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Abstract: Formation of biomolecular condensates via phase separation enables compartmentation
of many cellular processes. However, how cells can control condensation at specific locations to
create complex cellular structures remains poorly understood. Here, we investigated the
mechanism of tight junction formation, which involves condensation of scaffold proteins at cell-
cell contacts and elongation of the condensates into a belt around the cellular perimeter. Using cell
biology, reconstitution, and thermodynamic theory, we discovered that cells use surface phase
transitions to control local condensation at the membrane far below bulk saturation. Surface
condensation of junctional ZO-scaffold proteins is mediated by receptor binding and regulated by
the receptor’s oligomerization state. Functionally, ZO surface condensation is directly coupled to
actin polymerization and bundling, which drives elongation of receptor-ZO-actin condensates
similar to tight junction belt formation in cells. We conclude that surface phase transitions provide
a robust mechanism to control the position and shape of protein condensates.

One-Sentence Summary: Local surface binding of cytosolic scaffold proteins provides spatial
control of protein condensation to assemble adhesion junctions.
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Introduction

Tight junctions are adhesion complexes that control the paracellular flux of solutes across tissues
(1-3). The super-molecular structure of tight junctions is constructed from adhesion receptors of
the claudin (CLDN) family, which form intercellular adhesion strands that act as diffusion barriers,
and Zonula occludens (ZO) scaffold proteins which connect the receptors to the cytoskeleton (1).
Assembly of junctions is initiated by condensation of cytosolic scaffold ZO proteins at cell-cell
contact sites that over time elongate and fuse around the apical cell perimeters into a continuous
belt which seals the tissue (4-6). How cells spatially control condensation at cell-cell contacts and
how the condensates are reshaped into closed belts has remained unclear.

The formation of protein condensates in the cytoplasm (7-9) and nucleoplasm (10, 11) can be
governed by thermodynamics (12). Formation of condensates via phase separation requires protein
concentrations above the bulk saturation concentration (13). However, on membrane surfaces
condensate formation has been observed even far below bulk saturation (14-16), which suggests
distinct phase transitions at the surface in comparison to the bulk. Surface phase transitions (17)
including the prewetting transition have been originally predicted by Cahn (18) and have been
found to be close to the saturation concentration in experimental polymeric systems (19-21).
However, a recent theoretical study found that phase transitions can occur far below saturation if
molecules can bind to the surface (22). Indeed, a prewetting surface phase transition was proposed
as a mechanism for condensation of transcription factors binding to DNA surfaces (23, 24). How
surface phase transitions are spatially controlled on biological membranes is not well understood.

In this work, we established how cells can induce a surface phase transition specifically at cell-
cell contact regions and how subsequent interactions of surface condensates with the cytoskeleton
drive its active remodeling into an elongated and functional tight junction belt.

Results

To explore the mechanism of formation and maturation of junctional condensates into a belt
structure, we reconstituted the tight junction assembly pathway on model membranes from purified
components focusing on the intracellular components of the junction (Figure 1A), which comprise
the cytoplasmic tails of adhesion receptors (CLDN2, JAM-A, CDH1), the scaffold proteins (ZO1-
3), adapter proteins (CGN, AFDN, PAR3) and the cytoskeleton (Actin) (Fig. S1, A and B).
Initially, we aimed at characterizing the interactions of the main scaffold protein ZO1 to the strand
forming receptor CLDNZ2 (Fig. 1A). We prepared fluorescently labeled C-terminal tails of CLDN2
containing the PDZ-binding motif for ZO1 and an N-terminal His-tag that allowed its attachment
to Ni?*-containing supported lipid bilayer (14, 15). During cell-cell adhesion CLDN receptors are
known to oligomerize (25, 26). To mimic different oligomerization states of the CLDN2 receptor,
we attached GCN4 and ySMF domains that assemble into stable tetramers or 14-mers, respectively
(27, 28). This setup allowed us to systematically titrate receptor surface density and ZO1 bulk
concentration to characterize binding and condensate formation.
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Reconstitution of ZO1 membrane binding and surface condensation

In our vitro reconstitution setup, ZO1 condensates formed at concentrations larger than csat = 11
MM in solution (Fig. 1C), which is close to the cytoplasmic saturation concentration measured in
epithelial cells (4). The physiological concentration of ZO1 in the cytoplasm Ceyto = 690 NM s
more than an order of magnitude lower than this bulk saturation concentration (4). Thus, at
physiological ZO1 concentration, condensates cannot spontaneously form in solution. However,
we found that at these subsaturated conditions ZO1 proteins can bind to membranes containing
monomeric, tetrameric and 14-meric CLDN2 receptors and thereby induce phase separation at the
membrane surface (Fig.1, D-F). In absence of ZO1, monomeric and oligomeric receptors were
homogeneously distributed and diffused quickly (Fig. S1, C to E). While ZO1 binding to
monomeric receptors was homogeneous, binding of ZO1 to tetrameric and 14-meric receptors
induced formation of phase separated condensates on the membrane surface (Fig. 1D). These
surface condensates were not only strongly enriched in ZO1 but also dense in receptors compared
to the coexisting dilute membrane phase. Imaging the dynamics of surface condensates showed
initial coarsening and fusion of condensates on a timescale of 10 min indicating liquid-like
properties (Movie S1). However, over time the dynamics slowed down and condensates size
typically saturated in the micrometer range (Fig. S2A). FRAP analysis showed partial exchange
of ZO1 from the bulk but little diffusion in 2D (Fig. S2B), which is consistent with measurements
at junctions in live cells (4).

To determine if the ZO1 surface condensates consist of a 2D protein monolayer or further extend
into the bulk, we quantified the height of the ZO1 condensates on top of the membrane using
atomic force microscopy (AFM) (Fig. 1G). AFM imaging revealed an average condensate height
of 16 nm with respect to the membrane, which was largely independent of receptor surface density
indicating that the structure of the condensed phase is stable over a large concentration range (Fig.
1H). Diffusion measurements of ZO1 in solution using fluorescence correlation spectroscopy
showed a hydrodynamic diameter of 18 nm for a ZO1 dimer (Fig. 1l). Together, these
measurements are consistent with ZO1 undergoing a surface phase transition into a condensed
monolayer induced by binding to oligomerized adhesion receptors at subsaturated bulk
concentrations.

Receptor oligomerization induces robust surface condensation far below bulk saturation

To understand how ZO1 surface binding and receptor oligomerization control surface phase
separation, we developed a non-equilibrium thermodynamic model (Fig. 2A). In this model,
scaffold proteins in the bulk solvent can bind to receptors in the membrane composed of lipids.
Accounting explicitly for the receptors bound to scaffold proteins, the minimal model corresponds
to a ternary mixture in the membrane and a binary model in the bulk. We describe the interactions
among all components in bulk, membrane and between bulk and membrane using a Flory-Huggins
free energy; detail see SI Theory. The model can be reduced to two unknown parameters, the dilute
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receptor binding affinity Q and the interaction parameter y characterizing the interactions among

ZO1 proteins that are bound to receptors. Both parameters were obtained by fitting the model at

equilibrium to experimental measurements of membrane bound ZO1 proteins as a function of
115  receptor concentration and bulk ZO1 concentration (Fig. 2, B and D).

Despite the minimal nature of the model, we found very good agreement between the model and
the experimental measurements. In particular, the model recapitulated the experimental ZO1 and
receptor (14-mer) concentrations at which surface condensates appear as well as the concentrations
120 in the condensed and dilute phases (Fig. 2, B to E). Consistent with the experimental data, the
model predicted a jump of the difference in ZO1 concentrations between condensates and their
surrounding dilute phase. To compare the dynamics of surface condensation and growth, we chose
the kinetic parameters of the model in accordance with the FRAP studies of surface condensates
(Fig. S2B). In agreement with experiments, we found that above the critical concentrations surface
125  condensates form quickly but then transition to very slow coarsening kinetics (Fig.S2A, movie
S1). This slow-down is caused by depletion of receptors in the dilute phase due to co-condensation
of receptors and scaffold proteins, which effectively decreases ripening fluxes among surface
condensates (Fig. 2, C and E). Taken together, the model suggests that ZO1 binding to oligomeric
receptors triggers a discontinuous surface phase transition at the membrane.
130
After successfully calibrating the model, we analyzed how the oligomerization state of the receptor
affects the surface phase transition. Fitting our model to the experimental data of both receptor
states (Fig. 2, B and D and Fig. S2, C, and D), we determined the change in receptor binding
affinity Q and self-interaction parameter y of receptor bound to ZO1 for monomeric and 14-meric
135  receptors (definitions, see SI Theory Section G). The key finding is that the binding affinity of the
14-meric receptor to ZO1 is much stronger compared to the monomeric receptor (Fig. 2F). We
found that the lower binding affinity of the monomer is dominantly caused by a reduced binding
fraction, i.e., only a small fraction of monomer receptors can bind to ZO1; a mechanism previously
reported in Ref. (29). Moreover, from the fits, we obtained that the bound ZO1-14-mer complexes
140  strongly attract each other, i.e., they have a positive self-interaction parameter (Fig. 2F). While the
fitted self-interaction of the ZO1-monomer complex was lower compared to the 14mer, a wide
range of self-interaction parameters fitted the experimental data equally well (green shade),
indicating that in the low affinity binding regime of the monomer receptor self-interactions at the
surface play a minor role (see SI Theory Fig.3(a) and its related discussion). In summary, our
145  results suggest that receptor oligomerization favors surface phase separation via two synergistic
mechanisms. Increasing the binding affinity leads to a higher surface concentration of ZO1 at
constant bulk concentration. While at the same time the self-interaction of the ZO1-receptor
complex lowers the saturation concentration required for membrane phase separation. Using the
fitted parameters, we predicted the phase diagram for the monomeric and 14-meric receptors,
150  which showed that there is no surface phase transition for monomeric receptors even for higher
ZO1 concentrations, while there is a large region of surface phase separation for the 14-meric
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receptors (Fig. 2, G and H and Fig. S2, E and F). Based on the agreements between experiments
and our thermodynamic model, we conclude that a surface phase transition underlies the formation
of ZO1-rich surface condensation on membrane surfaces. The surface phase transition is controlled

155 by the receptor's oligomerization state, suggesting cell adhesion-induced oligomerization could act
as the key switch for ZO1 surface condensation at cell-cell contacts.

Selective sorting of tight junction components by ZO1 surface condensates
To study the relevance of surface condensates for tight junction assembly, we further increased the
160  molecular complexity of our in vitro reconstitution (Fig. 3A). First, we asked whether ZO1 surface
condensates can partition membrane receptors belonging to the adherens junction (CDH1), the
tight junction (JAM-A) and the apical membrane (CRB3) (Fig. 3B). Before addition of ZO1, the
intracellular domains of all receptors were well mixed on supported membranes (Fig. 3C). As
before, addition of ZO1 initiated condensation of dense CLDN2-Z0O1 domains. We found that the
165  IC-domain of the tight junction receptor JAM-A was 2-fold enriched in the dense ZO1 phase. This
is in line with JAM-A binding to ZO1 via PDZ2, which is independent of CLDN binding via PDZ1
(30) and suggests that ZO1 can simultaneously bind and crosslink different membrane receptors
via its array of PDZ domains (31). The adherens junction receptor CDH1 was evenly distributed
between the dense and dilute phase indicating that there are no direct interactions with ZO1.
170  Surprisingly, we found that the ICD of the apical polarity receptor CRB3 was excluded from the
Z0O1 condensates, suggesting that segregation of apical and junctional proteins can be facilitated
by condensation of ZO1 (Fig. 3, C and D). Thus, surface condensates could be an auxiliary
mechanism in addition to apical polarization ensuring that cell-cell contacts are cleared from apical
proteins to facilitate junction formation (32-34).
175
In addition to membrane receptors, we investigated the recruitment of cytosolic scaffold and
adapter proteins (Fig. 3B). As predicted by our previous work studying ZO1 condensation in
solution (4), we found that the two ZO1 homologues ZO2 and ZO3 strongly partitioned in ZO1
surface condensates. The ZO1 binding proteins CGN, AFDN and PAR3 also became significantly
180  enriched in the condensed phase, while the control protein mCherry showed neutral partitioning
(Fig. 3, E and F). Together, these results established that ZO1 surface condensation drives sorting
of key junctional components such as adhesion receptors and adapter proteins required for tight
junction assembly into concentrated membrane domains which exclude the apical polarity
proteins. While the colocalization of junctional proteins and the segregation of apical proteins in
185  vitro, recapitulated to some degree the molecular organization of mature junctions in cells (1), the
overall distribution and shape of the surface condensates was not changed and remained in a state
that matched isolated condensates during the initial phase of junction assembly (4).

Local actin polymerization drives surface condensates elongation
190 To understand how nascent ZO1 surface condensates are reorganized into a belt structure
resembling the structure of tight junctions, we investigated the interplay of the condensates with
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the actin cytoskeleton (Fig. 4A). Mature tight junctions are surrounded by a sub-apical belt of
filamentous actin and perturbations of the actin cortex have been shown to disrupt junction
structure and induce opening of the trans-epithelial barrier (35, 36). The junctional scaffold
195 proteins ZO1, ZO2, CGN and AFDN contain actin-binding-domains (ABD), which have been
suggested to provide the connection between the membrane receptors and the actin cortex (31, 35).
However, how actin binding is mechanistically related to junction formation is poorly understood.
We first measured actin polymerization in the presence of 200 nM ZO1 in solution using G-actin
labeled with pyrene (Fig. 4B). We found no significant influence of ZO1 on actin polymerization
200 in solution, while a positive control (WASP+Arp2/3) showed strong increase. Next, we added
fluorescently labeled G-actin to ZO1-CLDN2 membrane condensates. Under these conditions,
actin was sequestered to surface condensates and rapidly polymerized into a membrane bound
network (Fig.4, A and C, and movie S2). While no actin polymerization was observed on
membranes without surface bound ZO1 or receptors (Fig. S3, C and D). Strikingly, actin
205 polymerization induced reshaping of isolated condensates into a connected strand network with
Z01 and CLDNZ2 colocalizing with actin fibers. During the reshaping process ZO1 and CLDN2
surface concentrations remained constant while actin concentrations increased monotonically (Fig
4C). The initial elongation rate of the actin-condensates was 0.5 £ 0.1 um/min (Fig. 4D), which is
close to previously determined polymerization rates of single actin fibers (37). Over time, actin
210 filaments formed bundles by polymerization of new filaments along existing fibers (Fig. 4, E and
F, and movie S3). Repeating the same experiment with a ZO1 mutant lacking the actin-binding-
domain failed to induce actin polymerization (Fig. 4, G and H), despite similar surface phase
separation properties of the AABR mutant as WT-ZO1 (Fig. S3, A and B). Quantification showed
that actin became 5-fold enriched into WT-condensates while the ZO1-AABR was still able to
215  enrich actin it was 2-fold reduced (Fig. 41). In addition, comparing actin recruitment to non-phase
separated ZO1 bound to monomeric receptors on the membrane, showed that both actin
polymerization and bundling were significantly reduced (Fig. S3, E and F).

Together, the results show that surface condensation of ZO1-CLDN?2 is sufficient to sequester
220  actin from solution and induce polymerization in an ZO1-ABR dependent manner (Fig. 4J). This
suggests that the combination of weak actin binding affinity of ZO1 (36) together with the high
density of actin binding sites in the surface condensates, provides robust spatiotemporal control
for the assembly of an actin cortex at nascent cell-cell adhesion sites. In addition, the liquid-like
material properties of the condensed phase enable its spreading along the growing actin filaments,
225  which results in the formation of continuous CLDN2-ZO1-Actin strands resembling the molecular
organization of the tight junction belt. Interestingly, during the formation of the reconstituted
junctional strands actin filaments grow as bundles (Fig. 4, E and F). Actin bundling, in contrast to
branching, leads to elongation of condensates along a line and connects the condensates into a
sparse network with both its connectivity and complexity are constrained by the initial condensate
230  density (Fig. S4). Thus, bundling could be an important feature of ZO1 condensates that promotes
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formation of a narrow subapical tight junction belt and prevents ectopic expansion of the tight
junction into the lateral membrane domain.

Finally, we compared our in vitro reconstitution results to actin dependent tight junction assembly

235 in epithelial tissue culture. To this end we prepared an MDCKI|I cell line that allowed us to follow
the dynamics of endogenous ZO1 (NeonGreen tagged), and F-actin (Utrophin labeled) during
junction assembly after perturbations via actin depolymerization by Latrunculin-A (LatA) or
calcium depletion (4, 38). In confluent MDCK monolayers ZO1 and F-actin colocalized at the TJ-
belt (Fig. 5A). Addition of 1 uM LatA let to rapid breakage of the TJ-belt and induced formation

240  of condensates at the cell-cell interface resembling the initial ZO1 surface condensates in our in
vitro experiments. Wash out of LatA induced actin polymerization and reformation of the
junctional belt (Fig. 5B). Similar to our in vitro experiments, actin extended together with ZO1
condensates and connected single condensates into a continuous belt. Repeating these experiments
using a Calcium switch perturbation to reassemble junctions, resulted in similar behavior (Fig.

245  5B). Comparison of the elongation rates of junctional condensates quantified in MDCK tissue after
LatA and Calcium switch with the elongation rates of our in vitro reconstitution assay showed a
striking agreement (Fig. 5C). These results suggests that actin polymerization is the rate limiting
process for tight junction belt elongation.

250 Conclusion

To summarize, we reconstituted the self-assembly of the intracellular part of the tight junction belt
in an in vitro system, which enabled control of the concentrations of the components,
quantification of molecular interactions, and observation of emergent behavior in ways that are
difficult to achieve using intact tissue. Combining the experimental results with thermodynamic
255 modeling, we found that a surface phase transition is triggered when cytoplasmic ZO1 binds to
oligomeric adhesion receptors in the membrane. Exploring the coupling between bulk and surface
interactions, revealed that surface condensation is largely independent of the cytoplasmic
concentration of ZO1 and is rather controlled by receptor concentration and oligomerization. Thus,
the interactions are tuned such that condensation in the bulk is suppressed due to sub-saturation
260 but condensation at the membrane can be locally triggered by receptor enrichment and
oligomerization, which are both occurring at cell-cell contact sites (39, 40). We suggest that this
mechanism provides robust spatiotemporal control to couple extracellular adhesion signals to
intracellular assembly of the tight junction scaffold and possibly other adhesion junctions (16, 41).

265  Akin to other membrane condensates (14-16), we found that ZO1 condensation can create an
environment that facilitates local biochemical reactions. ZO1 condensates enriched key junctional
components, excluded apical proteins and facilitate actin polymerization and filament bundling.
Z01 condensation mediated actin polymerization drove a morphological transition from isolated
domains into a continuous network of receptor-ZO1-actin strands. This reconstituted transition
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270  was remarkably similar in terms of morphology and kinetics to the junction assembly process in
cells. While to create the junctional belt in cells additional mechanism will be required to align the
elongating junctional condensates along the apical interface (42), our results suggest that a key
driver for the elongation itself is the interplay between local actin polymerization and the cohesive
forces of the ZO1 condensate. In contrast to other membrane condensates that interact with or

275 nucleate actin filaments (14, 15), low affinity actin binding is directly inbuilt into the main
scaffolder ZO1, which provides direct coupling between the surface phase transition and actin
nucleation without partitioning of other actin nucleators. However, there are many additional actin
binding proteins recruited to the junctional condensates, which may add robustness to system (43)
and/or provide additional functions such as mechano-sensing (44, 45). In addition to the actin

280 dependent mechanism uncovered in this work, it will be important to understand how ZO1
condensates relate to the polymerization of Claudin receptors, which form the actual diffusion
barrier.

More generally, our work shows how cells control and exploit the collective properties of protein
285  condensates to actively assemble and shape complex biological structures. Recent examples have
shown that interactions of protein condensates with biological surfaces such as DNA, cytoskeletal
filaments or lipid membranes can drive mesoscale shape changes such as DNA compaction, cortex
formation and membrane folding and budding (24, 46, 47). Here we uncovered how cells convert
punctual extracellular adhesion cues into continuous tight junction belts by exploiting surface
290 phase transitions coupled to actin polymerization. We envision that our reconstitution platform in
combination with our thermodynamic model will provide a template to uncover the assembly
mechanism of other adhesion complexes and surface coupled cellular structures in general.
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Fig. 1. Receptor oligomerization drives ZO1 surface binding and condensation under
435  physiological concentration.
(A) Schematic of tight junction initiation with cell-cell contact in epithelial cells.
(B) Schematic of the reconstitution system with supported lipid bilayers (SLBs) and tight junction
components.
(C) 3D saturation concentration of ZO1 (Csa) quantified by fluorescence intensity in dilute phase.
440  Values shown are the mean = SD from three independent experiments. The 3D saturation
concentration (Csat) and cytosolic concentration (Ceyto) are annotated.
(D) Images of ZO1 surface condensates with increased receptor density of 14-mer, tetramer and
monomer. 100 nM ZO1 was added to membrane-bound receptors for 15 min to form ZO1 surface
condensates. Scale bar, Sum.
445  (E) Quantification of ZO1 membrane binding from the images in (D). Values shown are the mean
+ SD from three different views.
(F) Quantification of dense phase area fraction from the images in (D. Values shown are the mean
+ SD from three different views.
(G) AFM images of ZO1 surface condensates. ZO1 membrane condensates were formed by adding
450  25nM ZO1 to 650 molecules/ pm? membrane-bound 14-mer receptors for 15 min. Scale bar, 1pum.
(H) Quantification of surface height from AFM images with different 14-mer densities. ZO1
membrane condensates were formed by adding 100 nM ZO1 to different amounts of membrane-
bound 14-mer receptors for 15 min. Values shown are the mean + SD from three different views.
() Hydrodynamic radius (Rn) of mCherry and mCherry-ZO1 proteins from FCS measurement.
455  Values shown are the mean + SD from 3 independent measurements.

13


https://doi.org/10.1101/2023.06.24.546380

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.24.546380; this version posted June 26, 2023. 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.

A Surface phase separation model
Binding Demixing

e =
wd JON ). .
e “A A id A ®

(2" receptor binding affinity
X- surface interaction parameter

B Model fit of receptor (14-mer) titration D Model fit of ZO1 titration
r{E‘ 6 ¢ Mean “/‘; 6 o
= + Dense phase [03 i . r
S 41 s+ Dilute phase 24 z
X = | I
z =
3 2 8 27 . L
g . 3 .« °
= o = e —————— . .
8 0 T T 1 g 0 = T A 1
10 100 1000 10000 1 10 100
Receptor (14-mer) density (um?) Z01 bulk concentration (nM)
C _ E
25 750 3800

4 50 100
| Il | [ Il

Receptor oligomerization drives ZO1 surface phase separation

F G H

Monomer receptor

14-mer receptor

2 50 15 ~ =4 <
£ N =4 <5 <
= 4 14-mer £ 40 u g =
> = 10 £ T4 g
2 2 230 T2 £ =
£ @ = 2] =
k] c | S o]
£ 0 % 20 ‘05 9‘ g 2 N
£ o -] 5 ]
3 1-mer. S 10 = Q c
Q 5 > a1 2
o -2| o o @ 3
x -2 414 0 1 2 g 0 o @ g0 0
Interaction parameter y ~ @ 0 100 200 300 400 500 @ 0 100 200 300 400 500

Bulk ZO1 concentration (nM) Bulk ZO1 concentration (nM)
Fig. 2. ZO1 membrane condensates form via surface phase separation under the sub-
saturation regime.
460  (A) Schematic of the surface phase separation model with specific receptor binding. Left shows
the two free parameters the receptor binding affinity Q, which controls how much ZO1 can
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accumulate at the surface. And the surface interaction parameter y, which contributes to the
condensation of ZO1-receptor complexes.
(B) Model fitting of ZO1 density on whole membrane, in dense phase and in dilute phase when

465  titrating the 14-mer receptor densities. Values shown are the mean = SD from three different views.
(C) Up: Snapshots of ZO1 surface condensates from simulation when titrating the 14-mer receptor
density. Down: Images of ZO1 surface condensates from experiment when titrating the 14-mer
receptor density. ZO1 surface condensates were formed by adding 50 nM ZO1 to the membrane
functionalized with different amounts of 14-mer receptors. Scale bar, 2 um.

470 (D) Model fitting of ZO1 density on whole membrane, in dense phase and in dilute phase when
titrating the ZO1 bulk concentration. ZO1 surface condensates were formed by adding different
amounts of ZO1 to the membrane functionalized with 750 molecules/um? 14-mer receptors. Scale
bar, 2 pum.

(E) Up: Snapshots of ZO1 surface condensates from simulation when titrating the ZO1 bulk

475  concentration. Down: Images of ZO1 surface condensates from experiment when titrating ZO1
bulk concentration. ZO1 surface condensates were formed by adding different amounts of ZO1 to
the membrane functionalized with 750 molecules/um? 14-mer receptors. Scale bar, 2 pm.

(F) Binding affinity (Q) and interaction parameter () with monomer and 14-mer from the fitting.
In the phase diagram, the area demarcated in light green represents all parameter sets that yield

480  Mean Square Error (MSE) values less than or equal to 130% of the minimal error observed. This
zone therefore indicates a level of performance close to optimal, within an acceptable threshold of
variability.

(G) Phase diagram of ZO1 membrane binding with monomer receptor on membrane from
simulation. Phase | shows the regime with mixed surface and mixed bulk.

485  (H) Phase diagram of ZO1 membrane binding with 14-mer receptor on membrane from simulation.
Different regimes are annotated. Phase | shows the regime with mixed surface and mixed bulk.
Phase 11 shows the regime with demixed surface and mixed bulk.
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Fig. 3. ZO1 surface condensates selectively enrich tight junction components.

(A) Schematic of tight junction structures with indication of different tight junction components
and non-tight junction components in lateral and apical.

(B) Schematic of partition assay with different cytosolic and membrane components.

(C) Left: Images of membrane functionalized with 14-mer together with JAM-A-IC, 14-mer
together with E-Cad-1C, and 14-mer together with CRB3-IC. Right: Images of different receptors
partitioned into or segregated with ZO1 surface condensates. ZO1 surface condensates were
formed by adding 100 nM ZO1 for 15 min. Scale bar, 2 um.
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(D) Partition coefficient quantification of different receptors into ZO1 surface condensates from
images in (C). Values shown are the mean £ SD from 3 different views.

500 (E) Images of cytosolic tight junction components partitioning into ZO1 surface condensates.
mCherry protein was used as a negative control. ZO1 membrane condensates were formed by
adding 100 nM ZO1 to 680 molecules/um? membrane-bound 14-mer for 15 min. Images were
taken after adding 100 nM client proteins to ZO1 surface condensates for 15 min. Scale bar, 2 pum.
(F) Partition coefficient quantification of cytosolic tight junction components into ZO1 surface

505 condensates from images in (E). Values shown are the mean £ SD from 3 different views.
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Fig. 4. Local actin polymerization drives elongation of junctional condensates.

510 (A) Time series of local actin polymerization and ZO1 surface condensates deformation. ZO1
surface condensates were formed by adding 200 nM ZO1 to 450 molecules/pum? membrane-bound
14-mer-DyL.ight 550 for 10min. Image series was taken after adding 3 uM G-actin-Alexa Fluor
647 to ZO1 membrane condensates every 30 s for 60 min. The white arrowhead indicates one
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example of actin filament polymerization and ZO1 surface condensates spreading. Scale bar, 2

515  pm.

(B) Pyrene actin polymerization assay in tube with 200 nM ZO1 or 100 nM Arp2/3 and 100 nM
WASPL.

(C) Quantification of ZO1, 14-mer receptor and actin fluorescence on membrane during time from
the time series in (A).

520 (D) Quantification of actin filaments growth during time from the time series in (A).

(E) Color map of F-actin bundling degree after adding 3 uM G-actin-Alexa Fluor 647 for 60 min.
(F) F-actin bundling degree during time from the time series in (A).

(G) Actin local polymerization assay with ZO1-AABR surface condensates. ZO1-AABR surface
condensates were formed by adding 200 nM ZO1-AABR protein to the membrane functionalized

525  with 450 molecules/um? 14-mer for 10 min. Images were taken after adding 3 uM G-actin-Alexa
Fluor 647 for 60 min. Scale bar, 10 um.

(H) Quantification of actin network length with ZO1 surface condensates formed with ZO1-WT
and ZO1-AABR. Values shown are the mean = SD from 3 different views. Unpaired t-test was
performed to determine the significance of the difference. P = 0.0001.

530 (I) Partition coefficient of actin signal into the ZO1 surface condensates formed with ZO1-WT and
Z0O1-AABR. Values shown are the mean £ SD from 3 different views. Unpaired t-test was
performed to determine the significance of the difference. P < 0.0001.

(J) Schematic of local actin polymerization, ZO1 surface condensates spreading and tight junction
like network formation on membrane.

535
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Actin dependent condensate elongation and belt formation in MDCKII tissue
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Figure 5. Actin dependent elongation of junctional condensates in epithelial tissue

540 (A) Colocalization of ZO1 and F-actin in confluent monolayers of MDCK cells. Endogenous ZO1
was visualized via fusion NeoGreen (NG). F-actin was visualized via the binding protein UtrCH
fused to a SNAP-tag and stained with SiR-SNAP. Addition of 1uM Latrunculin-A (LatA) induces
actin depolymerization and results in the formation of junction condensates enriched in ZO1 and
actin.

545  (B) Junction assembly assay using the same cell line described in (A). Left panel: LatA was wash
out and ZO1 and F-actin were imaged during the reformation of junctional belts. ZO1 and F-actin
colocalize during elongation of the junctional condensates. Right panel: Reformation of junction
after calcium switch showed similar dynamics as the LatA switch.

(C) Quantification of the elongation speed of individual condensates from the in vitro experiments

550 shown in figure 4 and the LatA and Ca switch experiments. Elongation rates have a median of 0.5
+ 0.2 um/min for in vitro experiments, 0.5 + 0.1 um/min for calcium switch and 0.6 £ 0.3 pum/min
for the LatA switch.

(D) Model of tight junction belt assembly based on the experimental and theoretical results. ZO1
is recruited to cell-cell adhesion sites, by binding to oligomeric receptors. Multivalent interaction

555  of ZO1 drives surface condensation which induces partitioning of receptors and cortical proteins
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including actin. ZO1 condensates facilitate local actin-polymerization, which drives elongation of
condensates and results in coalescence into continuous junctional belts.
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