Liquid-like condensates that bind actin drive filament polymerization and bundling
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Abstract

Liquid-like protein condensates perform diverse physiological functions. Previous work showed that
VASP, a processive actin polymerase, forms condensates that polymerize and bundle actin. To
minimize their curvature, filaments accumulated at the inner condensate surface, ultimately
deforming the condensate into a rod-like shape, filled with a bundle of parallel flaments. Here we
show that this behavior does not require proteins with specific polymerase activity. Specifically, we
found that condensates composed of Lamellipodin, a protein that binds actin but is not an actin
polymerase, were also capable of polymerizing and bundling actin filaments. To probe the minimum
requirements for condensate-mediated actin bundling, we developed an agent-based computational
model. Guided by its predictions, we hypothesized that any condensate-forming protein that binds
actin could bundle filaments through multivalent crosslinking. To test this idea, we added an actin-
binding motif to Eps15, a condensate-forming protein that does not normally bind actin. The resulting
chimera formed condensates that drove efficient actin polymerization and bundling. Collectively,
these findings broaden the family of proteins that could organize cytoskeletal flaments to include
any actin-binding protein that participates in protein condensation.

Introduction

The actin cytoskeleton forms filament networks that play a critical role in cell motility, endocytosis,
and adhesion.™ The assembly of these higher-order structures is facilitated by a family of actin
accessory proteins, which collectively determine filament polymerization rate, length, and
arrangement into networks.>~’ Several cytoskeletal accessory proteins have recently been shown
to assemble into condensates via liquid-liquid phase separation (LLPS), a mechanism by which
biomolecules self-assemble into a liquid-like condensed phase surrounded by a dilute phase.-1°
Interestingly, these biomolecular condensates can nucleate the assembly of cytoskeletal filaments.
For example, condensates consisting of proteins from the T-cell receptor phosphorylation cascade
are capable of concentrating and polymerizing actin.’ Similarly, condensates formed from the C.
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elegans tubulin polymerase SPD-5 can nucleate microtubule aster formation in the presence of the
microtubule-stabilizing proteins TPXL-1 and ZYG-9.'? Building on these findings, we recently
showed that condensates consisting of the actin polymerase VASP can polymerize and bundle actin
filaments.'® As a homo-tetramer with a high degree of intrinsic disorder, VASP has key hallmarks of
proteins that form biomolecular condensates.'-'6 As actin polymerized inside VASP condensates
of micrometer diameter, actin filaments, which have a persistence length of 10-20 micrometers, "’
accumulated at the inner surfaces of condensates to minimize filament curvature. This partitioning
led to the assembly of a peripheral, ring-like bundle of actin within condensates. As actin continued
to polymerize, an increasing number of filaments joined this ring, increasing its rigidity. When the
rigidity of the actin ring overcame the surface tension of the VASP condensate, the filaments within
the ring began to straighten, deforming the initially spherical VASP condensates into elliptical and
rod-like structures filled with parallel bundles of actin filaments.'318

In cells, VASP works together with multiple other cytoskeletal accessory proteins to drive filament
polymerization and bundling. Each monomer of VASP consists of an N-terminal EVH1 domain,
which binds to short proline-rich sequences in its binding partners. The EVH1 domain is followed
by VASP’s central proline-rich region, and then by an EVH2 domain through which VASP binds and
polymerizes actin. Finally, VASP contains a c-terminal tetramerization domain.'*'® The EVH1
domain of VASP interacts with proline-rich repeats in multiple cytoskeletal accessory proteins, many
of which are native multimers with a high degree of intrinsic disorder.'®?2 These features suggest
that VASP’s binding partners could reinforce its condensation, helping to build a more stable protein
network that is capable of polymerizing actin and controlling the morphology of the resulting filament
network. As one example, our recent work showed that the addition of Arp2/3, which nucleates the
assembly of branched actin networks, to VASP condensates results in aster-shaped structures. This
observation illustrates that condensates of differing compositions can facilitate varying actin network
morphologies.?3 Another VASP binding partner is Lamellipodin, which has been shown to interact
with VASP in cytoskeletal protrusions such as lamellipodia and filopodia.?®?4-27 Lamellipodin
dimerizes via an N-terminal coiled-coil domain,?® which is followed by a Ras-associating and
Pleckstrin homology domain (RA-PH), which allows Lamellipodin to localize to the plasma
membrane via lipid binding.?° After the RA-PH domain Lamellipodin’s c-terminus is proline-rich and
almost completely disordered. It is within this c-terminal disordered region that Lamellipodin
contains several proline-rich regions that include multiple EVH1 binding sequences.?%?6 While
Lamellipodin binds actin filaments,?53° it lacks actin polymerase activity.?®> This observation has led
to the suggestion that Lamellipodin’s role is to recruit and cluster other cytoskeletal accessory
proteins, such as VASP, during membrane remodeling events.?S Interestingly, Lamellipodin and
VASP form dynamic clusters at the leading edge of matile cells, which undergo dynamic fission and
fusion events.?#2% This observation, in addition to the recent finding that VASP and Lamellipodin co-
partition into protein condensates,®' suggests that the two proteins form a flexible, liquid-like
network.

Here we asked how interactions between VASP and Lamellipodin impact the ability of protein
condensates to polymerize and bundle actin filaments. We began by characterizing the ability of
Lamellipodin to form liquid-like condensates in vitro and to stabilize the assembly of VASP
condensates. When actin was added to these condensates, it polymerized and formed bundles,
deforming the condensates into rod-like structures, similar to our previous observations with
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condensates consisting of VASP alone." Surprisingly, we found that condensates consisting of
Lamellipodin alone can also polymerize and bundle actin filaments, despite Lamellipodin’s reported
lack of polymerase activity. How does the formation of protein condensates confer this capacity
upon Lamellipodin? Multi-valent binding to actin filaments is thought to underlie the ability of
specialized actin polymerases, such as formins and members of the ENA/VASP family, to stabilize
filament bundles and add monomers to growing filament nuclei "'***3* Therefore, one possible
explanation for the ability of Lamellipodin condensates to polymerize and bundle actin is that the
condensate environment promotes multivalent interactions between Lamellipodin and actin. To
investigate the potential contribution of protein condensates to actin bundling, we developed an
agent-based model of filament rearrangement within spherical containers that mimic protein
condensates. In this context, we examined the ability of actin accessory proteins, such as VASP
and Lamellipodin, to bundle actin filaments. This model predicted that any actin-binding protein that
forms a multi-valent complex, either stably or dynamically, is sufficient to bundle actin filaments.
From this perspective, virtually any actin-binding protein that forms condensates should be able to
drive actin polymerization and bundling. To test this hypothesis, we formed protein condensates of
Eps15, an endocytic protein lacking known interactions with actin.**>*” When we added the actin-
binding motif, Lifeact, to the C-terminus of this protein, the resulting chimera formed condensates
that spontaneously polymerized and bundled actin filaments. Collectively, these results suggest that
filament polymerization and bundling are emergent properties of liquid-like protein condensates that
bind actin. Given that many actin-interacting proteins are now thought to participate in
condensates,'1*23342 our results suggest a general principle of actin organization through
multivalent interactions.

Results
Lamellipodin phase separates into liquid-like condensates

As a native dimer with a high degree of intrinsic disorder, Lamellipodin has key hallmarks of the
ability to form biomolecular condensates.®® In particular, its largely disordered C-terminal region
(residues 850-1250) contains twenty-seven negatively charged residues (aspartate and glutamate)
and forty-four positively charged residues (lysine and arginine)?%-2% suggesting a strong potential for
intra and inter-molecular electrostatic interactions. Further, the same region contains ninety-nine
proline residues, which tend to increase chain rigidity, contributing to intrinsic disorder and phase
separation.*344 To study the potential of Lamellipodin to phase separate in vitro, we used a minimal
model of the full-length protein for ease of expression and purification, as has been previously
reported.?*2% This minimal protein, which we will refer to as mini-Lpd, consisted of an N-terminal
GFP domain, followed by a dimerizing leucine zipper motif to imitate native dimerization, and ending
with the c-terminal disordered region of Lamellipodin, residues 850-1250 (Fig. 1A,B). To test the
ability of mini-Lpd to form phase-separated protein condensates, we mixed 5 - 15 yM mini-Lpd with
3% (w/v) PEG 8000. PEG is commonly added in the study of LLPS to mimic the crowded
environment in the cell cytoplasm.*>#7 Upon the addition of PEG, mini-Lpd formed spherical protein
condensates with diameters in the micrometer range, which increased in size with increasing protein
concentration (Fig. 1C). These condensates fused and re-rounded upon contact within a second
(Fig. 1D), suggesting liquid-like behavior.'%4® Additionally, mini-Lpd condensates recovered rapidly
after photobleaching, indicating dynamic molecular exchange (Fig. 1E,F). To explore the
contribution of electrostatic interactions to the condensation of mini-Lpd, we examined condensates
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in buffers of increasing ionic strength (Fig. 1G). The average size of condensates, as well as protein
partitioning into them, decreased substantially as ionic strength increased, suggesting that they
were stabilized by electrostatic interactions, which are screened at high ionic strength (Fig. 1H,l).
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Figure 1. A minimal version of Lamellipodin phase separates into liquid-like condensates A) Left:
Schematic depicting domains of mini-Lpd (LZ: Leucine Zipper). Right: schematic depicting condensate
formation B) Amino acid sequence of amino acids 850-1250 of Lamellipodin with positively charged (blue)
and negatively charged (red) amino acids highlighted. C) Condensates formed by mini-Lpd at increasing
protein concentrations in a buffer containing 20 mM Tris (pH 7.4), 150 mM NaCl, and 5 mM TCEP. Scale
bars are 5 ym. D) Time course of condensate fusion event for 10 yM mini-Lpd in buffer containing 20 mM
Tris (pH 7.4), 50 mM NaCl, and 5 mM TCEP. Scale bar 2 uym. E) Representative images of fluorescence
recovery after photobleaching of a mini-Lpd condensate. Scale bar 2 um. F) Plot of average fluorescence
recovery after photobleaching for mini-Lpd condensates. Lines are the average recovery +/- s.d. at each



timepoint for each protein across n=6 independent samples. G) mini-Lpd condensates formed in buffers
with increasing ionic strength. mini-Lpd concentration is 10 uM in all conditions. Scale bars are 5 ym. H)
Quantification of the partitioning of mini-Lpd into condensates formed from 10 yM mini-Lpd under the
conditions shown in G. Partition coefficient is defined at the ratio of protein intensity inside the condensates
to that in the bulk solution. Bars represent the average across three independent experiments with at least
three images quantified per experiment. One asterisk denotes p<.05, two asterisks denote p<.01, and
three asterisks denote p<.001 using an unpaired, two-tailed t-test on the means of the replicates N=3. 1)
Distribution of condensate diameters for the conditions shown in G across three separate replicates for
each condition.

Interactions between Lamellipodin and VASP mutually stabilize protein condensation

Having established that mini-Lpd can undergo LLPS, we next investigated the potential impact of
mini-Lpd on the phase separation of VASP. Our previous work showed that VASP forms liquid-like
condensates across a range of protein concentrations and ionic strengths when 3% (w/v) PEG 8000
is used as a crowding agent."® We hypothesized that adding mini-Lpd could strengthen the VASP
network by forming multivalent interactions between the multiple proline-rich motifs in each
Lamellipodin protein, which are recognized by the four EVH1 domains in the VASP tetramer (Fig.
2A). To test this idea, we first confirmed that neither VASP nor mini-Lpd were able to form
condensates in the absence of PEG (Fig. 2B). We then combined mini-Lpd and VASP at increasing
ratios, keeping the total protein concentration constant at 30 uM. Beginning with pure mini-Lpd, we
gradually increased the VASP concentration from 7.5 pM to 22.5 uM, finding a range of ratios from
3:1 mini-Lpd:VASP to 1:3 mini-Lpd:VASP for which condensate formation was observed in the
absence of PEG crowding (Fig. 2C,D). Condensates of mini-Lpd and VASP that formed in the
absence of PEG retained liquid-like behaviors, merging and re-rounding upon contact in less than
a second (Fig. 2E), and recovering rapidly after photobleaching (Fig. 2F,G). These results indicate
that mini-Lpd and VASP form an interconnected network that condenses in the absence of
exogenous crowding agents. To test the dependency of this network on multi-valent contacts
between VASP and mini-Lpd, we evaluated mutants of VASP that would be expected to inhibit such
contacts. These included a monomeric version of VASP (mVASP), which lacked the tetramerization
domain, and a version of VASP lacking the EVH1 domain, AEVH1-VASP. Both proteins failed to
form condensates upon the addition of mini-Lpd at concentrations that drove condensation of wild-
type VASP. These data suggest that multivalent contacts between VASP and mini-Lpd are essential
to the co-condensation of the two proteins (Fig. 2H,I).
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Figure 2. Interactions between Lamellipodin and VASP mutually stabilize protein condensation. A)
Top: Schematic of domain organization in a VASP monomer (GAB: G-actin binding site; FAB: F-actin
binding site; TET: Tetramerization domain) and a mini-Lpd monomer (LZ: Leucine Zipper dimerization
motif) Bottom: Schematic of VASP tetramer, mini-Lpd dimer, and condensate formation with both proteins
present. Right: Schematic depicting mini-Lpd and VASP co-partitioning into a condensate. B)
Condensates form upon the inclusion of 3% w/v PEG in solution for both VASP (magenta) and mini-Lpd
(green); however, neither protein forms condensates in buffer lacking PEG. Scale bars 5 um. Protein
concentrations were 20 pM for both the with and without PEG conditions. C) Panels showing
representative images of mini-Lpd + VASP condensates formed at various mini-Lpd to VASP ratios. Scale
bars 5 um. D) Distribution of condensate diameters for each condition in C.E) Time course of a condensate
fusion event between mini-Lpd (green) and VASP (magenta) condensates. Scale bar 2 pym. F)
Representative images of fluorescence recovery after photobleaching of a mini-Lpd (green) and VASP
(magenta) condensate. Scale bars 2 ym. G) Plot of average fluorescence recovery after photobleaching



for mini-Lpd and VASP condensates formed in the absence of PEG. Lines are the average recovery +/-
s.d. at each timepoint for each protein across n=9 independent samples. H) mini-Lpd added to the

respective VASP mutant in a 1:1 ratio to test for condensate formation in the absence of PEG. Left — mini
Lpd (green) and VASP (magenta), Middle - mini-Lpd (green) and VASPAEVH1 (magenta), Right - mini-

Lpd (green) and monomeric VASP (mVASP) (magenta). Scale bars 5 pm 1) Diagrams depict domain

structures of VASP mutants. All experiments were performed in a buffer containing 20 mM Tris (pH 7.4),
150 mM NaCl, and 5 mM TCEP in the absence of PEG, except where noted in panel B where 3% (w/v)
PEG was included.

Condensates of VASP and mini-Lpd polymerize and bundle actin.

Next, we evaluated the ability of VASP/mini-Lpd condensates to polymerize and bundle actin
filaments. We added increasing concentrations of monomeric actin (G-actin) to protein condensates
formed from mini-Lpd and VASP in the absence of PEG. As the concentration of actin increased,
the protein condensates began to deform, taking on increasingly elongated shapes (Fig. 3A). We
confirmed actin polymerization within the condensates by phalloidin staining, which specifically
binds to filamentous actin (Fig. 3B), permitting us to visualize the gradual deformation of
condensations from initially spherical shapes to ellipsoids and finally to rod-like geometries (Fig.
3C,D). These morphological changes are in line with our previous observations with condensates
consisting of VASP alone.'® For condensates consisting of VASP and mini-Lpd, the aspect ratio
(longest dimension divided by shortest dimension) of the condensates increased with increasing
actin concentration, as did the fraction of condensates with aspect ratios above a threshold value
of 1.2 (Fig. 3E,F). Together these data indicate that condensates of VASP and mini-Lpd, which form
without the requirement for crowding agents, drive local polymerization and bundling of actin
filaments.
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Figure 3. Condensates of VASP and mini-Lpd polymerize and bundle actin in the absence of
crowding agents. A) Condensates formed from 5 uM mini-Lpd (green) and 10 yM VASP (magenta) are
increasingly deformed with the addition of increasing concentrations of G-actin (unlabeled). Scale bars 5
pm B) Phalloidin-iFluor-594 (red) staining of mini-Lpd (green) and VASP (unlabeled) condensates with
0.5 uM monomeric G-actin displaying rings and rods of polymerized actin within the protein condensates.
Scale bars 5 ym. C) From left to right: representative confocal images depicting the progression of
condensate deformation as actin polymerizes and bundles within the protein condensates. Scale bars 2
pm D) Cartoon depicting the mechanism of actin polymerization within protein condensates and the role
it plays in condensate deformation. E) Distribution of condensate aspect ratios across the conditions in A,
with at least 400 condensates analyzed for each condition, and more than 800 condensates were analyzed
for the 0, 0.25, and 0.5 uM conditions. In the 0.75 uM actin condition values for aspect ratios above 10,
corresponding to 4.8% of the data, are not displayed to better visualize distributions for all conditions. The
mean indicates the mean of all data points in each condition, while the replicate mean is the mean of each
of the individual replicates for each condition. F) Quantification of the fraction of elongated protein
condensates, defined as condensates with aspect ratios > 1.2, across the conditions in A. Data are mean
across three independent experiments with at least 400 condensates analyzed per condition, and more
than 800 condensates were analyzed for the 0, 0.25, and 0.5 uM conditions. Overlayed gray circles denote
the means of each replicate. One asterisk denotes p<.05, three asterisks denote p<.001 using an
unpaired, two-tailed t-test on the means of the replicates N=3. All experiments were performed in a buffer
containing 20 mM Tris (pH 7.4), 150 mM NaCl, and 5 mM TCEP in the absence of PEG.

Condensates of mini-Lpd polymerize and bundle actin in the absence of VASP



VASP is a well-characterized actin polymerase and bundling protein.'#324° In contrast, Lamellipodin
binds actin filaments but fails to increase their rate of barbed end elongation.?> Therefore we
expected that condensates formed from mini-Lpd alone (Fig. 1) would fail to polymerize and bundle
actin. To test this assumption, we added monomeric actin to pre-formed condensates of mini-Lpd.
Surprisingly, we found that the condensates deformed upon actin addition, suggesting that actin
was polymerizing and forming bundles inside the condensates (Fig. 4A). When Latrunculin A, an
inhibitor of actin polymerization,’° was added to the condensates prior to actin addition, it inhibited
both actin polymerization and condensate deformation, establishing that actin polymerization led to
deformation of mini-Lpd condensates (Fig. 4B). Increasing the concentration of actin added to mini-
Lpd condensates resulted in higher aspect ratios and a higher fraction of condensates with an
aspect ratio above 1.2 (Fig. 4C,D). Phalloidin staining revealed that filamentous actin bundles were
present inside mini-Lpd condensates as they deformed from spherical to rod-like structures (Fig.
4E-F). Owing to these surprising results, we decided to perform simulations aimed at determining
the key physical requirements for filament bundling by protein condensates.

Agent-based simulations predict that multivalent cross-linking of actin filaments drives
condensate-mediated bundling

Our previous work showed that the formation of a ring-like bundle of actin filaments within
condensates is a critical step along the path to condensate deformation by actin.’'® Specifically,
as actin filaments polymerized inside condensates, they partitioned to the inner surface of the
condensate to minimize their curvature, creating a shell of actin filaments. As this three-dimensional
shell formed, it gradually collapsed into a two-dimensional ring-like bundle (Fig. 4G,H). This collapse
concentrated pressure on the condensate, overcoming its surface tension such that filaments
straightened into a parallel, rod-like geometry.'>'® We sought to understand how actin-binding
proteins such as VASP and Lamellipodin impact this critical shell-to-ring transition. In previous work,
we used an agent-based model to examine the geometrical arrangement of growing actin filaments
in the presence of VASP, which was represented as a tetrameric actin-binding protein. When placed
inside a spherical container to mimic the condensate geometry, VASP promoted the assembly of
actin filaments into ring-like bundles.'® These simulations revealed that VASP can form bundles of
actin in kinetic regimes characterized by a slightly higher rate of VASP-actin binding than
unbinding.'® However, when the rate of unbinding was higher than the rate of binding, the actin
filaments failed to form a ring, remaining in a shell-like arrangement. Here we adapted this model
to investigate whether a bivalent actin-binding protein, similar to Lamellipodin, could also drive the
formation of actin rings in the condensate environment, where the protein is locally concentrated in
the presence of actin filaments (Fig. S1). Our simulations revealed a kinetic regime in which bivalent
actin-binding proteins drive actin filaments to undergo a shell-to-ring transition (Fig. 4I-K). To
monitor this transition in our simulations, we quantified two metrics.'® First, we observed that the
presence of bivalent actin crosslinkers causes a reduction in the fraction of the inner condensate
surface occupied by filaments, as would be expected for a shell-to-ring transition (Fig. 4J). Second,
we found that as rings formed, the fraction of bivalent crosslinkers bound to two filaments increased
(Fig. 4K). We note that our modeling approaches have some limitations because we model the
condensate as a spherical container with rigid boundaries. However, as we showed previously, '8
this assumption does not impact our conclusions about the assembly of shell and ring morphologies,
as these structures form during the period when the condensate is still approximately spherical.
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These results collectively suggest that within the condensate environment, where the concentration
of proteins is high, a dimeric actin binder can sufficiently cross-link actin filaments to drive the
formation of ring-like bundles, which, in experiments, eventually deform and elongate condensates
to form linear actin bundles. Further, to mimic condensates consisting of VASP and Lamellipodin
(Fig. 3), we simulated mixtures of tetravalent and bivalent crosslinkers, which also resulted in a
shell-to-ring transition, as expected (Fig. S2, see also Supplementary Movie M1). Our simulations
reveal that the ratio of tetravalent to bivalent crosslinkers can tune the balance between shells and
rings (Fig. S3).
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Figure 4: Condensates of mini-Lpd polymerize and bundle actin. A) The addition of actin at increasing
concentrations to condensates formed from 5 uM mini-Lpd (green) results in increasingly deformed protein
condensates. Scale bars 5 ym. B) Pretreatment of mini-Lpd condensates with 5 uM latrunculin A (LatA)



prior to G-actin addition inhibits actin polymerization and results in spherical condensates. Scale bars 5
pm. C) Distribution of condensate aspect ratios across the conditions in A, with at least 1000 condensates
analyzed for each condition. The mean is the mean of all data points in each condition, while the replicate
mean is the mean of each of the individual replicates for each condition. D) Quantification of the fraction
of high-aspect-ratio protein condensates, defined as condensates with aspect ratios > 1.2, across the
conditions in A. Data are mean across three independent experiments with at least 1000 condensates
analyzed per condition. Overlayed gray circles denote the means of each replicate. One asterisk denotes
p<.05, two asterisks denote p<.01, and three asterisks denote p<.001 using an unpaired, two-tailed t-test
on the means of the replicates, N=3. E) Phalloidin-iFluor-594 (red) staining of mini-Lpd condensates
(green) with 5 yM monomeric G-actin (unlabeled) added displaying rings and rods of polymerized actin
within the protein condensates. Scale bars 5 ym. F) Representative confocal cross-section images of the
progression of condensate deformation as a result of actin polymerization. Scale bar 1 ym. G)
Representative 2D confocal images of independent mini-Lpd condensates (green) containing peripheral
actin, shown with phalloidin staining (red), in a shell of actin (top) and a ring of actin (bottom). Scale bars
1 um. H) 3D reconstructions of the same mini-Lpd condensates shown in G demonstrating a shell of actin
(top) and a ring of actin (bottom). I) Simulations show that bivalent crosslinker kinetics affect actin network
organization in LLPS condensates. Representative final snapshots (t = 600 s) from simulations at various
binding and unbinding rates within spherical condensates (R = 1 ym) containing 30 actin filaments (red)
and 1000 bivalent crosslinkers (green spheres). Please refer to the Supplementary Methods section for a
detailed description of the model. The binding rates of the bivalent crosslinkers are varied along each
column, and unbinding rates are varied along each row. The polymerization rate at the plus (+) end is
constant at 0.0103 pym/s, and neither end undergoes depolymerization. See also Supplementary Movie
M2. For additional kinetic conditions, see Figure S4 and Supplementary Movie M3. J) Dynamics of the
actin-covered surface area fraction for varied bivalent crosslinker binding and unbinding kinetics. (Data
used: 10 replicates) K) Stacked bar graphs representing the fraction of bivalent crosslinkers bound to 0,
1, or 2 actin filaments for each condition. The error bars represent the standard deviation. For J and K, 10
replicates are considered per condition, and the data was obtained from the last 30 snapshots (5%) of
each replicate. For analysis of additional kinetic conditions, see Figure S5.

Dynamic dimerization of crosslinkers is sufficient to bundle actin filaments within
condensates

Having observed in both experiments and simulations that mini-Lpd is sufficient to drive actin ring
formation and bundling, we wondered to what extent these behaviors depend on the dimeric nature
of mini-Lpd. Protein condensates are known to promote multivalent interactions among
proteins,39:51:52 yet stable multimerization of the constituent proteins is not required for condensate
formation. On the contrary, some of the best studied examples of condensate forming proteins are
monomeric under dilute conditions.'%5% Therefore, we asked whether the inherent multi-valency of
the condensate environment might be sufficient to drive actin bundling. To probe this point, we
simulated monomeric actin-binding proteins that have an affinity for one another and for actin, such
that they form dynamically reversible dimers, as may occur when they bind to closely spaced actin
filaments (Fig. 5A). This dynamic dimerization model has two sets of binding affinities — one for
actin binding to the monomer and another for dimerization of the monomer, Fig. 5A. We investigated
the role of dimerization in a regime where actin is already known to form rings with stable dimeric
crosslinkers (Fig. 4H-J, kpina = 10.0 s™', kunbind = 1.0 s7'). Our simulations reveal that even with
dynamically dimerizing monomers, actin filaments can form bundles given a sufficiently long dimer
residence time (Fig 5B). In the case of dynamic dimerization, the formation of rings depends on the
balance between dimer formation and dimer splitting. When the rate of dimer formation is higher
than dimer splitting, the fraction of the condensate inner surface area covered by actin is low,
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corresponding to a ring state (Fig. 5C top), similar to our observations for permanent dimers (Fig.
4G). In contrast, when the dimer splitting rate is higher than the dimer formation rate, we observe
shells (Fig. 5C bottom). Thus, ring formation is favored when dimers have a higher residence time.
We next examined the distribution of monomers and dimers bound to actin in these simulations.
The actin binding protein can exist in four subpopulations: free monomers, free dimers, actin-bound
monomers, and actin-bound dimers. We found that in cases where actin shells were predominant,
the fraction of monomers bound to actin was higher, while the fraction of dimers bound to actin was
negligible. In contrast, conditions that supported the assembly of ring-like actin bundles had a higher
fraction of actin bound dimers (Fig. 5D). Here, we chose a propensity for dimer formation as the
simplest representation of protein clustering in the condensate environment. The resulting trend of
increasing ring formation with increasing dimer affinity would be expected to increase if higher order
multimerization, as is likely present in the condensate environment, were included in the
simulations.

To test the prediction that a stable multimer is not required for actin bundling in protein condensates,
we examined a monomeric version of mini-Lpd, which we will refer to as monomer-mini-Lpd. This
protein lacked the dimerizing leucine zipper domain. In line with the model predictions, condensates
formed from monomer-mini-Lpd behaved similarly to those of the dimeric mini-Lpd upon exposure
to actin. Upon the addition of monomeric actin, actin filaments began to polymerize inside the
condensates and partitioned to the inner condensate surface where they assembled into shells and
ring-like bundles (Fig. 5E,F). As actin continued to polymerize inside the condensates, confirmed
through phalloidin staining (Fig. 5G), the condensates were progressively deformed (Fig. 5H) and
had high aspect ratios (Fig. 51,J), similar to those formed upon the addition of actin to condensates
of VASP,'3 Vasp/mini-Lpd (Fig. 3A), and mini-Lpd (Fig. 4A). The ability of condensates composed
of proteins that lack any known polymerase activity, mini-Lpd and monomer-mini-Lpd, to polymerize
and bundle actin filaments led us to ask how protein condensates might facilitate the assembly of
actin filaments. Multivalent binding to actin filaments is thought to be a key functional requirement
for the two major classes of known polymerases, formins and members of the ENA/VASP
family.”324% Formins are native dimers, while ENA/VASP proteins are native tetramers.”-'# Both
polymerases function by binding simultaneously to actin filaments and monomeric actin, resulting
in the addition of monomers to the barbed ends of growing filaments. Given the essential role of
multivalent binding in actin polymerization, we wondered whether protein condensates, which
inherently promote multivalent protein contacts,®°3° might have an inherent capacity to promote
actin polymerization.
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Figure 5: Dynamic protein dimers bundle actin filaments. A) Schematic showing the different possible
binding interactions between the monomeric actin binding protein and actin, including both protein-protein
interactions (dynamic dimerization) and protein-actin interactions. B) Simulations show that monovalent
actin binding can lead to the formation of ring structures when monomers are allowed to interact, bind to



form dimers, and function as transient bivalent crosslinkers. Representative final snapshots (t = 600 s)
from simulations at various dimer formation and splitting rates within spherical condensates (R = 1 ym)
containing 30 actin filaments (red) and 2000 monomers (green spheres) which can form a maximum of
1000 dimers. Please refer to the Supplementary Methods section for a detailed description of the model.
The dimer formation rates of the monomers are varied along each column, and dimer splitting rates are
varied along each row. Actin-binding kinetics were chosen from previous simulations (Fig. 4l) to
correspond to ring-forming conditions for bivalent crosslinkers. The polymerization rate at the plus (+) end
is constant at 0.0103 um/s, and neither end undergoes depolymerization. Also see Supplementary Movie
M4. C) Time series showing the mean (solid line) and standard deviation (shaded area) of simulated
condensate surface that is covered with actin. The Kdimer form Value is shown on top of each subpanel while
time series are colored by kdimer spiit values. Data used: 5 replicates. Please refer to supplementary methods
for a detailed description. D) Stacked bar graph showing the distribution of condensate protein at different
states namely, free monomers, free dimers, actin-bound monomers, and actin-bound dimers. Error bars
show standard deviation. Data used: 5 replicates, data from last 30 snapshots. E) Representative 2D
confocal cross sections of independent monomer mini-Lpd (green) condensates containing peripheral
actin, shown with phalloidin staining (red), in both a shell of actin (top) and a ring of actin (bottom). Scale
bars 1 um. F) 3D reconstructions of the same condensates shown in E demonstrating a shell of actin (top)
and a ring of actin (bottom). G) Phalloidin-iFluor-594 (red) staining of monomer-mini-Lpd condensates
(green) with 5 yM monomeric G-actin (unlabeled) added displaying polymerized actin within the protein
condensates. Scale bars 5 uym. H) The addition of actin to monomer-mini-Lpd also results in the
deformation of protein condensates formed from 5 yM monomer-mini-Lpd. Scale bars 5 um. 1) Distribution
of condensate aspect ratios across the conditions in H, with at least 1000 condensates analyzed for each
condition. For the 1 uM actin condition values for aspect ratios above 10, corresponding to 2.97% of the
data, are not displayed to better visualize distributions for all conditions. The mean is the mean of all data
points in each condition, while the replicate mean is the mean of each of the individual replicates for each
condition. J) Quantification of the fraction of high-aspect-ratio protein condensates, defined as
condensates with aspect ratios > 1.2, across the conditions in H. Data are mean across three independent
experiments with at least 1000 condensates analyzed per condition. Overlayed gray circles denote the
means of each replicate. Two asterisks denote p<.01 using an unpaired, two-tailed t-test on the means of
the replicates N=3. All experiments were performed in a buffer containing 20 mM Tris (pH 7.4), 50 mM
NaCl, 5 mM TCEP, and 3% (w/v) PEG 8000.

Adding an actin-binding domain to a condensate-forming protein confers the ability to
polymerize and bundle actin filaments.

To probe the contribution of the condensate environment to actin assembly, we sought to identify
the minimum requirements for actin polymerization and bundling by protein condensates. In our
previous work with VASP, condensates composed of a VASP mutant lacking the G-actin binding
site retained the ability to polymerize and bundle actin filaments. In contrast, condensates that
lacked the F-actin binding site or lacked both F-actin and G-actin binding sides failed to polymerize
actin or deform upon actin addition.'® Therefore, the minimum requirement for actin polymerization
and bundling by protein condensates could be the ability to bind filamentous actin. Given that
condensates are composed of a dense network of interconnected proteins, actin filaments that
reside inside a condensate are likely to be in contact simultaneously with many copies of the
condensate-forming protein. For this reason, the condensate-forming protein need not be an
inherent multimer to drive actin polymerization, as we observed with condensates of monomer-mini-
Lpd, Fig. 5. Therefore, the binding of multiple condensate proteins to a growing actin filament could
function similarly to the multivalent binding of filaments by multimeric actin polymerases, effectively
meeting the key requirement for actin polymerization.
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To investigate this possibility, we examined the interaction of actin with a condensate-forming
protein that has no known ability to bind or polymerize actin and then conferred actin-binding ability
upon it through the addition of an actin-binding domain. The protein we selected for this experiment
was Eps15, a protein involved in clathrin-mediated endocytosis, which has no known interaction
with actin.%*-% Eps15 has an N-terminal region consisting of three structured EH domains, a central
coiled-coil domain, through which the protein forms native dimers, and an intrinsically disordered C-
terminal domain.?” Binding interactions between the N and C-terminal domains drive Eps15 to form
protein condensates in vitro (Fig. 6A).35 As expected, the addition of 3 uM monomeric actin to Eps15
condensates did not result in actin polymerization, as no filaments were observed upon phalloidin
staining and the condensates did not deform (Fig. 6B). We then fused a filamentous actin-binding
motif, the 17 amino acid Lifeact peptide, to the C-terminus of Eps15 to create Eps15-Lifeact (Fig.
6C). Lifeact, which binds to actin filaments at the interface between two monomers, is commonly
used in conjunction with fluorophores to visualize the filamentous actin cytoskeleton.>-*° It does not
alter the bulk polymerization rate of growing actin filaments,>” though it can increase the initial rate
of barbed end elongation, likely by stabilizing nascent filaments.®® Mixing wild-type Eps15 and
Eps15-Lifeact at a 1:1 ratio (15 yM total protein) in the presence of 3% PEG (w/v) led to the co-
condensation of the two proteins. Condensates were formed using this 1:1 ratio to minimize any
potential effect of Lifeact on Eps15 phase separation. The partitioning of wild-type Eps15 into these
condensates was similar to that of condensates consisting purely of wild-type Eps15, suggesting
that Lifeact addition had little effect on Eps15 phase separation (Fig. 6D). When monomeric actin
was added to the resulting condensates, they deformed into high aspect ratio structures. Actin
polymerization within these condensates was confirmed by phalloidin staining, which revealed their
progressive deformation from spherical to ellipsoid to rod-like morphologies (Fig. 6F,G). Prior to
these morphological transitions, actin shells and ring-like bundles formed within spherical
condensates (Fig. 6H,l), as described above for condensates of mini-Lpd (Fig. 4G,H), and
monomer-mini-Lpd (Fig. 5E,F), and previously for condensates of VASP."® Quantification of
condensate morphologies confirmed that increasing concentrations of monomeric actin drove a
substantial increase in the aspect ratios of condensates (Fig. 61,J). These results demonstrate that
it is possible to confer actin polymerization and bundling activity upon an arbitrarily chosen
condensate-forming protein, simply by adding a filamentous actin binding domain to it.
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Figure 6. Adding an actin-binding domain to an arbitrary condensate-forming protein is sufficient to
confer the ability to polymerize and bundle actin filaments. A) Left: Schematic depicting wild type Eps15
and its major domains. Right: 20 uM wild type Eps15 forms condensates in solution with 3% (w/v) PEG. Scale
bar 5 um. B) Wild-type Eps15 (green) condensates do not polymerize or bundle actin as indicated by the lack



of condensate deformation and a lack of phalloidin-stained filaments. Scale bars 5 ym. C) Schematic depicting
fusion of the Lifeact peptide to the C-terminus of Eps15. D) Partitioning of wild type Eps15 in condensates
formed from only wild type Eps15 (self-partitioning) and condensates formed with 1:1 wild type Eps15 and
Eps15-Lifeact. Six fields of view were analyzed for each condition with more than 6 condensates analyzed for
partitioning per field of view. Error bars indicate standard deviation. E) Representative images of condensate
deformation and actin polymerization upon the addition of increasing concentrations of monomeric actin to
condensates formed from wild-type Eps15 and Eps15-Lifeact. Scale bars 5 ym. F) Representative images of
phalloidin staining of condensates consisting of wild-type Eps15 and Eps15-Lifeact following actin addition.
Scale bars 5 ym. G) Representative confocal cross-section images of the progressive, actin-driven
deformation of condensates consisting of wild-type Eps15 and Eps15-Lifeact. Scale bars 2 um. H)
Representative 2D confocal images of independent 1:1 WT Eps15:Eps15-Lifeact condensates (green)
containing peripheral actin, shown with phalloidin staining (red), in both a shell of actin (top) and a ring of actin
(bottom). Scale bars 1um. I) 3D reconstructions of the same condensates shown in H demonstrating a shell
of actin (top) and a ring of actin (bottom). J) Distribution of condensate aspect ratios across the conditions in
E, with at least 700 condensates analyzed for each condition. For the 1.25 pyM actin condition, values for
aspect ratios higher than 15, corresponding to 3.5% of the data, are not displayed to better visualize
distributions for all conditions. The mean is the mean of all data points in each condition, while the replicate
mean is the mean of each of the individual replicates for each condition. K) Quantification of the fraction of
elongated protein condensates, defined as condensates with aspect ratios > 1.2, across the conditions in E.
Data are mean +/- standard deviation across three independent experiments with at least 700 condensates
analyzed in total per condition. Overlayed gray circles denote the means of each replicate. Two asterisks
denote p<.01, and three asterisks denote p<.001 using an unpaired, two-tailed t-test on the means of the
replicates N=3. L) Cartoon depicting the proposed mechanism of condensate-driven actin polymerization and
bundling by condensates of actin-binding proteins. All experiments were performed in a buffer containing 20
mM Tris (pH 7.4), 150 mM NaCl, 5 mM TCEP, and 3% (w/v) PEG 8000.

Discussion

Taken together, our findings suggest that the ability to bind filamentous actin is sufficient to drive
actin polymerization and bundling by protein condensates through the mechanism outlined in Fig.
6K. Condensates formed from actin-binding proteins are capable of locally concentrating actin. As
the actin concentration increases inside condensates, the polymerization of actin filaments results
from multivalent interactions between filament nuclei and actin-binding motifs within condensate
proteins. While the precise mechanism of filament nucleation was not revealed in our studies,
concentrating actin above a threshold concentration is known to promote filament nucleation and
polymerization.361.62 Nascent filaments are likely stabilized by multivalent contacts with condensate
proteins that contain filamentous actin binding sites.”®° As actin filaments grow within condensates,
they spontaneously partition to the edges of condensates to minimize filament curvature energy.
This phenomenon has been reported whenever filaments grow inside spherical containers with
diameters below the persistence length of actin, 10-20 um.'3.1863-65 This partitioning results in the
assembly of actin shells at the inner surfaces of the condensate, which rearrange to form ring-like
actin bundles. As more filaments join these structures, their rigidity eventually overcomes the
surface tension of the condensate, permitting the filaments to straighten and thereby deforming the
condensate into a rod-like structure filled with a bundle of parallel actin filaments.'® Here we have
used a combination of experiments and agent-based computational modeling to illustrate that this
process does not require stable multimerization of the condensate-forming protein. Provided they
bind to actin filaments, transient interactions between condensate-forming proteins appear sufficient
to drive actin bundling.
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By illustrating that these steps can occur in the absence of proteins with inherent polymerase
activity, our findings suggest that the set of proteins involved in the assembly and organization of
actin filaments may be substantially larger than previously thought. Actin has a large interactome
consisting of more than 100 proteins,® only a small fraction of which are known to polymerize actin
filaments. The existing understanding of actin polymerization focuses on specialized polymerase
proteins such as formins and members of the ENA/VASP family.”'43% While these proteins have
distinct structures and mechanisms, they share a common ability to make flexible, multi-valent
contacts with actin filaments, which is essential to their function.”-'31432 Qur studies suggest that
the condensate environment has an inherent capacity to promote these flexible, multi-valent
contacts. As a result, the individual proteins that make up condensates need not have dedicated
polymerase activity to influence actin polymerization, but simply the ability to bind actin.

Additionally, many actin-interacting proteins contain both proline-rich motifs and proline-binding
domains, such as SH3, EVH1, or WW domains.'#43967.68 |nteractions between these domains and
sequences often lead to the assembly of multivalent protein networks, which are the building blocks
of liquid-like condensates.''3%8 |n line with this reasoning, recent work in several labs has shown
that many actin-interacting proteins participate in condensate networks or form condensates
themselves and that many of these condensates facilitate actin polymerization.'.1323.38-42 |n thig
context, our results suggest that the ability to assemble and organize the actin cytoskeleton is an
emergent property of liquid-like, multivalent protein networks, rather than the sole responsibility of
specialized polymerase proteins.

Methods
Reagents

Tris base, NaCl, Tris(2-carboxyethyl)phosphine (TCEP), poly-L-lysine, and Atto 594 maleimide were
purchased from Sigma-Aldrich. Alexa Fluor 647 C2 maleimide was purchased from Thermo Fischer
Scientific. Phalloidin-iFLuor 594 was purchased from Abcam. Amine-reactive PEG (mPEG-
succinimidyl valerate, MW 5,000) was purchased from Laysan Bio. Rabbit muscle actin was
purchased from Cytoskeleton.

Plasmids

A pET vector encoding the ‘cysteine light' variant of human VASP (pET-6xHis-TEV-KCK-
VASP(CCC-SSA)) was a gift from Scott Hansen. All VASP mutants were generated using this
plasmid as a template, as previously described.’® Briefly, monomeric VASP (mVASP) was
generated using site-directed mutagenesis to introduce a stop codon after amino acid 339 to
truncate VASP and remove its tetramerization domain. AEVH1 VASP was generated using PCR to
delete the EVH1 domain (amino acids 1-113) before recircularization through restriction enzyme
digestion and ligation.

The vector encoding mini-Lpd (his-Z-EGFP-LZ-Lpd(aa850-1250)) and monomeric-mini-Lpd (his-
EGFP-Lpd(aa850-1250)) were gifts from Scott Hansen.

pET28a 6xHis-Eps15 (FL), encoding H. sapiens Eps15, was a gift from Tomas Kirchhausen. Lifeact
addition to Eps15 FL was done through site-directed mutagenesis. PCR using oligonucleotides 5’
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TTCGAGAGCATCAGCAAGGAAGAGTGAGGATCCGAATTCGAGCTCC 3 and 5
CTTCTTGATCAGGTCGGCCACGCCCATTGCTTCTGATATCTCAGATTTGCTGAGTG 3 was
done to introduce the Lifeact sequence to the c-terminal end of Eps15. PCR was followed by the
addition of the PCR product to a KLD enzyme mix (NEB) for template removal, phosphorylation,
and ligation into a re-circulated plasmid.

Protein Purification

The mini-Lpd (his-Z-EGFP-LZ-Lpd(aa850-1250)) and monomeric-mini-Lpd (his-EGFP-Lpd(aa850-
1250)) were transformed into BL21 (NEB, cat. No. C2527H) and grown at 30 °C to an OD of 0.8.
The bacteria were then cooled to 12°C and induced for 24 hours with TmM IPTG. The rest of the
protocol was performed at 4 °C. Cells were pelleted from a 2L culture by centrifugation at 4,785g
(5,000 rpm in Beckman JLA-8.100) for 20 min. Pellets were resuspended in 100mL of lysis buffer
(50mM sodium phosphate pH 8.0, 300mM NaCl, 10mM imidazole, 0.5mM TCEP, 0.2% Triton X100,
10% glycerol, 1mM PMSF, and EDTA free protease inhibitor tablets (1 tablet per 50mL) (Roche
cat# 05056489001)) followed by sonication on ice for 4x2000J with amplitude at 10 (Sonicator
Qsonica LLC, Q700). The lysate was clarified by centrifugation at 48,3849 (20,000 rpm in Beckman
JA25.50) for 30 min at 4 °C before being applied to a 10mL bed volume Nickel nitrilotriacetic acid
(Ni-NTA) agarose (Qiagen, cat. no. 30230) column, and washed with 10 column volumes (CVs) of
lysis buffer to which imidazole had been added to a final concentration of 20mM. The column was
then washed with 5 column volumes of lysis buffer containing 20 mM Imidazole but lacking Triton-
X100 and protease inhibitor tablets. The protein was eluted with elution buffer (50 mM Tris-HCI, pH
7.5, 300mM NaCl, 10% glycerol, 400mM imidazole, 1mM TECP, 1mM PMSF, and EDTA-free
protease inhibitor tablets (1 tablet per 50mL). The protein was concentrated using Amicon Ultra-15,
30K MWCO (Millipore: Cat#UFC903024) to 5 mL, and clarified by ultracentrifugation for 5min at
68,000 x g (40,000 rpom with Beckman optimal MAX-E Ultracentrifuge and TLA100.3 rotor). The
protein was further purified by size exclusion chromatography with Superose 6, and ion exchange
chromatography with SP Sepharose Fast Flow (GE Healthcare, Cat#17-0729-01), and stored as
liquid nitrogen pellets at -80°C.

The pET-His-KCK-VASP(CCC-SSA) plasmid was transformed into Escherichia coli BL21(DE3)
competent cells (NEB, cat. no. C2527). Cells were grown at 30 °C to an optical density (OD) of 0.8.

Protein expression was performed as described previously with some alteration.? Expression of
VASP was induced with 0.5mM isopropylthiogalactoside (IPTG), and cells were shaken at 200rpm
at 12°C for 24 h. The rest of the protocol was carried out at 4 °C. Cells were pelleted from 2L cultures
by centrifugation at 4,785g (5,000rpm in Beckman JLA-8.100) for 20min. Cells were resuspended
in 100mL lysis buffer (50mM sodium phosphate pH 8.0, 300mM NaCl, 5% glycerol, 0.5mM TCEP,
10mM imidazole, 1mM phenylmethyl sulphonyl fluoride (PMSF)) plus EDTA-free protease inhibitor
tablets (1 tablet per 50mL, Roche, cat. no. 05056489001), 0.5% Triton-X100, followed by
homogenization with a dounce homogenizer and sonication (4 x2,000J). The lysate was clarified by

ultracentrifugation at 125,171g (40,000rpm in Beckman Ti45) for 30min. The clarified lysate was
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then applied to a 10mL bed volume Nickel nitrilotriacetic acid (Ni-NTA) agarose (Qiagen, cat. no.
30230) column, washed with 10 column volumes of lysis buffer plus EDTA-free protease inhibitor
tablets (1 tablet per 50mL), 20mM imidazole, 0.2% Triton X-100, followed by washing with 5xCV of
lysis buffer plus 20mM imidazole. The protein was eluted with elution buffer (50mM Tris, pH 8.0,
300mM NaCl, 5% glycerol, 250mM imidazole, 0.5mM TECP, EDTA-free protease inhibitor tablets
(1 tablet per 50mL)). The protein was further purified by size exclusion chromatography with
Superose 6 resin. The resulting purified KCK-VASP was eluted in storage buffer (25mM HEPES
pH 7.5, 200mM NaCl, 5% glycerol, 1mM EDTA, 5mM DTT). Single-use aliquots were flash-frozen
using liquid nitrogen and stored at —80°C until the day of an experiment. The his-tagged VASP
mutants were purified using the same protocol as above as indicated or with the following
modifications: His-KCK-VASPATet: no modifications. GST-KCK-VASPAEVH1 was purified using
the same protocol as above but with the following buffer modifications: The lysis buffer was 20mM
Tris pH 8.5, 350mM NaCl, 5% glycerol, 5mM EDTA, 5mM DTT, and 1mM PMSF. The storage
buffer was 25mM HEPES, pH 7.5, 200mM NaCl, 5% glycerol, 1mM EDTA, and 5mM DTT

Full-length Eps15 and Eps15-Lifeact were expressed as N-terminal 6x-His-tagged constructs in

BL21(DE3) E. Coli cells. Cells were grown in 2xYT medium for 3-4 hours at 30 °C to an optical
density at 600 nm of 0.6-0.9, cooled for 1 hour, and then protein expression was induced with 1 mM

IPTG at 12°C for 20-30 hours. Cells were collected, and bacteria were lysed in a lysis buffer using
homogenization and probe sonication. Lysis buffer was 50 mM Tris-HCI, pH 8.0, 300 mM NaCl, 5
mM imidazole, 10 mM B-mercaptoethanol or 5 mM TCEP, 1 mM PMSF, 0.2% Triton X-100 and 1x
Roche or Pierce complete EDTA-free protease inhibitor cocktail tablet per 50 mL buffer. Proteins
were incubated with Ni-NTA Agarose (Qiagen 30230) resin, followed by extensive washing with 10
column volumes, then eluted from the resin in 50 mM Tris-HCI, pH 8.0, 300 mM NaCl, 200 mM
imidazole, 10 mM B-mercaptoethanol or 5 mM TCEP, 1 mM PMSF, and 1x Roche or Pierce
complete EDTA-free protease inhibitor cocktail tablet. The protein was then further purified by gel
filtration chromatography using a Superose 6 column equilibrated with 20 mM Tris-HCI, pH 8.0, 150
mM NaCl, 1 mM EDTA, and 5 mM DTT. Purified proteins were concentrated using Amicon Ultra-15
Ultracell-30K centrifugal filter units (Millipore-Sigma), then centrifuged at 100,000 rpm at 4 °C for
10min using a Beckman TLA-120.2 rotor to remove aggregates, and stored either in small aliquots

or as liquid nitrogen pellets at —80 °C.



Protein labeling

The VASP used in these studies is a previously published ‘cysteine light' mutant that replaced the
three endogenous cysteines with two serines and an alanine. A single cysteine was then introduced
at the N-terminus of the protein to allow selective labeling with maleimide dyes. This mutant was
found to function in an indistinguishable manner from the wild-type proteins.' Thus, VASP and its
mutants were labeled at the N-terminal cysteine using maleimide-conjugated dyes. VASP was
buffer exchanged into 20 mM Tris (pH 7.4) 150 mM NaCl buffer to remove DTT from the storage
buffer and then incubated with a three-fold molar excess of dye for two hours at room temperature.
Free dye was then removed by applying the labeling reaction to a Zeba Dye and Biotin removal size
exclusion column (Thermo Fischer Scientific) equilibrated with buffer containing 20 mM Tris, 150
mM NaCl, and 5 mM TCEP pH 7.4.

Monomeric actin was labeled using maleimide-conjugated dyes. Dyes were incubated with G-actin
at a 2-fold molar excess for 2 hours at room temperature before being separated from the labeled
protein by applying the labeling reaction to a spin column packed with Sephadex G-50 Fine DNA
Grade (GE Healthcare GE17-0573-01) hydrated with A buffer (5 mM Tris-HCL (pH 8), 0.2 mM ATP
and 0.5 mM DTT pH 8). The labeled protein was then centrifuged at 100,000 x G for 10 min at 4
degrees Celsius to remove aggregates before being flash-frozen in single-use aliquots.

Eps15 and Eps15-Lifeact were labeled using amine-reactive NHS-ester dyes at a 3-fold molar
excess of dye before free dye was removed by applying the labeling reaction to a Zeba Dye and
Biotin removal size exclusion column (Thermo Fischer Scientific) equilibrated with buffer containing
20 mM Tris (pH 7.4), 150 mM NacCl, and 5 mM TCEP.

Protein condensate formation and actin polymerization

Condensates composed of either VASP or mini-Lpd/monomer mini-Lpd alone were formed by
mixing the given concentration of protein (see text) with 3% (w/v) PEG 8000 in 20 mM Tris pH 7.4,
5 mM TCEP, and the given concentration of NaCl (50 mM for mini-Lpd/monomer mini-Lpd and 150
mM for mini-Lpd + VASP, VASP, or Eps15). PEG was added last to induce condensate formation
after the protein was evenly dispersed in the solution. For condensates consisting of both mini-Lpd
and VASP, formed in the absence of PEG, the only difference was that PEG 8000 was not added
to the mix, however, all other buffer conditions were as stated above. All protein concentrations
listed are the monomeric concentrations.

For actin polymerization assays within condensates consisting of VASP, mini-Lpd, or Eps15,
condensates were formed and then G-actin was added to the condensate solution and allowed to
polymerize for 15 minutes before imaging. For phalloidin-actin assays, unlabelled G-actin was
added to pre-formed protein condensates and allowed to polymerize for 10 min. Phalloidin-iFluor594
(Abcam) was then added to stain filamentous actin for 10 min before imaging. For assays that
included Latrunculin, 5 yM Latrunculin A (Cayman Chemical ltem No.10010630) was added to the
pre-formed protein condensates and mixed gently before actin addition.

For FRAP experiments, condensates formed from the various proteins were observed in solution at
the conditions given in the text. A region within the condensates was bleached and consecutive
images were taken every three seconds to monitor fluorescence recovery over time.
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Microscopy

Samples were prepared for microscopy in wells formed from 1.6 mm thick silicone gaskets (Grace
Biolabs) on Hellmanex Il (Hellma) cleaned, no. 1.5 glass coverslips (VWR). Coverslips were
passivated using poly-L-lysine conjugated PEG chains (PLL-PEG). To prevent evaporation during
imaging, an additional small coverslip was placed on top of the gasket to seal the well. Fluorescence
microscopy was done using an Olympus SpinSR10 spinning disk confocal microscope with a
Hamamatsu Orca Flash 4.0V3 Scientific CMOS camera. FRAP was done using the Olympus FRAP
unit 405 nm laser.

PLL- PEG was prepared as described previously with minor alterations. Briefly, amine-reactive
mPEG succinimidyl valerate was conjugated to poly-L-lysine at a molar ratio of 1:5 PEG to PLL.
The conjugation reaction takes place in 50mM sodium tetraborate solution pH 8.5 and is allowed to
react overnight at room temperature while continuously stirring. The final product is then buffer
exchanged to PBS pH 7.4 using 7000 MWCO Zeba spin desalting columns (Thermo Fisher) and
stored at 4 °C.

Image Analysis

Image J was used to quantify the distribution of condensate characteristics. Specifically,
condensates were selected using thresholding in the brightest channel and shape descriptors (i.e.
diameter, aspect ratio, etc.), and protein fluorescent intensities were measured using the built-in
analyze particles function.

FRAP data were analyzed using ImagedJ where fluorescence recovery over time was measured and
then normalized to the maximum pre-bleach intensity. Recovery was measured for condensates of
similar diameters and photobleached region size.

Partitioning data was calculated using the average intensities of the condensed protein phase and
the bulk solution, with partitioning defined as the ratio of the intensity inside the condensate to
outside the condensate. Images were cropped so that only condensates from the middle ninth of
the field of view were analyzed to avoid any error from potential non-uniform illumination across the
imaging field.
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