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Supplementary Note 1. Thermodynamic theory of junctional condensates growth 

Binding, wetting, prewetting and their possible relation to ZO-1 surface condensates growth  
Here we compare different plausible physical mechanisms that could drive the experimentally observed linear 
growth of ZO-1 surface condensates around the apical interface. First, we consider the scenario in which simple 
binding would give rise to the enrichment of ZO-1 at the apical interface. In this scenario, ZO-1 proteins would 
bind with a high affinity to a substrate that is located at the apical interface, presumably PATJ. Simple binding 
would lead to a homogenous enrichment of ZO-1 at the apical interface instead of something reflecting growth 
starting from a condensed phase. This scenario does not reflect the experimentally observed linear growth of 
ZO-1 condensates, pointing to a different physical mechanism of growth.  
As a second possible scenario we consider condensate wetting dynamics, which are characterized by the 
motion of the triple line. In this case, pre-formed 3D ZO-1 droplets would wet the apical interface and spread via 
capillary forces. This scenario predicts that condensates extension slows down over time with 𝐸𝐸(𝑡𝑡)~𝑡𝑡1/10 in the 
case of a 3D bulk condensate, or with 𝐸𝐸(𝑡𝑡)~𝑡𝑡1/7 in the case of a surface condensate (2D) 1,2. In cells the 
extension of ZO-1 condensates varies linearly with time implying that junctional condensates grow with constant 
speed (Fig.4b). Furthermore, condensate growth in cells is associated with the addition of material that is 
recruited from the bulk (Fig.4c), in contrast to 3D condensates spreading on a surface where material stays 
constant. We could therefore rule out spreading via triple line dynamics or capillary motion2,3. In addition, a 
classical wetting scenario would require that the cytosolic concentration of ZO-1 is above its saturation 
concentration for bulk phase separation, which is not the case. Instead, ZO-1 concentration in the cytoplasm is 
around 700 nM, which is far below the saturation concentration for 3D phase separation in cells (around 12 
μM)4. Thus, the system is in a sub-saturated regime, which suggests the possibility of a prewetting transition5.  
A prewetting transition is a type of surface phase transition below the saturation concentration for 3D phase 
separation, which leads to the formation of a condensed layer on the surface (Fig.4f, Extended Data Fig. 5d 
(up). As we show below the scaling of surface condensate growth in a prewetting scenario reproduces the 
observed linear growth 𝐸𝐸(𝑡𝑡)~𝑡𝑡. In addition, structural and dynamical evidence suggests that junctional ZO-1 
condensates are indeed organized as a condensed surface layer6 and FRAP measurements (Extended Data 
Fig 6 c-e) show exchange of condensate material with two distinct kinetics, suggesting a more tightly bound first 
layer and more loosely bound additional layers4,7. Below we discuss a minimal model that recapitulates the 
experimental observations and provide a thermodynamic basis for the formation of the tight junctional belt. 
Below we describe the thermodynamics of tight junction belt formation as a two-step process: First condensate 
nucleation at adhesion sites, second condensate growth around the apical interface. Both nucleation and growth 
can only happen at the membrane surface, because the system is in a prewetting regime. Nucleation is 
promoted by membrane binding of ZO-1 to adhesion receptors. The initial size of the nucleated surface 
condensate is limited to the adhesion sites. Condensate growth around the apical membrane perimeter is then 
promoted by ZO-1 condensate interactions with apical PATJ. The condensates grow along the apical interface 
by recruiting additional molecules from the bulk via a prewetting transition. 

Thermodynamics of ZO-1 condensation on a membrane 

We describe a membrane that is polarized into a lateral and apical domain (Fig. 4d) and is in contact with a bulk 
solution containing ZO-1 protein with bulk chemical potential 𝜇𝜇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (Fig. 4f and Extended Data Figure 5d). ZO-1 
proteins can bind to the membrane, where they can form condensates. The surface density of proteins is 
denoted 𝜌𝜌(�⃗�𝑥), where �⃗�𝑥 is the position on the membrane.  We also introduce a dimensionless composition 
variable 𝜙𝜙(�⃗�𝑥), describing surface condensation, where 𝜙𝜙 = 𝛼𝛼(𝜌𝜌 − 𝜌𝜌0). Here 𝛼𝛼 is a calibration factor and 𝜌𝜌0 a 
reference surface density. The thermodynamics of ZO-1 condensation on the membrane is described by the 
free energy 
𝐹𝐹 = ∫ 𝑑𝑑𝑑𝑑𝑆𝑆  𝑓𝑓(𝜙𝜙)  ,        (1) 

where the integral is over the membrane surface  and the free energy density is given by 
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here, 𝑟𝑟 and 𝜆𝜆 are parameters that control the double well shape of the free energy, and 𝜎𝜎 is the surface area 
occupied by a single ZO-1 protein molecule on the membrane. The two wells represent dilute and condensed 
phases of ZO-1 (Fig. 4e). The parameter 𝜅𝜅 describes a free energy contribution related to interfacial tension and 
the integration is carried over the membrane surface area. Finally, 𝜖𝜖(�⃗�𝑥), is the binding affinity of ZO-1 molecules 
to the membrane, which depends on position �⃗�𝑥 on the membrane.  ZO-1 molecules bind preferentially to the 
apical interface where PATJ is enriched. We denote the binding strength at this interface by 𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖 and binding 
strength to the membrane far from this interface by 𝜖𝜖0. The interface width is denoted 𝜒𝜒. To initiate condensates, 
we introduce nucleation sites at positions  �⃗�𝑥𝑖𝑖, where 𝑖𝑖 = 1, … ,𝑁𝑁, where 𝑁𝑁 is the number of sites. The binding 
affinity to nucleation sites is 𝜖𝜖𝑖𝑖𝑏𝑏𝑛𝑛 and their width is denoted 𝜒𝜒𝑖𝑖. We therefore write  
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Here 𝑧𝑧 is the position coordinate along the apical-lateral axis and  denotes the position of the apical interface 
on the membrane.  

The chemical potential of proteins on the membrane, 𝜇𝜇 = 𝜎𝜎𝜎𝜎𝐹𝐹/𝜎𝜎𝜙𝜙, reads 

𝜇𝜇 = −𝑟𝑟𝜙𝜙 + 𝜆𝜆𝜙𝜙3 − 𝜖𝜖 − 𝜅𝜅∇2𝜙𝜙    .       (4) 
For simplicity, we use the same parameter values and binding affinity at the apical and lateral domains. Below 
we discuss the dynamics of nucleation and elongation of ZO-1 protein condensates described by this model.  

Elongation dynamics of ZO-1 condensates 
In order to describe the protein dynamics on the membrane driven by recruitment of proteins from the bulk, we 
consider the Allen-Cahn equation8 for the composition variable 𝜙𝜙: 
𝜕𝜕𝜕𝜕
𝜕𝜕𝑖𝑖

= 𝛾𝛾(𝜇𝜇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝜇𝜇)   ,        (5) 

where 𝛾𝛾 is a kinetic coefficient. The composition variable increases when proteins are recruited from solution 
and 𝜇𝜇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 > 𝜇𝜇. It decreases when 𝜇𝜇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 < 𝜇𝜇. At steady state 𝜇𝜇 = 𝜇𝜇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏. The steady state condition is satisfied 
both for the condensed phase with 𝜙𝜙 = 𝜙𝜙𝑛𝑛, as well as for the dilute phase with 𝜙𝜙 = 𝜙𝜙𝑑𝑑. At the edge of a growing 
condensate where material is recruited, we have 𝜇𝜇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 > 𝜇𝜇 (Extended Data Fig.5 d, e, j, k). 

We solve Eq. 5 numerically and find that once condensates are nucleated at the predetermined nucleation sites 
𝑥𝑥𝚤𝚤���⃗ , they subsequently elongate along the apical interface at constant velocity 𝑣𝑣 if the binding affinity 𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖 is 
sufficiently strong. Varying this binding affinity, we find that the elongation velocity 𝑣𝑣 increases for increasing 
binding affinity (Fig. 4g, h). Furthermore, condensate elongation only happens for 𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖 larger than a threshold 
value 𝜖𝜖𝑖𝑖 , or in terms of the relative binding affinity, Δ𝜖𝜖 = 𝜖𝜖 + 𝜇𝜇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, for Δ𝜖𝜖 > Δ𝜖𝜖𝑖𝑖. Below this threshold, 
condensates nucleate and grow to a limited size but do not elongate along the apical interface (Extended Data 
Fig. 5 e, d (lower panel). 

When multiple condensates are nucleated at the same time on the apical interface, the process to form a 
condensate covering the whole apical interface is faster, while the elongation speed of individual condensates 
is unchanged. In such a process the elongation of condensates jumps discontinuously when condensates fuse 
(Extended Data Fig. 5g-i). In all numerical calculations we vary the binding affinity to the interface, 𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖, and keep 
the other parameters fixed (see Extended Data figure 5 l) 

Elongation speed in a one-dimensional system 
We can calculate the elongation speed of condensates in an infinite one-dimensional system9,10 To this end, we 
write the dynamic equation for the composition variable along the centerline 𝑧𝑧 = 𝑧𝑧𝑖𝑖𝑖𝑖𝑖𝑖 of the apical interface, 
where 𝜖𝜖 = 𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖: 
𝜕𝜕𝜕𝜕
𝜕𝜕𝑖𝑖 

= −𝛾𝛾 �𝜆𝜆𝜙𝜙3 − 𝑟𝑟𝜙𝜙 + Δ𝜖𝜖 − 𝜅𝜅 𝜕𝜕2𝜕𝜕
𝜕𝜕𝑥𝑥2
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here we defined Δ𝜖𝜖 =  𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖  + 𝜇𝜇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏. An elongating condensate can be described by a front profile that connects 
the condensed to the dilute phase. We seek solutions of fronts 𝜙𝜙 =  𝜙𝜙(𝑥𝑥 − 𝑣𝑣𝑡𝑡)  moving at constant velocity 𝑣𝑣. In 



order to determine this profile as well as the velocity 𝑣𝑣, we express Eq. 6 in the reference frame that is co-
moving with the front. In this reference frame, the variable 𝜉𝜉 = 𝑥𝑥 − 𝑣𝑣𝑡𝑡 measures the distance to the front. Eq. 6 
then becomes 

−𝑣𝑣 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝛾𝛾 �𝜆𝜆𝜙𝜙3 − 𝑟𝑟𝜙𝜙 + Δ𝜖𝜖 − 𝜅𝜅 𝜕𝜕2𝜕𝜕
𝜕𝜕𝑥𝑥2

�    .        (7) 

In order to solve this equation, we write the cubic polynomial in terms of its roots 𝜙𝜙𝑛𝑛, 𝜙𝜙𝑑𝑑 and 𝜙𝜙∗. We then have 
𝜆𝜆𝜙𝜙3 − 𝑟𝑟𝜙𝜙 + Δ𝜖𝜖 = 𝜆𝜆(𝜙𝜙 − 𝜙𝜙𝑛𝑛)(𝜙𝜙 − 𝜙𝜙𝑑𝑑)(𝜙𝜙−𝜙𝜙∗)     .        (8) 
The roots can be expressed explicitly as 
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These roots are stationary values of the composition 𝜙𝜙 of the dynamic equation, Eq. 6. The values 𝜙𝜙𝑛𝑛 and 𝜙𝜙𝑑𝑑 
are the stable steady state solutions corresponding to a condensed phase and to a dilute phase, respectively. 
The value 𝜙𝜙∗ is an unstable steady state. 
 
In order to determine the velocity 𝑣𝑣, we use the ansatz 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝐴𝐴(𝜙𝜙𝑛𝑛 − 𝜙𝜙)(𝜙𝜙 − 𝜙𝜙𝑑𝑑)    ,       (10) 

where 𝐴𝐴 is a constant to be determined. Here 𝜙𝜙(𝜉𝜉) has a vanishing derivative for 𝜙𝜙 = 𝜙𝜙𝑑𝑑 or 𝜙𝜙 = 𝜙𝜙𝑛𝑛, representing 
a front profile that connects a condensed and a dilute phase. Using this ansatz in Eq. 7, leads to  
(𝜙𝜙𝑛𝑛 − 𝜙𝜙)(𝜙𝜙 − 𝜙𝜙𝑑𝑑)(𝐴𝐴𝑣𝑣 + 𝐴𝐴2𝛾𝛾𝜅𝜅(𝜙𝜙𝑛𝑛 + 𝜙𝜙𝑑𝑑) −  𝛾𝛾𝜆𝜆𝜙𝜙∗ + 𝛾𝛾(−2𝐴𝐴2𝜅𝜅 + 𝜆𝜆)𝜙𝜙) = 0    .        (11) 
This relation needs to be satisfied for any value of 𝜙𝜙, which requires 

𝐴𝐴 =  −� 𝜆𝜆
2𝜅𝜅

     .        (12) 

From this follows the value of the velocity 

𝑣𝑣 = 𝛾𝛾�𝜅𝜅𝜆𝜆
2

(𝜙𝜙𝑛𝑛 + 𝜙𝜙𝑑𝑑 − 2𝜙𝜙∗)     .       (13) 

Integrating Eq. 10, we obtain the front profile 

𝜙𝜙(𝜉𝜉) = 𝜕𝜕𝑐𝑐+𝜕𝜕𝑑𝑑
2
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�    .        (14) 

This profile transitions from the condensed phase for 𝜉𝜉 < 0 to the dilute phase 𝜉𝜉 > 0 over the width of the front, 
𝑙𝑙 =  √𝜆𝜆(𝜙𝜙𝑛𝑛 − 𝜙𝜙𝑑𝑑)/(2√2𝜅𝜅). 
 
Using the expressions Eq. (9) and (13) we show that the elongation velocity 𝑣𝑣 as a function of relative binding 
affinity Δ𝜖𝜖 is an increasing function (Extended Data Fig. 5e,f). In this case the velocity can be both negative and 
positive, depending on the sign of Δ𝜖𝜖, corresponding to elongating and shrinking condensates, respectively. 
This can be compared to the elongation velocity in the case of pre-nucleated condensates in 2D, which is always 
positive but requires a binding affinity relative to the chemical potential of the bulk above a threshold value 
(Extended Data Fig.5f). 
 
Supplementary Note 2. Time-resolved proximity proteomics of junctional condensates  

Time resolved APEX2 has been instrumental in systematically dissecting the molecular composition of 

condensates due to its fast kinetics11,12.  Combining APEX2 protein profiling with a calcium switch assay we 

profiled the ZO-1 proteome over the tight junction assembly. Control experiments confirmed correct tight junction 



localization of the ZO1-APEX2 fusion construct and the biotinylating activity of APEX2 at the tight junction (Fig. 

1a, Extended data Fig. 1a-d). 

Fluorescence imaging of stably expressing Dendra2-ZO1-APEX2 in MDCK-II kidney epithelia monolayers 

confirmed correct tight junction localization of the fusion construct (Extended data Fig. 1b-c). Next, we confirmed 

the proximity labelling activity of the APEX2 enzyme by incubating the tissue with biotin-phenol for 30 min and 

subsequently induced the proximity labelling reaction by a short 1 min pulse of hydrogen peroxide (Extended 

Data Fig.1a). After quenching, fixation and staining with fluorescent streptavidin, two color imaging showed that 

the biotinylated proteins were highly enriched at the tight junction zone (Extended Data Fig.1c), demonstrating 

that Dendra2-ZO1-APEX2 proximity biotinylating provides high spatiotemporal contrast for mapping tight 

junction assembly. We further confirmed the APEX2 activity by blotting the biotinylated pull-down proteins 

(Extended Data Fig.1d). 

Synchronized tight junction assembly was induced by sudden restoration of physiological calcium levels after 

overnight calcium depletion (Fig. 1a). In line with previous studies, we found that formation of a closed ZO-1 belt 

surrounding each cell took around 3h to 5h (Fig. 1a, Supplementary Video 1)4,13. We performed ZO-1 proteomics 

proximity-labelling at 0h, 0.5h, 1h, 3h and 18h after calcium switch, by activating APEX2 with a 1 min pulses of 

hydrogen peroxide, followed by isolation of the proteins via streptavidin pull down and digestion into tryptic 

peptides (Extended Data Fig.1f). To process all time-points in the same quantitative mass-spec analysis, we 

used a multiplex proteomic approach based on tandem mass tag (TMT). The TMT isobaric tagging approach 

enables robust quantitative proteomics by measuring all samples in one run. Hence, statistical analysis of 

relative protein enrichment at different time- points after calcium switch was possible across proteins detected 

in all time-points (Extended Data Fig.1g-i).  To analyze the changes of the ZO-1 interactome as a function of 

tight junction assembly time, we calculated the fold change (FC) of protein abundance with respect to the time 

point zero, i.e. the calcium depleted state with dissociated junctions and cytoplasmic localization of ZO-1. 

Proteins with FC > 2 were considered as potential hits and a false discovery rate threshold of 0.05 was used to 

filter out noisy data. In addition, we excluded false positive hits due to non- junctional interactions (ribosomes, 

nucleus, mitochondria, ER, see Supplementary Table 3). The results of the analysis are shown as volcano plots 

in (Fig. 1b). Proteins that significantly increased (hits) with respect to the dissociated state are highlighted in red 

and selected tight junction proteins are annotated. The protein proximity analysis revealed that the junctional 

condensates increase in molecular complexity during the assembly process (Fig.1b). We found that the majority 

of the proteins appeared after ZO-1 membrane condensates formed around 0.5h, showing that initial 

composition of ZO-1 condensates is strongly remodeled over time. The most significant increase in junctional 

components occurred after 1h, which corresponds to the time when the tight junction belt starts to close in live 

cell imaging (Fig. 1a).  

 

Supplementary Note 3. Recruitment kinetics reveal polarization of junctional condensates  

Earlier work on junction assembly suggested that the nucleation stage of tight junctions involves the recruitment 

of ZO proteins to adherens junctions via alpha-catenin14,15. Interestingly, our time-resolved ZO-1 interactome 

does not support this view. Our data rather suggest that interactions with cadherin complexes (CDH6) are 



established at a later stage possibly via afadin (3-18h). In addition, we found that the RNA-binding protein YBX3 

(ZONAB), which regulates cell proliferation, is sequestered to ZO-1 condensates very early (0.5h) but is 

gradually excluded from ZO-1 interactions as the junction matures, indicating a rather transient role in 

signaling16,17.  At the final time point (18h) the majority of interaction partners around ZO-1 show a stable 

enrichment with a few exceptions, which abundance decreased again at the last stage (SHROOMs, CLDN4, 

NECTIN2) (Fig.1 d,e). 

Supplementary Note 4. Imaging junctional recruitment dynamics 

We chose one candidate from the early (ZO-2), intermediate (MAGI-3) and late (PATJ) stage and used 

CRISPR/Cas9 to create fluorescent reporters with mScarlet (mS), respectively (Extended Data Fig. 2a). 

Fluorescent tagging of candidate proteins was done in a MDCK-II cell line which expressed mNeoGreen (mN) 

tagged endogenous ZO-1, to enable 2 color imaging of junction assembly. Sequencing confirmed homozygous 

insertion of the tags (Extended Data Fig. 2a) and imaging confirmed that mS tagging of the endogenous proteins 

resulted in proper co-localization with mN-ZO-1 at the tight junction belt in confluent monolayers (Extended Data 

Fig. 2a).  

Next, we performed live-imaging of the 2-color cell lines using the calcium switch assay to quantify protein arrival 

kinetics during tight junction assembly for 3 hours (Extended Data Fig. 2b). To determine the arrival kinetics of 

the mS-tagged tight junction proteins we segmented the mN-ZO-1 signal and quantified the mS intensity in the 

segmented ZO-1 condensates and the cytoplasm over time (Extended Data Fig. 2d). To directly correct for 

photo-bleaching artefacts, we calculate the ratio between the junctional and the cytoplasmic mS signal for each 

time point (Extended Data Fig.2d). Assuming that bleaching is spatially homogenous the ratio is independent 

of bleaching and directly reports the enrichment of the protein in the condensed ZO-1 phase (tight junction). 

The kinetics of the junction enrichment ratio showed that mS-ZO2 was rapidly enriched after ZO-1 condensation 

(Extended Data Fig. 2c). In comparison, mS-MAGI3 was recruited slower and reached saturation later. Finally, 

mS-PATJ recruitment was delayed even longer and showed a visible enrichment only around the time of 

junction spreading (Extended Data Fig. 2b, c). In order to calculate the half times (t1/2) of client protein arrival 

we fitted the kinetic data to a HillSlope model (Extended Data Fig.3c) and determined the difference in arrival 

time between ZO-1 and the client protein in living cells. The analysis confirmed the trend of the recruitment 

kinetics observed in the proximity proteomics dataset with early ZO2 (~5 min), intermediate MAGI3 (~18 min) 

and late PATJ (~35 min) (Fig. 2c). 
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