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Human Claudin-7 (Cldn7) is a member of the Claudin (Cldn) superfamily. In vivo, these
proteins form tight junctions, which establish constricted connections between cells. Cldns
oligomerize within the membrane plane (= cis-interaction), and also interact with Cldns
from adjacent cells (= trans-interaction). Interactions of Cldns are typically studied in vivo
and structural analyses of isolated Cldns are limited. Here, we describe heterologous
expression in E. coli and purification of human Cldn7, enabling in vitro analyses of the
isolated protein using detergent and model membrane systems. Cldn7 exists as a
monomer, hexamer, and various higher oligomers in micelles. While only limited
unfolding of the protein was observed in the presence of the anionic detergent sodium
dodecyl sulfate, decreased ionic strength did affect Cldn7 cis-interactions. Furthermore,
we identified two amino acids which mediate electrostatic cis-interactions and analyzed
the impact of disturbed cis-interaction on trans-contacts via atomic force microscopy and
monitoring Förster resonance energy transfer between fluorescently labeled Cldn7-
containing proteoliposomes. Our results indicate that Cldn7 cis-oligomerization might
not be a prerequisite for establishing trans-contacts.

Keywords: claudin, tight junction, heterologous expression, proteoliposomes, atomic force microscopy, membrane
protein, oligomerization

1 INTRODUCTION

The interaction of tight junction-forming protein complexes from two neighboring cells tightly links
individual epithelial or endothelial cells. Thereby, they control the paracellular transport of molecules
(Overgaard et al., 2011). Furthermore, tight junction-forming proteins assemble into strands within a
cell´s plasma membrane, polarizing individual cells (Zihni et al., 2016) to separate an apical from a
basolateral plasma membrane region (Lu et al., 2013). While the formation of tight junctions
typically involves several proteins, including occludins or cytoskeleton-linking scaffold proteins that
link the cytoskeleton to the tight junction (e.g., ZO-1, ZO-2), the core tight junction components are
claudins (Cldns) (Chiba et al., 2008; González-Mariscal et al., 2008). In fact, the expression of
individual Cldns alone results already in intramembrane assembly of Cldn strands and the formation
of tight junctions (Furuse et al., 1998).

The Cldn superfamily involves 27members inmammals (Mineta et al., 2011), albeit only 23 Cldns
are present in humans (Lal-Nag and Morin, 2009). Cldns are small α-helical transmembrane (TM)
proteins with a molecular mass of 20–35 kDa (Liu et al., 2016). All Cldns possess four TM helices
(Van Itallie and Anderson, 2006; Günzel and Yu, 2013), with both the N- and the C-terminus being
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localized within the cytoplasm (Furuse et al., 1998). While the
N-terminus is typically only a few amino acids long, the
C-terminus is variable in length (Lal-Nag and Morin, 2009)
and establishes interactions with other tight junction proteins
(Itoh et al., 1999). A large extracellular loop 1 (ECL 1) connects
TM helices 1 and 2, and a second small extracellular loop 2 (ECL
2) connects TM helices 3 and 4 (Tsukita and Furuse, 2000). The
two extracellular loops form the β-sheet headgroup of Cldn
proteins, which can interact with Cldns from an adjacent cell
for cell-cell linkage. Within the membrane plane, monomeric
Cldns interact laterally (cis-interaction) for the formation of Cldn
strands (Angelow et al., 2008), which then interact in trans for
formation of tight junctions. While some Cldns form a tight,
essentially impermeable paracellular barrier (Overgaard et al.,
2011), others form intercellular pores that exhibit a charge
specificity, which is determined by amino acid side chains of
ECL 1 (Van Itallie and Anderson, 2006). Based on the crystal
structure of murine Claudin15 (Cldn15), residues involved in
homo-oligomerization and cis-interaction of Cldn monomers
have been identified (Suzuki et al., 2017). Yet, it is still unclear
whether the strong cis-interaction of Cldn monomers, i.e. the
formation of Cldn strands, is required for trans-interaction, i.e.
for cell-cell-linkage.

Here we present a first analyzis of cis- and trans-interactions of
human Claudin 7 (Cldn7), a 211 amino acid protein (22.4 kDa)
that is expressed in the collecting duct of the kidney (Li et al.,
2004), respiratory tract (Coyne et al., 2003), intestine (Xing et al.,
2020), and epididymis (Inai et al., 2007) on the basolateral side of
epithelial cells. Cldn7 oligomers form an ion-permeable inter-
cellular pore, albeit the selectivity of this pore is still under debate,
and evidence for both Cl−-(Hou et al., 2006) and Na+-conduction
exists (Alexandre et al., 2005, 2007). Altered expression of Cldn7
is observed in various cancer types (Kominsky et al., 2003; Ouban
and Ahmed, 2010; Dahiya et al., 2011; Lu et al., 2011; Tsujiwaki
et al., 2015; Ono et al., 2016), yet the exact role of Cldn7 in cancer
progression is still unclear. We show that cis-interactions of
purified human Cldn7 proteins can be studied in vitro, and
the two residues R81 and Y149 appear to be key for
oligomerization. Furthermore, a mutant with a disturbed
oligomerization propensity still interacts in trans, suggesting
that Cldn7 cis-interaction, i.e. strand formation, is no
prerequisite for the formation of tight junctions. The here
described techniques and analyses now offer the possibility to
study the structure, stability, assembly and activity of isolated
human Cldns in detail in model membrane systems.

2 MATERIALS AND METHODS

2.1 Cloning and Heterologous Expression of
Cldn7
The human Cldn7 gene (UniProt O95471) was amplified via PCR
using the plasmid RC200530 (OriGene Technologies, Rockville,
MD, United States) as a template and subsequently cloned into
the plasmid pET-His6_StrepII_TEV_LIC (Addgene, Watertown,
MA, United States) upon restriction digestion with SspI and
MluI. Plasmids expressing proteins with the amino acid

mutations V70A, R81A, F148A, Y149A, E160A, F161A or * (=
V70A, R81A, F148A, Y149A, E160A, and F161A) were generated
via site-directed mutagenesis (Liu and Naismith, 2008) using the
primers listed in Supplementary Table S1.

For protein expression, the respective plasmid was transformed
into chemical competent E. coliTuner (DE3) pLysS cells. The bacteria
were grown on LB-agar (100 μg/ml ampicillin) for 17 h. 50ml LB-
medium (100 μg/ml ampicillin) was inoculated with a single colony
and incubated at 37°C and 200 rpm overnight. Next, these cultures
were added to 2 L of LB-medium (100 μg/ml ampicillin) and
cultivated at 37°C and 150 rpm until an OD600 of 0.6–0.8 was
reached. Protein expression was induced by addition of 0.5 mM
isopropyl-ß-D-thiogalactopyranoside (IPTG). After cultivation at
150 rpm for ~18 h at 20°C, the bacteria were harvested by
centrifugation at 1700 g (10min, 4°C). The bacteria were snap-
frozen in liquid nitrogen and stored at −20°C until further use.

2.2 Purification of Cldn7
Cldn7 carrying an N-terminal His6-tag was purified via
immobilized metal affinity chromatography (IMAC) using
nickel-nitrilotriacetic acid (Ni2+-NTA)-agarose (Macherey-
Nagel, Düren, and GER). Therefore, bacteria pellets from a 2 L
expression culture were resuspended in 50 ml lysis buffer (50 mM
Na2HPO4/HCl (pH 8), 300 mM NaCl, 10% glycerol (hereafter:
p-buffer)), with addition of 50 µl protease inhibitor cocktail
(P8849 from Sigma-Aldrich, St. Louis, MO, United States).
The cells were lysed using a Potter-Elvehjem homogenizer
followed by high-pressure homogenization (Microfluidizer
LM20 (MFIC, Newton, MA, United States), 3 runs with
18,000 PSI). The lysate was cleared by centrifugation at
12,000 g (10 min, 4°C). The membrane fraction was prepared
by subsequent ultracentrifugation at 117,000 g (1 h, 4°C).
Membranes were resuspended in 50 ml p-buffer + 2% (w/v)
N,N-Dimethyldodecan-1-amine N-oxide (LDAO, from Alfa
Aesar, Karlsruhe, GER), and proteins were extracted for 1 h at
4°C. The solution was incubated with 2.5 ml equilibrated Ni2+-
NTA agarose beads with gentle agitation on a rotational shaker at
room temperature (RT) for 1 h. The beads were transferred to a
5 ml column and washed with 30 ml p-buffer + 5 mM dodecyl-β-
D-maltosid (DDM from Roth, Karlsruhe, GER) in presence of
5 mM imidazole followed by a 50 ml 50 mM imidazole wash-step.
The protein was eluted with 5 × 2 ml p-buffer (+5 mM DDM, +
500 mM imidazole). The buffer was exchanged to p-buffer
(+5 mM DDM) by a PD10-desalting column (Macherey-Nagel,
Düren, and GER). The protein concentration was determined
photometrically by measuring the absorbance at 280 nm and
using the calculated extinction coefficients listed in
Supplementary Table S2 (Gasteiger et al., 2005). The
solubilized proteins were snap-frozen in liquid nitrogen and
stored at −20°C. For protein insertion into DOPC (1,2-
dioleoyl-sn-glycero-3-phosphocholine) liposomes, the Ni-NTA
purification was performed in p-buffer with 0.2% LDAO instead
of 5% DDM. For analyses, the proteins were separated on 10%
SDS-PAGE gels and stained with Coomassie brilliant blue R250
or analyzed via Western blotting. The proteins were detected
using an antibody recognizing the His-tag (HisTag Antibody
HRP conjugate from Merck Millipore, Darmstadt, GER).
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2.3 Size Exclusion Chromatography
Size Exclusion Chromatography (SEC) was used to analyze the
oligomeric state of Cldn7 with an ÄKTA basic system (GE
Healthcare, Munich, GER) and a Superose12 10/300 GL column
(GEHealthcare, Munich, GER) equilibrated with p-buffer (+5mM
DDM) at 8°C. Protein elution from the column was monitored via
following the absorbance at 280 nm. The column was calibrated
using standards of known size (blue dextran (>2000 kDa), β-
amylase (200 kDa), albumin (67 kDa), carbonic anhydrase
(29 kDa), cytochrome c (13 kDa) and Acetyl-CoA (0.8 kDa)
from Sigma-Aldrich (St. Louis, MO, United States)).

2.4 Analysis of Solubilized Cldn7 in Mixed
DDM/SDS Micelles
Increasing amounts of SDS were added to 3.2 μM purified Cldn7
dissolved in p-buffer (+5 mM DDM) in a total volume of 200 µl.
The SDS mole fraction χSDS of the samples (Eq. 1) was stepwise
increased from 0 to 0.95.

χSDS �
cSDS

cSDS + cDDM
(1)

Here, cSDS refers to the SDS concentration and cDDM refers to
the DDM concentration.

The samples were incubated for 1 h at RT prior to the
fluorescence measurements.

2.5 Trp Fluorescence Measurements
Tryptophan fluorescence spectra were recorded at 25°C from 290
to 450 nm (slit 2 nm) in 1 nm steps upon excitation at 280 nm
(slit 2 nm) using quartz crystal suprasil cuvettes (3 mm; Hellma
Analytics, Jena, GER) on a Fluoromax-4 spectrometer (Horiba
Scientific, Kyoto, JPN).

To analyze changes of the Trp fluorescence emission
spectrum, the average emission wavelength <λ> (also described
as spectral center of mass) was analyzed according to Eq. 2, which
includes changes of the emission maximum, but also the spectral
shape (Royer et al., 1993).

< λ> � ∑λ · I
∑I

(2)

Here, λ refers to the wavelength and I refers to the fluorescence
intensity.

2.6 NaCl-Induced Destabilization of Cldn7
Oligomers
1 ml purified Cldn7 (~4 µM) was dialyzed (Spectra/Por® MWCO
12–14 kDa from Roth, Karlsruhe, GER) against 3 × 1 L of p-buffer
in presence of 0–300 mM NaCl. The solution was centrifuged at
20,000 g for 1 min at RT. A sample of the supernatant was
prepared for SDS-PAGE analysis. The pellet was resuspended
in 100 µl 1 × SDS sample buffer. For quantitative analysis, the
monomer band of a Coomassie-R250-stained 12% SDS-PAGE gel
was quantified using the program ImageJ, as described in
(Schneider et al., 2012).

2.7 Reconstitution of Cldn7 Into DOPC
Liposomes
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) and the
fluorescently labeled lipids NBD-DOPE (1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
(ammonium salt) and Liss-Rhod-DOPE (Lissamine Rhodamine
PE; 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (ammonium salt)) were purchased from
Avanti Polar Lipids, Inc. (Birmingham, AL, United States). For
liposome preparation, lipids were dissolved in chloroform. The
organic solvent was evaporated under a gentle stream of nitrogen
gas followed by vacuum desiccation overnight to remove remaining
traces of solvent. Destabilized liposomes were prepared by
hydration of the dried lipid film with p-buffer (+6 mM LDAO)
and five cycles of freeze-thawing. For reconstitution of Cldn7,
purified Cldn7 in p-buffer (+6mM LDAO) (final concentration
4.8 µM) was mixed 1:400 with DOPC-liposomes (final lipid
concentration 2 mM, 0.1% fluorescently labeled lipids) and
subsequently dialyzed 3 times against p-buffer at 4°C (Spectra/
Por® Biotech CE MWCO 20000 from Roth, Karlsruhe, GER) to
remove the detergent. The proteoliposomes were centrifuged at
20,000 g for 1 min at RT to remove aggregates.

2.8 Förster Resonance Energy Transfer
(FRET)
Proteoliposomes, containing the FRET dyes Liss-Rhod-PE or
NBD-PE, were prepared as described above. The differently
labeled liposomes were mixed and incubated for 7 h at RT.
10 µl samples were taken at different time points and mixed
with 190 µl p-buffer. The fluorescence was recorded from
475–700 nm (slit 5 nm) upon excitation of the FRET donor
dye NBD at 460 nm (slit 5 nm).

As Liss-Rhod was excited at 460 nm to some extent, the
spectra of the mixed labeled liposomes were corrected by
subtracting spectra of pure Liss-Rhod-containing liposomes
upon excitation at 460 nm. Possible, differences in the
acceptor concentration were corrected by normalization to the
intensity observed upon direct excitation of the acceptor in the
respective solution at 590 nm. The ratiometric FRET efficiency
(Erat) was calculated using Eq. 3.

Erat � 1

1 + IDonor
IAcceptor

(3)

Here, IDonor refers to the donor fluorescence intensity at 530 nm
(emission maximum of NBD) and IAcceptor refers to the acceptor
fluorescence intensity at 590 nm (emission maximum of Liss-
Rhod).

2.9 Atomic Force Microscopy (AFM)
AFM was used to analyze Cldn7-and Cldn7*-containing model
membranes. All buffers and solutions were freshly prepared and
filtered (0.2 µm) before use. Freshly cleaved muscovite mica
(12 mm diameter; Ted Pella Inc., grade V1) was mounted on a
Teflon disc (16 mm) and washed with 3 × 50 µl of adsorption
buffer (p-buffer + 50 mMMg2+). Next, 50 µl proteoliposomes or
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liposomes (2 mM DOPC) were added to the mica surface and
incubated for 15 min at RT. Unbound (proteo)liposomes were
removed by washing the mica surface with 10 × 50 µl p-buffer. A
drop of 20 µL buffer remained on the mica surface. The AFM
measurements were performed using a Bruker (Billerica, MA,
United States) Multimode 8 AFM with Nanoscope V Controller
and J-scanner in the ScanAsyst Fluid mode. Bruker SNL-10 A
cantilevers (Nominal parameters: 2 nm tip, resonance frequency
f0 = 65 kHz, spring constant k = 0.35 N/m) were used. The scan
rate was 1–10 Hz, the peak force amplitude 30–100 nm and the
peak force tapping frequency 2–4 kHz. The scans were analyzed
using the software NanoScope and Gwyddion (Nečas and
Klapetek, 2012). The measured height-signal images were
smoothed by removing a polynomial background, and scan
rows were aligned using the trimmed mean method. The
images were cropped to the area of interest and scaled to
2048 × 2048 px.

3 RESULTS

3.1 Purified Human Cldn7 Oligomerizes in
Detergent
Upon expression of a His-tagged Cldn7 in E. coli cells, E. coli
membranes were solubilized with the detergent LDAO and Cldn7
was isolated via IMAC, resulting in a purified protein with
~20 kDa (Figure 1A). The overall yield of purified Cldn7 was
1.8 mg/L cell culture. Using an anti-His-tag-antibody, bands with
increased molecular masses were identified as SDS-stable Cldn7
oligomers. Monomers, dimers and trimers were clearly
detectable, albeit also oligomers with higher molecular masses
were detected, which, however, were not properly resolved
anymore. Undoubtedly, there were still small impurities visible
in the SDS-PAGE analysis. Since E. coli does not form tight
junctions or septate junctions, these impurities very likely do not
affect the functional analyses we performed in the following.
Formation of higher-order oligomeric structures was further

supported by SEC analyzes of Cldn7 in DDM-micelles
(Figure 1B): while some protein was found in the void
volume, representing aggregated or higher-order oligomeric
species with molecular masses >300 kDa, two main peaks were
resolved at 12.5 and 14 ml, which correspond tomolecular masses
of ~200 and ~65 kDa, respectively. Considering the calculated
Cldn7 molecular mass of 26 kDa and the mass of a DDMmicelle,
which is 40–80 kDa (Green and Sambrook, 2012), the peaks likely
correspond to a pentamer/hexamer and a monomeric Cldn7,
respectively. Yet, the peaks are rather broad, and thus potentially
represent multiple oligomeric species.

3.2 In vitro Analyses of
Cldn7 cis-Interactions
Based on a recent analysis of the human Cldn15 structure, 6
residues were suggested to mediate cis-interactions of monomers
within the membrane (Suzuki et al., 2014). The corresponding
residues of human Cldn7 are depicted in Supplementary Figure
S3A. To test whether these residues are also crucially involved in
Cldn7 oligomerization, we mutated each residue individually to
Ala as well as generated a Cldn7 variant in which all seven
residues are mutated in parallel (Cldn7*).

We first aimed at monitoring the impact of (putatively)
disturbed (cis-)oligomerization on the stability of human
Cldn7 upon SDS-induced destabilization via measuring
changes in the intrinsic Trp fluorescence. Despite the rather
small changes in the average emission wavelength <λ>, a clear
trend of decreasing <λ>with increasing χSDS was observed, until
a plateau was reached at χSDS of 0.6 (Supplementary Figures
S3B,C). Thus, a SDS-induced structural rearrangement of
human Cldn7 can indeed be monitored via fluorescence
spectroscopy. Yet, when the stability of the Cldn7* mutant
was analyzed, the <λ> decrease was almost identical to the
wt, and thus any potential impact of the mutations on the
stability of Cldn7 cannot be observed via following Trp
fluorescence.

FIGURE 1 | Purification and analysis of heterologously expressed Cldn7. (A) Purified Cldn7 was analyzed by SDS-PAGE (left) and Western blot analysis of the
eluted protein (right). Samples of the following purification steps were analyzed: E. coli lysate (L), separated inclusion bodies/cell debris (IB), cleared lysate after
centrifugation (CL), soluble protein fraction (SF), membrane protein fraction (MF), flow-through of IMAC (FT), washing steps (5 and 50 mM imidazole) and elution steps
1−4 (500 mM imidazole). Themasses of the standards are given on the left in kDa. The position of themonomer (M), dimer (D), trimer (T) and higher oligomers (O) are
labeled. (B) The oligomeric size of Cldn7 was analyzed by SEC, indicating formation of various Cldn7 oligomers.
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In our initial purification attempts we had observed that Cldn7
precipitates at NaCl concentrations below 200mM, likely due to strong
electrostatic interactions between the monomers. When we stepwise
decreased the NaCl concentration from to 300 to 0mM NaCl, Cldn7
interactionswere disturbed anddecreasing amounts ofCldn7 remained
in solution after centrifugation, indicating that ions increase the
interaction between Cldn7/detergents complexes (Figures 2A–C).
Thus, this approach enabled us to quantify the amount of soluble
Cldn7 at different NaCl concentrations and to compare the interaction
propensity of Cldn7 wt with the interaction propensity of the mutants.

As shown inFigures 3C,D, the amount of soluble protein increased
by ~ 50% at 300mMNaCl compared to 0mM. In contrast, no impact
of the ionic strength was observed for Cldn7* where almost all protein
was soluble at all NaCl concentrations. While most of the single
mutants behaved like the wt, the impact of NaCl on the solubility of
Cldn7_variants R81A and Y149A was lowered compared to the wt,
indicating reduced inter-molecular interactions. Not surprisingly, also
for an R81A_Y149A double mutant a similar behavior was observed.
Thus, R81 and Y149 are likely involved in formation and/or
stabilization of larger Cldn7 oligomers. As the corresponding

residues mediate cis-contacts in case of Cldn15 (Suzuki et al., 2014),
R81 and Y149 are likely responsible for Cldn7 cis-interactions.

3.3 Trans-interactions of Cldn7 Monomers
Next, we analyzed whether disturbed oligomerization of
individual Cldn7 monomers affects trans-interaction of
individual Cldn7 proteins, which are embedded in different
membranes, as e.g. observed in tight junctions.

When we spread out Cldn7-containing proteoliposomes on a mica
surface and analyzed the membrane via AFM, we observed spots with
different diameters and heights. In fact, these spots are small, circular
objects with diameters of 20–40 nm (Supplementary Figure S4). The
rings had a height of about 5 nmat the outer rim, and a central hole. As
Cdn7monomers have a diameter of about 7 nm, these spots potentially
represent Cldn7 oligomers, as observed for other Cldn`s and in line
with the SEC analyses (Figure 1B), as further discussed below.

However, besides these circular Cldn7 oligomers, we also
observed spots with much larger diameters, indicating the
formation of larger assemblies (Figure 3A). Furthermore, spots
with different heights were observed (Figure 3B). Yet, these spots

FIGURE 2 | Increased ionic strength reduces Cldn7 cis-oligomerization. Cldn7 was solubilized in p-buffer with 0, 5, 25, 50, 75 100, 150, and 200 mM or 300 mM
NaCl. After centrifugation, the supernatant (= solubilized Cldn7) and the pellet (= precipitated Cldn7) were analyzed by SDS-PAGE. The masses of the standards are
given on the left in kDa. The position of the monomer (M) is labeled. (A)Representative SDS-PAGE analysis of solubilized Cldn7 samples in p-buffer with 0–300 mMNaCl.
(B) Representative SDS-PAGE analysis of precipitated Cldn7 in p-buffer with 0–300 mM NaCl. (C) The fraction of solubilized Cldn7, calculated from the
densiometrically determined intensities of the bands in (A) and (B), increases with increasing NaCl-concentrations. (n = 3, error bars represent SD). (D) The solubilized
fraction of Cldn7 wt and mutants were compared at 0 and 300 mM NaCl. At 0 mM NaCl, the fraction of solubilized Cldn7_R81A, Cldn7_Y149A, the double mutant
Cldn7_R81A_Y149A and the Cldn7* mutant was clearly enhanced when compared to Cldn7 wt and the other Cldn7 mutants. (n = 9, error bars represent SD).
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always had a height of 5 nm or a multiple thereof. Since 5 nm is the
height of the bilayer we determined for the protein-free solid-
supported DOPC membrane, the spots likely represent stacked
membranes with different amounts of stacked membrane patches
(Figure 3B). Since no preferred orientation of Cldn7 monomers in
the proteoliposomes was expected upon proteoliposome formation,
Cldns of a single membrane can establish interactions in both
directions (Figure 3C). The formation of membrane stacks was
not affected by the NaCl concentration (Supplementary Figure S5),
and also the Cldn7* mutant did form membrane stacks as the wt
(Supplementary Figures S6, S7), indicating that the mutated
residues are not required for establishing trans-interactions. Thus,
this indicates that the intermolecular interactions described above
indeed occur in cis. Nevertheless, as these measurements were
qualitative, we next set up to establish a more quantitative assay
to compare Cldn7-mediated membrane-tethering.

Therefore, we labeled a set of Cldn7-containing DOPC
proteoliposomes with the lipid LissRhod-PE and a different
fraction of proteoliposomes with the lipid NBD-PE. The dyes

form a FRET pair and can transfer energy from the donor (NBD)
to the acceptor (LissRhod) upon donor excitation. Thus, when trans-
interaction of Cldn7 brings these two liposomes in close proximity,
FRET is observable. Yet, the FRET signal was expected to be low as
the FRET signal depends on the distance of the two fluorophores
(Figure 3D). Even in linked liposomes, most labeled liposomes are
not in sufficiently close distance to observe FRET. Consequently,
liposome interaction mediated by Cldn7 solely slightly increases the
probability of FRET between the differently labeled liposomes.

Indeed, the observed FRET signal was rather small
(Figure 3E), but clearly increased with time after mixing of
the liposomes (Figure 3F). Furthermore, the FRET signal
observed with labeled proteoliposomes was at any time higher
than the signal observed with labeled, Cldn7-free liposomes
(Figure 3F). Nevertheless, the FRET intensities observed with
the Cldn7 wt and the Cldn7* mutant were almost identical, again
indicating that the disturbed oligomerization of Cldn7 (Figures
2C,D) does not dramatically affect its ability to interact in trans,
in line with the results of the AFM analyses.

FIGURE 3 | Trans-interaction of Cldn7 studied via AFM and FRET. (A) Typical AFM topography image showing Cldn7-proteoliposomes spread on a mica surface.
Heights are indicated in the image using a false-color ruler. Profile lines indicate the position of the height analysis shown in (B). (B) Height profile of spread Cldn7
proteoliposomes are shown. The data indicate formation of membrane stacks, as illustrated in (C). (C)Cldn7 proteoliposomes likely spread on the mica surface and bind
DOPC membrane patches via formation of Cldn trans-interactions. (D) FRET assay to measure interactions between Cldn-containing proteoliposomes. Note that
only fluorophores close to Cldn interaction sites contribute to the FRET signal. Therefore, only minor changes were expected. (E) Fluorescence spectra were recorded
upon excitation of the FRET donor dye NBD. In contrast to solely donor-labeled liposomes, a small increase of the LissRhod fluorescence at 590 nm was monitored. (F)
FRET was analyzed by calculating the ratiometric FRET efficiency of control liposomes without Cldn7 (orange triangles), Cldn7 proteoliposomes (black circles) and
Cldn7* proteoliposomes (red rhombus). In contrast to the liposome control, a larger Erat and also a larger change of Erat over 8 h was observed for proteoliposomes
containing Cldn7 or Cldn7*. (n = 3, error bars represent SD).
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4 DISCUSSION

Cldns oligomerize within the plasma membrane, and Cldn
oligomers of adjacent cells interact to form tight-junctions. In
fact, formation of human Cldn 1, 2, 3, 5, and 7 oligomers within
a plasma membrane has previously been observed (Furuse et al.,
1998; Coyne et al., 2003; Van Itallie and Anderson, 2006), which did,
however, not allow detailed analyzes of the forces mediating protein
oligomerization in a defined environment. However, recent attempt
to analyze protein oligomerization in vitro, in a better defined
environment, were not entirely conclusive: cell-free expressed,
human Cldn2 and Cldn4 were shown to be multimeric in
detergent-lipid mixed micelles, but not human Cldn1, 3 and 5
(Shinoda et al., 2016). Cldn4, which was heterologously expressed
in Sf9 cells, appears to form hexamers when solubilized in perfluoro-
octanoic acid (PFO), but not in DDM (Mitic et al., 2003; Belardi
et al., 2019). These observations demonstrate already that the
suitable in vitro preparation of Cldns for structural analysis is
challenging. Furthermore, techniques (beyond SDS-PAGE and
SEC analyses) allowing to experimentally study defined Cldn
oligomerization in vitro, are rare.

In this study, we have successfully heterologously expressed
and purified human Cldn7. The protein´s oligomeric structure
was analyzed not only in detergent but also in a lipid bilayer
environment, upon reconstitution into PC liposomes (Figure 3).

Purified human Cldn7 forms oligomeric structures in DDM
(Figure 1B), which are even visible after SDS denaturation and
PAGE analysis (Figure 1A). As only partial unfolding of Cldn7
was observed when the SDS-concentration was increased, the
oligomers appear to be highly SDS-stable (Supplementary
Figures S3B,C). In fact, SDS-stable oligomers were also
observed recently, when human Cldn4 was heterologously
expressed in Sf9 cells and solubilized by PFO (Mitic et al., 2003).

Formation of Cldn hexamers is discussed as an early step in the
formation of tight junctions, based on the diameter of Cldn strands
(Coyne et al., 2003; Findley and Koval, 2009). Thus, it is well
possible that the oligomers identified here via SEC (Figure 1B) and
AFM (Supplementary Figure S4) also represent stable hexameric
Cldn7 assemblies. Based on our initial, low-resolution AFM
analyses, these hexamers might be arranged ring-like within
membranes with a central cavity (Supplementary Figure S4).

Based on structural and mutational analyses of human Cldn15
oligomerization, six residues were recently identified in the
extracellular-localized head region that potentially establish inter-
monomer cis-contacts (Suzuki et al., 2014). Noteworthy, also other
residues may be involved in Cldn oligomerization. When the
corresponding residues (Supplementary Figure S3A) were mutated
in combination in Cldn7, we also observed disturbed formation of
higher-order oligomers in presence of low NaCl concentrations
(Figure 2). While Cldn7 in general precipitates at low NaCl
concentration (Figures 2A–C), the Cldn7* mutant was not affected
by a reduced ionic strength (Figure 2D). Yet, not all 6 residues contribute
identically toCldn7 oligomerization, and, based on our analyses, R81 and
Y149 appear to be most crucial, at least in detergent (Figure 2D). In line
with these observations, also inCldn15, the residue corresponding toR81,
R79, electrostatically interacts with E157, which corresponds to E160 of
Cldn7 (Suzuki et al., 2014). Although we actually cannot finally

discriminate between cis- and trans-interactions with the described
experimental approaches (Figure 2), based on the analysis of Cldn15
it appears to be rather likely that these residues affect cis-oligomerization
of Cldn7. Furthermore, these oligomers precipitate quickly at low speed,
and thus, they must be rather large, which is difficult to obtain by trans-
oligomerization of Cldn7 monomers or lower-order oligomers. Most
likely, interactions of said residues result in formationof loose interactions
between thedetergent-embeddedoligomers. In linewith this assumption,
Cldn7-mediated membrane-membrane interactions are not affected by
reducing the NaCl concentration (Supplementary Figure S5).
Additionally, the Cldn7* mutant still supports membrane-membrane
interactions, as shown by AFM (Supplementary Figures S6, S7),
indicating that the formation of stable, higher-order Cldn7 assemblies
within themembranemightnot be aprerequisite for linking twodifferent
membrane systems. Yet, ordered Cldn7 assembly likely is crucial for the
formation of Cldn strands that polarize cells and form tight junctions.

In summary, we here established conditions for in-depth
analyses of Cldn7 oligomerization within a membrane and the
impact of this oligomerization on the formation of tight
junctions. In the future, our experimental setup might allow
analyzing not only isolated Cldn interactions, but also
additional tight junction proteins, such as occludins, might be
included in the analyses. The observations presented here
indicate that Cldn7 cis- but not trans-interactions depend on
electrostatic interactions involving the residues R81 and Y149.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

DS, LA, and NH designed the experiments and analyzed the data.
LA and BJ performed the experiments. DS and CS wrote the paper.

FUNDING

This work was supported by DynaMem (state of Rhineland-
Palatinate).

ACKNOWLEDGMENTS

We thank Lukas Schlösser and Lucas Gewehr for carefully
reading the manuscript.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2022.908383/
full#supplementary-material

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 9083837

Ahlswede et al. Human Claudin 7 Interactions

https://www.frontiersin.org/articles/10.3389/fmolb.2022.908383/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.908383/full#supplementary-material
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


REFERENCES

Alexandre, M. D., Jeansonne, B. G., Renegar, R. H., Tatum, R., and Chen, Y.-H.
(2007). The First Extracellular Domain of Claudin-7 Affects Paracellular Cl−
Permeability. Biochem. Biophysical Res. Commun. 357, 87–91. doi:10.1016/J.
BBRC.2007.03.078

Alexandre, M. D., Lu, Q., and Chen, Y.-H. (2005). Overexpression of Claudin-7
Decreases the Paracellular Cl- Conductance and Increases the Paracellular Na+
Conductance in LLC-PK1 Cells. J. Cell. Sci. 118, 2683–2693. doi:10.1242/JCS.
02406

Angelow, S., Ahlstrom, R., and Yu, A. S. L. (2008). Biology of Claudins. Am.
J. Physiology-Renal Physiology 295, F867–F876. doi:10.1152/AJPRENAL.90264.
2008

Belardi, B., Son, S., Vahey, M. D., Wang, J., Hou, J., and Fletcher, D. A. (2019).
Claudin-4 Reconstituted in Unilamellar Vesicles Is Sufficient to Form Tight
Interfaces that Partition Membrane Proteins. J. Cell. Sci. 132, jcs221556. doi:10.
1242/jcs.221556

Chiba, H., Osanai, M., Murata, M., Kojima, T., and Sawada, N. (2008).
Transmembrane Proteins of Tight Junctions. Biochimica Biophysica
Acta (BBA) - Biomembr. 1778, 588–600. doi:10.1016/J.BBAMEM.2007.
08.017

Coyne, C. B., Gambling, T. M., Boucher, R. C., Carson, J. L., and Johnson, L. G.
(2003). Role of Claudin Interactions in Airway Tight Junctional Permeability.
Am. J. Physiology-Lung Cell. Mol. Physiology 285, L1166–L1178. doi:10.1152/
AJPLUNG.00182.2003

Dahiya, N., Becker, K. G., Wood, W. H., Zhang, Y., and Morin, P. J. (2011).
Claudin-7 Is Frequently Overexpressed in Ovarian Cancer and
Promotes Invasion. PLoS One 6, e22119. doi:10.1371/JOURNAL.
PONE.0022119

Findley, M. K., and Koval, M. (2009). Regulation and Roles for Claudin-
Family Tight Junction Proteins. IUBMB Life 61, 431–437. doi:10.1002/
IUB.175

Furuse, M., Fujita, K., Hiiragi, T., Fujimoto, K., and Tsukita, S. (1998). Claudin-1
and -2: Novel Integral Membrane Proteins Localizing at Tight Junctions with
No Sequence Similarity to Occludin. J. Cell. Biol. 141, 1539–1550. doi:10.1083/
JCB.141.7.1539

Gasteiger, E., Hoogland, C., Gattiker, A., Duvaud, S. e., Wilkins, M. R., Appel,
R. D., et al. (2005). “Protein Identification and Analysis Tools on the
ExPASy Server,” in The Proteomics Protocols Handbook Editor walker, J. M.
(Humana Press), 571–607. doi:10.1385/1-59259-890-0:571

González-Mariscal, L., Tapia, R., and Chamorro, D. (2008). Crosstalk of Tight
Junction Components with Signaling Pathways. Biochimica Biophysica
Acta (BBA) - Biomembr. 1778, 729–756. doi:10.1016/J.BBAMEM.2007.
08.018

Green, M. R., and Sambrook, J. (2012). Molecular Cloning. A Laboratory Manual.
4th ed. New York, NY: Cold Spring Harbor Laboratory Press. Available at:
www.cshlpress.org (Accessed March 23, 2022).

Günzel, D., and Yu, A. S. L. (2013). Claudins and the Modulation of Tight
Junction Permeability. Physiol. Rev. 93, 525–569. doi:10.1152/PHYSREV.
00019.2012

Hou, J., Gomes, A. S., Paul, D. L., and Goodenough, D. A. (2006). Study of Claudin
Function by RNA Interference. J. Biol. Chem. 281, 36117–36123. doi:10.1074/
JBC.M608853200

Inai, T., Sengoku, A., Hirose, E., Iida, H., and Shibata, Y. (2007). Claudin-7
Expressed on Lateral Membrane of Rat Epididymal Epithelium Does Not
Form Aberrant Tight Junction Strands. Anat. Rec. 290, 1431–1438. doi:10.
1002/AR.20597

Itoh, M., Furuse, M., Morita, K., Kubota, K., Saitou, M., and Tsukita, S. (1999).
Direct Binding of Three Tight Junction-Associated Maguks, Zo-1, Zo-2, and
Zo-3, with the Cooh Termini of Claudins. J. Cell. Biol. 147, 1351–1363. doi:10.
1083/JCB.147.6.1351

Kominsky, S. L., Argani, P., Korz, D., Evron, E., Raman, V., Garrett, E., et al.
(2003). Loss of the Tight Junction Protein Claudin-7 Correlates with
Histological Grade in Both Ductal Carcinoma In Situ and Invasive
Ductal Carcinoma of the Breast. Oncogene 22, 2021–2033. doi:10.1038/
sj.onc.1206199

Lal-Nag, M., and Morin, P. J. (2009). The Claudins. Genome Biol. 10, 235. doi:10.
1186/GB-2009-10-8-235

Li, W. Y., Huey, C. L., and Yu, A. S. L. (2004). Expression of Claudin-7 and -8 along
the Mouse Nephron. Am. J. Physiology-Renal Physiology 286, F1063–F1071.
doi:10.1152/AJPRENAL.00384.2003

Liu, F., Koval, M., Ranganathan, S., Fanayan, S., Hancock, W. S., Lundberg, E. K.,
et al. (2016). Systems Proteomics View of the Endogenous Human Claudin
Protein Family. J. Proteome Res. 15, 339–359. JPEG_V03. doi:10.1021/acs.
jproteome.5b00769

Liu, H., and Naismith, J. H. (2008). An Efficient One-step Site-Directed Deletion,
Insertion, Single and Multiple-Site Plasmid Mutagenesis Protocol. BMC
Biotechnol. 8, 91. doi:10.1186/1472-6750-8-91

Lu, Z., Ding, L., Hong, H., Hoggard, J., Lu, Q., and Chen, Y.-H. (2011). Claudin-7
Inhibits Human Lung Cancer Cell Migration and Invasion through ERK/
MAPK Signaling Pathway. Exp. Cell. Res. 317, 1935–1946. doi:10.1016/J.
YEXCR.2011.05.019

Lu, Z., Ding, L., Lu, Q., and Chen, Y.-H. (2013). Claudins in Intestines. Tissue
barriers. 1, e24978. doi:10.4161/TISB.24978

Mineta, K., Yamamoto, Y., Yamazaki, Y., Tanaka, H., Tada, Y., Saito, K., et al.
(2011). Predicted Expansion of the Claudin Multigene Family. FEBS Lett. 585,
606–612. doi:10.1016/J.FEBSLET.2011.01.028

Mitic, L. L., Unger, V. M., and Anderson, J. M. (2003). Expression,
Solubilization, and Biochemical Characterization of the Tight Junction
Transmembrane Protein Claudin-4. Protein Sci. 12, 218–227. doi:10.1110/
PS.0233903

Nečas, D., and Klapetek, P. (2012). Gwyddion: An Open-Source Software for
SPM Data Analysis. Cent. Eur. J. Phys. 10, 181–188. doi:10.2478/S11534-011-
0096-2

Ono, Y., Hiratsuka, Y., Murata, M., Takasawa, A., Fukuda, R., Nojima, M., et al.
(2016). Claudins-4 and -7 Might Be Valuable Markers to Distinguish
Hepatocellular Carcinoma from Cholangiocarcinoma. Virchows Arch. 469,
417–426. doi:10.1007/S00428-016-1984-Z

Ouban, A., and Ahmed, A. A. (2010). Claudins in Human Cancer: a Review.Histol.
Histopathol. 25, 83–90. doi:10.14670/HH-25.83

Overgaard, C. E., Daugherty, B. L., Mitchell, L. A., and Koval, M. (2011).
Claudins: Control of Barrier Function and Regulation in Response to
Oxidant Stress. Antioxidants Redox Signal. 15, 1179–1193. doi:10.1089/
ARS.2011.3893

Royer, C. A., Mann, C. J., and Matthews, C. R. (1993). Resolution of the Fluorescence
Equilibrium Unfolding Profile of Trp Aporepressor Using Single Tryptophan
Mutants. Protein Sci. 2, 1844–1852. doi:10.1002/PRO.5560021106

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ:
25 Years of Image Analysis. Nat. Methods 9, 671–675. doi:10.1038/NMETH.
2089

Shinoda, T., Shinya, N., Ito, K., Ishizuka-Katsura, Y., Ohsawa, N., Terada, T., et al.
(2016). Cell-free Methods to Produce Structurally Intact Mammalian
Membrane Proteins. Sci. Rep. 6 (6), 1–15. doi:10.1038/srep30442

Suzuki, H., Nishizawa, T., Tani, K., Yamazaki, Y., Tamura, A., Ishitani, R., et al.
(2014). Crystal Structure of a Claudin Provides Insight into the
Architecture of Tight Junctions. Science 344, 304–307. doi:10.1126/
SCIENCE.1248571

Suzuki, H., Tani, K., and Fujiyoshi, Y. (2017). Crystal Structures of Claudins:
Insights into Their Intermolecular Interactions. Ann. N.Y. Acad. Sci. 1397,
25–34. doi:10.1111/NYAS.13371

Tsujiwaki, M., Murata, M., Takasawa, A., Hiratsuka, Y., Fukuda, R., Sugimoto, K.,
et al. (2015). Aberrant Expression of Claudin-4 and -7 in Hepatocytes in the
Cirrhotic Human Liver. Med. Mol. Morphol. 48, 33–43. doi:10.1007/S00795-
014-0074-Z/FIGURES/4

Tsukita, S., and Furuse, M. (2000). Pores in the Wall. J. Cell. Biol. 149, 13–16.
doi:10.1083/JCB.149.1.13

Van Itallie, C. M., and Anderson, J. M. (2006). Claudins and Epithelial Paracellular
Transport. Annu. Rev. Physiol. 68, 403–429. doi:10.1146/ANNUREV.
PHYSIOL.68.040104.131404

Xing, T., Benderman, L. J., Sabu, S., Parker, J., Yang, J., Lu, Q., et al. (2020). Tight
Junction Protein Claudin-7 Is Essential for Intestinal Epithelial Stem Cell Self-
Renewal and Differentiation. Cell. Mol. Gastroenterology Hepatology 9,
641–659. doi:10.1016/J.JCMGH.2019.12.005

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 9083838

Ahlswede et al. Human Claudin 7 Interactions

https://doi.org/10.1016/J.BBRC.2007.03.078
https://doi.org/10.1016/J.BBRC.2007.03.078
https://doi.org/10.1242/JCS.02406
https://doi.org/10.1242/JCS.02406
https://doi.org/10.1152/AJPRENAL.90264.2008
https://doi.org/10.1152/AJPRENAL.90264.2008
https://doi.org/10.1242/jcs.221556
https://doi.org/10.1242/jcs.221556
https://doi.org/10.1016/J.BBAMEM.2007.08.017
https://doi.org/10.1016/J.BBAMEM.2007.08.017
https://doi.org/10.1152/AJPLUNG.00182.2003
https://doi.org/10.1152/AJPLUNG.00182.2003
https://doi.org/10.1371/JOURNAL.PONE.0022119
https://doi.org/10.1371/JOURNAL.PONE.0022119
https://doi.org/10.1002/IUB.175
https://doi.org/10.1002/IUB.175
https://doi.org/10.1083/JCB.141.7.1539
https://doi.org/10.1083/JCB.141.7.1539
https://doi.org/10.1385/1-59259-890-0:571
https://doi.org/10.1016/J.BBAMEM.2007.08.018
https://doi.org/10.1016/J.BBAMEM.2007.08.018
www.cshlpress.org
https://doi.org/10.1152/PHYSREV.00019.2012
https://doi.org/10.1152/PHYSREV.00019.2012
https://doi.org/10.1074/JBC.M608853200
https://doi.org/10.1074/JBC.M608853200
https://doi.org/10.1002/AR.20597
https://doi.org/10.1002/AR.20597
https://doi.org/10.1083/JCB.147.6.1351
https://doi.org/10.1083/JCB.147.6.1351
https://doi.org/10.1038/sj.onc.1206199
https://doi.org/10.1038/sj.onc.1206199
https://doi.org/10.1186/GB-2009-10-8-235
https://doi.org/10.1186/GB-2009-10-8-235
https://doi.org/10.1152/AJPRENAL.00384.2003
https://doi.org/10.1021/acs.jproteome.5b00769
https://doi.org/10.1021/acs.jproteome.5b00769
https://doi.org/10.1186/1472-6750-8-91
https://doi.org/10.1016/J.YEXCR.2011.05.019
https://doi.org/10.1016/J.YEXCR.2011.05.019
https://doi.org/10.4161/TISB.24978
https://doi.org/10.1016/J.FEBSLET.2011.01.028
https://doi.org/10.1110/PS.0233903
https://doi.org/10.1110/PS.0233903
https://doi.org/10.2478/S11534-011-0096-2
https://doi.org/10.2478/S11534-011-0096-2
https://doi.org/10.1007/S00428-016-1984-Z
https://doi.org/10.14670/HH-25.83
https://doi.org/10.1089/ARS.2011.3893
https://doi.org/10.1089/ARS.2011.3893
https://doi.org/10.1002/PRO.5560021106
https://doi.org/10.1038/NMETH.2089
https://doi.org/10.1038/NMETH.2089
https://doi.org/10.1038/srep30442
https://doi.org/10.1126/SCIENCE.1248571
https://doi.org/10.1126/SCIENCE.1248571
https://doi.org/10.1111/NYAS.13371
https://doi.org/10.1007/S00795-014-0074-Z/FIGURES/4
https://doi.org/10.1007/S00795-014-0074-Z/FIGURES/4
https://doi.org/10.1083/JCB.149.1.13
https://doi.org/10.1146/ANNUREV.PHYSIOL.68.040104.131404
https://doi.org/10.1146/ANNUREV.PHYSIOL.68.040104.131404
https://doi.org/10.1016/J.JCMGH.2019.12.005
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Zihni, C., Mills, C., Matter, K., and Balda, M. S. (2016). Tight Junctions:
from Simple Barriers to Multifunctional Molecular Gates. Nat. Rev. Mol.
Cell. Biol. 17, 564–580. doi:10.1038/nrm.2016.80

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ahlswede, Siebenaller, Junglas, Hellmann and Schneider. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 9083839

Ahlswede et al. Human Claudin 7 Interactions

https://doi.org/10.1038/nrm.2016.80
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Human Claudin-7 cis-Interactions Are Not Crucial for Membrane-Membrane (Trans-) Interactions
	1 Introduction
	2 Materials and Methods
	2.1 Cloning and Heterologous Expression of Cldn7
	2.2 Purification of Cldn7
	2.3 Size Exclusion Chromatography
	2.4 Analysis of Solubilized Cldn7 in Mixed DDM/SDS Micelles
	2.5 Trp Fluorescence Measurements
	2.6 NaCl-Induced Destabilization of Cldn7 Oligomers
	2.7 Reconstitution of Cldn7 Into DOPC Liposomes
	2.8 Förster Resonance Energy Transfer (FRET)
	2.9 Atomic Force Microscopy (AFM)

	3 Results
	3.1 Purified Human Cldn7 Oligomerizes in Detergent
	3.2 In vitro Analyses of Cldn7 cis-Interactions
	3.3 Trans-interactions of Cldn7 Monomers

	4 Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


