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95% confidence intervals as stated in the figure legends and results. The value of n and what n 

represents (e.g., number of images, condensates or experimental replicates) is stated in figure 

legends and results. Two-tailed Student’s t tests were used for normally distributed data, and 

Wilcoxon Rank-Sum tests were used for non-normally distributed data. A Pearson’s Chi-square test 

was used to determine if data were distributed normally. 

Cloning  
The proteins were codon optimized for eukaryotic expression and de novo synthesized by GenScript.  

Insect expression system and vectors  

The synthesized genes were cloned via Not-I and Asc-I cutting sites into in house designed 
baculoviral expression plasmids (pOCC series) for expression  
 

Plasmid name Gene N-Term Tag C-Term Tag Origin  

AH ZO1-GFP  Human TJP1  HIS6-MBP-3C   TEV-monoGFP This study  

AH ZO1-mCherry Human TJP1  MBP-3C mCherry-3C- His6 This study  

AH ZO1 N-mCherry Human TJP1 MBP-3C mCherry-3C- His6 This study  

AH ZO1 PSG-mCherry Human TJP1 MBP-3C mCherry-3C- His6 This study  

AH ZO1 C-mCherry Human TJP1 MBP-3C mCherry-3C- His6 This study  

AH-ZO2-GFP Human TJP2 HIS6-MBP-3C   TEV-monoGFP This study  

AH-ZO2-mCherry Human TJP2 MBP-3C mCherry-3C- His6 This study  

AH ZO2 N-mCherry Human TJP2 MBP-3C mCherry-3C- His6 This study  

AH ZO2 PSG-mCherry Human TJP2 MBP-3C mCherry-3C- His6 This study  

AH ZO2 C-mCherry Human TJP2 MBP-3C mCherry-3C- His6 This study  

AH ZO3-GFP Human TJP3  HIS6-MBP-3C   TEV-monoGFP This study  

AH ZO3-mCherry Human TJP3  MBP-3C mCherry-3C- His6 This study  

AH ZO3 N-mCherry Human TJP3 MBP-3C mCherry-3C- His6 This study  

AH ZO3 PSG-mCherry Human TJP3 MBP-3C mCherry-3C- His6 This study  

AH ZO3 C-mCherry Human TJP3 MBP-3C mCherry-3C- His6 This study  

AH cingulin –mCherry Human Cingulin MBP-3C mCherry-3C- His6 This study  

AH Afadin –mCherry Human Afadin MBP-3C mCherry-3C- His6 This study  

AH Zonab –mCherry Human ZONAB MBP-3C mCherry-3C- His6 This study  

AH Yap-1 –mCherry Human Yap-1 MBP-3C mCherry-3C- His6 This study  

 

Mammalian expression system and vectors 

The synthesized genes were cloned via Not-I and Asc-I cutting sites into in house designed 
mammalian expression plasmids (pOCC series) with N-terminal Dendra-2, selection marker against 
Neomycin-Geneticin and a CMV promotor. The used constructs are summarized in the following 
table:  

Plasmid name Gene N-Term Tag C-Term Tag Origin  

AH 62 ZO1 –Dendra2 TJP1 Dendra2  This study  

AH 148 ZO1 ΔU6ΔC –
Dendra2 ZO1 (Δ 782-
1742) 

TJP1 Dendra2  This study  

AH 176  ZO1 ΔU6 (801-
888) –Dendra2 

TJP1 Dendra2  This study  

AH 174 ZO1 ΔC (1-888) 
–Dendra2 

TJP1 Dendra2  This study  

AH 175 ZO1 ΔABR 
(1152-1375) –Dendra2 

TJP1 Dendra2  This study  

AH 172 ZO1 ΔU5 –
Dendra2 

TJP1 Dendra2  This study  
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AH 66 ZO2 –Dendra2 TJP2 Dendra2  This study  

AH 67 ZO3 –Dendra2 TJP3 Dendra2  This study 

AH 127 cingulin –
Dendra2 

Cingulin Dendra2  This study  

AH 131 Afadin – 
Dendra2 

Afadin Dendra2  This study  

AH 128 Zonab – 
Dendra2 

Zonab Dendra2  This study  

AH 130 Yap-1 – 
Dendra2 

Yap-1 Dendra2  This study  

AH 112 ZO1 –Clip TJP1 CLIP   This study  

pSems Dendra2  Dendra2  Dendra2   (Muster et al., 
2010) 

 

 

Protein Expression and Purification  

Protein expression and purification of scaffolding proteins   

We used insect cells to recombinantly express proteins using the baculovirus expression system. SF9-

ESF S. frugiperda insect cells transfected with the respective protein were grown at 27°C in ESF 921 

insect cell culture medium supplemented with 2% Fetal Bovine Serum. After 72 h the Cells were 

collected, washed, and resuspended in harvest buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl, 30 mM 

imidazole, 1% glycerol) + protease inhibitors (1 mM PMSF, 100 mM AEBSF, 0.08 mM Aprotinin, 5 mM 

Bestatin, 1.5 mM E-64, 2 mM Leupeptin, 1 mM Pepstatin A) and frozen in liquid nitrogen. All following 

steps were carried out 4°C. 

Cells were opened by using a dounce homogenizer. Lysates were clarified by centrifugation for at 

75000 x g 25 minutes. Afterwards, the protein of interest was enriched via metal ion affinity 

chromatography (Ni-NTA) resin (IMAC, 5ml HiTrap Chelating, GE Healthcare). After 10 column washes 

with (20 mM HEPES, pH 8, 500 mM NaCl, 40 mM imidazole, 1mM DTT) the protein was eluted with 

500 mM imidazole.  His and MBP affinity tags were cleaved off using a histidine tagged precission 

protease (in-house) overnight. Finally, size exclusion chromatography was performed with Superose 

6 column. Truncated mutant proteins were purified by Superdex 200 increase 10/300 GL column (GE). 

Both columns were equilibrated with storage buffer (20 mM HEPES, pH 8.0, 500 mM NaCl) and were 

connected to an Akta Ettan FPLC system (GE). The proteins were frozen in liquid nitrogen and stored 

at -80°C in 20 mM HEPES, pH 8.0, 500 mM NaCl , 1 mM DTT and 5% Glycerol at -80°C.  

Protein expression and purification of C-terminal domains of Occludin, JAM-A and Nectin-1 

The C-terminal domains of Occludin, JAM-A, Nectin-1 were expressed in E.Coli (BL21(DE3)) induced 

with 0.5 mM IPTG for 16 hr at 20°C. Cell pellets were frozen in liquid nitrogen. Re-suspended in lysis 

buffer (20 nM HEPES, pH 7.2, 150 mM NaCl, 10 mM imidazole, 0.1 % Triton-X 100 ) supplemented with 

protease inhibitors. Cells were lysed by sonication then clarified by centrifugation for 25 minutes, 

75,000 x g at 4 C. The proteins were the purified via His-Hi TRAP and Superdex 200 as described above.  

The C-terminal peptides of claudin-1 and nectin-1 were synthesised via peptide synthesis by the 

technology platform Dresden. 

Purified C-termini of Claudin-1 , Occludin or JAM-A or Nectin-1 contained an YBBR-tag which was 

labelled with CoA-DY647 by using the PPTase Sfp as described previously (Yin et al., 2005). 10μM of 

the protein and 1.5 times excess of the CoA 647 substrate were mixed and incubated for 1h at room 

temperature. After 1 hour the excess dye was removed via PD-10 desalting column (GE Healthcare) 
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equilibrated with the storage buffer (20 mM HEPES, pH 7.4, 500 mM NaCl). The labelled proteins were 

eluted from the column and stored at - 80°C.  

Immunoblotting and in-gel fluorescence  

Total cell lysates were obtained in lysate buffer (10% glycerol, 2% SDS, 1mM DTT, 1x Protease Inhibitor 

cocktail, 40 mM Tris-HCl, pH 7.6) were incubated with of 250 U of benzonase shaking 15 min at 37 C. 

Then 1mM EDTA, 1mM EGTA was added. Protein loadings were normalized by BCA. The SDS PAGE 4-

20% Tris-Glycine Novex Gels were run at 90 mV for 3 hours. Transfer was done in a iBlot2 system onto 

a nitrocellulose membrane (10 min, 20V). To detect protein levels by inmmunoblotting a iBind system 

was used and the following antibodies were used: ZO1 mouse monoclonal (1:750, Invitrogen, 33-

9100), ZO2 polyclonal rabbit (1:750, Cell signaling, 2847S). As secondary antibodies used IRDye-800CW 

goat anti-mouse (1:4000, LI-COR, 925-32210) and IRDye-680CW Goat anti-rabbit (925-68021, LI-COR). 

Membranes were scaned by LI-COR Odyssey system at 700 nm and 800 nm. In-Gel fluorescence of the 

tagged proteins (Dendra, mNeon, GFP, mCherry) was done in a Thyphoon FLA 7000 scan system (GE).  

Equal concentration of pure protein (20ug) or lysates (100ug) were loaded onto a 1D SDS-PAGE and 

the gels were further stainned with Comassine and scan using a LI-COR system.  

 

De-/Phosphorylation assay of ZOs 

ZO1 was phosphorylated in vitro using CKII kinase. ZO1 was incubated with 2.500 U CKII in 20 M HEPES 

pH 7.5, 1 mM DTT, 10 mM MgCl2, 200μM ATP and 500mM NaCl for 1 hour at 30°C. ZO1 was 

dephosphorylated by using lambda protein phosphatase(PP1). ZO1 was incubated with 1000U of PP1 

in 20 mM HEPES pH 7.5, 1 mM DTT, 1mM MnSO4, and 500mM NaCl for 1hour at 30°C. Phosphorylation 

and de-phosphorylation of the ZO proteins was validated by 1D SDS PAGE after staining for 

phosphorylation using diamond phosphoprotein gel stain. Phosphorylation sites of the ZO1 were 

further analysed by mass spectrometry on a HF Quadrupole Orbitrap Hybrid Mass Spectrometer.  

 

Phase separation and client partitioning assay in vitro  

Purified ZO1/2/3 and their respective mutants were diluted from storage buffer into phase 

separation buffer (20 mM HEPES, pH 7.5, 150 mM KCL and 2% PEG(20k)). Titration of the final 

protein concentration from 0.1 to 10 μM allowed us to estimate the saturation concentration of the 

respective protein. Formation and fusion of liquid droplets was observed by bright field and 

fluorescence microscopy using a 60x water objective. For partitioning analysis, ZO proteins, labelled 

with GFP, were mixed with the respective interactions partner, labelled with mCherry were mixed in 

a molar ratio 2:1 and diluted in phase separation buffer. The partitioning was quantified by 

measuring the fluorescence of the client proteins inside the droplets and normalizing this to the 

fluorescence outside.    

 

Confocal microscopy Imaging  

All microscopy measurements (FRAP, FCS, imaging) were performed on a confocal microscope 

(Abberior Instruments, Göttingen, Germany) with pulsed laser excitation (490 nm, 560 nm, 640 nm, 

40MHz).  

 

Fluorescence recovery after photobleaching (FRAP) 

In vivo experiments performed in (MDCK-II and HEK293) for bleaching the tight junction were carried 

out with the following settings.  A region of 10 x 10 µm (pixel size 100 nm) was imaged for 3 frames, 

a 5 x 5 μm rectangular region of interest (ROI) (for in vitro) or a 3 x 0.5μm rectangular region of 

interest (ROI) (for bleaching the tight junction) was scanned by the 405 nm and the 488 nm lasers at 

5 µW and 20 µW, respectively. Fluorescence recovery of meGFP or Dendra2.0 was monitored for 1-
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20 min with a time resolution of 11s. Cell movements during the recovery were corrected by 

registration of all frames to the first frame using the plugin StackReg in FIJI. For FRAP on the 

condensates recovery was measured with a frame rate of 5s was. Recovery data was background 

corrected and normalized to the ROI intensity prior to bleaching. A reference ROI outside the 

bleached area was processed in the same way. To correct for photobleaching during the 

measurement. FRAP traces were evaluated and fitted in MATLAB.  

𝐼(𝑡) = 𝐼∞ − 𝐼(𝑡)𝑒−
𝑡
𝜏 

Fluorescence correlation spectroscopy (FCS) 

mNeonGreen was excited with a 490 nm pulsed laser (40 MHz, laser power 10 μW at the back aperture 

of an Olympus 60x NA = 1.2 (UPLSAPOXW) water objective). Fluorescence fluctuations were recorded 

with a time resolution of 500 ns for 45 s. Auto-correlation of the photon traces was performed in 

MATLAB using a multiple tau correlator. The resulting correlation curves were fitted according to the 

standard 3D diffusion model including one triplet component using MATLAB (Elson, 2011). Focal 

aspect ratio, triplet time and triplet fraction were determined by measuring purified meGFP and NG 

in solution and were subsequently fixed when fitting all subsequent data. Oligomer state of the 

proteins was estimated by calculating the counts per molecule: CPM = <I>/N, with <I> being the mean 

intensity and N the mean particle number obtain by the FCS fit. Normalizing the CPM to the CPM of 

free NG expressed in the same MDCK-II cell line yielded the average number of NeonGreen per 

particle, i.e. the oligomeric state.  

 

Absolute quantification of protein concentrations  

The absolute concentration of the mNeonGreen and Dendra2 tagged proteins (ZO1 and ZO2) in MDCK 

cells was estimated by fluorescence microscopy.  First, we calibrated the intensity of NeonGreen on 

our microscope as a function of laser power and protein concentration using purified NeonGreen. The 

conversion factor was obtained by linear fitting of the mean pixel intensity values (I) against the 

NeonGreen concentration (45 ± 0.5 [counts/ μM]). For the Dendra2-tagged proteins we used purified 

mEGFP to calibrate the conversion factor and assumed that Dendra2 brightness is 0.67 of meGFP 

(Gurskaya et al., 2006). 

 

Determination of the saturation concentration in HEK293 cells  

To determine the saturation concentration for phase separation we transiently expressed Dendra2 
tagged proteins in HEK293 cells. We took 3D confocal stacks of over 100 cells 24h after transfection. 
To determine the cytoplasmic concentration of each cell, we measured the mean intensity in a 
cytoplasmic region in the mid-plane of the confocal stack and used the conversion factor for Dendra2 
to calculate the protein concentration. To estimate the total concentration of Dendra2 of the same 
cell (including the phase separated droplets) we summed up all the pixels within the cell by using a 
sum-projection and a hand-drawn region of interest in FIJI. We then plotted the total expression of 
the protein per cell against the cytoplasmic concentration. For control proteins like Dendra2 this plot 
was linear as expected. In case of formation of condensates, the cytoplasmic concentration saturated 
at characteristic values. The saturation concentration was estimated by calculating the mean of all 
concentrations in the saturated plateau.  
 

Determination of the tight junction enrichment factor in MDCK-II cells  

To determine the tight junction enrichment factor, we measured via FiJi the intensity in the cytosol 
and on the junction. For this we used maximum projections of the 3D confocal stack and measuring 
the mean intensity in the cytosol and the mean intensity on the tight junction. The enrichment factor 
was then calculated R = (Ijunction - Icytosol ) * Icytosol .  
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Cell culture and Genetic Engineering  

HEK293 and MDCK-II cell culture 

HEK 293 and MDCK-II cells were cultivated at 37°C and 5% CO2 with DMEM supplemented with 5% 

FBS, 1% non-essential amino acids and 1% 2(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffer without addition of antibiotics. Transgenic cell lines were grown in presence of 

geneticin. Transient transfection of HEK293 cells was carried out using Lipofectamine2000 

(ThermoFisher) after cells reach a confluency of 70%.  

 

CRISPR/Cas9 knock-in and knock-down in MDCK-II cells    

In order to knock-down ZO1 and ZO2 in MDCK-II frame-shift mutations were introduced at the N-

termini by CRISPR/Cas9. The following guides were used for ZO1 ACACACAGTGACGCTTCACA and ZO2 

GTACACTGTGACCCTACAAA. Selected DNA oligos and their trans-encoded RNA (TRCR) were purchased 

from Integrated DNA Technologies. The gRNA was annealed for 1h at room temperature with CRISPR 

protein and its trans-encoded RNA finally gene rate the riboprotein complex. The complex was 

incubated with homemade purified Cas9. Electroporation of each complex was performed in 300.000 

cells (Invitrogen NEON electroporation machine and kit, 2 pulses, 20 ns, 1200 V). Cells were sorted 

after 48h by FACS (fluorescence activated cell sorting) and grown clonally. The genomic sequence of 

the genes of interests were sequenced and only clones carrying homozygous frame-shifts leading to 

an early stop codon were kept. In order to generate a combined ZO1/ZO2 knock down KD line, we first 

created a ZO1 knock down and then we targeted ZO2. The ZO1 KD clone was mutant for two alleles, 

both alleles have a 1 bp insertion in the guide region (ACACACAGTGACGCTTC-1 bp insertion-ACAGGG) 

leading to an early stop of translation. The ZO2 KD has 5 bp deletion at the end of the guide region 

(GTACACTGTGACCCTACA-5 bp deletion-GG) leading to an early stop. Immunostaining and western-

blot analysis showed that for ZO1 and ZO2 there was a residual expression of 2 - 3% of the wild-type 

levels present. We speculate this could be caused by rare ribosome mistakes at the indel mutations 

causing a back-in-frame shift (Makino et al., 2016).  

To generate a N-terminal mNeonGreen knock-in (KI) the initial exon of ZO1 and ZO2 was targeted in 

the same region of the exon using the same guides as for KD. The gRNA and the trans-encoded RNA 

was annealed with Cas9 to form the riboprotein. The riboprotein and the repair plasmid were co-

transfected via electroporation and overlap with the exon sides. Electroporation of each complex was 

performed in 300.000 cells (Invitrogen NEON electroporation machine and kit, 2 pulses, 20 ns, 1200 

V). Cells were recovered 48 h after the electroporation. NeonGreen positive cells were selected by 

FACS  1 week after transfection. Correct insertion of mNeonGreen was verified by whole sequencing 

the ZO1 and ZO2 loci.    

3D cell culture and trans-epithelial permeability assay 

To grow 3D MDCK-II cysts, the surface of glass coverslides (thickness 0.17 mm) was coated with a 

solution of laminin 0.5 mg/ml for 1 h at 37 ºC 5% CO2. Cells were re-suspended from a 2D monolayer 

by action of 0.25% Trypsin EDTA for 10 minutes at 37ºC 5% CO2 and a single cell suspension of 16.000 

single MDCK-II cells per cm2 was seeded on the coated surface in complete media MEM, 5% v/v FBS, 

1% v/v NeAA, 1% v/v Sodium pyruvate, 1% v/v Glutamax, 1% v/v Penstrep complemented with 15% 

Matrigel (Corning MG matrix, ref. 356231). Cells were cultured for 4 to 5 days in 37ºC 5% CO2 until 

reaching 30 to 40 µm in diameter. To measure permeability of dextran (Alexa647, 10k) and a lipid 

tracer (DPPE-TMR) cyst medium was supplemented with 1μM DPPE-TMR, which was complexed with 

fat-free BSA in 1:1 molar ratio, for 8min at 37°C. After washing, the medium was supplemented with 

10μM dextran. After 15min incubation cyst were imaged on a confocal microscope to evaluate 

distribution of the lipid tracer and dextran. Dextran permeability into the lumen was quantified by 

measuring the intensity in the lumen and dividing this to the average intensity outside the cysts. In 
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the way, permeability of the lipid tracer was measured by normalizing the intensity at the apical 

membrane to intensity at the basal membrane to cyst.  

 

 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted March 26, 2019. ; https://doi.org/10.1101/589580doi: bioRxiv preprint 

https://doi.org/10.1101/589580

