measure the intensity inside the granule I, as the mean of g,(d) inside
the granule for d < 0.39 pm from the detected surface. We also omit the entry in g(d) with
the largest distance from the surface, which corresponds to the very center and typically
has poor statistics. To have a reasonable set of pixels to average over, we only consider
granules with a radius larger than 0.59 pm for this analysis, i.e. at least three entries with
d < 0.39 pm.

We have previously shown that granules, also in nocodazole treated cells, typically reside
in a region of higher than average tubulin intensity (see Fig. 1 (G,H) and Supplementary
Fig. S7). We can therefore not just take the expected tubulin intensity of the reference cell
(which is one by construction), but also have to define an intensity for the surrounding of
each granule I.. In nocodazole-treated cells, the long range decay of tubulin around granules
is significantly less pronounced compared to cells with intact microtubule networks (see Fig.
4), but still present. The intensity of the surrounding is thus depending on the distance from
the granule and consequently subject to error. To capture the tubulin density the granule
experiences, we measure as close to the granule as possible while avoiding artifacts from
the broad surface peak in tubulin localized to the interface zone of the granule. We chose
to define the intensity in the surrounding as the mean of the gs(d) between d = 0.46 and
d = 0.59 pm outside the granule, keeping the same 0.39 pm away from the surface as for the
calculation of I,. This half width of the interface of 0.39 pm is chosen to be broad enough

to also accommodate error from the position of the maximum gradient, which, on average,
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is found at d = —1.4 £ 1 pixels and thus does not coincide with d = 0.

11. Fitting

Fit parameters and errors are evaluated through variation of the fit over N = 1000
realizations. From the initial fit of the theory (Eq. 5) to the data, we extract the residuals
and initial fit parameter ag. Using this fit parameter, we assign each data point with the
theoretical prediction of —AG(—AG,), based on the —AG, of the data. For each iteration,
we then add Gaussian noise to the data with zero mean and variance equal to the standard
deviation of the residuals to create a variance of the original data and perform a new fit.
The reported value of ag is the mean of N = 1000 realizations of the variation, with the

error given as the standard deviation. All fits use bisquare weighting of residuals.

12.  Calculation of the bendocapillary length

To estimate the stress granule radius at which we can expect microtubules to bend around
the granule we perform a gedankenexperiment where a microtubule wraps a stress granule
once. The elastic energy to bend a length [ of filament to a radius of curvature matching

the radius of the stress granule Rgq is then

KMT KMT
Pl = [ 2, = 2

L,

With bending rigidity of the microtubule Ky and line integral [ dl. We can approximate

the Ky from the persistence length [, of microtubules, which we take to be one millimeter:
Kyr ~ 1, - kT ~ 41072 Jm,

with thermal energy kyT'. The adhesion energy of a microtubule of length [ in contact with

the granule is then
ESW‘f(l) =W- Acontact ~ "ch(l + COS(Q)) . ZRMT,

with surface tension 7., between granule and cytosol and contact angle  between granule
and microtubule and microtubule radius Ryr. Typical values of the surface tension of

protein droplets vary between 1 to 100pnJ/m? [38, 65]. For the stress granules, classical
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wetting, that is assuming a thin interface of the granule, suggests a maximum value of the
surface tension of about 1075 J/m?. Equating both energies we get a granule radius Ry, at

which both forces are equal in the range of

Ry = K ~ 6 pm
‘ RurrYeg(1 + cos(0©))

assuming neutral wetting, a surface tension of 1075 J/m? and a microtubule radius of Ry;r ~

12nm. Note that lower surface tension leads to larger Rp..

13.  Droplets in vitro

His- and gbl-tagged full length FUS protein was purified from E. coli under denaturing
conditions with affinity chromatography. Overnight incubation with TEV protease and
subsequent second affinity column removed the tags. Protein was concentrated in presence
of 6 M urea up to 1.5 mM, similar to FUS NTD protocol [66]. Full length FUS was purified
from FE. coli and concentrated up to 1.5 mM in the presence of 6 M urea. To induce phase
separation, the stock protein solution was diluted to a final concentration of 50 ptM in buffer
(50 mM HEPES, 150 mM NaCl, pH 7.5). RNA was added to the FUS solution in the form
of poly-U (Sigma Aldrich) at a final concentration of 0.5 mg/ml. To image the droplets
in fluorescence, 1 uM AlexaFluor 647 (ThermoFisher Scientific) was mixed into the droplet

solution, where it partitioned into the condensed phase.

10% rhodamine-tagged porcine tubulin (Cytoskeleton, Inc.) was mixed with purified
bovine tubulin in tubulin buffer (80 mM PIPES, 1mM EGTA, 2mM MgCly, pH 6.9). This
was either added to the droplets as sub-units at a final concentration of 0.1 mg/ml, or first
polymerized in the presence of 1mM GTP and stabilized with Taxol (Paclitaxel, Ther-
moFisher Scientific). A small amount of the resulting microtubules were then added to the

droplet solution.

Directly after mixing, droplets were pipetted between sandwiched coverslips containing a
coating of oil with 2% FluoroSurfactant (RAN Biotechnologies). The coverslips were sealed

and imaged with a 60x water immersion lens (NA = 1.2).
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C. Theory: Partition Coefficients

To evaluate under which conditions a tubulin sub-unit will prefer to reside on the granule
surface or in bulk cytosol or bulk granule, we identify the chemical potential y for each state

assuming tubulin is dilute:

Ce
e = pie(co, T) + kT In (C_o) 9)
C
g = e, T) + T () (10)
115 = p1s(co. T) + kyTln (Z—O> (11)

Note that the surface concentration ¢, is also a volumetric concentration. This is because
the tubulin sub-units have a volumetric extend, and we measure intensity per voxel in the
experiment. Moreover, the surface is not as well defined as, for example, an air-water
interface under room temperature and normal pressure. This leads to a surface phase with
a certain extend.

We assume a local equilibrium of the chemical potential of tubulin in and around the
granule. We justify this for once, because we consider a small subset of the cell, i.e. inside
and outside of the granule are close together, and because we assume that tubulin sub-units
are inert with respect to the granule. Equating the chemical potentials of a sub-unit in the
cytosol and inside the granule, we can define the partition coefficient between granule and

cytosol

c -AG
k’g:c—g:exp( kag>, (12)

with free energy difference —AG, = p.(co, T') — p14(co, T') between a sub-unit in the granule
compared to the cytosol. Analogously, we define the partitioning coefficient to the surface

relative to the cytosol as

Cs —AG,
—_ — = 1
ks .. eXp( T ) (13)

with free energy difference —AG; = p(co, T) — ps(co, T).
In order to calculate the free energy differences AG, and AGj, we present two models,
which differ in the definition of the interface between stress granule and cytosol. The tubulin

sub-unit is, in both cases modeled as a colloidal particle.
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FIG. S1. Tubulin sub-unit modelled as a colloidal particle ¢ interacting with a thin interface
between stress granule g and cytosol ¢. (A) Reference state of a sub-unit with surface area Ap in
bulk cytosol. (B) A sub-unit wetting the interface with contact angle 6. A, is the surface area of
the spherical cap of the sub-unit exposed to the cytosol, A; = Ay — A, respectively the spherical

cap exposed to the granule.

D. Theory: Thin interface

First, let us consider the colloidal model tubulin particle of radius R interacting with an
interface of width 2w that is much thinner than the size of the particle R >> w. (Note that
the smallest possible tubulin particle is a sub-unit but we cannot ensure that all tubulin
particles are sub-units in nocodazole-treated cells.) This corresponds to the classical picture
of a particle at an interface as shown in Fig. 5. —AG, = p.(co, T') — p1g(co, T') is the energy
difference a sub-unit experiences when it is moved from bulk cytosol to inside the granule.
Note that the assumption that tubulin is dilute implies that tubulin sub-units do not feel
and interact with each other. AG, is then given as the surface area of the sub-unit A, times
the difference in the surface tension of the sub-unit towards the cytosol ;. and towards the

bulk of the granule ~,,

—AG, = Ao(e — rg). (14)

In order to calculate the free energy difference —AG, = p.(co, T') — ps(co, T') between a
sub-unit in bulk cytosol and adhered to the surface of the granule, let us first consider the
energy of a sub-unit at the interface. This energy is given as the balance of the area of the
interface taken up by the sub-unit A.,; times the surface tension of the granule towards the

cytosol 7., and the surface areas A. and Ay — A, of the granule exposed to the cytosol and
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the granule multiplied with the respective surface tension:

,Us(Co, T) = _Ac’}/tc - (AO - Ac)’Ytg + Acut’)/cg'
The energy difference between a sub-unit in bulk cytosol and on the surface is then

—AGs = pe(co, T) — ps(co, T)
== AO’th - (Ac%tc + (AO - Ac)’ytg - Acut')/cg) (15)
- (AO - AC)’ytc - (AO - Ac)’ytg + Acut/ycg-

Using Young’s law

Ve = Vg + Veg COS(&), (16)
with contact angle 0, we find

—AG;s = (Ag — Ac) (g + Yeg co8(0))
— (Ao = Ac)ng + AcutVeg (17)
= (Ao — A)Yeg cos(8) + AcutVeg-
To define the geometric quantities, we now consider a spherical sub-unit, as illustraded
in Fig. S1. The sub-unit with radius R then has a surface area Ay = 47 R?, surface area
exposed to the cytosol (in the shape of a spherical cap) of A, = 2rR?(1—cos(f)) and an area

A = TR? sin2(9) that the sub-unit takes up on the surface of the granule, with contact

angle 6 as defined in Fig. 5 (B). Thus we finally arrive at

—AG, = (47R* — 2w R*(1 — c0s(6)) 7eq cos(h)
+ T R%7,, sin?(6)
’ (18)
= TR,y (2 cos*() + sin®(6) + 2 cos(0))
= TR%*v., (1 + cos(0))”.
The energy difference between a particle in bulk cytosol compared to bulk granule is then

analogously

_AGQ - 47TR2(’7tc - ’Ytg)
= 47 R%y,, cos(6).
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For comparison to our data, we express AGy in terms of AG,

~-AG, —AG?
+ 5
2 167 R*7,q

—AG, = TRy, + (20)

Note that this expression has removed the explicit dependence on contact angle. AG, is a
function of both 7., and §. The histogram of observed AG, (Fig. 5 (D)), however, shows
both positive and negative values with a mean close to zero. If # was constant, this would
call for negative surface tension 7.4, which is not physical. We thus assume that variations

in AG, are dominated by variations in contact angle 6 and hold ~., constant.

E. Theory: Thick interface

Tubulin sub-units, as well as the constituents of stress granules, are proteins, i.e. the
assumption that the particle interacting with a droplet interface is much larger than the
interface width is not given. Moreover, our data suggest a width of the interface of stress
granules of w ~ 0.4 pm, much larger than a tubulin sub-unit with radius R ~ 3 nm [37]. To
set up a theory for a thick interface (R < w), we follow the approach presented by Cahn and
Hillard [39]. We consider a two-phase system characterized by an intensive scalar quantity
¢ (other than temperature or pressure) that transitions smoothly from one state (inside the
bulk of the stress granule) to another state (bulk cytosol). Here we express ¢ as the local

mesoscale composition

o(z) = (1 = 2¢h4(2)) mesos (21)

where 1), gives the local volume fraction of stress granule components and ()meso gives
the local average over a volume sufficiently large such that ¢ is smooth [41]. The spatial
coordiante x is normal to a flat interface between granule and cytosol, with the midpoint of
the interface at x = 0, without loss of generality.

We assume a Helmholtz free energy per unit volume of the system given as
a b K
F(6,V6) = 56 + 76 + S (Vo) (22)

with parameter a = a(7T") that is negative under conditions in which the system separates
and positive constants b and k£ [39-41]. The volume terms capture the phase behavior of

the system and the gradient term describes interfacial energies. For negative a, i.e. below
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FIG. S2. Tubulin sub-units interacting with an extended interface between granule and cytosol.
(A) Phases and interface are determined by ¢(z) = ¢ tanh (£). (B) Tubulin sub-units (red) are

smaller than the interface width 2w.

the critical temperature, f has two minima at +¢, = /—a/b [41]. Assuming a constant
chemical potential p everywhere in the system, it can be shown that the local composition

takes the form [40, 41]

x
o(x) = gytanh (=), (23)
with width of the interface [40]
—2K
w= = (24)

Integrating the free energy over the interface, one finds the surface tension between both

phases [41]

(25)

To evaluate the energy per unit volume around the interface, we expand ¢(x) around

=0

Inserting into equation 22 we find

roy~ P (-2, (1)

2w w?

Far from the interface, we find for either bulk phase

_3’709

f(zkoo) =

(28)
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Moving a particle with surface area Ay and volume V4 from bulk cytosol (x — o0) to

position x we then change the free energy by

AG(x) = Ao (7(x) = 7(00)) = Vo (f(2) — f(00)). (29)

AG(z) consists of a contribution from the surface tension of the particle proportional to its
surface area and a term that captures the energy of the displaced fluid. For the change in

surface tension we apply the law of mixtures and find

() = (o0) = 5 (¢b¢_b ¢) =5 0-0), 30

with Ay = v,y — Y4, where the last term shows the expansion around z = 0. For the free

energy difference between the bulk phases, the volume terms cancel out (see eq. 28) and we

find
AG, = AG(—o00) = ApAy. (31)

Inserting equations 27, 28 and 30 into equation 29, we can express the energy of a particle

around the interface as

Ay x 37 1 2?
A zA—(l——)—V—ﬂ ——— . 2
Glw) 02 w 2w \2  w? (32)
AG(x) has a minimum at the equilibrium position for the particle, for which we find
Agw? Ay
Tog = , 33
/ 6Vo Veg ( )
with energy
AVoYeg 1
AG, = AG(eg) = — =219 4 ~(AA)
3 w 2
2 (34
— AoAv)=.
Vi, 08
Here we can identify AG, and arrive at
1 (—AG,)?
_AG, = 2ZA \m2by)”
Gs = ag + 2( Gy) + 3240 (35)
with parameter
3 R
ag = Zgg‘/o = 7TR2’ycg <E> R (36)

assuming a spherical particle with radius R. Note that the theory predicts a broad adsorption

peak with a width corresponding to the width of the interface.
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FIG. S3. Average images, and distribution maps of stress granules. (A4) Average images of G3BP1
for different granule sizes, N gives the number of contributing granules. (B) Distribution maps of
G3BP1. (C) Negative control: Distribution maps of G3BP1 where images of granule in cell ¢ have
been extracted at the same location in cell 7 + 1, probing random but biologically plausible input.
Note that granules with locations that fall within the cell nucleus or outside the cell at cell 141 are
discarded. (D) Radial curves corresponding to the average images in (A). (E) g(r) corresponding

to the distribution maps in (B). (F) g(r) corresponding to the distribution maps in (C).
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FIG. S4. Average images, and distribution maps of S-tubulin. (A) Average images of S-tubulin
for different granule sizes, N gives the number of contributing granules. (B) Distribution maps of
B-tubulin. (C') Negative control: Distribution maps of S-tubulin where images of the S-tubulin
channel in cell 7 have been extracted at the same location in cell ¢ + 1, probing random but
biologically plausible input. Note that images with locations that fall within the cell nucleus or
outside the cell at cell i + 1 are discarded. (D) Radial curves corresponding to the average images
in (A). (E) g(r) corresponding to the distribution maps in (B). (F') g(r) corresponding to the

distribution maps in (C).
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FIG. S5. Average images, and distribution maps of S-tubulin in nocodazole-treated cells. (A)
Average images of S-tubulin for different granule sizes, N gives the number of contributing granules
originating from nocodazole-treated cells. (B) Distribution maps of S-tubulin in nocodazole-treated
cells. (C) Negative control: Distribution maps of S-tubulin where images of the S-tubulin channel
in cell ¢ have been extracted at the same location in cell 7 + 1, probing random but biologically
plausible input from nocodazole-treated cells. Note that images with locations that fall within
the cell nucleus or outside the cell at cell i + 1 are discarded. (D) Radial curves corresponding
to the average images in (A4). (E) g(r) corresponding to the distribution maps in (B). (F') g(r)

corresponding to the distribution maps in (C).
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FIG. S6. Average images, and distribution maps of G3BP1 in nocodazole-treated cells. (A)
Average images of G3BP1 for different granule sizes, N gives the number of contributing granules
originating from nocodazole-treated cells. (B) Distribution maps of G3BP1 in nocodazole-treated
cells. (C) Negative control: Distribution maps of G3BP1 where images of the S-tubulin channel
in cell ¢ have been extracted at the same location in cell 7 + 1, probing random but biologically
plausible input from nocodazole-treated cells. Note that images with locations that fall within
the cell nucleus or outside the cell at cell i + 1 are discarded. (D) Radial curves corresponding
to the average images in (A4). (E) g(r) corresponding to the distribution maps in (B). (F') g(r)

corresponding to the distribution maps in (C).
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FIG. S7. Comparison of cells with and without nocodazole treatment (A) xy-slice of the tubulin
channel of an exemplary cell with intact microtubule network. Cell and nucleus outline are shown
in white. (B) xy-slice of the tubulin channel of an exemplary cell after 90 minutes of nocodazole
treatmeant. Cell and nucleus outline are shown in white. (C') xy-slice of the tubulin reference cell
with intact microtubule network. Average cell and nucleus outline are shown in white. (D) xy-slice
of the tubulin reference cell after 90 minutes of nocodazole treatmeant. Average cell and nucleus
outline are shown in white. (£) Histogram of observed granule radii with a total of 2543 granules
from 335 cells with intact microtubule network and 1520 granules from 81 cells with nocodazole
treatment. (F') Histogram of granule volume. (G) Histogram of the principal axis ratio. (H)
Mean principal axis ratio as a function of granule radius. The errorbars are given as the standard

deviation.
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FIG. S8. Spatial correlation between tubulin and G3BP1 in the reference cells. (A) For cells
without arsenite treatment (0minutes of arsenite treatment). (B) After 90 minutes of arsenite

treatment. (-) gives the average intensity of the respective channel.
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