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Abstract

Biomolecular condensates concentrate macromolecules into foci without a surrounding
membrane. Many condensates appear to form through multivalent interactions that drive liquid-
liquid phase separation (LLPS). LLPS increases the specific activity of actin regulatory proteins
toward actin assembly by the Arp2/3 complex. We show that this occurs because LLPS of the
Nephrin/Nck/N-WASP signaling pathway on lipid bilayers increases membrane dwell time of N-
WASP and Arp2/3 complex, consequently increasing actin assembly. Dwell time varies with
relative stoichiometry of the signaling proteins in the phase separated clusters, rendering N-WASP
and Arp2/3 activity stoichiometry-dependent. This mechanism of controlling protein activity is
enabled by the stoichiometrically-undefined nature of biomolecular condensates. Such regulation
should be general among signaling systems that assemble through multivalent interactions and
drive non-equilibrium outputs.

One sentence summary

Phase separation increases activity of signaling proteins by lengthening their membrane dwell
times in a stoichiometry dependent fashion.

Biomolecular condensates are two- and three-dimensional compartments in eukaryotic cells
that concentrate specific collections of proteins and nucleic acids without an encapsulating
membrane (1, 2). Many condensates behave as dynamic liquids, and are believed to form
through liquid-liquid phase separation (LLPS) driven by interactions between multivalent
constituents (1-3). Unlike macromolecular machines such as the ribosome, which have
discrete subunit stoichiometries and size, condensates can form with a wide range of
component stoichiometries, and range in size from hundreds to thousands of nanometers.
While the mechanisms that promote and regulate LLPS /n vitroand in cells are increasingly
well understood, the biochemical functions that arise from organization of macromolecules
into these meso-scale assemblies remain largely unknown. In particular, it is unknown
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whether condensates function primarily as concentrating devices or whether their physical
properties also frequently alter specific activities of the collection of resident molecules
(analogous to specific activity in enzymology but applied here to the condensate as a whole).

We have described two analogous signaling systems that form membrane-associated
condensates /n vitroand in cells (4-6). These control actin assembly in podocyte cells of the
kidney and in activated T cells, respectively. Both pathways are initiated by transmembrane
proteins, Nephrin and Linker for Activation of T cells (LAT), respectively, whose disordered
cytoplasmic tails are phosphorylated on multiple tyrosine residues in response to upstream
stimuli. These phospho-proteins then interact with collections of adaptor proteins containing
SH2 domains, SH3 domains and proline-rich motifs (PRMs). Multivalency in these
molecules enables their assembly and concomitant phase separation, forming micron-scale
signaling clusters on supported lipid bilayers (SLBs) /n7 vitro and at the plasma membrane of
cells.

In both systems, clusters assemble actin filaments through the adaptor protein Nck, its ligand
N-WASP, and the actin nucleation factor, the Arp2/3 complex. In the LAT system, we
previously showed that LLPS increases the specific activity of molecules in the pathway
toward activating the Arp2/3 complex (5). However, without knowing the mechanism, it was
impossible to know whether this effect is specific to actin assembly or might be more
general to other signaling systems. Here we sought to understand the mechanism by which
LLPS causes this increase in activity, how this mechanism could be exploited to regulate
signaling output, and whether such effects might be observed in other signaling systems.

We attached fluorescently labeled Hisg-Nephrin phosphorylated on its three tyrosine
residues (his-pNephrin) at a density of ~1000 molecules/um? on SLBs containing 2% Ni-
NTA lipids. His-pNephrin alone is diffuse on SLBs, but upon addition of Nck and a
constitutively active Alexa488 labeled N-WASP (N-WASP hereafter, Fig. S1a) the proteins
undergo LLPS to form micron sized clusters (Fig. S1b—d). To initiate actin polymerization,
we added 1 pM actin (5% Alexa647 labeled), 3 nM Arp2/3 complex, and 6 nM capping
protein (CapZ), the latter to focus the assay on actin nucleation rather than filament
elongation (Figs. la—b, S2a). This led to robust actin polymerization in the plane of the SLB,
as observed by total internal reflection fluorescence (TIRF) microscopy (Fig. S2a—c). We
quantified actin polymerization inside and outside of the clusters through measuring
Alexab47-actin fluorescence intensity over time (Fig. 1¢). Inside clusters, actin fluorescence
increased rapidly and plateaued within 2 minutes. Outside clusters, actin fluorescence
increased more slowly. The actin assembly rate at half-maximal intensity (red lines, Fig. 1c)
was ~6-fold faster inside clusters than outside. To separate the effects of increased N-WASP
concentration within clusters from effects on specific activity of the clusters, we divided the
rates by the local N-WASP intensity (Fig. 1d). This N-WASP-normalized actin assembly rate
was ~3-fold faster inside than outside of clusters. Outside clusters, the normalized assembly
rate was comparable to a negative control lacking the Arp2/3 complex. When this
background is subtracted, the N-WASP-normalized actin assembly rate inside the clusters
was ~14-fold higher than outside. Thus, in addition to being at higher density, the specific
activity of N-WASP is substantially increased inside phase separated clusters, analogous to
our previous observations with LAT signaling clusters (5).
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The Arp2/3 complex is divalent, and binds N-WASP with 1:2 stoichiometry (7, 8). This
could lead to non-linear recruitment and activity of the Arp2/3 complex with N-WASP
density (9). However, as detailed in Supplemental Figure 3, the amount of Alexa647-labeled
Arp2/3 complex recruited to the SLB scaled linearly with his-N-WASP density, and the N-
WASP-normalized actin assembly rate was not density dependent. Thus, higher density is
unlikely to account for the increased specific activity of clusters.

Huang et al. have shown with single-molecule analysis that increased membrane dwell time
induced by phase separation enhances activity in slow, multi-step signaling cascades that are
driven out of equilibrium by irreversible steps (10, 11). Actin nucleation by the Arp2/3
complex is a multi-step process that initiates with binding of an Arp2/3:WASP;:actin,
assembly (Arp2/3 assembly hereafter) to an existing “mother” actin filament. A series of
incompletely understood conformational changes of the Arp2/3 complex and mother
filament (12, 13) then lead to dissociation of WASP proteins, irreversible attachment of
Arp2/3 complex to the mother filament and initiation of daughter filament growth (14).
Single molecule studies and kinetic modeling have shown that this process is slow, and
WASP-bound intermediates have lifetimes in the 0.5-10 second range (14-16). Since
nucleation by the Arp2/3 complex is a slow, multi-step process that involves at least one
irreversible step we hypothesized that membrane dwell time might be a key parameter
affecting N-WASP specific activity.

To measure N-WASP membrane dwell time we fused the photoactivatable fluorophore,
mEos2 to its N-terminus and measured the fluorescence decrease over time after
photoactivation (which is due to dissociation from the membrane, Fig. S4). We found that N-
WASP membrane dwell time increased from 18 sec outside clusters to 30 sec inside clusters
(Fig. 1e). Thus, LLPS increases the membrane dwell time of N-WASP in nephrin clusters.

We used several different approaches to experimentally perturb dwell time and examined the
corresponding effects on activity. First, we quantitatively compared his-N-WASP attached
directly to SLBs to an identical density of N-WASP attached indirectly to the bilayer
through his-Nck (Fig. 2a). The average dwell time of the former is > 2 hours (Fig. S5), while
that of the latter is < 20 s (Fig 2b). The N-WASP-normalized actin assembly rate of stably
attached his-N-WASP was more than 40 times that of his-Nck + N-WASP (Fig. 2c).
Membrane dwell time can also be increased by increasing the local density of binding sites,
likely through a combination of decreased rate of dissociation from binding partners and
also more rapid membrane rebinding after initial dissociation (17). We engineered his-Nck
analogues with either three repeats (his-Nck(SH3)3) or six repeats (his-Nck(SH3)g) of the
second SH3 domain (Fig. S6a). To prevent phase separation of his-Nck(SH3)g we added 300
mM NacCl to the buffer (Fig. S6b). Doubling the local density of SH3 domains increased N-
WASP membrane dwell time from 7.9 sec to 9.5 sec (Fig. S6¢) and increased the N-WASP
normalized actin assembly rate 2.2-fold (Fig. S6d). Finally, we clustered his-Nck(SH3)g
with pNephrin (Fig. 2d), increasing N-WASP membrane dwell time from 9.5 sec to 12.1 sec
(Fig. 2e) and the N-WASP-normalized actin assembly rate 3-fold (Fig. 2f). Thus, increasing
N-WASP membrane dwell time through three independent molecular mechanisms
consistently increased the N-WASP-normalized actin assembly rate.
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Next, we sought to systematically alter the membrane dwell time of N-WASP within
clusters. We reasoned that dwell time is likely related to the number of SH3-PRM
interactions that connect each N-WASP to Nck molecules that are also bound to pNephrin
(“N-WASP connectivity™). This connectivity should, in turn, be dictated by the relative
stoichiometry of his-pNephrin, Nck and N-WASP. To test this idea initially we used
SpringSaLaD (18) to simulate pNephrin-Nck-N-WASP clustering on membranes (Fig. S7a—
d). We found that N-WASP connectivity shows a non-monotonic dependence on Nck
concentration when pNephrin density and N-WASP concentration are held constant (Fig.
3a). At low concentrations most Nck is bound to pNephrin, and increasing Nck increases
multivalent SH3-PRM interactions to N-WASP, thus increasing N-WASP connectivity. But
once Nck molecules exceed Nephrin pTyr sites, further increases in Nck decrease
connectivity since N-WASP molecules become decorated with Nck molecules that are not
bound to pNephrin (Fig. 3b, Fig. S8).

To test this model experimentally, we varied stoichiometry in nephrin clusters by keeping the
membrane density of his-pNephrin constant (~1,000 molecules/um?2), and varying the
concentrations of N-WASP and Nck in solution (Fig S9a—c). For three N-WASP conditions
(100 nM N-WASP, 250 nM N-WASP, and maintaining a constant 1:2 N-WASP:Nck ratio),
we varied Nck concentration from 100 nM to 2 uM. In all titrations, the membrane dwell
time of N-WASP showed a similar non-monotonic relationship with Nck concentration, with
a maximum at 200-500 nM Nck (Fig. 3c).

Since the Arp2/3 complex is the proximal nucleator of actin filaments, we also examined its
membrane dwell time under these conditions. Using a mask generated from the image of N-
WASP (Fig. 3d), we tracked single Alexa647-Arp2/3 complex particles inside and outside of
clusters. Particles that remained on the membrane for at least 3 s were classified as long-
lived. Outside clusters only 6% of particles were long-lived (Fig 3e), while inside clusters
21% were long-lived (Fig. 3e). Photobleaching occurred at a much slower rate than particle
dissociation from the membrane, and does not appreciably affect these values (Kgissoc, outside
= 1.67 s, Kgissoc, inside = 0-3557%, Kpjeach = 0.023 571, Figure S10a). In titration experiments,
the percent of long-lived Arp2/3 complex had the same non-monotonic dependence on Nck
concentration (Fig. 3f) and positively correlated with the N-WASP dwell time (Pearson r =
0.63, p<0.01, Fig. 3g). This correlation suggests that within clusters the Arp2/3 complex
often dissociates from the membrane in complex with N-WASP. In contrast, the percent of
long-lived Arp2/3 complexes outside clusters is insensitive to stoichiometry and never
exceeds 7% (Fig. S10b).

To test whether stoichiometric control of dwell time regulates the rate of actin assembly, we
performed actin assembly assays across the same Nephrin/Nck/N-WASP stoichiometries as
in Figures 3C and F. The N-WASP-normalized actin assembly rate was non-monotonic with
Nck concentration (Fig. 4a), and strongly correlated with N-WASP membrane dwell time
among all the data (Pearson r = 0.85, p<0.0001, Fig. 4b). This normalized rate did not
positively correlate with N-WASP density (Fig. S12a). It showed only a weak correlation
with N-WASP density divided by N-WASP solution concentration (Fig. S12c), which would
be expected to correlate with binding affinity of N-WASP for the clusters, suggesting that
dissociation rate rather than binding affinity governs the actin assembly rate. A similar
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correlation with N-WASP dwell time, but not density or binding affinity, was found when
actin assembly rates were normalized to the density of Arp2/3 complex (Fig. 4c, Pearson
r=0.82, p<0.0002, Figs. S11, S12b, S12d), suggesting that the long-lived N-WASP-Arp2/3
assemblies are the active species at clusters. In cellular experiments, we observed a similar
non-monotonic dependence of both N-WASP dwell time (Fig. 3h—j) and N-WASP-
normalized actin assembly (Figs. 4d—f, Fig. S13) on the density of Nck at nephrin clusters
on the plasma membrane, and N-WASP dwell time positively correlated with actin assembly
(Fig 4g, Pearson r = 0.73, p<0.02). Thus, relative stoichiometry is sufficient to regulate
specific activity of clusters containing full-length N-WASP in the complex cellular
environment. Because the progression from the initial assembly of Arp2/3:WASP,:actin,
plus mother filament to the commencement of daughter filament growth is not understood
mechanistically, we are not able to develop a rigorous kinetic model to explain our data.
Nevertheless, the data clearly show that stoichiometry controls specific activity in phase
separated Nephrin clusters.

In summary, we found that phase separation of pNephrin, Nck and N-WASP on SLBs
increases the specific activity of clusters by increasing the membrane dwell time of N-WASP
and its assemblies with the Arp2/3 complex, consequently increasing Arp2/3-dependent
actin assembly. Additionally, since the relative stoichiometry of the components dictates
dwell time, the activity of the pathway is controlled by stoichiometry. These observations
suggest that phase separation may enable a binary switch between low-activity and high-
activity states of this pathway, and that variations in stoichiometry may enable fine-tuning of
the response within the high-activity regime. Together, phase separation and stoichiometric
control could help suppress noise in low-activity states, but still allow modulation after a
commitment to action has been made. These mechanisms may contribute to the observed
Nck density-dependence of actin polymerization in cells (19) and could regulate diverse
actin signaling pathways that utilize phase separation at membranes (5, 20, 21). Since the
multivalent SH2-pTyr and SH3-PRM interactions that promote LLPS in this system, as well
as the slow, multi-step, non-equilibrium downstream process, are found in numerous
signaling pathways, these behaviors should be generalizable. Consistent with this idea, the
LAT-Grb2-SOS pathway also phase separates and shows dwell time-dependent activation of
Ras (11). Stoichiometry-dependent control of specific activity is distinct from canonical
mechanisms of allostery and co-localization. This mechanism requires biomolecular
assemblies (not necessarily phase separated) that can form across a range of component
stoichiometries, unlike molecular machines. Our data support the idea that material/physical
properties, determined by the dynamic behaviors of component molecules, may be generally
important in defining the biochemical activities of biomolecular condensates (1, 2).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

The specific activity of N-WASP is increased in phase separated membrane clusters.

(A) Schematic of actin assembly assay. Molecules not drawn to scale. (B) Total Internal
Reflection Fluorescence Microscopy (TIRF) images of N-WASP (top) and Actin (middle)
during actin polymerization. Clusters were formed by adding N-WASP (1uM, 15%
Alexa488 labeled) and Nck (2uM) to membrane-bound pNephrin (~1000 molecules/um?).
Actin (1 pM, 5% Alexa647 labeled), Arp2/3 complex (3 nM), and CapZ (6 nM) were added
att=0s. Scale bar, 5 um. (C) Quantification of mean actin intensity inside and outside of
clusters from images in (a). Red line indicates rate at half-maximal intensity. (D)
Quantification of N-WASP-normalized actin assembly rate from 14 measurements
containing Arp2/3 complex and 13 measurements without Arp2/3 complex. In these
experiments, N-WASP is enriched ~2.2-fold inside clusters. Significance tested with one-
way ANOVA followed by post hoc Tukey test. (E) Quantification of mEos2-N-WASP
membrane dwell time inside and outside of clusters from n=28 measurements. Significance
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tested with an unpaired t-test. In D and E, points represent individual measurements,
horizontal line represents mean, and error bars represent SEM.
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Fig. 2.
Increasing N-WASP membrane dwell-time is sufficient to increase its specific activity.

(A) Schematic of experimental setup in B-C. Molecules not drawn to scale. (B) Dwell time
of mEos2-N-WASP (n=13) and his-N-WASP-Alexa488 (n=3), the latter as described in
Figure S5. (C) N-WASP-normalized actin assembly rate for his-N-WASP (n=15) and his-
Nck + N-WASP (n=18). (D) Schematic of experimental setup in E-F. Molecules not drawn
to scale. (E) Dwell time of mEos2-N-WASP unclustered (n=20) and clustered (n=20). (F) N-
WASP-normalized actin assembly rate of unclustered (n=40) and clustered (n=32) N-WASP.
In all graphs, points represent individual measurements, horizontal line represents mean,
error bars represent SEM, significance tested with unpaired t test. Note that data in Figures
2e-f and S6c—d are not directly comparable to those in Figure 4, as different buffer and actin
concentrations were used in the different experiments. Both datasets are, however, internally
comparable.
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Fig. 3.
Stgichiometry regulates membrane dwell time of N-WASP and Arp2/3 complex in phase
separated membrane clusters.

(A) N-WASP connectivity in computational simulations. The number of pNephrin (25
molecules) and N-WASP (50 or 100; blue and magenta, respectively) molecules was kept
constant and the number of Nck molecules was varied. Data points represent the mean +/—
SEM from six simulations. (B) Summary of simulation predictions. Molecules not drawn to
scale. (C) Experimental measurement of mEos2-N-WASP membrane dwell time. Clusters
were formed by adding N-WASP (15% mEos2 labeled) and Nck at the indicated
concentrations to membrane-bound pNephrin (~1000 molecules/um?). Data points represent
mean +/— SEM from at least 13 measurements. Details about number of measurements are
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in Table S2 (D) Representative Total Internal Reflection Fluorescence Microscopy (TIRF)
images from a single particle tracking experiment. Clusters were formed by adding N-WASP
(1uM, 15% Alexa488 labeled) and Nck (2 uM) to membrane-bound pNephrin (~1000
molecules/um?2). Arp2/3 complex (3 nM unlabeled, 7.5 pM Alexa647-labeled) was added
prior to imaging. Top: Image of N-WASP and the mask generated from Otsu thresholding.
Bottom: Arp2/3 complex images. Red lines indicate mask. Green arrow indicates a molecule
localized outside of clusters. Scale bar = 5 um. (E) Histogram of Arp2/3 complex dwell
times for molecules localized inside and outside of clusters. Data from 15,042 tracks of
molecules inside clusters and 24,398 tracks of molecules outside clusters. The Y-axis is set
to display all bins containing at least 3 tracks. (F) Percent of long-lived Arp2/3 complexes
(dwell time > 3 s) inside clusters across a range of Nephrin/Nck/N-WASP stoichiometries.
Data from multiple experiments were compiled to determine the cumulative distribution
from at least 1,000 tracks per condition. Red dotted line represents the percent long lived
Arp2/3 complexes outside clusters (6%). Details about number of measurements are in Table
S3 (G) Percent of long lived Arp2/3 complexes versus N-WASP membrane dwell time (data
from C and F). Black diagonal line shows a linear fit of the data (Pearson r = 0.63, p<0.01).
(H) Representative image of N-WASP-mEmearld in a U20S cell expressing Nephrin-BFP,
N-WASP-mEmerald and Nck-mCherry. Timelapse images of clusters in the region
highlighted by the red box. Scale bar = 10 pm. (1) Representative quantification of FRAP
analysis of the cluster indicated by the yellow circle. (J) N-WASP FRAP tau versus Nck
intensity in clusters. Data collected from over 20 cells in four independent experiments.
Each point represents the mean +/— SEM. Details about number of measurements are in
Table S4.
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Fig. 4.

Stoichiometry of pNephrin, Nck and N-WASP regulates N-WASP and Arp2/3 complex
activity in phase separated membrane clusters.

(A) N-WASP-normalized actin assembly rate in clusters formed by adding N-WASP (15%
Alexa488 labeled) and Nck at the indicated concentrations to membrane-bound pNephrin
(~1000 molecules/um?). Each point represents the mean +/— SEM from at least 13
measurements. Details about number of measurements are in Table S5. (B) N-WASP-
normalized actin assembly rate versus N-WASP membrane dwell time (data from Figs. 3c
and 4a). Black diagonal line represents a linear fit of the data (Pearson r = 0.85, p<0.0001).
(C) Arp2/3-normalized actin assembly rate versus N-WASP membrane dwell time (data
from Figs. 3c and 4a). Black diagonal line represents a linear fit of the data (Pearson r =
0.82, p<0.0002). Note that data in Figure 4 are not quantitatively comparable to those in
Figures 2e—f and S6¢c—d, as different buffer and actin concentrations were used in the
different experiments. Both datasets are, however, internally comparable. (D) Schematic of
cellular actin assembly assay. Molecules not drawn to scale. (E) LEFT: Representative
image of N-WASP-mEmerald in a U20S cell expressing Nephrin-BFP, N-WASP-mEmerald,
Nck-mCherry, and stained with phalloidin-Alexa 647 to label actin filaments. RIGHT:
Images of all four labeled molecules colocalized in a single cluster in the region highlighted
by a red box. Scale bar = 10 um. (F) N-WASP-normalized actin intensity versus Nck
intensity in clusters containing similar intensities of Nephrin-BFP and N-WASP-mEmerald.
Data collected from over 20 cells in three independent experiments. Each point represents
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the mean +/- SEM from measurements in at least 2 cells. Details about number of
measurements are in Table S6. (G) N-WASP-normalized actin intensity versus N-WASP
FRAP tau (Data from Figs 3j and 4f). Black diagonal line represents a linear fit of the data
(Pearson r = 0.73, p<0.02).
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