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| Abstract

Located between the epithelium's and endothelium's outer cells, the tight junction
(TJ) acts as a semi-permeable barrier in the paracellular cleft. It balances two crucial
functions: the protection of the tissue from the outer environment (pathogens, toxins) and
the maintenance of the organ homeostasis by providing paracellular ion and macromolecule
permeability. The TJ connects adjacent epithelial cells as a meshwork-like structure
consisting of multiple interconnected strands. The strands are formed by a specific group of
tetra-span transmembrane proteins, the claudin (Cldn) family. Since the discovery of its first
members in 1998, the claudin family has expanded rapidly to 26 members in mammals. The
fundamental role of claudins is to provide sealing and specific channel properties to the TJ by
forming paracellular contact interfaces with their extracellular loop (ECL) domains. Inherent
claudin mutations, and pathogens that target specific claudins can cause changes in the TJ
structure resulting in severe chronic diseases. The nanoscale organization of claudins that
enables their specific function, and their rearrangement under pathological conditions has
yet to be investigated. The greatly apical and axial localization, together with the highly
complex multi-protein-based structure of the TJ, make nanoscale imaging of various proteins
and dynamics a sophisticated and nearly impossible task. In recent years, a couple of studies
indicated the great potential of super-resolution fluorescence microscopy in solving this

problem without exhausting it thoroughly.

Here, we could show for the first time that stimulated emission depletion (STED)
microscopy in combination with advanced labeling techniques can resolve the T) meshwork
structure. In this way we could provide novel insights into the specific nano-organization
principles of claudins in invitro overexpression and mammalian tissue. Automated
computational comparison of the TJ-like meshwork forming properties of all 26 mammalian
claudins revealed that claudins differ in their ability to form meshwork and can be grouped
into three classes based on their meshwork structure. Co-overexpression of barrier-forming
Cldn3 and channel-forming Cldn2 with other claudins uncovered five different nano-
interaction patterns: intermixing, integration, induction, segregation, and exclusion.
Focusing on the nano-segregation of the channel-forming claudins Cldn10a, Cldn10b, and
Cldn15, we could verify this novel interaction pattern on an endogenous level for Cldn2 and

Cldn10a in whole isolated kidney tubules, as well as for Cldn3 and Cldn15 in the duodenum.

Vii



By testing how different extrinsic (functional inhibition of the Cldn2 pore, depletion of
cholesterol, and diminishing of the PDZ binding motif) and intrinsic factors (deletion of the
claudin C-terminus and claudin chimeras) influenced segregation, we could determine that
the segregation is conserved in the ECLs of the claudins. By reintroducing single channel- and
barrier-forming claudins and segregating claudin pairs in a novel genetically modified
epithelial cell line, which lacks the TJ meshwork due to a quintuple claudin knockout, we
could show on a functional level the relevance of segregation as a novel indispensable
requirement for the formation of ion-specific paracellular channels and its necessity for a

constant ion diffusion over the TJ meshwork.
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Il Zusammenfassung

Die tight junction (TJ) agiert im parazellularen Raum zwischen den duBersten Zellen
des Epitheliums und Endotheliums als semipermeable Diffusionsbarriere. Als dichte
Verbindung zwischen benachbarten Epithel- und Endothelzellen lbt die T) zwei elementare
Funktionen aus: den Schutz des Gewebes vor der duBeren Umgebung (Pathogene und
Toxine) und die Aufrechterhaltung der Gewebe Homobostase durch ihre passive
Permeabilitat fir lonen, Wasser und Makromolekiilen. Bestehend aus mehreren
miteinander verbundenen Strangen bildet die TJ eine Netzwerk-artige Struktur aus, die sich
entlang des gesamten Zell-Zell Kontakts zieht. Die einzelnen Strange des Netzwerks werden
von Trans-Membran Proteinen aus der Claudin (Cldn) Familie gebildet. Seit ihrer Entdeckung
im Jahr 1998 ist die Familie auf eine Anzahl von 26 Claudinen in Sdugetieren angewachsen.
Claudine nehmen eine fundamentale Rolle in der Ausbildung und Funktion der TJ ein, indem
sie die TJ mit Barriere und spezifischen lon-Kanal bildenden Eigenschaften ausstatten. Ihre
elementar wichtigen Funktionen sind auf die Interaktionen ihrer extrazellularen Domanen
(EZDs) und die damit verbundene molekulare Anordnung im parazelluldren Spalt
zuriickzufiihren. Vererbbare Mutationen in Claudinen und durch Pathogene hervorgerufene
Veranderungen der TJ-Struktur kénnen zur Ausbildung schwerer chronischer Krankheiten
fihren. Die Nano-Organisation der Claudine, welche ihre spezifische Funktion ermdoglicht
und die dynamischen Veranderungen des TJ Netzwerkes unter pathologischen Konditionen
sind bislang weitestgehend unbekannt und missen untersucht werden. Die apikale und axial
zur optischen Ebene gerichtete Lokalisation einer vollausgebildeten TJ sowie die sehr dichte
und aus mehreren Proteinen geformte komplexe TJ-Struktur hat es bislang zu einem sehr
anspruchsvollen, wenn nicht unméglichen Unterfangen gemacht multiple Claudine in einem
TJ-Netzwerk zu mikroskopieren und deren einzelne Dynamik zu definieren. In den letzten
Jahren haben erste wissenschaftliche Studien mit hochauflésender Fluoreszenzmikroskopie
eine mogliche Losung des Problems aufgezeigt, dennoch wurde das dahinterstehende

Potential nicht ansatzweise ausgeschopft.

In der vorliegenden Arbeit konnten wir zum ersten Mal demonstrieren, dass
stimulated emission depletion (STED) Mikroskopie in Kombination mit neuesten Protein
Markierungstechniken, das TJ-Netzwerk auf Nanoebene auflésen kann und es ermoglicht

neue Einblicke in die Organisationsprinzipien der Claudine in Uberexpression und Gewebe zu



bekommen. Eine automatisierte Analyse der TJ-Netzwerk bildenden Eigenschaften aller in
Saugetieren exprimierten Claudine enthiillte die unterschiedlichen Fahigkeiten der Claudine,
Netzwerke auszubilden und erlaubte es zum ersten Mal die Gruppierung der Netzwerk-
bildenden Claudine in drei unterschiedliche Klassen. Uberexpression von Cldn3, ein Barriere-
bildendes Claudin, und Cldn2, ein Kanal-bildendes Claudin, zusammen mit anderen
Claudinen erlaubte es uns fiinf neue Nano-Interaktionen zu beschreiben: intermixing,
integration, induction, segregation und exclusion. Mit Fokus auf die zum ersten Mal
beschriebene Nano-Segregation der Kanal-bildenden Claudine, Cldn10a, Cldn10b and Cldn15
konnten wir auf endogenem Level die Segregation von Cldn2 und Cldn10a in isolierten
murinen Nierentubuli sowie Cldn3 und Cldn15 im murinen Duodenum auflésen. Eine
mechanistische Aufklarung, die verschiedenen extrinsischen Faktoren (funktionale
Inhibierung der Cldn2 Pore, Depletion von Cholesterol und Verlust der Claudin-ZO1 Bindung)
und intrinsische Faktoren (Deletion des Claudin C-Terminus und Claudin Chiméaren) einbezog,
ergab, dass die Segregation in den EZDs der Claudine konserviert ist. Re-Expression von
einzelnen Kanal- und Barrier-bildenden Claudinen und den segregierenden Claudin Paaren in
einer genetisch modifizierten Epithelzelllinie, eine Zelllinie deren endogene TJ-Netzwerk
Bildung durch einen fiinffach Claudin knockout nicht mehr vorhanden ist, konnte auf
funktioneller Ebene bestatigen, dass die Claudin Nano-Segregation eine notwendige
Bedingung fur die Bildung von funktionierenden spezifischen lonenkanalen fiir die TJ

darstellt und so einen konstanten Strom an lonen Uber die TJ erméglicht.
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1 Introduction

1.1 Epithelium and endothelium

In multicellular organisms, organs and tissue compartments are separated from each
other and the outer environment by a protective cell layer, the epithelium (Figure 1). By
lining the exterior surfaces and inner surfaces of mammalian organs (e.g., intestine, kidney,
skin, lung, glands), the epithelium creates a physiological border to the outer and luminal
side of different tissues. It protects the inner tissue from pathogens and keeps the organ
integrity and its homeostasis. As a highly specialized epithelium, the endothelium, enwraps

our blood and lymph vessels, forming a physical barrier between blood and tissue.

A B
Epithelium Endothelium
Lumen Endothelial cells
L) muscle cells
Epithelial
cells b

GJ

Basal lamina

Reticular
Connective fibers

tissue Blood vessel

ECM
Basement membrane

Figure 1 lllustration of a classic epithelium and endothelium. (A) Shown is a schematic illustration of a classic
epithelium. Polarized epithelial cells face the luminal side with their apically increased cell surface area. Cell-
cell junctions connect neighboring cells (here from apical to basal: tight junction (TJ) in yellow, adherens
junction (AJ) in red, desmosomes (D) in green, gap junctions (GJ) in blue, hemidesmosomes (HD) in pink). The
epithelial cell layer is connected on the basal side to the connective tissue formed by basal lamina, reticular
fibers, and extracellular matrix (ECM). (B) Schematic illustration of an endothelium shown as a cross-section of
a blood vessel. Endothelial cells enwrap the lumen of blood and lymph vessels. TJ (yellow) and AJ (red) are
connecting the neighboring endothelial cells. The endothelial cells are encased by the basement membrane

(green) and can be enclosed by different smooth muscle cells (red) depending on the tissue.

The epithelium is not only crucial for the protection against pathogenic, mechanical,
and chemical harm, but also for the secretion of hormones in endocrine (e.g., insulin) and

exocrine glands (e.g., digestive enzymes), the bidirectional transport of cargos, and the



absorption of nutrients (e.g., glucose uptake in the intestine). Similarly, the endothelium not
only protects against the unwanted invasion of pathogens and their toxins from the blood
(e.g., blood-brain barrier), but it also facilitates the exchange of solutes between blood and
tissue (e.g., liver and bone marrow). Moreover, both cell layers must be highly flexible to
resist the mechanical forces that occur during the widening and tightening of, e.g., the

intestinal lumen or the blood vessels?.

The selective transport of solutes and nutrients over the epithelium and endothelium
is essential for the underlying tissue's function. There are two different ways of transport
over the epi- and endothelial cell layer described: transcellular and paracellular. Transcellular
transport allows the passage of solutes through the cells. This passage occurs along a
gradient by passive channels, or by active channels, which use cell energy as a driving force.
Another way of transcellular transport is transcytosis, a transport mechanism that starts by
binding receptors on the cell membrane, followed by an endocytic uptake and transport
through the cell. Paracellular transport describes the passive but selective passage of solutes
and macromolecules through the paracellular cleft between neighboring epithelial and
endothelial cells. It follows a bidirectional and electrochemical gradient and can be selective
for charge and size. The primary regulator of the paracellular transport is a particular type of

cell-cell junction, the tight junction (TJ)3.

1.2 Tight junction

The TJ (lat. zonula occludens) is a vertebrate-specific cell-cell junction3. It forms in a
Ca%* dependent manner*® together with the adherens junction (AJ) and desmosomes, the
epithelial junctional complex in epithelial cells!, and it connects, together with the AJ also
neighboring endothelial cells®’. It was first discovered in 1963 by Farquhar et al. and
described in transmission electron microscopy (TEM) studies in different mammalian
epithelia as a series of paracellular located “kissing points” (hemi fusions) between the
apical-lateral membranes of two adjacent epithelial cells®. A few years later, Staehelin et al.
(1969) and Goodenough et al. (1970) discovered with freeze-fracture electron microscopy
(FFEM) that TJ spans along the whole epithelial contact site as a well-organized network
(Figure 2A). The network is formed by ~10 nm thick strands separated from each other by a

distance of at least ~8 nm®12. Nowadays, it is known that the TJ is a multi-protein complex
2



consisting of different transmembrane proteins that connect neighboring cells with their
extracellular domains. These transmembrane proteins are linked on the cytosolic side
through adaptor proteins to the cytoskeleton and multiple signaling pathways (Figure 2B)3.
Based on the protein composition of the TJ, it can take on several essential functions. Next
to its protective and sealing function!3, it acts as a semi-permeable diffusion barrier for
solutes'* and as a fence for the specific sorting of lipids and proteins to the apical or

basolateral membrane sides!>16,

1.2.1 Semi-permeable diffusion barrier

The TJ forms a paracellular semi-permeable diffusion barrier for solutes (water and
ions) and macromolecules*'>'417 to maintain homeostasis in organs and tissue?. The semi-
permeability of the TJ is passive but selective for charge and size. Its charge selectivity
depends on the TJ protein composition, and the flow across the TJ is driven by an ion
gradient and an electrochemical potential between the luminal and basal sides. In general,
this ion gradient is created by active transcellular transport of solutes via transporters or
ATP-regulated ion channels?. The TJ's paracellular ion permeability is described as a fast
diffusion through ~4-8 A sized pores!®1°. The importance of the paracellular passive ion
transport was shown by Wada et al. in 2013. In this study, the loss of the paracellular sodium
transport back into the intestinal lumen leads to infant death due to insufficient glucose
absorption by the sodium-glucose co-transport in mice?°. The size-selective leaky pathway
(exclusion limit ~30-60 A)2! facilitates diffusion of larger macromolecules over the TJ. The
macromolecule diffusion is significantly slower than the paracellular ion permeability and
might correlate more with the TJ's dynamic and structural remodeling processes??>=%4,

However, the functional purpose is so far unclear.

1.2.2 Fence function

Another but not yet fully understood mechanism of the TJ is the fence function. The
TJ has been described as an intramembranous barrier that allows the separation of
membrane components and lipids between the apical and the basolateral side (e.g.,
Forssman antigen®). This separation creates a membrane environment needed for the

polarization of epithelial cells and the formation of a functional epithelium®2%27 It has been
3



shown that the diffusion of fluorescent lipids from the exoplasmic apical membranes of
connected epithelial cells to the basolateral side is inhibited. In contrast, when applied to the
cytoplasmic side, the diffusion of fluorescent lipids is not restricted. Disruption of the TJ by
Ca?* reduction unlocked this restriction. A transfer of applied fluorescent lipids from one cell
to its neighboring cells has not been observed, speaking against a fusion of exoplasmic
membranes as a potential mechanism behind the fence function?®. One hypothesis is that
the barrier and the fence function are most likely structurally related. It is assumed that the
TJ transmembrane proteins and a specific lipid environment along their strands regulate the

fence function together in a protein-lipid hybrid manner32°.

1.2.3 Structural organization

The TJ can be divided into two big compartments, the structural proteins, and the
cytoplasmic plaque proteins. Together with the more basolateral located proteins of the AJ,
it forms the so called apical junctional complex (AJC)3 (Figure 2). The TJ-network structure,
also called TJ meshwork (Figure 2A), is formed by different evolutionary conserved
transmembrane proteins. The essential proteins involved in the TJ strand and meshwork
formation belong to the 26 members strong (mammals; 25 members in humans), claudin
(Cldn) family®3132, Additionally, the tetra-span transmembrane members of the TI-
associated MARVEL proteins (TAMP) family (occludin33, tricellulin®* and MARVELD3%) and
junctional adhesion molecule (JAMs)3® proteins are involved in the TJ formation (Figure 2B).
The cytosolic adaptor proteins are essential for the initial TJ formation, TJ protein recycling,
and the dynamic reaction to outer environment changes3. The key adaptor proteins are the
zonula occludens proteins 1-3 (Z0137, Z023%39, Z03404%), that act as a catalysator for claudin
polymerization®? and as a linker to the actin cytoskeleton. Other essential cytosolic adaptors
belong to the multi-PDZ (PSD95, Dlg1, and ZO1) domain (MUPP-1)*? proteins and the group
of membrane-associated guanylate kinase inverted (MAGI1, 3) proteins**°. Cingulin has
been described as a microtubule, actin, and myosin |l adaptor for the TJ that plays an
essential role in recycling TJ proteins and fine-tuning the membrane tension at the apical
membrane side?®=*°. Environmental influences can cause the localization of tight junctional
located transcription factors, including ZONAB (ZO-1 associated nucleic acid binding protein)

to the nucleus to regulate the expression of pro-proliferation genes®®, but ZONAB can also

4



interact at the TJ with kinases (e.g., CDK4)>!, GTP-binding proteins®? and different post-
transcriptional regulators®3. Located in the most apical part above the T) are the polarity

signaling PAR (PAR3, PAR6, and aPKC) and Crumbs complex (Crumbs/Pals1/PATJ)>4>>,

For a long time, it was debated whether proteins form the TJ meshwork or whether
the observed membrane attachments were formed by inverted cylindrical lipid
micelles®>1656, After discovering the TJ transmembrane proteins and the in vitro
reconstitution of TJ strands by overexpression of claudins in a T)-free fibroblast system®’, it is
now widely accepted that proteins are mainly responsible for strand formation. In line with
this assumption, recently published data demonstrated that claudin-free epithelial cells® do
not form TJ strands anymore. Nevertheless, it is known that lipids or a specific lipid
environment (lipid microdomains) are needed for the TJ integrity, its initial formation, and
cell polarity. Some TJ transmembrane proteins require cholesterol-rich microdomains in the
membrane to localize properly to the TJ. A reduction of the membrane-bound cholesterol
drastically changes the properties of the epithelial TJ>>%0. Shigetomi et al. demonstrated that
the AJ seems to be involved in the interplay of cholesterol and TJ. A knockout (KO) of a-
catenin led to a change in the plasma membrane's lipid composition and increased
endocytosis of claudins. The addition of cholesterol fully restored the disrupted TJ®!

indicating that the TJ's lipid composition and cholesterol are connected to the AJ.

Based on calcium-switch experiments, it is proposed that first AJ proteins and ZOs
form a connection between the neighboring cells, followed by recruitment of occludin and
JAM-A, and finally, the strand formation by claudins and the specific localization of the PAR-
complex®?93, Since the phosphorylation of claudins and other junctional molecules by aPKC
leads to an increased apical junction localization, it is assumed that the phosphorylation of
these proteins initiates the TJ strand assembly®4. The gaps in between the TJ strands would
then be filled with specific lipids. These lipids form, together with the transmembrane
proteins, a continuous belt; the protein-lipid hybrid model. This co-arrangement of lipids and
specific transmembrane proteins might also explain the observed different dynamic

properties of different T) proteins in TJ strands®>®,
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Figure 2 Schematic illustration of the apical junctional complex. (A) In epithelial cells, the tight junction (TJ)
(yellow) is located above the adherens junction (AJ) (red) at the border between apical and lateral
membranes of adjacent cells forming together the apical junctional complex (AJC). The TJ spans as a
meshwork along the whole apical cell-cell contact side. Its function is to protect the underlying tissue from
pathogens and to act as a semi-permeable barrier for solutes (dots: cations (green), anions (red), and water
(blue)) through the paracellular cleft. (B) Overview of the main proteins of the AJC. The structural proteins of
the TJ include the claudin family, TJ-associated MARVEL proteins (TAMPs: occludin, tricellulin, MARVELD3),
and junctional adhesion molecules (JAM-A, B, C). These proteins consist of one to four transmembrane
domains, extracellular domains for the interaction with proteins of the adjacent membrane, and cytosolic
parts for the interaction with cytoplasmic plaque proteins. The key adaptor proteins on the cytosolic side are
the zonula occludens proteins (Z0O1-3). ZOs act as the major linker on the cytosolic site for the structure
proteins, other adaptor proteins (e.g., cingulin, MUPP-1, MAGI), transcription factors (ZONAB), and
cytoskeletal elements (actin and microtubules). A newly described function of ZO1 is the phase separation-
based organization of claudin molecules in the lateral plasma membrane that initiate the claudin strand
polymerization at the apical contact side. The Al is located basolateral of the TJ, and it is mainly formed by
trans interacting E-cadherin molecules. On the cytosolic side E-cadherin molecules are linked through a- and

B-catenin to actin filaments. The two polarity complexes PAR and Crumbs are apically located of the TJ.



1.2.4 Tight junction related disease

Due to its essential function as a paracellular gatekeeper, the TJ is linked to many
human diseases, usually of inherited nature, caused by mutations and polymorphisms in
transmembrane proteins (claudins and TAMPs) but also in cytosolic TJ proteins (ZOs,
ZONAB). Polymorphisms among claudin members are the most common cause for severe
diseases, e.g., Cldn14 (non-syndromic deafness)®”®, Cldn16 and Cldn19 (familial
hypomagnesemia, hypercalciuria, nephrocalcinosis)®®, Cldn10b (HELIX-syndrome (HELIX:
hypohidrosis, electrolyte imbalance, lacrimal gland dysfunction, ichthyosis, and xerostomia
))’°, Cldn1 (neonatal ichthyosis)’t. Moreover, claudins and TAMPs are also targets of multiple
different pathogens, since these proteins can be hijacked and used as a virus entry site (e.g.,
Cldn1 and occludin for Hepatitis C)’?> or bound by bacterial toxins (Cldn3 and Cldn4 by
Clostridium perfringens enterotoxin (CPE)’>74, occludin by Vibrio cholerae’). Interference of
the tight junction signaling pathways by pathogens can disrupt the TJ and lead to an
inflammatory reaction (e.g., intestinal bowel disease)’®. Several described diseases are linked
to TJ disruption and a inflammatory response’’, but often, it remains unclear if the observed
change in the TJ is the actual cause or a consequence of the infection. Therefore, it is
essential to understand the pathology, causes, and consequences of disease-causing TJ

disruptions.

1.3 Claudins

The T) meshwork is formed by proteins from the claudin family (~20-24 kDa). Since
their first discovery (Cldn1 and Cldn2 in the chicken liver) in 19983, the claudin family has
expanded to a large protein family, including now 26 different claudins in mammals and,
excluding Cldn13, 25 different claudins in humans®2?%327478  Based on their sequence
similarity, claudins can be divided into two large groups, the classic claudins (Cldn1-10,
Cldn14, Cldn15, Cldn17, Cldn19) and the non-classic claudins (Cldn11-13, Cldn16, Cldn18,
Cldn20 and Cldn22-27)7°8, In humans these two groups can be further divided into five
different subgroups® (Figure 3) with an additionally different clustering of Cldn11, Cldn18
and Cldn20 to the in previous studies defined group of classic claudins. Cldn7, Cldn10,
Cldn11, Cldn18, and Cldn19 are expressed in multiple spliced variants with different

structural and functional properties. The expression of these isoforms is often restricted to

7



specific tissues or tissue parts®2. Claudins are ubiquitously expressed at different expression
levels in mammalian tissue, ranging from only two claudins in the kidney's proximal tubule
(PT) to more than six different claudins in the more complex thick ascending limb (TAL) of
the kidney tubule®!. Claudins in the epithelial and endothelial TJ are involved in the semi-
permeable paracellular barrier function of the TJ) meshwork by providing sealing or specific
ion channel properties®?. Depletion of all endogenously expressed claudins causes a loss of
the T) meshwork and severe defects in the paracellular barrier in epithelial cells®®.
Nonetheless, already a loss of single claudins can have a severe impact on the TJ and organ
homeostasis?®828, There is also evidence that claudins are involved in several epithelial
signaling pathways and their deregulation is essential for cancer development and

metastasis®*8°.
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Figure 3 Phylogenetic tree of all human claudins. The different subgroups are labeled in five different
colors: Subgroup A (Cldni, Cldn2, Cldn7, Cldn14, Cldn19a-c, Cldn20) in grey, subgroup B (Cldn3, Cldn4,
Cldn5, Cldn6, Cldn8, Cldn9, Cldn17) in green, subgroup C (Cldn10a-b, Cldn11, Cldn15, Cldn18a-b) in blue,
subgroup D (Cldn12, Cldn16, Cldn25) in pink and subgroup E (Cldn22, Cldn23, Cldn24, Cldn26, Cldn27) in red.
Cldn21 was erased out of the illustration since it has been confirmed that the discovered sequence is
identical to Cldn24. The subgroups A-C are the classic claudins, D-E represent the non-classic claudins. In the
present work, instead of human, murine Cldn14, Cldn18a-b, Cldn26 and Cldn27 were used (Figure S2).
Adapted and modified from Giinzel and Fromm et al. (2012)8°.



1.3.1 Structure

Almost all known claudins share the same structural features (Figure 4A). A single
claudin molecule consists of four helical transmembrane domains, a short N-terminus
(except Cldn5, Cldn16, and Cldn25), a short internal loop, and a longer C-terminus on the
cytosolic side, as well as two extracellular loops (ECLs), a larger ECL1 (forming an anti-parallel
B-sheet®®?’) and a smaller ECL2, facing the extracellular space. So far, no relevant function
has been described for the N-terminus nor for the internal loop of claudins. At the very end
of the C-terminus, most claudins (except Cldn12 and Cldn24-27) contain a four amino acid
long PDZ-binding motif32. The PDZ-binding motif allows claudins to interact with the PDZ1
domain of ZO proteins®. This interaction is essential for the barrier function and the initial
formation of a fully functional TJ (see chapter 1.6.1). Additionally, the C-terminus contains
several phosphorylation sites that are involved in claudin transport to and their localization
at the TJ®489-93 palmitoylation sites are located at the transition from the C-terminus into
the fourth transmembrane domain (TM4) and in the intracellular loop (Figure 4A)®*. The
most studied structures of claudins are the two extracellular loops, ECL1 and ECL2. In
general, the ECL1 is larger than the ECL2, and it contains the claudin-specific and well-
conserved amino acid (AA) signature: W-GLW-C-C (W: tryptophan, G: glycine, L: leucine, C:
cysteine)32. Moreover, it contains two very conserved cysteines that stabilize the anti-
parallel B-sheet®®. Together with the transmembrane domains, ECLs are involved in the
interaction with neighboring claudin in the same membrane (cis-interaction)®®—8, Next to the

cis-interaction, ECLs are also critical for the interaction with claudins of adjacent cells in

tran587'96'98‘100

Depending on their AA composition in the ECL1, claudins provide a specific ion
permeability to the TJ by forming ion-selective pores in the TJ strands193, According to the
solved crystal structure of the cation channel-forming Cldn15%¢, it is assumed that claudins
are connected via specific interactions of adjacent extracellular domains that form anti-
parallel orientated claudin tetramers. These tetramers form a B-barrel-like structure that
defines an ion pore with an estimated diameter of 4-8 A (Figure 4B)'88!, Depending on the
AA in the center of these B-barrels, claudins equip the TJ with cation, anion, and water
channels and/or with barrier properties. Further, it is proposed that two antiparallel strands

align with each other to form the final functional intramembrane TJ strand®®’. This



particular arrangement of parallel double strands could be recently observed by Krystofiak

et al.1% in carbon replicas of TJ fibrils in Cldn11 overexpressing HEK cells.
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Figure 4 Single claudin domain structure and the claudin tetramer as a functional unit in the paracellular
cleft. (A) An exemplary model of the structure of a claudin molecule in the plasma membrane. On the
cytosolic side, it contains a short N-terminal part, a short intracellular loop, and a longer C-terminal part.
Palmitoylation sites (dark blue) and phosphorylation sites (light blue) are located at the C-terminus and the
intracellular loop. The last four amino acids (AAs) of the C-terminus form a PDZ-binding motif (green) that
can interact with cytosolic adaptor proteins of the tight junctional cytoplasmic plaque. Claudins contain four
transmembrane (TM) domains (black) and two extracellular loops, ECL1 and ECL2 (orange), that allow the
interaction with other claudin molecules in the same membrane (cis) and claudin molecules of the adjacent
neighboring membrane (trans). The ECLs play a crucial role in the formation of the functional tetrameric
claudin unit. (B) Based on the resolved crystal structure of Cldn15%, an antiparallel claudin tetramer was
proposed as a polymerization model, introducing ion permeability and sealing function®. In this model, the
AA composition of the variable region of the ECLs determines the functionality of claudins as a paracellular
ion channel for anions (red dots and arrow), cations (green dots and arrow) or water (blue dots and arrow)

or as a sealing component (black line).

1.3.2 Barrier-forming claudins

Among the 26-known mammalian claudins, only four claudins are described to form a
specific paracellular ion channel on their own. So far, all the other 22 claudins are classified
as predominantly barrier-forming claudins that show no ion specificity and mostly an
increased transepithelial resistance (TER) compared to ion channel-forming claudins3?. Two
of the first discovered claudins, Cldn13! and Cldn374, are very well studied and known to

contribute sealing properties to the TJ. Both claudins are expressed among various tissues
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and different organs32. Especially the expression of Cldnl in the mammalian stratified
epidermis is of significant importance considering that constitutive KO of Cldn1 is lethal to
mice (death <1 day) due to an unlimited water loss from the epidermis®. In vitro studies
demonstrated that Cldn3 acts as a sealing component by reducing the TJ's ion
permeability??®. Yet, a Cldn3 knockout did not lead to a significant phenotype in mice due to
the presumable compensation of the loss by other barrier-forming claudins (Cldnl and
Cldn4)1%, Several in vitro overexpression studies showed that barrier-forming claudins have
a tendency to interact with each other8%197 except for Cldn111%7. Cldn11 is in contrast to
Cldn1 and Cldn3 only expressed in three regions of the body: Sertoli cells in the testis, basal
cells in the cochlea, and myelin-forming cells in the brain®2. Cldn11 forms multiple parallel
strands in these tissues and contributes to the generation of a physical paracellular barrier
for spermatogenesisi®®, functional hearing'® and normal central nervous system (CNS)

function10,

1.3.3 Channel-forming claudins

The first evidence for a connection between claudins and the paracellular ion
permeability was revealed by Simon et al. in 1999. Through their discovery of the necessity
of Cldn16 (paracellin-1) for paracellular magnesium resorption, a new claudin function
emerged®. The ion channel-forming claudins can be divided into two groups: cation
channel-forming and anion channel-forming claudins. The cation channel-forming group
includes Cldn211%112 Cldn10b''3114 Cldn15''> and the combination of Cldn16 and Cldn19'16,
whereas Cldn10al13114 (Cldn17117118 3nd the combination of Cldn4 and Cldn81° form the
anion channel-forming group. A distinct permeability for water was described for Cldn2120:121

and Cldn15%22,

Cldn2 was discovered together with Cldn1 by Furuse et al. in 199831, and it is by now
the most investigated claudin channel. Cldn2 is like Cldnl and Cldn3 expressed in several
mammalian tissues and provides the TJ with permeability for monovalent ions and
watert1112120 C|dn2 cysteine mutational analysis and patch-clamp measurements showed
that the ion permeability is based on charged residues in the ECL1, and demonstrated a
dynamical gating of paracellular claudin channels'?>1?, Among the different epithelial cell
lines, Cldn2 is highly expressed in MDCKIl cells and significantly influences the leaky
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properties and high sodium permeability of the TJ in this cell line!'212>, |n the small intestine
of mammals Cldn2 is expressed together with another cation channel-forming claudin,
Cldn15. Although Cldn2 and Cldn15 share the same ion specificity, they are differently
expressed in the intestinal epithelium: Cldn2 is highly expressed in the intestinal crypts of
mice whereas Cldn15 is expressed in a gradient fashion from the crypts to the villus?. A
constitutive KO of Cldn2 in mice did not significantly change viability, only a decreased net
absorption of sodium in the proximal tubule of the kidney could be observed!?%'?7, A single
KO of Cldn15 in mice led to a more severe phenotype including a mild glucose malabsorption
over the intestinal epithelium'?’. Nevertheless, both the Cldn15 and Cldn2 single KO mice
were vital. Interestingly, a double KO (DKO) of Cldn2 and Cldn15 led to the death of infant
mice due to defective absorption of glucose and fatty acids over the intestinal epithelium.
The DKO disturbed sodium flux from the blood into the lumen what is essential for the
uptake of glucose via sodium-glucose cotransporter. The strong effect in the DKO mice,
combined with the mild phenotype in the single KOs indicates a mutual compensation of the

cation permeability by Cldn2 and Cldn15%°.

The two essential isoforms of Cldn10, Cldn10a and Cldn10b, differ in their first TM
and the first ECLY3, The differences that are present in these domains are sufficient to
completely change the ion permeability properties®’. Cldn10a forms channels for
monovalent anions, and Cldn10b channels for monovalent cations!?®. This difference in their
ion permeability is accompanied by a difference in their tissue expression pattern. Cldn10a
expression is restricted to the kidney's PTs (PCT: proximal convoluted tubule; PST: proximal
straight tubule). Cldn10b is widely expressed but greatly found in the nephron downstream
of the proximal tubule (thin ascending and thick ascending limb (TAL)) and secretory glands
(sweat glands)®113128  Noteworthy, Cldn10a and Cldn10b share high sequence homology
with Cldn15 making up a supposed separate channel-forming group, that differs in certain
regions of their amino acid (AA) sequence compared to other channel-forming claudins
(Figure 3). A deletion of Cldn10b in the TAL leads to the development of hypermagnesemia
and nephrocalcinosis'?®. A constitutive KO of Cldn10 has not yet been described. However, it
is known that inherent polymorphism and mutations of Cldn10b can cause a loss of function
due to junctional mis localization resulting in severe claudinopathies. One of the more recent
discovered disease caused by Cldn10b mutations is the HELIX-syndrome (e.g., autosomal

recessive mutation: Cldn10bN4€K)7082 The HELIX-syndrome includes several symptoms from
12



hypohidrosis, hypokalemia and ichthyosis as consequence of a decreased NaCl absorption in

the TAL of the kidney.

The anion permeability of Cldn17 was shown in overexpression studies in MDCKC7, a
epithelial cell line that forms a sealing tight junction!'’118, Cldn17 expression causes a slight
increase in permeability for chloride. Whether Cldn17 also plays a role in ion permeability in

vivo and not only in vitro must be further investigated.

Not only single claudins can form specific ion channels but also combinations of
different claudins can do so. Cldn4 and Cldn8, two as barrier-forming described claudins, can
form a monovalent anion channel (e.g., CI")*°. This observation is still under debate, and its
specificity must be further validated. However, it is widely accepted that Cldn16 and Cldn19
can from a channel for divalent cations (e.g., Mg?*)%116130131 " C|dn16 and Cldn19
polymorphisms cause the inability to form Mg?*-channels in the TAL of the mouse kidney

and are linked to human diseases based on disbalances in the ion homeostasis16:132:133,

The involvement of other transmembrane proteins in the claudin pore formation or
their effect on paracellular ion or macromolecule permeability was intensively studied. The
discovered key players belong to the TAMPs and JAMs on the transmembrane protein side,

whereas on the cytosolic side, ZO proteins act as the major scaffolding adaptor protein.

1.4 TJ-associated MARVEL proteins

The TJ-associated MARVEL (MAL and related proteins for vesicle trafficking and
membrane link) protein (TAMP) family is well conserved among mammalians and consists of
three tetra-span transmembrane proteins: occludin3® (~65 kDa), tricellulin3* (~63 kDa), and
MARVELD33> (~44 kDa). All TAMPs are expressed in most of the mammalian epithelial tissues
but differ in their expression levels and localization specificities®33>134, Their general
structure is comparable to the claudins: cytosolic N-terminus, an intracellular loop between
TM;zand TM3, a long C-terminus with multiple interaction sites for adaptor proteins, and two
ECLs facing the TJ proteins of the neighboring cell. The N- and the C-terminus of the TAMPs
are longer compared to claudins resulting in molecules that are almost three times the size
of claudin molecules. One key property that all MARVEL proteins share is their association to

cholesterol-rich membrane microdomains®®®. Association between the TAMP proteins with
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specific lipid microdomains could explain T)'s fence function and the TJ rupture upon
cholesterol depletion, however, these involvements are still unclear and must be

investigated.

Among the TAMPs, occludin shows the most substantial connection to and
interaction with claudins. Occludin was the first tight junctional transmembrane protein that
was discovered and described3. In vitro KO of occludin is characterized by a decrease in the
TER and an increase of macromolecular flux!3¢137 whereas a KO in mice leads to different
more complex phenotypes (growth retardation, deafness, brain calcification)!38-140, Inherent
mutations of occludin in humans are linked to limited development, brain calcification,
seizures, and renal dysfunction**71%>, It has been shown that occludin's ECLs and TMs play a
role in protein recruitment towards the stability of the TJ. To what extent occludin can
interact with the ECLs of claudin molecules and whether it can be incorporated in claudin
strands is still unknown. There is evidence for a possible direct interaction of occludin with
claudins®”%%, However, the highly dynamic properties of occludin observed in FRAP

experiments® speaks on the other hand, against it.

Tricellulin localizes primarily to the complex tricellular tight junctions (tTJ), the
contacts where three different epithelial cells meet34. The tTJ evolves out of a bicellular
junction and forms an extension of the TJ meshwork into more basolateral regions, called
the central tube!®146147 |t js known that claudins and occludin localize at the tTJ, however,
there is no indication that they have a specific preference for or specific function in it. In
2019 the group around Mikio Furuse showed in a KO study that angulin-1, another tTJ
protein, and not tricellulin is responsible for the formation of tTJs. The resulting impaired
barrier function indicates a possible minor role of tricellulin but a significant role for angulin-
1 in the tT) formation!*. Visual separation of different tT) proteins with fluorescence
microscopy techniques was due to the difficulties that it presents not successful yet. FFEM of
claudin and tricellulin double-transfected HEK293 cells revealed that tricellulin can interact
with claudin-based TJ strands and alter their morphology from a rounded shape to more
rectangular meshes®'4%, Yet, a direct interaction of tricellulin with claudins could not be

observed, and the exact mechanism of how the tTJ is formed must be still described.

MARVELD3 was identified as the last of the TAMP proteins3®, and very little is known
about its functional purpose and impact on the TJ. There are two isoforms known, and both
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tend to localize at the bicellular TJ. In MARVELD3 knockdown (KD) experiments, a slight
increase of the TER could be observed®. A potential direct interaction of MARVELD3 with
claudins was observed by Cording et al. in 2013 in co-expression with Cldn1 as well as with
the other described TAMPs tricellulin and occludin®®. But the exact location of MARVELD3

within a TJ) meshwork is still unknown.

1.5 Junctional adhesion molecules

Next to the tetra-span transmembrane proteins, members of the immunoglobulin (lIg)
superfamily, the junctional adhesion molecules (JAMs; JAM-A, -B, and -C) localize at the TJ3¢
and got increasing attention in recent studies. JAMs, especially JAM-A, are expressed by
various leukocytes and platelets'®®?>! and also by epithelial and endothelial cells. JAMs
localize via their single transmembrane domain at the TJ, interacting with their two
extracellular Ig-domains with the JAMs of the neighboring plasma membrane®?. The
cytosolic part of JAM-A seems to interact with cytosolic proteins, including ZO1. In 2019
Otani et al. introduced a novel MDCKII quintuple claudin KO (QKO) cell line>®. The KO of five
claudins these cells express the most, leads to a complete loss of TJ strands. However, with
FFEM detected single membrane appositions seemed to be sufficient for maintaining a
barrier to macromolecules (24 kDa). Interestingly the epithelial polarity was fully developed
in MDCKIlI QKO cells whereas an additional KO of JAM-A demonstrated a complete loss of
the TJ barrier for macromolecules and an impaired polarity of the cells, indicating a

cofunction of JAM-A with claudins in barrier formation and cell polarity>2.

1.6 Cytoplasmic plaque of TJ

On the cytosolic side of the TJ, multiple different proteins form the cytoplasmic
plaque. These proteins form an interface between membrane proteins, the cytoskeleton and
several signaling proteins (kinases and phosphatases), allowing the TJ to react rapidly to
environmental changes. The central scaffolding proteins contain multiple interaction motifs.

Among them, ZO proteins take a leading role.
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1.6.1 Zonula occludens proteins

There are three different zonula occludens (ZO1, -2, -3) proteins described. All of
them act as scaffolding proteins by bringing TJ membrane proteins close together. Whereas
Z03 seems to have minor effects on the TJ'°3, especially ZO1 and partially ZO2 affect the TJ
formation and dynamic3’*1. ZO1 is a large protein (~220 kDa) with several different protein-
protein interaction domains (Figure 5)%’. It consists of three N-terminal located PDZ-domains
(PDZ1-3), a short SH3 (SRC homology 3) domain, and a GUK (yeast guanylate kinase
homology) domain. In the C-terminal half, it contains a large actin-binding region (ABR) to
bind F-actin!>*. The three PDZ domains are essential for the interaction with the C-terminal
ends of TJ membrane proteins. Claudins bind to the PDZ1 domain of ZO1, JAMs bind to the
PDZ3, and interaction with ZO2 and oligomerization are provided by the PDZ2. The large
GUK domain serves as an interaction site for occludin and the SH3 domain to the signaling
protein ZONAB>%6  Within the ZO1 protein, an intramolecular interaction of GUK and a
unique-6 motif (U6) can lead to a closed formation and a self-inhibition of ZO1%2. The single
constitutive KO of ZO1 or Z0O2 was revealed as embryonic lethal'>”1>8, In 2019 Otani et al.
could show that ZO1 and Z02 are essential for forming TJ strands and meshworks>®. These
findings go in line with Beutel et al. in 2019 that suggested that ZO proteins can recruit
multiple different TJ proteins including claudins to the PM via phase separation and
oligomerization. Nevertheless, although the phase separation of ZOs is regulated by self-
inhibition and phosphorylation, it is still unclear how ZO proteins precisely controls the

multi-step junction assembly*2.
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Figure 5 Domain structure of ZO1. (A) Domain structure of the open zonula occludens protein 1 (ZO1). The
actin-binding region (ABR), the unique-6 motif (U6), the GUK (yeast guanylate kinase homology) domain, the
SH3 (SRC homology 3), and the PDZ1-3 (PSD95, Dlgl, ZO1 homology) domains are annotated. (B) Self-
inhibition of ZO1 due to an interaction between the U6 and GUK domain and the formation of dimers via the
PDZ2 domain. (C) Back folding of the U6 domain and oligomerization of ZO1 leads to phase separation and
recruitment of claudins and their polymerization into claudin strands at the apical side of the plasma

membrane.

1.6.2 Actin

The connection of actin to the TJ complex and its impact on the TJ function was
mainly described under inflammatory conditions. It has been shown that actomyosin
rearrangements led to an increased permeability for macromolecules over the TJ due to
transient breakages of TJ strands'>®~%¢1, ZO1 is described to link the TJ transmembrane
proteins to the actin cytoskeleton. Studies in zebrafish embryos revealed that ZO1 is
transported along the lateral membrane to the apical side in association with the
actomyosin retrograde flow. Whether the connection of the TJ with actin is of a more
dynamic nature'®? and how the various actin-linked signaling proteins regulate the described
tension at the cytosolic side is unknown®63, Nevertheless, recent discoveries showed that
the linkage of ZO1 to actin seems to be of transient nature. Changes in the mechanical force
on the TJ and in ZO1 phase separation leads to a self-inhibition of Z014>164165 However, it
was also shown that the junctional actomyosin belt assembly is augmented when TJs are
disorganized!®®-168 and that Rho-dependent actomyosin contraction can repair small breaks

in TJs162,

1.7 Tight junctional nanostructure

One of the critical elements in understanding TJ's properties, organization, and
underlying dynamics is the visualization of the TJ nano-organization. Over the last eight
decades, various microscopy techniques provided novel insights into the TJ protein
arrangement, deciphering step by step the underlying complex mechanism and interactions

that regulate the properties of the TJ.
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1.7.1 Transmission- and freeze-fracture electron microscopy reveal the TJ meshwork

nanostructure

The initial discovery of the TJ and the first description of its nanostructure were
based on electron microscopy (EM) techniques. The classic description of the TJ as a series of
kissing points in the apical region of the cell is founded in transmission electron microscopy
(TEM) of different epithelia in tissue samples® (Figure 6A). TEM revealed the localization of
the different junction types (TJ, AJ, GJ, D) along the epithelial contact side and the
localization of the dense actin-rich cytoplasmic plague. TEM is still used as an essential
technique for studying changes of the TJ contacts. But conventional TEM has its limitation in
resolving the TJ meshwork between two connected cells with its interconnected strands,

formed meshes and the electron dense cytoplasmic plaque.

In freeze-fracture electron microscopy (FFEM) this problem is solved by physically
breaking up the previously fixed cellular plasma membrane along the lipid bilayer's
hydrophobic plane in a snap freezing step'’®. The previously hidden structural details are
now exposed on a platinum-carbon-covered fractured plane and can be visualized with TEM.
As a result, it provides planar views of the internal organization of membranes and the T)J
meshwork®. The TJ strands are visible either on the protoplasmic (P) fracture face
(Figure 6B)° or the complementary exoplasmic (E) fracture face. The complementary side
contains the pattern of the strands as empty grooves. One huge advantage of FFEM is the
preservation of the lipid environment by its rapid freezing down to -120°C, which
immobilizes the membrane lipids'’°. FFEM is by now still one of the most valuable
techniques in providing access to the ultrastructure of the TJ meshwork. In combination with
other biochemical and microscopical techniques, it can demonstrate the total impact of

different TJ components on the TJ ultra-structure3%>7,

The unquestionable limitation of FFEM is that the determination of the exact
localization of multiple different proteins within the TJ is not possible. Multi-labeling by using
differently sized gold-labeled antibodies allows discriminatory labeling of proteins in the TJ
meshwork. Still, the very weak labeling density does not allow the exact spatial
determination of the labeled proteins. Moreover, FFEM can only be used for fixed samples
and does not provide any information about the dynamics in the TJ*’. Also, it cannot be

excluded that the harsh fixation of the TJ leads to some crucial structural changes and the
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creation of structural artifacts'’?. Finally, FFEM is characterized by a very low sample rate
due to long preparation and acquisition time, making high-throughput analysis of the TJ

nanostructure very difficult to achieve.

Figure 6 Transmission- and freeze-fracture electron microscopy of the TJ. (A) Transmission electron
microscopy (TEM) image of an endogenous TJ in rat gastric epithelial tissue. The black arrows (labeled: 2, fl,
1) point at the well-described hemi fusions between the two neighboring membranes (adapted and modified
from Farquahr et al. (1963))8. (B) Freeze fracture electron microscopy (FFEM) image of the TJ meshwork at
the apical contact side between two rat intestinal epithelial cells. Multiple claudin-based meshes and loose
strands at the basolateral side are visible and pointed out by the black arrows (adapted and modified from

Staehelin et al. (1973)). Scale bars: 50 nm (A), 200 nm (B).

1.7.2 Confocal and basic fluorescence microscopy uncovered specific interactions
between the transmembrane proteins of the TJ
Different fluorescence microscopy-based techniques (e.g., Forster resonance energy

transfer (FRET), fluorescence recovery after photobleaching (FRAP)) were used to study tight
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junctional protein interactions and their localization in the endogenously and by claudin

overexpression formed TJ.

Confocal imaging of TJ in epithelial cell layers or tissue sections revealed several
general localization patterns of TJ proteins, including the discovery of the different
localization of the TAMPs333% along the TJ (e.g., bicellular localization of occludin and
tricellular localization of tricellulin), the more lateral localization of specific claudins (e.g.,

172 35 well as the higher dynamics of TAMPs compared to

Cldn7) compared to other claudins
claudins shown in FRAP experiments®®. Furuse et al. discovered in 1998, with confocal
microscopy, that the overexpression of claudins in TJ-free fibroblasts led to the formation of
a TJ-like meshwork with multiple interconnected claudin strands®’. The first main advantages
of this system compared to a common epithelial cell line is the possibility to study the
interaction behavior of TJ structure proteins and their influence on each other without any
influence by endogenously expressed TJ structure proteins. The second big advantage is the
conversion of the TJ from an axial direction into a lateral direction, enabling imaging of the
TJ at a higher resolution (Figure 7). This system was used several times to study the
interactions between claudins, TAMPs, JAMs, and 201230173 To uncover their abilities to
interact with each other, mainly two different techniques were used. Interactions in cis were
verified by FRET and interactions in trans by co-culture experiments. Those observations
were often expanded with yeast-to-hybrid interaction studies!'®*39 and FFEM31,66,96-98,174-176
images. Together, these techniques provided novel insights, revealing the interesting
observation that Cldn2 as pore-forming claudin can interact with barrier-forming Cldn3 and
Cldn1, in trans and cis respectively. Moreover, it was shown that TAMPs can interact with
claudins®® and that observed tissue phenotypes can be explained partially with those in vitro
interaction studies. For instance, the description of the different heterophilic interactions
between Cldn10b, Cldn16, and Cldn19%3° that goes in line with their mosaic expression in the
thick ascending limb of kidney tubules!33. Nevertheless, the nano-localization of specific
proteins stayed unclear and could not be resolved with diffraction-limited confocal
microscopy, neither in polarized epithelial cells nor in planar-grown fibroblasts. Live imaging
of single claudin strands and their dynamics could be performed in overexpression of EGFP-
tagged Cldn2 in fibroblasts?2. Still, only isolated strands in the TJ-like meshwork's peripheral

area could be resolved, leaving a huge gap open for improvement.
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Figure 7 Endogenously formed TJ compared to the TJ-like meshwork in fibroblasts. (A) Schematic illustration
of the endogenous TJ between neighboring epithelial cells (MDCKII) at the apical contact side. Due to its axial
direction to the optical plane, the TJ appears as a line between the cell contacts in x-y projection (big white
arrows in (C)) or as an apical spot in z-projection (small white arrow in (C)). The TJ's nano-organization cannot
be resolved by confocal light microscopy due to the diffraction limit of the light and the limited z-resolution.
(B) Schematic illustration of a TJ-like meshwork (white arrows in (D)) formed by overexpressed claudins in TJ-
free fibroblasts. The TJ-like meshwork formation occurs in the overlap of two claudin expressing cells and can
be formed in the whole overlap. The direction of the TJ is turned from the axial direction in epithelial cells to a
more lateral direction in fibroblasts. It allows imaging the TJ in a higher resolution and studying claudins in an
environment without a TJ background. (C) Representative image of the epithelial TJ (labeled for Z0O1) in
polarized MDCKII cells in xy-projection (bigger white arrows) and z-projection (smaller white arrow). (D)
Representative image of the TJ-like meshwork between the overlaps of EYFP-Cldn3 overexpressing COS-7

fibroblasts indicated by the substantial signal increase in these areas (white arrows). Scale bars: 10 um (C, D).
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1.7.3 Super-resolution microscopy imaging uncovers the TJ nano-organization

In recent years, novel super-resolution microscopy (SRM) techniques offer different
ways to overcome the biggest limitation in fluorescence light microscopy, the diffraction
limit of the light. By "combining" the resolution advantage of EM with the multi-protein
labeling and the higher throughput of confocal microscopy, SRM provides the possibility to
resolve multiple structures at the nanoscale level. Right now, three main SRM techniques
offer standardized approaches in imaging at high resolution: SIM (structured illumination
microscopy), gSTED (gated stimulated emission depletion), and SMLM (single-molecule

localization microscopy) (Figure 8)77:178,

B
SIM gSTED SMLM
. 100 nm (lateral) 40 nm (lateral) 20 nm (lateral)
Gl 250 nm (axial) 70 nm (axial) 50 nm (axial)
Multi-color 4 colors 2 - 4 colors 2 - 4 colors
Sample preparation Standard Standard Standard
Live imaging Yes Yes Yes
Imaging speed 10ms-10s 10 5 -5 min 10 min

Illumination power 10-100 W/cm?  1-100 kW/cm?  1-100 kW/cm?

Figure 8 Schematic illustration and technical details of the three SRM techniques: SIM, gSTED, and SMLM.
(A) Schematic illustration of a TJ-like meshwork resolved with structured illumination microscopy (SIM),
gated stimulated emission depletion (gSTED), and single-molecule localization microscopy (SMLM)
compared to confocal microscopy (upper left corner). A finer resolved TJ structure depicts the resolution
increase from SIM over gSTED to SMLM. One of the main disadvantages of SMLM, the weak labeling density
by antibodies, is pointed out by a dot-wise pattern of the TJ strands. The scale bar is set to 0.2 um. (B)
Summary of the technical facts of SIM, gSTED, and SMLM. Adapted and modified from Gonschior et al.
(2020)*78.

In the TJ research field, the power of these techniques was tested, but it is still far
away from being mastered!’®. The first SRM based study of a TJ-like meshwork was
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performed in 2012 by Kaufmann et al., comparing the nanostructure of overexpressed EYFP-
tagged murine Cldn3 and Cldn5 in HEK cells using SMLM. In this study, it was shown for the
first time with light microscopy that different claudins can form different TJ-like meshworks
and that SRM can be an key tool for understanding the single claudin properties in TJ
meshworks'’®. Van lItallie et al. analyzed in 2016 TJ-like meshworks formed by Cldn2 with
SIM. The group could visualize the dynamics of single claudin strands and whole TJ-like
meshworks in live imaging. Also, they could observe the change from a static meshwork to a
more dynamic meshwork when diminishing the connection to ZO1 upon elimination of the
claudin PDZ-binding motif. The same study showed for the first time on nanoscale level that
occludin can localize at single Cldn2 strands?3. On an endogenous level, Schlingmann et al.
were able to visualize the different localization of ZO1 and Cldn5 in alveolar endothelial cells
and their change under ethanol (EtOH) influence®®. These images showed very punctuated
labeling, raising the question if this pattern could be a result of a weak antibody labeling. A
recently published study from Maraspini et al. indicated the huge potential of STED
microscopy for multi-color imaging of the endogenous junctions in MDCKII cell-formed
cysts'®l, The cyst system is an elegant way to enable lateral imaging of the TJ at high

resolution due to its unique architecture.

Nonetheless, no one so far was able to show the nano-localization of multiple
claudins and their arrangement to each other in TJ. Such technique not only in fixed but also
in live imaging could provide novel insights and a better understanding of the connection

between nano-organization and function.

1.8 Organization of claudins and TAMPs in the tight junctional meshwork
Although the nano-organization in the TJ meshwork is unknown, some general
interaction patterns and behaviors of claudins and TAMPs in and at the TJ could be already

observed.

For the TJ's initial formation, it is assumed that ZO1 proteins bring claudin molecules
in the plasma membrane in a certain proximity*?> allowing them to start their strand
polymerization at the apical cell-cell contact side. The very slow turnover of claudins was

several times described with FRAP experiments representing the claudin-based TJ meshwork
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as a more static structure?*%>, Pulse-chase-pulse experiments using SNAP-tagged claudins
uncovered that the new addition of claudins to the TJ occurs at the basolateral side and the
T) periphery. In contrast, the most apical part of the TJ remained longer in a stable
condition'®. The kind of dynamic that underlies this addition and the subsequent claudin

arrangement towards the more apical side is not fully clarified yet.

Very little is known about how different claudins arrange themselves in the dense
and crowded TJ especially while maintaining their barrier-forming and channel-forming
properties. Based on FRET and co-culture studies of different claudin combinations, it was
suggested that claudins might interact, fully or at least partially, with specific other claudins
or TAMPs>76_ |t was shown that most of the as barrier-forming described claudins could
interact in cis and trans'®’. The proposed interaction of the channel-forming Cldn2 with
Cldnl and Cldn3 is controversial debated however, it indicates that channel-forming claudins
might have different interaction patterns than barrier-forming claudins?’3. That claudins can
be excluded from other claudins was shown already in a handful of studies. For example, it
could be observed on FFEM level that different claudins localize in different areas of the TJ
meshwork between sensory and non-sensory cells in the rodent's inner ear. There it seems
that Cldn6 and Cldn9 form TJ strands separated from Cldn14 in the more basolateral facing
region, whereas Cldn14 forms its own parallel strands in the more apical part of the
meshwork!®. On tissue level, Milatz et al. observed that Cldn3, Cldn10b, Cldn16, and Cldn19
are expressed in a mosaic manner in the TAL of the kidney. Further studies confirmed that
Cldn16 and Cldn19 form together a channel for divalent cations (Mg?*), whereas Cldn10b is

described as a channel for monovalent cations (Na*)39133,

It remains to be clarified how different claudins and other TJ transmembrane
proteins orchestrate the TJ structure and function. It is especially interesting how the
described channel-forming claudins fit in, as they are essential for paracellular ion
permeability (Figure 9). For this purpose, the right SRM microscopy along with multi-labeling
of different TJ proteins should provide novel insight into the organization and functional TJ
principles and answer how the different transmembrane proteins and the associated tight

junctional cytoplasmic plague assemble the TJ.
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Figure 9 Schematic illustration of different models for the paracellular ion permeability over the TJ
meshwork. (A) The assumption is that channel-forming claudins provide the TJ meshwork with a
paracellular permeability for specific ions. How this channel formation and incorporation occurs on
nanoscale level is unknown. (B) Model |: Channel-forming claudins form small oligomers that are
incorporated in the TJ meshwork facilitating the ion flux. (C) Model II: Channel-forming claudins form longer
strand parts separated from the other channel-forming or barrier-forming claudins. (D) Model IIl: Channel-
forming claudins form large, connected meshwork parts that enable ion flux over bigger meshwork parts.

Adapted and modified from Claude et al. (1973)2.

2 Aim of the study

The study aimed to resolve the tight junctional meshwork with super-resolution

microscopy by overcoming the fundamental limitations of electron microscopy and

conventional confocal light microscopy (multi-protein labeling, label density, and diffraction

limited resolution). Ideally, the combination of STED microscopy and new advanced labeling

techniques provides new insights into the TJ meshwork organization in fixed and living

samples and delivers an answer on how the structural proteins of the big claudin family

arrange themselves in the multi-protein orchestra of the TJ without losing their essential and

unique properties regarding the semi-permeable barrier function and paracellular ion

permeability.
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3 Material and Methods

3.1 Material

3.1.1 Chemicals, media, and disposables

Table 1 Chemicals and media used in this study.

Chemicals, media Cat# Source
(3-Aminopropyl)-triethoxysilane A3648 Sigma Aldrich

Acetonitrile T195.2 Carl Roth

Ampicillin sodium salt HP62.1 Carl Roth

Argon gas - Internal supply from institute
Bioethanol (99%) 2211-5L Chemsolute

Bovine serum albumin (BSA) 8076.1 Carl Roth

Bromophenol blue B0126-25G Sigma Aldrich
Butane/Propane gas (C 206 GLS) 0191.2 Carl Roth

Calcium chloride dihydrate 5239.1 Carl Roth

(CaCl2*2H20)

Carl Zeiss Immersol Oil 518F 10539438 Thermo Fisher Scientific
Collagenase Il LS0004174 Pan biotech

cOmplete EDTA-free protease 5056489001 Sigma Aldrich, MERCK
inhibitor cocktail (PIC)

Coomassie brillant blue G250 1154440025 Sigma Aldrich
Dimethylsulfoxid (DMSO) D2650 Sigma Aldrich

Disodium hydrogen phosphate 4984.3 Carl Roth

dihydrate (Na:HPO4*2H-0)

Dithiothreitol (DTT) 6908.2 Carl Roth

D-mannitol M4125 Sigma Aldrich

Dulbecco's modified Eagle's 41965062 Thermo Fisher Scientific, Gibco
medium (DMEM) (1x), high

glucose

Dulbecco's phosphate-buffered 14190144 Thermo Fisher Scientific, Gibco
saline (DPBS) (1x), no CaClz, no

MgCl»

EDTA EG-500G Sigma Aldrich

Ethanol absolute (EtOH) 20821.296 VWR

Ethidium bromide (EtBr) (1%) 2218.3 Carl Roth

FastDigest Buffer Green 72B Thermo Fisher Scientific

Fetal bovine serum (FBS) 10270106 Thermo Fisher Scientific, Gibco
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Fluorescein 119241000 Fisher Scientific, Acros Organics

FluoroBrite DMEM (1x) A1896701 Thermo Fisher Scientific, Gibco

G418, Geneticin ant-gn-1 Invivogen

Glacial acetic acid (GAA) A6283 Sigma Aldrich

Glucose HNO06.3 Carl Roth

Glutaraldehyde (GA) (25%) 3778.1 Carl Roth

Glycerin 3783.2 Carl Roth

Glycine 3908.3 Carl Roth

HEPES HN78.3 Carl Roth

Intercept (PBS) Blocking Buffer 927-70001 LI-COR

Iso-Propanol 109634 Merck

JetPrime 114-75 VWR

Kanamycin sulfate T832.4 Carl Roth

LB-Agar (Lennox) X965.3 Carl Roth

L-glutamine (200 mM) 25030081 Thermo Fisher Scientific, Gibco

Lipofectamine 2000 11668019 Thermo Fisher Scientific,
Invitrogen

Lipofectamine 3000 L3000015 Thermo Fisher Scientific,
Invitrogen

Live cell imaging solution A14291DJ Thermo Fisher Scientific,
Invitrogen

Magnesium chloride hexa-hydrate | 2189.3 Carl Roth

(MgCl2*6H20)

Matrigel 11553620 Fisher Scientific, Corning

MEM non-essential amino acids 11140035 Thermo Fisher Scientific,

solution (100x) Gibco

Methanol (MeOH) 8388.1 Carl Roth

Methyl-B-cyclodextrin (MBCD) C4555-1G Sigma Aldrich

Mevastatin 474705-5MG Sigma Aldrich

Minimal essential medium (MEM) | 11095080 Thermo Fisher Scientific,

(1x), low glucose Gibco

MTSES 91020 Biotium

MTSET 91021 Biotium

Nikon type N immersion oil - Nikon Instruments Europe BV

Normal goat serum (NGS) 16210072 Thermo Fisher Scientific, Gibco

Nuclease-free water, sterile T143.5 Carl Roth

Opti-MEM (1x) 31985070 Thermo Fisher Scientific, Gibco
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OrangeG 03756-25G Sigma Aldrich
Ortho-phosphoric acid (H3POas) 6366.1 Carl Roth
Paraformaldehyde (PFA) 0335.1 Carl Roth
Penicillin/streptomycin (P/S) 15140-122 Thermo Fisher Scientific, Gibco
(10,000 U/mL)

Pentobarbital P-010-1ML Merck, Supelco
Phosphate buffered saline (PBS) L 182-50 Merck, Bio&Sell

(1x), powder

Pierce ECL Western Blotting 32106 Thermo Fisher Scientific
substrate

Ponceau S 5938.2 Carl Roth

Potassium chloride (KCl) 6781.1 Carl Roth

Pr2Net (Diisopropylethylamine) 2474.1 Carl Roth

ProLong Gold Antifade mountant P36934 Thermo Fisher Scientific
Puromycin ant-pr-1 Invivogen

Rotiphorese gel 30 3029.1 Carl Roth

Rotiphorese TAE buffer (50x) CL86.2 Carl Roth

Shandon Immu-Mount 9990402 Fisher scientific
Simvastatin 567022-5MG Sigma Aldrich

Sodium azide (NaNs) $2002-100G Sigma Aldrich

Sodium chloride (NaCl) 9265.1 Carl Roth

Sodium dodecyl sulfate (SDS) CN30.4 Carl Roth

(99%), pellets

Sodium fluoride (NaF) 201154 Sigma Aldrich

Sodium hydrogen carbonate HNO1.1 Carl Roth

(NaHCO0:s)

Sucrose $7903-5KG Sigma Aldrich

TEMED 2367.3 Carl Roth

Tissue-Tek O.C.T. compound 12351753 Fisher Scientific, Sakura Finetek,
Trifluoroacetic acid P088.3 Carl Roth

TRIS 0188.3 Carl Roth

Tris buffered saline (TBS), T6664-10PAK Sigma Aldrich

(1x), powder

Tris-HCI 9090.3 Carl Roth

Triton X-100 11332481001 Sigma Aldrich

TriTrack DNA loading dye (6x) R1161 Thermo Fisher Scientific
TryplL express enzyme (1x), phenol | 12605010 Thermo Fisher Scientific, Gibco
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red

Tryptone T7293 Merck Millipore
Tween 20 P1379 Sigma Aldrich
Universal agarose BS20.46.100 Bio&SELL
Water-free DMSO D2650-2 Carl Roth

Yeast extract 2363.5 Carl Roth
B-mercaptoethanol 4227.1 Carl Roth

Table 2 Disposables used in this study.

Disposables Cat# Source

p-Slide 8-well glass bottom 80827 Ibidi

chamber (#1.5H)

@18 mm coverslips 15787572 Fisher Scientific
@25 mm coverslips (#1.5) 10593054 Fisher Scientific
@25 mm coverslips (#1.5H) CG15XH1 Thorlabs

@5 mm coverslips 0111450 Superior Marienfeld
10 cm petri dish 82.1472 Sarstedt
10-well glass bottom plate 543079 Greiner Bio-one
12-well plate TC-treated 3513 Corning

24*50 mm coverslips 1871 Carl Roth
24-well plate TC-treated 3524 Corning

6-well plate TC-treated 3516 Corning
96-well micro test plate 82.1582 Sarstedt
96-well micro test plate 82.1582 Sarstedt
96-well glass bottom plate P96-1.5H-N Cellvis

96-well plate for colony PCR 83.3925 Sarstedt
96-well plate TC-treated 83.3924 Sarstedt
96-well plate TC-treated 83.3924 Sarstedt
Amicon Ultra-15, PLHK Ultracell-PL | UFC910024 MERCK
Membran, 100 kDa

Biosphere SafeSeal tube, 1.5 ml 75.706.200 Sarstedt

Cell culture dish 10 cm, TC-treated | 83.3902 Sarstedt

Cell culture dish 15 cm, TC-treated | 83.3903 Sarstedt

Cell culture dish 6 cm, TC-treated 83.3901 Sarstedt

Cell scraper (25 cm) 734-2602 VWR

Combi tips advanced (10 ml) 0030089820 Eppendorf
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Combi tips advanced (5 ml) 0030089669 Eppendorf
Corning polyester (PET) transwell- | 3460 Corning
clear inserts (1.12 cm?, 0.4 um)

Corning polyester (PET) transwell- 3450 Corning
clear inserts (4.67 cm?, 0.4 um)

Cryomold intermediate 4566 Sakura
CryoPure tube (1.5 ml) 72.380.992 Sarstedt
Filter tips (Biosphere Plus) (10, 20, 70.1130.215, 70.760.219, Sarstedt
200 and 1000 pl) 70.760.216, 70.762.216

Filter Upper Cup (0.2 um) 10040-448 VWR
Filtropur filter (0.2 um) 83.1826.001 Sarstedt
Inoculation tube (13 ml) 62.515.028 Sarstedt
Macro cuvette 634-0675 VWR
Millipore Millicell insets 10126240 Fisher Scientific
(0.6 cm?, 0.4 um pore size)

Nitrocellulose blotting membrane GE10600004 Merck, Amersham Protran
(0.2 um)

Parafilm 3-1012 Neolab
Pasteur pipettes 4522 Carl Roth
Rotilabo-filter (0.45 um) P667.1 Carl Roth
Sample vials (brown glass) (1.5 ml) | XC65.1 Carl Roth
Scalpel (#10) 5518059 B. Braun

Serological pipettes (2, 5,

CLS4021-1000EA, CLS4487-200EA,

Merck, Corning Costar

10, 25 ml) CLS4488-200EA, CLS4251-200EA

Superfrost plus object slides 10149870 Thermo Fisher Scientific
Surgical blades 11-0150 Schreiber Instruments
Syringe (20 ml, Norm-Ject) 4200.X00V0 Henke-Sass-Wolf
Syringe (20 ml, Norm-Ject) 4200.X00V0 Henke-Sass-Wolf
Syringe (50 ml, Henke-Ject) 4850003000 Henke-Sass-Wolf

Tips (stack pack) (10 pul) 70.1130.46 Sarstedt

Tips (stack pack) (1250 pl) VT0173 Biozym

Tips (stack pack) (200 pl) 70.760.45 Sarstedt

Transfection tubes 55.476.013 Sarstedt

Tubes (15 ml) 352099 Corning, Falcon

Tubes (50 ml) 352070 Corning, Falcon
Whatman gel blotting paper 10426994 GE Healthcare Life Sciences
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3.1.2 Buffers, solutions, and media

For the preparation of all solutions, ultrapure water (18.2 MQ, double-distilled water
(ddH;0)) was used. The pH of each solution was adjusted by using 1-3 M NaOH and or 1-5 M
HCI unless otherwise specified. Buffers for certain methods or applications are further

specified in detail in the method section.

Table 3 Media and solutions used for cell biological experiments.

Buffer, solutions, and media Composition

CaClz solution (2 M) 29.404 g CaCl2*2H20
add 100 ml H20

sterile filtered (0.2 um pore size)

Cell culture medium (Caco-2 cells) DMEM

additives:

15% (v/v) FBS (heat-inactivated)

1% (v/v) non-essential amino acids (NEAA)
100 U/ml penicillin

0.1 mg/ml streptomycin

Cell culture medium (COS-7, HEK293, HEK293T, DMEM

MDCKII, MDCKII QKO, MDCKC7 cells) additives:

10% (v/v) FBS (heat-inactivated)
100 U/ml penicillin

0.1 mg/ml streptomycin

Cryo-protectant solution 50% (v/v) DMEM
40% (v/v) FBS (heat-inactivated)
10% (v/v) DMSO

FluoroBrite DMEM (1x) (for live imaging under CO> FluoroBrite DMEM
conditions) additives:

10% (v/v) FBS (heat-inactivated)

HEPES buffered saline (HBS) (2x) 50 mM HEPES

280 mM NacCl

1.5 mM Na2HPO4
adjusted to pH 7.05
in H20

sterile filtered (0.2 um pore size)

Live cell imaging solution (1x) additives:
5 mM glucose

sterile filtered (0.2 um pore size)
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Low chloride live imaging solution (1x)

5 mM NacCl

2.5 mM KCl

1.5 mM CaCl;

1 mM MgClz

20 mM HEPES
270 mM mannitol
adjusted to pH 7.4
in H20

sterile filtered (0.2 um pore size)

Matrigel working solution

2% (v/v) Matrigel stock solution
98% (v/v) DMEM

additives:

10% (v/v) FBS (heat-inactivated)
100 U/ml penicillin

0.1 mg/ml streptomycin

SDS solution (2% (v/v))

diluted from a 10% SDS stock dilution with H>0

Tris-EDTA (TE) (1x)

10 mM Tris

2 mM EDTA
adjusted to pH 8.0
in H20

sterile filtered (0.2 um pore size)

Table 4 Buffers and solutions used for molecular biological experiments.

Buffer and solutions

Composition

Ampicillin stock (1000x)

100 mg/ml ampicillin sodium salt
in H20

sterile filtered (0.2 um pore size)

Kanamycin stock (1000x)

50 mg/ml kanamycin sulfate
in H20

sterile filtered (0.2 um pore size)

LB medium

1% (w/v) yeast extract
0.5% (w/v) NaCl

0.5% (w/v) Tryptone
adjusted topH 7.4

in H20

autoclaved
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LB plates

LB medium
15 g/I LB-agar
autoclaved
additives:

100 pg/ml ampicillin or 50 pg/ml kanamycin

OrangeG loading dye (10x)

spatula tip of OrangeG
70% (v/v) glycerol
in H20

Tris-Acetate-EDTA (TAE) (50x)

200 mM Tris

100 mM glacial acetic acid
50 mM EDTA

adjusted to pH 8.2-8.4

in H20

Table 5 Buffers and solutions used for biochemical experiments.

Buffer and solutions

Composition

Antibody blocking solution

1x PBST
3% (w/v) BSA

Antibody dilution solution

1x PBST
3% (w/v) BSA
0.03% (w/v) NaNs

sterile filtered (0.2 um pore size)

Bradford reagent (2x)

200 ml (85%) H3PO4
100 ml ethanol

140 g/l Coomassie G250
in H20

Lysis buffer

1% (v/v) Triton X-100
20 mM HEPES (pH 7.4)
130 mM NacCl

10 mM NaF

0.03% (v/v) PIC

in H20

PBST (1x)

1x PBS
0.05% (v/v) Tween 20 (pH 7.4)




Phosphate-buffered saline (PBS) (10x)

1.37 M NaCl

43 mM NazHPO4
14 mM NaH2PO4
27 mM KCl

pH 7.4

in H20

Ponceau destaining solution

1% (v/v) acetic acid

in H20

Ponceau staining solution

0.3% (w/v) Ponceau S
1% (v/v) acetic acid

in H20

SDS running buffer (10x)

250 mM Tris
1% (w/v) SDS
1.92 M glycine
in H20

SDS sample buffer (6x)

100 mM Tris-Cl (pH 6.8)

4% (w/v) SDS

0.2% (w/v) Bromophenol blue
200 mM DTT

in H20

SDS separating gel buffer (4x)

0.4% (w/v) SDS
1.5 M Tris
adjusted to pH 8.8
in H20

SDS stacking gel buffer (4x)

0.4% (w/v) SDS
0.5 M Tris
adjusted to pH 6.8
in H20

Stripping buffer

2% (w/v) SDS
50 mM Tris-Cl (pH 6.8)
in H20

add fresh 0.78% (v/v) B-mercaptoethanol

TBS (10x)

0.2 M Tris (pH 7.6)
1.4 M Nacl
in H20
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Transfer buffer

25 mM Tris

192 mM glycine
20% (v/v) MeOH
in H20

Table 6 Buffers and solutions for immunocytochemistry (ICC) experiments.

Buffer and solutions

Composition

Blocking solution

6% (v/v) NGS

1% (w/v) BSA

0.05% (v/v) Tween 20
in 1x PBS**

Formaldehyde fixative

1% or 4% (w/v) PFA
4% (w/v) sucrose

in 1x PBS

adjusted to pH 7.4

Formaldehyde/Glutaraldehyde (GA) fixative

0.1% or 0.5% (v/v) GA
4% (w/v) PFA

4% (w/v) sucrose

in 1x PBS

adjusted topH 7.4

PBS** (1x), supplemented with CaCl,and MgCl»

1x PBS
1 mM CaCl*2H.0
0.5 mM MgCl*6H20

Permeabilization buffer

0.2% TritonX-100
in 1x PBS**

PFA quenching solution

0.1 M glycine
in H20
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Table 7 Buffers and solutions for electrophysiological measurements.

Buffer and solutions

Composition

Mannitol solution

238 mM mannitol
59.5 mM NaCl

21 mM NaHCO3
5.4 mM KCl

1 mM MgCl,

1.2 mM CaCl

3 mM HEPES

10 mM glucose

in H20

adjusted topH 7.4

Ringer solution

119 mM NacCl

21 mM NaHCOs3
5.4 mM KCI

1 mM MgCl,

1.2 mM CaClz

3 mM HEPES

10 mM glucose

in H20

adjusted topH 7.4

Ussing chamber storage solution

1.8% (v/v) NaCl
in H20

Table 8 Buffers and solutions for immunohistochemistry (IHC) experiments.

Buffer and solutions

Composition

Ringer solution

119 mM NacCl
21 mM NaHCO3
5.4 mM KClI

1 mM MgCl,
1.2 mM CaClz
in H20

Sucrose solution

10%, 20% or 30% (w/v) sucrose
in H20
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Trypsin-inhibited incubation solution for mouse | 140 mM NaCl

kidney preparation 0.4 mM KH2PO4

1.6 mM K2HPOq4

1 mM MgSOaq

10 mM sodium acetate
1 mM a-ketoglutarate
1.3 mM calcium gluconate
5 mM glycine

in H20

additives:

48 mg/| trypsin inhibitor
25 mg/I DNase | (pH 7.4)

2 mg/ml collagenase I

3.1.3 Enzymes and molecular biology kits
Fast digest restriction enzymes from Thermo Fisher Scientific were used for plasmid
cloning (Table 9). All digests were performed in the presence of the FastDigest Buffer Green

(10x) (Thermo Fisher Scientific) following the manufacturer's instructions.

Table 9 Restriction enzymes.

Restriction enzymes Cat# Company

BamHI FD0OO55 Thermo Fisher Scientific
BshTI (Agel) FD1464 Thermo Fisher Scientific
Bsp14071 (BsrGl) FD0933 Thermo Fisher Scientific
Dpnl FD1704 Thermo Fisher Scientific
Eco32I (EcoRV) FD0304 Thermo Fisher Scientific
EcoRI FD0275 Thermo Fisher Scientific
Hindlll FD0504 Thermo Fisher Scientific
Kpnl FD0524 Thermo Fisher Scientific
Notl FD0593 Thermo Fisher Scientific
Sall FD0644 Thermo Fisher Scientific
Xhol FD0695 Thermo Fisher Scientific

Enzymes and molecular biology kits listed in Table 10 were used according to the
manufacturer's instructions. Modifications are described in more detail in the method

section.
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Table 10 Enzymes and molecular biology kits.

Enzymes and kits Application Cat# Company
NEBuilder HiFi DNA Assembly of two linear overlapping | E5520S New England Biolabs
assembly cloning kit DNA oligonucleotide fragments
NucleoBond Xtra Midi EF kit | Large-scale endotoxin-free plasmid | 740422.50 | Macherey-Nagel
DNA isolation (Midi) from E. coli
NucleoSpin gel and PCR Purification of DNA from agarose 740609.50 | Macherey-Nagel
clean-up kit gels and PCR reactions
NucleoSpin plasmid kit Small-scale preparation (Mini) of 740588.50 | Macherey-Nagel
plasmid DNA from E. coli
Phusion high-fidelity Amplification of linear DNA F530L Thermo Fisher Scientific
polymerase fragments via polymerase chain
reaction (PCR)
T4 ligase kit Ligation of linear DNA 15224041 | Thermo Fisher Scientific
oligonucleotides to form DNA
plasmids
T4 polynucleotide kinase kit | 5'phosphorylation of non- EK0031 Thermo Fisher Scientific
phosphorylated linear DNA
oligonucleotides
Tag-polymerase Amplification of linear DNA 10342020 | Thermo Fisher Scientific,
fragments via polymerase chain Invitrogen
reaction (PCR)
3.1.4 Molecular weight standards and loading dyes
Table 11 Molecular weight standards and loading dyes.
Marker Band pattern Cat# Source
6x TriTrack DNA | - R1161 Thermo Fisher Scientific
loading dye
Generuler 1 kb | kb marker band: SMO0311 | Thermo Fisher Scientific
DNA Ladder 10, 8,6,5,4,3.5,3,25,2,1.5,1,0.75,0.5,0.25
PageRuler kDa marker bands: 26616 Thermo Fisher Scientific
Prestained 170, 130, 100, 70, 55, 40, 35, 25, 15, 10
Protein Ladder
PageRuler kDa marker bands: 26620 Thermo Fisher Scientific
Prestained Plus | 250, 130, 100, 70, 55, 35, 25, 15, 10
Protein Ladder
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3.1.5 DNA oligonucleotides

All DNA oligonucleotides used as primers for polymerase chain reaction (PCR),

sequencing or subcloning were purchased from BioTeZ Berlin GmbH. The lyophilized DNA

oligonucleotides were dissolved in sterile ultrapure RNAse-free water to obtain a 100 uM

stock concentration. 10 uM dilution was used as working solution. Dissolved primers were

stored at -20°C. All primers are listed in Table 12.

Table 12 Primer sequences used for cloning and sequencing.

The name of the primer contains the targeted coding sequence, restriction enzyme (if used), and direction of
the primer either FW (forward) or RV (reverse); capital letters indicate sequences overlapping with template
sequence; italic letters indicate the restriction enzyme binding site and additional base pairs used as overhang;
some primers contain four additional nucleotides (nts) (TATA) at 5' end in front of restriction sites and for
primer stabilization; bold letters indicate the 5' end; Cldn — claudin; Puro — puromycin; EYFP — enhanced yellow
fluorescent protein; EGFP — enhanced green fluorescent protein; HA — hemagglutinin; ECL — extracellular loop.

Primer

Sequence 5'-3'

Application

Agel_EYFP_Cldn10a_pLIB_FW

Notl_Cldn10a_pLIB_ RV

TATAACCGGTATGGTGAGCAAGGGCGAGGAGC
TG
TATAGCGGCCGCTTAGACATAAGCATTTTTATC
AAACTGTTTTGAAGGG

Insertion of EYFP-Cldn10a
into pLIB-CMV-EGFP-Puro
to create pLIB-CMV-EYFP-
Cldn10a-Puro

Agel_EYFP_Cldn15_FW

Notl_Cldn15_pLIB_RV

TATAACCGGTATGGTGAGCAAGGGCGAGGAGC
TG
TATAGCGGCCGCCTACACGTAGGCGTTTCTGC

Insertion of EYFP-Cldn15
into pLIB-CMV-EGFP-Puro
to create pLIB-CMV-EYFP-
Cldn15-Puro

Agel_FLAG_Cldn10a_FW

Notl_Cldn10a_pLIB _RV

TATAACCGGTATGGATTACAAGGATGACGACG
ATAAGCTGTACAAAAGCTTGGTACCGAGCTCG
GATCCAATGTCC
TATAGCGGCCGCTTAGACATAAGCATTTTTATC
AAACTGTTTTGAAGGG

Insertion of FLAG-
Cldn10a into pLIB-CMV-
EGFP-Puro to create pLIB-
CMV-FLAG-Cldn10a-Puro

Agel_FLAG_Cldn15_Agel FW

Notl_Cldn15_pLIB_RV

TATAACCGGTATGGATTACAAGGATGACGACG
ATAAGCTGTACAAAAGCTTGGTACCGAGCTCG
GATCCAATGTCGATGGCTGTG
TATAGCGGCCGCCTACACGTAGGCGTTTCTGC

Insertion of FLAG-Cldn15
into pLIB-CMV-EGFP-Puro
to create pLIB-CMV-
FLAG-Cldn15-Puro

Agel_FLAG_Cldn2_FW

Notl_Cldn2_pLIB_RV

TATAACCGGTATGGATTACAAGGATGACGACG
ATAAGCTGTACAAAAGCTTGGTACCGAGCTCG
GATCCAATGGCCTCTCTTGG
TATAGCGGCCGCTCACACATACCCTGTCAGG

Insertion of FLAG-Cldn2
or FLAG-Cldn2ect10a into
pLIB-CMV-EGFP-Puro to
create pLIB-CMV-FLAG-
Cldn2-Puro and
pLIB-CMV-FLAG-

Cldn2ect10a-Puro
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Agel_HA_Cldn10a_FW

Notl_Cldn10a_pLIB_RV

TATAACCGGTATGGCGTACCCATACGACGTCCC
AGACTACGCGCTGTACAAAAGCTTGGTACCGA
GCTCGGATCCAATGTCCAGG
TATAGCGGCCGCTTAGACATAAGCATTTTTATC
AAACTGTTTTGAAGGG

Insertion of HA-Cldn10a
into pLIB-CMV-EGFP-Puro
to create pLIB-CMV-HA-
Cldn10a-Puro

Agel_HA_Cldn15_FW

Notl_Cldn15_pLIB_RV

TATAACCGGTATGGCGTACCCATACGACGTCCC
AGACTACGCGCTGTACAAAAGCTTGGTACCGA
GCTCGGATCCAATGTCGATGGCTG
TATAGCGGCCGCCTACACGTAGGCGTTTCTGC

Insertion of HA-Cldn15
into pLIB-CMV-EGFP-Puro
to create pLIB-CMV-HA-
Cldn15-Puro

Agel_HA_Cldn2_pLIB_FW

Notl_Cldn2_pLIB_RV

TATAACCGGTATGGCGTACCCATACGACGTCCC
AGACTACGCGCTGTACAAAAGCTTGGTACCGA
GCTCGGATCCAATGGCCTCTCTTG
TATAGCGGCCGCTCACACATACCCTGTCAGG

Insertion of HA-Cldn2 or
HA-Cldn2ecii0a into pLIB-
CMV-EGFP-Puro to create
pLIB-CMV-HA-Cldn2-Puro
and

pLIB-CMV-HA Cldn2ecL10a-

Puro

Agel_Halo-C1_FW

BsrGl_Halo_RV

TATAACCGGTCGCCACCATGGCAGAAATCGGTA
CTGGCTTTCC
TATATGTACAGGCCGGAAATCTCGAGCGTGG

Insertion of Halo into C1-

vector to create pHalo-C1

Agel_Halo-N1-FW

Notl_Halo-N1_RV

TATAACCGGTCACCGAAATCGGTACTGGCTTTC
C
TATAGCGGCCGCTTTAGCCGGAAATCTCGAGC

Insertion of Halo into N1-
vector to create pHalo-

N1

Agel_SNAP_Cldn2_pLIB_FW

Notl_Cldn2_pLIB_RV

TATAACCGGTATGGACAAAGACTGCGAAATGA
AGCGCACCAC
TATAGCGGCCGCTCACACATACCCTGTCAGG

Insertion of SNAP-Cldn2
or SNAP-Cldn2ecuioa into
pLIB-CMV-EGFP-Puro to
create pLIB-CMV-SNAP-
Cldn2-Puro and pLIB-
CMV-SNAP-Cldn2ecL10a-

Puro

Agel_SNAPf_FW
BsrGl_SNAPf_RV

TATAACCGGTCGCCACCATGGACAAAGACTG
TATATGTACAGACCCAGCCCAGGCTTGC

Insertion of SNAP into
Cl-vector to create

pSNAP-C1

Agel_SNAP-N1_FW
Notl_SNAP-N1_RV

TATAACCGGTCACCATGGACAAAGACTGCG
TATAGCGGCCGCTTTAACCCAGCCCAGGC

Insertion of SNAP into
N1-vector to create

pSNAP-N1
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BsrGl_Cldns_FW

Sall_Cldns_RV

TATATGTACAAAAGCTTGGTACCGAGCTCGGAT
cC
TATAAGAAGCAGCGTCGACCGGCCGCCAGTGT
GATG

Insertion of Cldns into
SNAP-C1 or Halo-C1 to
create pSNAP-Cldns and

pHalo-Cldns

BsrGI_huCldns_FW

EcoRV_Cldn2_cterm_stop_RV

TATATGTACAAAAGCTTGGTACCGAGCTCGGAT
cC
TATAGATATCTCATGAGCAGGAAAAGCAGAGG
ATGATTCC

Insertion of Cldn2
without C-terminus into
pSNAP-C1 to create
PSNAP-Cldn24¢T

BsrGI_huCldns_FW

EcoRV_Cldn3_cterm_stop_RV

TATATGTACAAAAGCTTGGTACCGAGCTCGGAT
CcC
TATAGATATCTTACGAGCAGCAGAGCAGCGCG
CcC

Insertion of Cldn3
without C-terminus into
pSNAP-C1 to create
PSNAP-CIdn32¢T

BsrGl_huCldns_FW

EcoRV_Cldn10a_cterm_stop_RV

TATATGTACAAAAGCTTGGTACCGAGCTCGGAT
cc
TATAGATATCTTAAGATATTGAAAAGCAAAATA
TGACACCACCAATTATGCACAGTGAG

Insertion of Cldn10a
without C-terminus into
pSNAP-C1 to create
pSNAP-Cldn10a%¢"

BsrGl_huCldns_FW_long

EcoRV_Cldn15_cterm_stop_RV

TATATGTACAAAAGCTTGGTACCGAGCTCGGAT
CcC
TATAGATATCCTAGCAGCAGCAGGCGGAGCAG

Insertion of Cldn15
without C-terminus into
pSNAP-C1 to create
pSNAP-Cldn154¢T

BsrGl_TOPO_Cldn6_FW

EcoRV_TOPO_Cldns_RV

TATAGCTGTACAAAAGCTTGGTACCGAGCTCGG
ATCCAATGGCCTCTGCCGGAATGCAGATCCTGG
G
TATAGATATCCTAGTAACGGCCGCCAGTGTGCT
GGAATTCGC

Insertion of Cldn6 into
pPEYFP-pcDNA3.1 to
create pEYFP-Cldn6

BsrGl_TOPO_Cldn9_FW

EcoRV_TOPO_Cldns_RV

TATAGCTGTACAAAAGCTTGGTACCGAGCTCGG
ATCCAATGGCTTCGACCGGCTTAGAACTG
CTGGG
TATAGATATCCTAGTAACGGCCGCCAGTGTGCT
GGAATTCGC

Insertion of Cldn9 into
pPEYFP-pcDNA3.1 to
create pEYFP-Cldn9

Cldn2_ECL1Cldn10a_FW

Cldn2_ECL1_Cldn10a_RV

Cldn2_backbone_ECL1_FW
Cldn2_backbone_ECL1_RV

TGGGCACACTGGTTGCCACCACGTCCAATGAGT
GGAAAGTGAC
GCCTGGATGTCACCATCATTCCTCTACATGCCTG
TATATAACCTGCTACTTTG

ATGATGGTGACATCCAGTGCAATC
GGCAACCAGTGTGCCCAAAAGC

Two separated 2-step
PCRs were performed to
create the ECL1 of
Cldn10a and the SNAP-
Cldn2 full plasmid lacking
the ECL1 to create
PSNAP-Cldn2ecLicidn10a

using HIFI-Assembly
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Cldn2_ECL2_Cldn10a_FW

Cldn2_ECL2_Cldn10a_RV

Cldn2_backbone_ECL2_FW
Cldn2_backbone_ECL2_RV

GGGATTCATTCCTGTTGCCCTATATGCAAACAA
AATCACAACGG
TAATGCCCAAGTAAAGAGCGGCTCCTAATTCAT
ACTTTTGCTCAAC

GCTCTTTACTTGGGCATTATTTCTTCC
GGCAACAGGAATGAATCCCAGG

Two separated 2-step
PCRs were performed to
create the ECL2 of
Cldn10a and the SNAP-
Cldn2ecuicianioa full
plasmid lacking the ECL2
to create pSNAP-
Cldn2ect10a using HIFI-
Assembly

CMV_FW

CGC AAATGG GCG GTA GGC GTG

Sequencing and PCR

EcoRI_FLAG_Cldn3_FW

Sall_Cldn3_pLIB_RV

TATAGAATTCATGGATTACAAGGATGACGACG
ATAAGCTGTACAAAAGCTTGGTACCGAGCTCG
GATCCAATGTCCATGG
TATAGTCGACTTAGACGTAGTCCTTGCGGTCGT
AGCC

Insertion of FLAG-Cldn3
into pLIB-CMV-MCS2-
Puro to create pLIB-CMV-
FLAG-Cldn3-Puro

EcoRl_HA_Cldn3_FW

Sall_Cldn3_pLIB_RV

TATAGAATTCATGGCGTACCCATACGACGTCCC
AGACTACGCGCTGTACAAAAGCTTGGTACCGA
GCTCGGATCCAATGTCCATGG
TATAGTCGACTTAGACGTAGTCCTTGCGGTCGT
AGCC

Insertion of HA-Cldn3
into pLIB-CMV-MCS2-
Puro to create pLIB-CMV-
HA-Cldn3-Puro

EcoRI_SNAP_Cldn3_FW

Sall_Cldn3_pLIB _RV

TATAGAATTCATGGACAAAGACTGCGAAATGA
AGCGCACCAC
TATAGTCGACTTAGACGTAGTCCTTGCGGTCGT

Insertion of SNAP-Cldn3
into pLIB-CMV-MCS2-
Puro to create pLIB-CMV-

AGCC SNAP-Cldn3-Puro
EGFP-C1_RV GTT CAG GGG GAG GTG TG Sequencing and PCR
Halo-C1_FW TATAACGCTCGAGATTTCCGGC Sequencing

Hindlll_Cldns_FW
Sall_Cldns_RV

TATAAAGCTTGGGTACCGAGCTCGGATCC
TATAAGAAGCAGCGTCGACCGGCCGCCAGTGT
GATG

Insertion of Cldns into
pHA-C1 or pnoGFP-C1 to
create pHA-Cldns and
pnoGFP-Cldns

PDZ_deletion_Cldn10a_FW
PDZ_deletion_Cldn10a_RV

TAAGATATCCATCACACTGGCGGCCGGTC
ATTTTTATCAAACTGTTTTGAAGGGTTTGTTGTT
TTAAAATCTTCTCCAC

pSNAP-Cldn10a%P®? by

site-directed mutagenesis

PDZ_deletion_Cldn15_FW
PDZ_deletion_Cldn15_RV

TAGGATATCCATCACACTGGCGGCCGG
GTTTCTGCCGTATTTGCCAAAGCTGCTG

pSNAP-Cldn152PPZ by site-

directed mutagenesis

PDZ_deletion_Cldn2_FW
PDZ_deletion_Cldn2_RV

TGAGATATCCATCACACTGGCGGCCGGTC
TGTCAGGCTGTAGGAATTGAACTCACTCTTGAC
TTTGG

Creating
pSNAP-CIdn22PPZ by site-

directed mutagenesis
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PDZ_deletion_Cldn3_FW TAAGGATCCACTAGTAACGGCCGCCAG Creating
PDZ_deletion_Cldn3_RV CTTGCGGTCGTAGCCTGTGCCC pSNAP-CIdn34PPZ by site-

directed mutagenesis

SNAP-C1_FW TATAGGCAAGCCTGGGCTGGGT Sequencing and PCR

3.1.6 Plasmid vectors
All expression vectors used in this study were stored at -20°C. Sequencing of
introduced sequences in plasmids was performed by LGC Genomics (LGC, Biosearch

Technologies, Berlin).

Table 13 Vector backbones used for cloning and protein overexpression.

EYFP — enhanced yellow fluorescent protein; HA — hemagglutinin; C — C-terminal tag; N — N-terminal tag; MCS —
multiple cloning site; Puro — puromycin resistance; Neo — neomycin resistance.

Plasmid backbone Properties Source

pcDNA3.1 Mammalian expression vector; Thermo Fisher Scientific
human cytomegalovirus (CMV)

promoter; ampicillin resistance

pPEYFP-N1 Mammalian expression vector for Obtained from Dr. Martin
fusion proteins with C-terminally Lehmann (FMP, Berlin)
tagged EYFP; CMV promoter;

kanamycin/neomycin resistance

pHA-C1 Mammalian expression vector for Obtained from Dr. Martin
fusion proteins with N-terminally Lehmann (FMP, Berlin)
tagged HA; CMV promoter;

kanamycin/neomycin resistance

pHalo-C1 (pHTN1) Mammalian expression vector for Promega
fusion proteins with N-terminally
tagged Halo; CMV and T7
promoter; ampicillin/neomycin

resistance

pHalo-N1 (pHTC1) Mammalian expression vector for Promega
fusion proteins with C-terminally
tagged Halo; CMV and T7
promoter; ampicillin/neomycin

resistance
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pLIB-CMV-EGFP-N1-Puro

Mammalian expression vector for
fusion proteins with C-terminally
tagged EGFP; CMV promoter;
internal ribosome entry site (IRES);

ampicillin/puromycin resistance

Obtained from Fabian Lukas (FMP,

Berlin)

pLIB-CMV-MCS2-Puro

Mammalian expression vector;
CMV promoter; IRES;

ampicillin/puromycin resistance

Obtained from R. Kofler

(Innsbruck)

pLIB-MCS2-Neo

Mammalian expression vector;
CMV promoter; IRES;

ampicillin/neomycin resistance

Obtained from Dr. Martin

Lehmann (FMP, Berlin)

pmCherry-C1

Mammalian expression vector for
fusion proteins with N-terminally
tagged mCherry; CMV promoter;

kanamycin/neomycin resistance

Obtained from Dr. Martin
Lehmann (FMP, Berlin)

pnoGFP-C1 Mammalian expression vector for Obtained from Dr. Martin
fusion proteins with no tag; CMV Lehmann (FMP, Berlin)
promoter; kanamycin/neomycin
resistance

pSNAPf Mammalian expression vector; New England Biolabs
CMV promoter;
ampicillin/neomycin resistance

pTUBB-Halo Mammalian expression vector with | Addgene

c-terminally tagged tubulin; CMV
promoter; kanamycin/neomycin

resistance

Table 14 Plasmid DNA constructs used for transient recombinant protein expression.

m — murine; hu — human; Trg2 — Turquoise2; HA — hemagglutinin; APDZ — PDZ binding motif deletion; ACT — C-
terminus deletion; 166C — exchange of isoleucine (I) by a cysteine (C); S68C — exchange of serine (S) by a
cysteine (C); C-term — C-terminal tag; N-term — N-terminal tag; ECL — extracellular loop; Cldn — claudin; EYFP —
enhanced yellow fluorescent protein; EGFP — enhanced green fluorescent protein; N48K — exchange of
asparagine (N) with lysine (K).

Constructs Species Tag Backbone Source

pPECFP-huCldn17 human ECFP (N-term) pcDNA3.1 Obtained from
Lorena Suarez
Artiles (MDC,

Berlin)
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PEGFP-huCldn2'¢¢ human EGFP (N-term) pEGFP-C1 Synthesized by
Absea
Biotechnology.
PEGFP-huCldn2568¢ human EGFP (N-term) pEGFP-C1 Synthesized by
Absea
Biotechnology
pEGFP-mCldn26, 27 murine EGFP (N-term) pPEGFP-C1 Synthesized by
Absea
Biotechnology
pEYFP-huCldn1l, 2, 3, 4, 8, human EYFP (N-term) pcDNA3.1 Obtained from
10a, 10b, 11, 11b, 12, 15, 16, Jorg Piontek and
193, 19b, 20, 22, 23 Dorothee Giinzel
(CBF, Berlin)
PEYFP-huCldn10a2¢T, 154¢T human SNAP (N-term) pcDNA3.1 This study
PEYFP-huCldn10a2PP?, 154Pb2 human SNAP (N-term) pcDNA3.1 This study
PEYFP-huCldn10bN4&¢ human EYFP (N-term) pcDNA3.1 Obtained from
Jorg Piontek (CBF,
Berlin)
pEYFP-huCldn17 human EYFP (N-term) pcDNA3.1 This study
pEYFP-huCldn5, 7, 12, 20, 24, | human EYFP (N-term) pcDNA3.1 Obtained from
25 Lorena Suarez
Artiles (MDC,
Berlin)
pEYFP-mCldn13, 14, 18a, 18b | murine EYFP (N-term) pcDNA3.1 Obtained from
Lorena Suarez
Artiles (MDC,
Berlin)
pHA-huCldn2, 3, 10a, 15 human HA pHA-C1 This study
pHalo-C1 bacteria Halo pmCherry-C1 This study
pHalo-huCldn10a, 15 human Halo (N-term) pHalo-C1 This study
pHalo-N1 bacteria Halo PEYFP-N1 This study
phuCldn1, 3-EYFP human EYFP (C-term) pPEYFP-N1 Obtained from
Dorothee Giinzel
(CBF, Berlin)
pmCldn1, 3-EYFP murine EYFP (C-term) PEYFP-N1 Obtained from
Jorg Piontek (CBF,
Berlin)
pnoGFP-huCldn3, 15 human - pnoGFP-C1 This study
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pSNAP-C1 human SNAP pmCherry-C1 This study
pPSNAP-Cldn2ecticidn10a human SNAP(N-term) p-SNAP-C1 This study
pSNAP-huCldn1, 2, 3, 4, 10a, human SNAP (N-term) pSNAP-C1 This study
10b, 15, 19a

pSNAP-huCldn2ect10a human SNAP (N-term) pSNAP-C1 This study
pSNAP-huCldn22¢T, 3¢, human SNAP (N-term) pSNAP-C1 This study
10a8¢T, 154CT

pSNAP-huCldn24PbZ, 34P0Z human SNAP (N-term) pSNAP-C1 This study
10a2PPb?, 154PDZ

pSNAP-N1 human SNAP pEYFP-N1 This study
pTrg2-huCldn2, 3 human Trg2 (N-term) pTrg2-C1 This study
pTrg2-huCldn2ecii0a human Trq2 (N-term) pTrg2-C1 This study

Table 15 Plasmid DNA constructs used for stable protein expression.

Puro — puromycin resistance; Neo — neomycin resistance; MCS2 — multiple cloning site; EYFP — enhanced yellow
fluorescent protein; EGFP — enhanced green fluorescent protein; HA — hemagglutinin; ECL — extracellular loop;

Cldn —claudin.

Constructs Species | Tag Backbone
pLIB-CMV-EGFP-N1-Neo jellyfish | EGFP (C-term) pLIB-CMV-MCS2-Neo
pLIB-CMV-EGFP-N1-Puro jellyfish | EGFP (C-term) pLIB-CMV-MCS2-Puro
pLIB-CMV-EYFP-Cldn10a, 15 -Puro human | EYFP (N-term) pLIB-CMV-EGFP-N1-Puro
pLIB-CMV-EYFP-Cldn10a, 15-Neo human | EYFP (N-term) pLIB-CMV-EGFP-N1-Neo
pLIB-CMV-FLAG-Cldn2, 10a, 15-Neo human | FLAG (N-term) pLIB-CMV-EGFP-N1-Neo
pLIB-CMV-FLAG-Cldn2, 2ect10a, 10a, 15-Puro human FLAG (N-term) pLIB-CMV-EGFP-N1-Puro
pLIB-CMV-FLAG-Cldn3-Neo human | FLAG (N-term) pLIB-CMV-MCS2-Neo
pLIB-CMV-FLAG-Cldn3-Puro human | FLAG (N-term) pLIB-CMV-MCS2-Puro
pLIB-CMV-HA-Cldn2, 2ect10a, 10a, 15-Puro human HA (N-term) pLIB-CMV-EGFP-N1-Puro
pLIB-CMV-HA-Cldn3-Puro human | HA (N-term) pLIB-CMV-MCS2-Puro
pLIB-CMV-MCS2-Neo X X pLIB-MCS2-Neo
pLIB-CMV-SNAP-Cldn2, 2ect10a-Puro human | SNAP (N-term) pLIB-CMV-EGFP-N1-Puro
pLIB-CMV-SNAP-Cldn2-Neo human | SNAP (N-term) pLIB-CMV-EGFP-N1-Neo
pLIB-CMV-SNAP-Cldn3-Neo human | SNAP (N-term) pLIB-CMV-MCS2-Neo
pLIB-CMV-SNAP-Cldn3-Puro human | SNAP (N-term) pLIB-CMV-MCS2-Puro
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3.1.7 Antibodies

Table 16 Primary antibodies used in this study.

IgG/Y — immunoglobulin G/Y; ICC — immunohistochemistry; IHC — immunocytochemistry; WB — Western Blot;
HSP70 — heat shock 70 kDa protein; ZO — zonula occludens; HA — hemagglutinin.

Antigen Host/Isotype Source Clone Cat# Dilution
Claudin-1 rabbit/IgG Thermo Fisher Scientific polyclonal 51-9000 ICC 1:100
IHC 1:100
Claudin-2 mouse/IgG2b Thermo Fisher Scientific 12H12 32-5600 ICC 1:100
IHC 1:100
WB 1:200
Claudin-2 rabbit/IgG Thermo Fisher Scientific polyclonal 51-6100 ICC1:100
WB 1:200
Claudin-3 rabbit/IgG Thermo Fisher Scientific polyclonal 34-1700 ICC1:100
IHC 1:100
WB 1:200
Claudin-3 rabbit/IgG Aviva System, Biology polyclonal OAAB18340 ICC1:100
IHC 1:100
Claudin-4 rabbit/IgG Thermo Fisher Scientific polyclonal 36-4800 ICC 1:100
Claudin-7 rabbit/IgG Thermo Fisher Scientific polyclonal 34-9100 ICC1:100
Claudin-10 | rabbit/IgG antibodies-online.de polyclonal ABIN3183935 | ICC1:100
WB 1:200
Claudin-10 | mouse/IgG Thermo Fisher Scientific monoclonal | 41-5100 IHC 1:100
Claudin-15 | rabbit/IgG Thermo Fisher Scientific polyclonal 38-9200 ICC 1:100
IHC 1:100
WB 1:200
FLAG mouse/IgG1 Sigma Aldrich M2 F3165 ICC 1:500
FLAG rabbit/1gG Sigma Aldrich polyclonal F7425 ICC 1:500
GFP mouse/IgG2a Thermo Fisher Scientific 3E6 A-11120 ICC 1:500
WB 1:1000
GFP chicken/IgY Abcam polyclonal ab13970 ICC 1:1000
HA mouse Abcam 16B12 ab130275 ICC 1:500
HA rabbit Cayman polyclonal 162200 ICC 1:200
Halo-tag mouse Promega monoclonal | G921A WB 1:1000
HSP-70 mouse/IgG1 Thermo Fisher Scientific 3A3 MA3006 WB 1:2000
Occludin mouse/IgG Thermo Fisher Scientific 0OC-3F10 33-1500 WB 1:500
SNAP-tag rabbit New England Biolabs polyclonal P9310s WB 1:1000
Tubulin mouse/IgG1 Sigma Aldrich B5-1-2 T5168 ICC 1:500
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Vinculin rabbit/IgG Abcam polyclonal ab73412 WB 1:500
Z01 mouse/IgG1 Thermo Fisher Scientific Z01-1A12 33-9100 ICC 1:100
201 rabbit/IgG Thermo Fisher Scientific polyclonal 61-7300 ICC 1:100
IHC 1:100
WB 1:200
B-actin mouse/IgG1 Sigma Aldrich ac-15 A5441 WB 1:5000

Table 17 Nanobodies and directly labeled primary antibodies used in this study.

VHH — single variable domain on a heavy chain; 1gG/Y —immunoglobulin G/Y; GFP — green fluorescent protein.

Antigen Host/Isotype | Conjugate Source Cat# Dilution
Claudin-3 rabbit/IgG Atto590 1gG from 34-1700 ICC 1:50
Thermo scientific Fisher IHC 1:50
NHS-Ester from 79636
Sigma Aldrich
GFP alpaca/VixH Atto647N Chromotek gha647n-100 | ICC 1:200
GFP alpaca/VuH Atto594 Chromotek gba594-100 ICC 1:200
GFP alpaca/VuH Alexa Fluor 488 Chromotek gbad88-100 ICC 1:200

Table 18 Secondary antibodies used in this study.

1gG (H+L) — immunoglobulin G (IgG) with heavy (H) and light chain (L); HRP — horseradish peroxidase.

Antigen | Host/Isotype Conjugate Source Cat# Dilution
mouse | goat/IgG(H+L) Alexa Fluor 488 | Thermo Fisher Scientific Al11001 ICC 1:200
IHC 1:200
mouse | goat/IgG(H+L) Alexa Fluor 594 | Thermo Fisher Scientific A-11020 ICC 1:200
F(ab')2 IHC 1:200
mouse goat/IgG(H+L) Alexa Fluor 594 Thermo Fisher Scientific A32744 ICC 1:200
Plus IHC 1:200
mouse donkey/IgG(H+L) Atto542 NHS-Ester from AD542-31 ICC 1:200
ATTOTEC
IgG from Jackson 715-005-151
Immuno Research Ltd.
mouse goat/IgG(H+L) Atto647N Active Motif 15058 ICC 1:200
IHC 1:200
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mouse donkey/IgG(H+L) Atto647N NHS-Ester from AD 647N-31 ICC 1:200
ATTOTEC IHC 1:200
IgG from Jackson 715-005-151
Immuno Research Ltd.
mouse | goat/IgG(H+L) HRP Jackson Immuno 115-035-003 | WB 1:2000
Research Ltd.
mouse | donkey/IgG(H+L) 800CW LI-COR 926-32212 WB 1:10000
rabbit donkey/IgG(H+L) 800CW LI-COR 926-32213 WB 1:10000
rabbit goat/IgG(H+L) Alexa Fluor 488 Thermo Fisher Scientific A11008 ICC 1:200
IHC 1:200
rabbit goat/IgG(H+L) Alexa Fluor 594 Thermo Fisher Scientific A-11072 ICC 1:200
F(ab')2 IHC 1:200
rabbit goat/IgG(H+L) Alexa Fluor 594 Thermo Fisher Scientific A32740 ICC 1:200
Plus IHC 1:200
rabbit donkey/IgG(H+L) Atto542 NHS-Ester from AD542-31 ICC 1:200
ATTOTEC
IgG from Jackson 711-005-151
Immuno Research Ltd.
rabbit goat/IgG(H+L) Atto647N Active Motif 15048 ICC 1:200
IHC 1:200
rabbit donkey/IgG(H+L) Atto647N NHS-Ester from AD 647N-31 ICC 1:200
ATTOTEC IHC 1:200
IgG from Jackson 711-005-151
Immuno Research Ltd.
rabbit goat/IgG(H+L) HRP Jackson Immuno 111-035-003 | WB 1:2000

Research Ltd.
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3.1.8 Fluorophores and SNAP- and Halo-tag ligands

Table 19 SNAP- and Halo-tag ligands.

JF —Janelia Fluor; BG — O%-benzylguanine; CA — O%-chloralkane.

Fluorophore Tag system Source Cat# Stock and final
conjugated ligand concentration
Atto590-BG SNAP-tag NHS-Ester from Sigma 79636 Stock: 1 mM
Aldrich Final: 2 uM
Substrate from New $9148S
England Biolabs
Atto590-CA Halo-tag NHS-Ester from Sigma 79636 Stock: 1 mM
Aldrich Final: 1 uM
Substrate from Promega | P6711
JF646-BG SNAP-tag NHS-Ester from Tocris 6148 Stock: 1 mM
Final: 2 uM
Substrate from New $9148S
England Biolabs
JF646-CA Halo-tag NHS-Ester from Tocris 6148 Stock: 1 mM
Final: 1 uM
Substrate from Promega | P6711

Table 20 Fluorescent cell and cell organelle marker.

siR —silicon rhodamine; DAPI — 4’,6-diamidino-2-phenylindole.

Name Source Cat# Stock and final
concentration
CellMask Thermo Fisher Scientific, | C10046 Stock: 5 mg/ml
Invitrogen Final: 5 ug/ml
DAPI Merck, Millipore 5087410001 Stock: 5 mg/ml
Final: 1 pg/ml
Filipin 11l (Streptomyces Sigma Aldrich F4767 Stock: 1 mg/ml
filipinensis) Final: 25 pg/ml
Lipilight580 Idylle Labs - Stock: 1 mM
Final: 200 nM
Phalloidin Thermo Fisher Scientific | A12379 Stock: 400x (66 M)

Alexa Fluor 488

Final: 1x (165 nM)
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Phalloidin Thermo Fisher Scientific | A12381 Stock: 400x (66 M)
Alexa Fluor 594 Final: 1x (165 nM)
siR-actin Spirochrome SC001 Stock: 1 mM

Final: 1 uM
siR-tubulin Spirochrome SC002 Stock: 1 mM

Final: 1 pM

3.1.9 Bacterial strains

For standard cloning and propagation of plasmid DNA chemically competent E. coli
TOP10 strain (Life technologies) or 5-alpha competent E. coli (New England Biolabs) were
used. For cloning and propagation of lentiviral plasmid vectors, the HB101 competent E. coli
were used. HB101 cells are recA negative bacteria, which drastically reduces internal DNA

recombination.

3.1.10 Eukaryotic cell lines
All cultured cells were regularly tested for mycoplasma with a PCR-based

Mycoplasma test kit (PromoCell, #PK-CA91-1024).

Table 21 Eukaryotic cell lines.

sT — stably expressing; MDCK — Madin-Darby canine kidney; COS — Cercopithecus aethiops; HeLa — Henrietta
Lacks; HEK293T — human embryonic kidney; MDCKC7 — Madin-Darby canine kidney clone 7; QKO — quintuple
knockout; Cldn — claudin; EYFP — enhanced yellow fluorescent protein; HA — hemagglutinin; all stable cell lines
were created by lentiviral transduction.

Cell lines Origin and cell type Source Modification

Caco-2 Homo sapiens, ATCC HTB-37 -
adenocarcinoma,

epithelial-like, adherent

COs-7 Cercopithecus aethiops, ATCC CRL-651 -
african green monkey,
kidney derived

fibroblast, adherent

COS-7 sT Cercopithecidae, african | Original strain ATCC Stably expressing
SNAP-Cldn2 + EYFP-Cldn10a green monkey, kidney CRL-651 SNAP-Cldn2 and EYFP-
derived fibroblast, Cldn10a
adherent
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COS-7 sT
SNAP-Cldn3 + EYFP-Cldn15

Cercopithecidae, african
green monkey, kidney
derived fibroblast,

adherent

Original strain ATCC
CRL-651

Stably expressing
SNAP-Cldn3 and EYFP-
Cldn15

COS-7 sT EYFP-Cldn10a

Cercopithecidae, african
green monkey, kidney
derived fibroblast,

adherent

Original strain ATCC
CRL-651

Stably expressing
EYFP-Cldn10a

COS-7 sT EYFP-Cldn15

Cercopithecidae, african
green monkey, kidney
derived fibroblast,

adherent

Original strain ATCC
CRL-651

Stably expressing
EYFP-Cldn15

COS-7 sT SNAP-Cldn2

Cercopithecidae, african
green monkey, kidney
derived fibroblast,

adherent

Original strain ATCC
CRL-651

Stably expressing
SNAP-Cldn2

COS-7 sT SNAP-Cldn3

Cercopithecidae, african
green monkey, kidney
derived fibroblast,

adherent

Original strain ATCC
CRL-651

Stably expressing
SNAP-Cldn3

HEK293

Homo sapiens,
embryonic kidney,

epithelial cells, adherent

ATCC CRL-1573

HEK293T

Homo sapiens,
embryonic kidney,
epithelial cells,
adherent,

contains the SV40 T-

antigen

ATCC CRL-3216

MDCKC7

Canis familiaris, dog,
kidney, epithelial-like,

adherent

Lorena Suarez Artiles

(MDC)

MDCKII

Canis familiaris, dog,
kidney, epithelial-like,

adherent

ATCC CRL-2936

MDCKII QKO

Canis familiaris, dog,
kidney, epithelial-like,

adherent

Mikio Furuse (Otani et

al. 2019)

Quintuple knockout of

Cldni, 2,3,4,7.
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MDCKII QKO sT Cldn2

Canis familiaris, dog,
kidney, epithelial-like,

adherent

Original strain Mikio
Furuse (Otani et al.

2019)

QKO cells stably
expressing Cldn2
(gifted by Mikio

Furuse)

MDCKIl QKO sT EYFP-/HA-/FLAG-
Cldn10a

Canis familiaris, dog,
kidney, epithelial-like,

adherent

Original strain Mikio
Furuse (Otani et al.

2019)

QKO cells stably
expressing EYFP-/HA-
/FLAG-Cldn10a

MDCKII QKO sT EYFP-/HA-/FLAG-
Cldn15

Canis familiaris, dog,
kidney, epithelial-like,

adherent

Original strain Mikio
Furuse (Otani et al.

2019)

QKO cells stably
expressing EYFP-/HA-
/FLAG-Cldn15

MDCKII QKO sT SNAP-/HA-
/FLAG-Cldn2

Canis familiaris, dog,
kidney, epithelial-like,

adherent

Original strain Mikio
Furuse (Otani et al.

2019)

QKO cells stably
expressing SNAP-/HA-
/FLAG-Cldn2

MDCKII QKO sT SNAP-/HA-
/FLAG-Cldn3

Canis familiaris, dog,
kidney, epithelial-like,

adherent

Original strain Mikio
Furuse (Otani et al.

2019)

QKO cells stably
expressing SNAP-/HA-
/FLAG-Cldn3

MDCKII QKO sT
FLAG-Cldn2 + FLAG-Cldn10a

Canis familiaris, dog,
kidney, epithelial-like,

adherent

Original strain Mikio
Furuse (Otani et al.

2019)

QKO cells stably
expressing FLAG-Cldn2
and FLAG-Cldn10a

MDCKII QKO sT
FLAG-Cldn3 + FLAG-Cldn15

Canis familiaris, dog,
kidney, epithelial-like,

adherent

Original strain Mikio
Furuse (Otani et al.

2019)

QKO cells stably
expressing FLAG-Cldn3
and FLAG-Cldn15

3.1.11 Lentiviruses

All lentiviruses were generated by transfection of HEK293T cells as described in 3.2.6.

The different generated viruses are equivalent to the used lentiviral plasmids listed in

Table 15. Virus containing supernatants were stored at -80°C in 1.5 ml cryo-protectant tubes.

3.1.12 Mouse strains

Mice were housed with food and water available ad libitum and on a 12 hours light/

dark cycle. Breeding of all mouse strains and all experiments were reviewed and approved

by the ethics committees of the “Landesamt fir Gesundheit und Soziales” (LAGeSo) Berlin

and "Ministerium fir Landwirtschaft, Umwelt und landliche Raume" in Schleswig-Holstein

(MELUND SH).
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Table 22 Mouse strains used for immunohistology experiments.

Mouse strains

Source

Animal experiment number

BL6 Charité Campus Benjamin Franklin, | LAGeSo (Landesamt fir
Berlin Gesundheit und Soziales)
T-025/16
BL6 Forschungsinstitut fir Molekulare -
Pharmakologie (FMP), Berlin
Maximilian-Delbriick Centrum
(MDC), Berlin
C57Bl/6 Carl Albrechts Universitat, Kiel MELUND SH (=Ministerium fir

Landwirtschaft, Umwelt und
landliche Rdume, Schleswig-

Holstein) V312-72241.121-2

3.1.13 Software

Table 23 Software.

Program/website | Source Version Application

Adobe Acrobat Adobe Systems, USA 20.013.20074.18474 | Viewing and

Pro DC editing of pdf-
documents

Adobe lllustrator Adobe Systems, USA 25.1 Illustration of

2021 scientific data in
figures and
schemes

Adobe Photoshop | Adobe Systems, USA 20.0.10 Illustration of

CC 2019 scientific data in
figures and
schemes

Clone Manager Scientific & Educational Software 8.04 In silico DNA

Professional Suite oligonucleotide
design and
plasmid cloning
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Fiji Image)

Wayne Rasband, National Institutes of

Health (NIH), USA

1.53a

Processing and
analysis of
microscopy and
Western Blot

data

GraphPad PRISM

GraphPad

5.04

Statistical
analysis of
datasets and
generation of

plots

Huygens Essential

Scientific Volume Imaging B.V.

16.10.1p4

Software for
image

deconvolution

Image Lab

Bio-Rad

6.0.1 build 34

Software for HRP

signal detection

Image Studio Lite

LI-COR

5.2

Software for LI-
COR antibody
signal detection
and image

processing

Leica Application

Suite X (LASX)

Leica Microsystems

3.5.223225

Leica SP8 STED
microscope

software

Mendeley Desktop

Mendeley Ltd.

1.19.6

Collection of
scientific articles

and reviews

Microsoft Office
365 (Word, Excel,
Powerpoint, and

OneNote)

Microsoft

2012

Create
documents and
presentations,
analyze scientific
data and
experimental

logbook

NCBI Homepage

www.ncbi.nlm.nih.gov/

2021/01/13

Database for
scientific
literature, DNA,
and protein

sequences
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NEBiocalculator

https://nebiocalculator.neb.com/#!/ligation

2021/01/13 Calculator for
molar ratio for
ligation of DNA

fragments

NIS-Elements Nikon Instruments

5.02.01 Nikon
microscope

software

PubMed

https://pubmed.ncbi.nim.nih.gov/

2021/01/13 Database for
DNA and protein

sequences

UniProt https://www.uniprot.org/

2021/01/13 Database
protein
sequences and

structures

ZEN 2010 B SP1 Carl Zeiss Microscopy

6.0.0.485 Zeiss confocal
microscope

software

3.1.14 Devices and equipment

A more detailed description of specific instruments can be found in the method part.

Table 24 Devices and equipment.

Devices Company
Arium advance (Milli Q system) Sartorius
Bio Photometer Plus Eppendorf
Bio-Rad ChemiDoc MP Bio-Rad
Cabsulefuge (PMC-060) Tomy
Centrifuge 5702 Eppendorf
Flasks 100/250/500/ 1000/2000 Schott

Gel documentation (G:Box) Syngene
Glass vials (250 ml, 500 ml) Schott

High-resolution ESI-MS (Waters H-class instrument)

Waters corporation

Hoods in the labs (GAP.185.120)

SAP Umwelttechnologie

Preparative HPLC (Gilson PLC 2020 system) Gilson Inc
Ice machine Manitowoc
Incubator (80°C) Heraeus Instruments

Incubator bacteria (Incu-line)

VWR
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Incubator mammalian cell culture (Galaxy 170S)

New Brunswick

Infinite 200 Pro Plate reader

Tecan

K series cryo-storage freezer system

Worthington industries

Leica SP8 STED

Leica Microsystems

LSM 780

Carl Zeiss Microscopy

LSM510-META NLO

Carl Zeiss Microscopy

LSM710

Carl Zeiss Microscopy

Magnetic stirrer (RCT basic)

Kikawerke

Mammalian cell culture Hood

Thermo Fisher Scientific

Micro centrifuge (Micro 22R)

Hettich

Microcentrifuge (Micro Star 17)

VWR

Microm HM560 cryostat

Thermo Fisher Scientific

Millicell ERS2 (Electrical Resistance System)

Merck (Millipore)

Mini Trans-Blot Cell

Bio-Rad

Mini-Spin Plus

Eppendorf

Multifuge (X1R)

Thermo Fisher Scientific

Multipette Plus

Eppendorf

Neubauer improved

Superior Marienfeld

Nikon CSU Nikon Instruments
Odyssey Fc imaging system LI-COR

Olympus CKX41 with Olympus U-RFL-T lamp Olympus
PerfectBlue gel system, Mini L Peqglab

pH meter Mettler Toledo
Pipetteboy Accupipex
Pipettes (Eppendorf research: 0.2 - 10/2 - 20/ 20 - Eppendorf
200/100 - 1000 wl)

Power Pack P25T Biometra

S2 hood BDK

SDS-Page Running chambers Bio-Rad

Shaker bacteria (Innova-42)

New Brunswick

Shaker bacteria (Innova-44)

New Brunswick

Shaker Duomax1030 Heidolph instruments
Thermocycler, peqSTAR Peqglab

Thermomixer 5437 Eppendorf
Thermomixer comfort (Typ5) Eppendorf

UPLC-UV/MS (Water H-class instrument)

Waters corporation

Ussing chambers

Self-build (Clinical physiology at CBF, Berlin)
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UV table (UVT-28 LV) Herolab
VACUSAFE (Vacuum pump mammalian cell culture) Integra
Vacuum pump (Unit BVC21) Vacuubrand

Vortex Genie 2

Scientific Industries

Water bath (VWB 26)

VWR

Weight for chemical substances

Sartorius analytic

3.1.15 Suppliers

Table 25 Suppliers.

Supplier

Address

Abcam

Cambridge, UK

Absea Biotechnology Ltd.

Beijing, China

Active Motif

Carlsbad, California, USA

American Type Culture Collection

Manassas, Virginia, USA

Antibodies-online Inc.

Limerick, Pennsylvania, USA

ATTO-TEC

Siegen, Germany

Aviva System Biology

San Diego, California, USA

BD Biosciences

Franklin Lakes, New Jersey, USA

Biometra GmbH

Gottingen, USA

Bio-Rad Laboratories Inc.

Hercules, California, USA

BioTeZ Berlin-Buch GmbH

Berlin, Germany

Biotium

Fremont, California, USA

Carl Roth GmbH

Karlsruhe, Germany

Carl Zeiss

Oberkochen, Germany

Cayman Chemical

Ann Arbor, Michigan, USA

Cellvis Mountain View, California, USA
ChromoTek GmbH Planegg-Martinsried, Germany
Corning New York, USA

Eppendorf AG Hamburg, Germany

GE Healthcare Life Sciences

Chalfont St. Giles, UK

Gilson Inc

Middleton, USA

Henke-Sass-Wolf

Tuttlingen, Germany

IDYLLE Paris, France

INTEGRA Biosciences GmbH Biebertal, Germany
Invitrogen Carlsbad, USA

Invivogen San Diego, California, USA
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Jackson Immuno Research Ltd.

Cambridge, UK

Janelia Farm Research Campus

Ashburn, Virginia, USA

Leica Microsystems

Wetzlar, Germany

LGC Biosearch Technologies

Berlin, Germany

LI-COR Biosciences

Lincoln, Nebraska, USA

Life Technologies

Carlsbad, California, USA

Macherey-Nagel

Diiren, Germany

Merck KGaA

Darmstadt, Germany

Merck Millipore

Burlington, Massachusetts, USA

neolab Migge GmbH

Heidelberg, Germany

New England Biolabs

Ipswich, Massachusetts, USA

Nikon Instruments

Tokyo, Japan

Paul Marienfeld GmbH & Co. KG

Lauda-Kdénigshofen, Germany

Promega

Madison, Wisconsin, USA

PromoCell GmbH

Heidelberg, Germany

Sakura Finetek

Torrance, California, USA

Sarstedt Niimbrecht, Germany
Sartorius Gottingen, Germany
Schott AG Mainz, Germany

Schreiber Instruments

Schreiber Instruments

Sigma Aldrich

St. Louis, Missouri, USA

Spirochrome Ltd

Stein am Rhein, Suisse

Tecan Group

Mannedorf, Suisse

Thermo Fisher Scientific

Waltham, Massachusetts, USA

Tocris Bioscience

Bristol, UK

VWR International

Radnor, Pennsylvania, USA

Waters Corporation

Milford, Massachusetts, USA
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3.2 Cell biological methods

3.2.1 Mammalian cell culture

All mammalian cell lines used in this study were cultured in a humidified incubator at
37°C and 5% CO». The basic cell culture was carried out in 310 cm dishes. COS-7, HEK293,
HEK293T, MDCKII, MDCKII QKO, and MDCKC7 (listed in Table 21) were cultivated in
Dulbecco's Modified Eagles Medium (DMEM) supplemented with 4.5 g/I glucose, 10% (v/v)
heat-inactivated fetal bovine serum (FBS), and 1% (v/v) penicillin/streptomycin (P/S). Caco-2
cells were cultivated in MEM supplemented with 15% (v/v) heat-inactivated FBS, 1% (v/v)
P/S and 1% (v/v) non-essential amino acids (NEAA). COS-7 stably expressing (sT) SNAP-,
EYFP-tagged claudins or EGFP-C1 as control and MDCKII QKO sT SNAP-, EYFP-, FLAG-, HA-
tagged claudins, or EGFP-C1 as control were cultivated in the same cultivation medium as
described above with additional 1-2 ug/ml puromycin for single expressing cells and
additional 300-500 pg/ml G418 (Geneticin) for double expressing cells. Cells were passaged
every 2 to 4 days. The cell density never exceeded 90% confluency. Caco-2, MDCKC7,
MDCKII, MDCKII QKO, and MDCKII QKO sT cells were kept at a lower density of 60-80% to
guarantee a faster detachment. Cells were washed with PBS and incubated with TrypLE
Express (1 ml/@10 cm dish; 0.5 ml/@6 cm dish; 0.5 ml/well of a 6-well plate) for at least
5 min at 37°C and 5% CO.. The cell detachment was checked with a brightfield microscope.
Detached cells were resuspended in a 10-fold excess of medium. Cells were plated in
dilutions of 1:5 to 1:30 in a new cell culture dish. In general, cells were discarded beyond
passage 30. COS-7 cells were already discarded after 18 passages. Only MDCKC7 cells were
kept in culture for up to 90 passages. For cryo-preservation, cells were cultured to
approximately 90% confluency, detached with TrypLE Express, and resuspended in medium
containing no FBS and no antibiotics. The cell number was determined by using a Neubauer
chamber (described in 3.2.2). Cells were spined down at 800 rpm for 5 min and the pellet
was resuspended in cryoprotectant medium (50% (v/v) DMEM and 50% (v/v) (FBS 80% (v/v)
and 20% (v/v) DMSO)) to achieve a concentration of 2*108 cells per ml. 2*108 cells per cryo-
protectant tube were stored overnight at -20°C and transferred the next day to -80°C. After
24 hours the cells were transferred for long-term storage to the liquid nitrogen vapor phase
tank. For re-cultivation, cells were thawed at 37°C and seeded in a @10 cm dish containing
the cell line specific medium. For live imaging and immunocytochemistry (ICC) experiments,

COS-7 cells were seeded on @25 mm, @18 mm glass coverslips (CS), or in 8-well IBIDI
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chambers. The surface of the CS and the wells of the IBIDI chamber were coated with 2%
(v/v) Matrigel dissolved in DMEM. Matrigel is a basement membrane preparation enriched
with extracellular matrix (ECM) proteins like laminin, collagen IV, proteoglycans, and growth
factors. A sufficient coating was achieved by applying a 2% Matrigel solution on the surfaces
as a thin layer followed by an incubation for one hour at 37°C. Epithelial cells (Caco-2,
MDCKC7, MDCKII, MDCKIl QKO and MDCKII QKO sT) were seeded either in a low density
(40% confluency) on @25 mm glass CS coated with 2% Matrigel or in a higher density (80%
confluency) on non-coated @25 mm glass CS or non-coated 0.6 cm? sized filter insets (0.4 pm

pore size, PCF or PET) for immunocytochemistry (ICC) experiments.

3.2.2 Determination of the cell concentration using a Neubauer chamber

Detached cells were resuspended in 10-50 ml of DMEM and transferred to a 15 ml or
50 ml collection tube. 10 uL of the cell suspension were pipetted on the cell counting grid on
one side of the Neubauer chamber (Neubauer improved, 0.1 mm depth). Cells were counted
in the 64 small squares of the four big squares, including cells on the inner two borders
(schematically illustrated in Figure 10), and the cell concentration per ml was calculated by
using Equation 1, which results from the depth and area of the big squares of the Neubauer

chamber described in Equation 2.

61



0.1cm
I |
I 1

Small
square

. Bigsguare | | | 1 N BN Big square |

0.1¢cm

Big square Big square
Cant =G

Figure 10 Scheme of the cell counting grid of a Neubauer chamber. The grid consists of four big squares,
each covering an area of 0.01 cm?. The depth of the grid is 0.01 cm, resulting in a volume for one big square
of 0.0001 cm? which equals 0.1 pl. Every big square contains 16 small squares. Cells were counted in the four

big squares, including cells that were on the two red-labeled borders of the big squares.

Equation 1 Simplified calculation of the cell concentrations using a Neubauer chamber.

counted cells*10000
number of big squares

cell concentration in ml=

Equation 2 Calculation of the cell concentrations using a Neubauer chamber.

o counted cells
cell concentration in ml= - *1000
0.1 pl*number of big squares

3.2.3 Transfection of plasmid DNA with Lipofectamine 2000
Lipofectamine 2000 was used to transfect COS-7 or HEK293 cells with plasmid DNA.
Lipofectamine is a cationic lipid forming liposomes and complexes with negatively charged

DNA, facilitating binding to cell membranes, and thus allowing DNA uptake. Cells were

seeded 24 hours before transfection in medium containing FBS and antibiotics. Plasmid DNA

and Lipofectamine 2000 were diluted separately in OptiMEM. The specific amounts are
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listed in Table 26. Both solutions were briefly mixed and incubated for 5 min at RT.
Subsequently, the DNA mix was combined with the Lipofectamine mix and incubated for
20 min at RT. The medium of the cells was changed, and the transfection mix was added
dropwise to the cells. The growth medium was exchanged again after 6 hours. After

24 hours, the cells were used for microscopy, ICC, or biochemical experiments.

Table 26 Volume of reagents per well for transfection with Lipofectamine 2000.

One well of a Total volume | Medium | DNA/Lipofectamine-Mix | DNA Lipofectamine 2000
multi-well plate | (ml) (ml) () (ug) ()

10-well 0.1 0.075 2%12.5 0.16 0.2

(Greiner)

8-well (Ibidi) 0.2 0.15 2%25 0.32 0.4

12-well 1 0.75 2*125 1.6 2

6-well 2 1.5 2*250 3.2 4

3.2.4 Transfection of plasmid DNA with Lipofectamine 3000

Lipofectamine 3000 was used to transfect Caco-2, MDCKC7 and MDCKII cells with
plasmid DNA. Lipofectamine 3000 provides, compared to Lipofectamine 2000, a superior
transfection performance and higher transfection yields. It is based on the same biophysical
principle as previously described for Lipofectamine 2000. Cells were seeded 24 hours before
transfection in medium containing FBS and antibiotics. Plasmid DNA and Lipofectamine 3000
were diluted separately in OptiMEM. Additionally, P3000 was added to the DNA mix. Both
solutions were mixed thoroughly. The specific amounts are listed in Table 27. The DNA mix
was combined 1:1 with the Lipofectamine 3000 mix and incubated for 15 min at RT. The
growth medium was changed, and the transfection mix was added dropwise to the cells.

After 24 hours, the cells were used for microscopy, ICC, or biochemical experiments.

Table 27 Volume of reagents per well for transfection with Lipofectamine 3000.

One well Total volume | Medium | DNA/Lipofectamine-Mix | DNA | Lipofectamine 3000 PEG
of a multi- | (ml) (ml) (1) (ng) | (i) 3000
well plate (1)
12-well 1 0.875 2*%62.5 16 |25 5
6-well 2 1.75 2*%125 3.2 5 10
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3.2.5 SNAP- and Halo-tag labeling

COS-7 or HEK293 cells transiently expressing SNAP- or Halo-tagged proteins were
labeled with the corresponding ligands 24 hours after transfection. COS-7 cells stably
expressing SNAP- or Halo-tagged proteins were labeled with the corresponding ligands
24 hours after seeding. SNAP- and Halo-tag ligand stock solutions (1 mM) (listed in Table 19)
were thawed slowly at RT. The cell-permeable ligands were diluted in 37°C pre-warmed
medium without antibiotics to a final working concentration of 2 uM for SNAP-tag ligands
and 1 uM for Halo-tag ligands. Cells were washed once with pre-warmed medium without
antibiotics, followed by a complete aspiration of the medium. The ligand solution was
carefully added to the cells. When the cells were seeded on glass CS (318 mm; @25 mm), the
ligand solution was carefully placed as a drop on top of the CS. Cells were incubated for
one hour in a humidified incubator at 37°C and 5% CO.. The labeled cells were washed at
least three times with DMEM to reduce the amount of unbound ligand. After 30-60 min
post-incubation in a humidified incubator at 37°C and 5% CO,, the cells were used for

microscopy or ICC experiments.

3.2.6 Lentivirus production via calcium phosphate transfection of HEK293T cells

HEK293T cells were used for lentiviral production because of their expression of a
mutant version of the SV40 large T antigen. In combination with plasmid DNA which carries
the SV40 origin of replication and specific packaging plasmids coding for the viral proteins, a
high copy number of virus particles can be achieved. Since lentiviruses are potentially
harmful, all steps after the calcium phosphate transfection were performed under strict S2

regulations, and all created viruses were documented in S2 datasheets.

One day before transfection, HEK293T cells were seeded at a confluency of 60-70%
in @10 cm dishes or wells of a 6-well plate. After 24 hours, the cells were transfected using
calcium phosphate. Calcium phosphate transfection is based on the active uptake of DNA-
calcium phosphate co-precipitates which adheres to the cell surface of cells. The packaging
plasmid DNA pCIG3.NB, the lentiviral envelope plasmid psMD2.G (encodes for a vesicular
stomatitis virus glycoprotein (VSV-G)), and the genome plasmid DNA were mixed with 1xTE
and 2.5 M CaCl,. After 5 min incubation at RT, the DNA mix was transferred dropwise under
swirling into a tube containing HBS (2x). The exact volumes are listed in Table 28. After 20
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min incubation at RT, the mixture was added carefully to the cells. After 24 hours, the
transfection efficiency was checked with a basic fluorescent microscope. A plasmid coding
for EGFP-N1 served in every transfection round as a transfection efficiency control. The
medium was changed, and the volume was reduced by 20%. Every 48 hours, the supernatant
was collected, and a fresh medium was added. The supernatant was centrifuged for 5 min at
2000 rpm to remove cell debris, filtered (0.45 um pore sized filter) and transferred in a new
50 ml tube. All supernatants were stored at 4°C for up to 2 weeks or at -80°C for long-term
storage. To concentrate the virus, all collected supernatants of one created virus were
pooled in Amicon Ultra-15 (100 kDa) tubes and spun down for 20 min at 4,696*g. The

concentrated supernatants were collected and stored at -80°C.

Table 28 Volume of reagents per well and dish for calcium phosphate transfection.

One well | Medium | pCIG3.NB psMD2.G | Plasmid DNA | TE (1x) 2.5M CacCl HBS (2x)
or dish (ml) (ng) (ng) (ng) (n) (n) ()
6-well 2 1.75 0.75 2.5 74 10 84

@10 cm 10 10.5 4.5 15 440 60 500

dish

3.2.7 Creating stable cell lines with lentivirus

Generating stably expressing cells by lentiviral transduction is based on the random
incorporation of viral DNA in the host genome. Depending on the virus's potency and the
rounds of infection, one or several copies of viral DNA can be incorporated. The expression
of the encoded proteins depends on the used promotor. In this study, the protein expression

was under the control of a CMV-promoter.

For the generation of stably expressing cell lines COS-7 or MDCKII QKO were seeded at
a confluency of 60-70% in 6-well or 12-well plates containing DMEM supplemented with
10% FBS and 1% P/S. After 24 hours, the medium was reduced to 1 ml for 6-well plates and
0.5 ml for 12-well plates. 0.2-1 ml of non-concentrated or 50-100 ul of the concentrated
virus was used to infect the cells. An EGFP-C1 transducing virus served as infection control.
After 48-72 hours, the infection efficiency of EGFP-N1 control was checked with a
fluorescence microscope. For the selection of successfully infected cells and non-infected
cells, 5 pg/ml puromycin and up to 1000 pg/ml G418 were used. The selection was started

with 5 pg/ml puromycin and changed after 48 hours to 2 pg/ml puromycin. For double
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selection 500-1000 pg/ml G418 was added to the selection medium. The cells were routinely
checked for viability and expression level. After one week, the selection pressure was
reduced to 2 ug/ml puromycin and 300 pg/ml G418. For long-term culture, 1-2 ug/mi
puromycin and 300 pg/ml G418 were used.

3.2.8 Immunocytochemistry (ICC)

COS-7 seeded on CS (@18 mm; @25 mm) or in 8-well Ibidi chambers with a glass-
bottom were washed once with PBS** to remove residual medium and fixed with 4% (w/v)
paraformaldehyde (PFA)/sucrose for 15 min at RT. PFA causes covalent cross-links between
molecules, that leads to the formation of an insoluble meshwork, fixating the actual close to
the native state of the proteins within a cell. Fixated cells were washed once with PBS** and
permeabilized with 0.2% (v/v) Triton X-100 for 5 min at RT. Triton X-100 permeabilizes cells
and creates non-reversible holes in the plasma membrane by removing cellular membrane
lipids. To avoid unspecific antibody binding the cells were incubated in a blocking solution
(BS) (6% (v/v) NGS, 1% (w/v) BSA, 0.05% (v/v) Tween 20) for 30 min at RT. The primary
antibody was diluted in BS (Table 16) and applied as a 100 ul drop on the cells and incubated
for one hour at RT or 24 hours at 4°C in a humidity chamber. Cells were washed three times
with PBS*™ to remove the unbound primary antibody. Directly labeled antibodies (Table 17)
were applied together with the normal primary antibodies following the same protocol. The
bound primary antibodies were decorated with secondary antibodies (Table 18) by an
following incubation for one hour at RT in BS in a humidity chamber. GFP-boosting
nanobodies (Table 17) and cell compartment labeling compounds (Table 20) were incubated
alone or together with the secondary antibodies for one hour at RT in BS in a humidity
chamber. The antibody decorated and cell compartment labeled cells were washed three
times with PBS™ and stored in PBS** at 4°C until imaging. For long-term storage, the cells
were mounted in Immu-Mount on object slides for one hour at 37°C. For STED microscopy,
the cells were mounted in ProLong Gold antifade on object slides for at least 48 hours at RT.
Cells in 8-well chambers were mounted in ProLong Gold antifade and covered with small

@6 mm CS.

ICC of Caco-2, MDCKC7, MDCKIl, MDCKIl QKO and MDCKII QKO sT cells, that were
seeded on glass CS or filter insets, was performed as described above. With the exceptions
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that the cells were fixed with ice-cold EtOH for 20 min at -20°C. Since EtOH is permeabilizing
the cell membranes on its own, no additional permeabilization with Triton X-100 was
needed. The immunostaining was directly performed on the filter. The filter inserts were cut
out with a scalpel and placed with the filter bottom on object slides. A glass CS (@18 mm;
@25 mm) was placed with a drop of Immu-Mount or ProLong Gold Antifade on top of the

filter to seal it.

3.2.9 Cholesterol depletion assay

COS-7 cells were transfected with SNAP-Cldn2 and EYFP-Cldn10a (described in 3.2.3)
and treated with 10 uM mevastatin for 24 hours in DMEM with FBS or 20 mM Methyl-B-
cyclo-dextrin (MBCD) for two hours in DMEM without FBS. In an additional approach, an
equal amount of DMSO or H,O was used as control. SNAP-Cldn2 was labeled with SNAP-
Atto590-BG (described in 3.2.5), and EYFP-Cldn10a was stained with an anti-GFP Atto647N
nanovody (described in 3.2.8) and imaged in two-color STED (described in 3.6.3). A Filipin Il
staining was performed to verify the reduction of intracellular and plasma membrane
cholesterol. Cells were fixed with 4% (v/v) PFA/sucrose for 15 min, quenched with 0.1 M
glycine in PBS** for 30 min, and incubated for two hours with 25 pg/ml Filipin lll in PBS**
under light protection. The cells were washed with PBS** and imaged in PBS** with a Leica
SP8 TCS microscope. For the excitation of the Filipinlll, a UV laser with an excitation

wavelength of 405 nm was used.

3.2.10 Cldn2 pore-blocking assay

COS-7 cells were transfected with pEGFP-Cldn2'®¢¢ and pSNAP-Cldn10a (described in
3.2.3). Cells were either treated with 1 mM MTSET or an equal volume of DMSO for
two hours in DMEM. Cells were labeled with SNAP-Atto590-BG (described in 3.2.5) and
immunofluorescent stained with anti-GFP Atto647N (described in 3.2.8) and imaged in two-

color STED (described in 3.6.3).
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3.2.11 Co-culture

COS-7 cells were seeded in 6-well plates and transfected with 3.2 ug pSNAP-
Cldn2eci10a, PEYFP-Cldn10a, or pEYFP-Cldn2 (described in 3.2.3). After 24 hours, the cells
were detached and washed thoroughly with PBS. After resuspension in DMEM, the pSNAP-
Cldn2ecL10a expressing cells were mixed with pEYFP-Cldn2 or pEYFP-Cldn10a expressing cells
in a ratio of 1:1 and seeded on @25 mm glass CS and incubated for 24 hours at 37°C and 5%
CO,. For SNAP-tag labeling 2 uM Atto590-BG was used (described in 3.2.5). The EYFP-signal
was boosted with the GFP-booster Atto647N (described in 3.2.8). Confocal and STED images
were taken with the Leica SP8 TCS STED microscope (described in 3.6.2 and 3.6.3).

3.3 Molecular biology methods

3.3.1 Oligonucleotides

Oligonucleotide design and in silico cloning were performed with Clone Manager
Professional Suite 8. For the simple amplification of target sequences, primers were
designed with an overlap of at least 18 bp. Based on the approach, additional restriction
sites and a four base pairs overlap (TATA) for a superior restriction were added at the 5' of
the primer. The primer melting temperature (Tm) was kept in between 50°C and 72°C. The
GC content was kept in a range of 40-50% to provide high primer stability. A GC clamp was
usually included. Regarding potential conceptual errors, including multiple primer binding,
frameshifts, dysfunctional restriction sites, and unwanted stop codon insertions, all cloning

approaches were first performed in silico.

3.3.2 Polymerase chain reaction

The polymerase chain reaction (PCR) was first described by Kary Mullis*®! and
described as a method in 1988 by Saiki et al.1818, PCR allows the exponential amplification
of a specific DNA sequence which serves in the reaction as a template. It is a multi-cycle
reaction repeating mainly three main steps. In the first step, the template DNA gets
denatured to create linear DNA strands. In a second step, short, highly specific DNA
oligonucleotides known as primers can anneal with their complementary sequence and bind

to the linear DNA template. In the last step, a DNA polymerase elongates the primer DNA by
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adding free nucleotides (nts). The newly synthesized DNA fragments serve in the following

cycles as templates leading to an exponential DNA amplification.

In this study, the PCR method was used to amplify plasmid DNA sequences for
subsequent cloning in mammalian expression vectors. The chemicals and volumes used for
standard PCR are listed in Table 29. The Phusion DNA polymerase was used due to its high
fidelity as a standard amplification enzyme. Depending on the primers' length and their
annealing abilities, two different PCR programs were used (described in Table 30). The 2-

step protocol was used for long primers (>40 bp) and primers with a high Tm (>72°C).

Table 29 PCR reaction mix for Phusion High-Fidelity DNA polymerase.

Components Volume Final concentration
5x Phusion HF buffer 10 ul 1x

10 mM dNTPs 1ul 200 uM

10 uM forward primer 2.5 ul 0.5 uM

10 uM reverse primer 2.5 ul 0.5 uM

Template DNA variable 1-10 ng

DMSO (only for 2-step PCR reaction) (1.5 i) (3%)

Phusion High-Fidelity DNA Polymerase 0.5 pl 1 unit
Nuclease-free water to 50 ul X

Total volume 50 ul X

Table 30 PCR programs for Phusion High-Fidelity DNA polymerase.

Standard 2-step
Initial denaturation 98°C, 30s 98°C, 30s
i Cycle start
Denaturation 98°C, 10s 98°C, 10 s
25-35cycles < | Primer annealing 45-72°C,30s
72°C, 30 s per kb
Elongation 72°C, 30 s per kb
Cycle end
| Final extension 72°C, 10 min 72°C, 10 min
Storage 8°C, infinite 8°C, infinite

The annealing temperature depended on the used primers and was generally chosen

to be equal to the primers' salt-adjusted melting temperature.
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3.3.3 Colony PCR using the Taq DNA polymerase

Colony PCR was used to identify bacterial clones that incorporated the desired
plasmid after transformation (described in 3.3.12). For each approach, several colonies were
picked with sterile pipette tips, dipped in 200 pl LB medium containing the selection
antibiotics in a 96-well plate, and cultivated for two hours at 180 rpm at 37°C. The same tips
were dipped further on in the PCR reaction mix (described in Table 31) containing the Tag-
polymerase and two specific primers (FW and RV) (listed in Table 12). The PCR was

performed according to Table 32. The analysis of the PCR was performed with an agarose gel

electrophoresis (described in 3.3.6).

preparation, and sequencing.

Table 31 PCR reaction for Taq DNA polymerase.

Positive colonies were taken for cultivation,

Components Volume Final concentration
10x Standard Taq reaction buffer 2.5 ul 1x

MgCl» 2.5 ul 1.5mM

5 mM dNTPs 1l 200 uMm

5 U/ul Tag DNA-Polymerase 0.125 ul 0.625 U

10 uM forward primer 0.5 ul 0.2 uMm

10 uM reverse primer 0.5 ul 0.2 uM

10x OrangeG loading dye 2.5 ul 1x

Nuclease-free water to 25 ul X

Total volume 25 ul X

Table 32 PCR programs for Taq DNA polymerase.

25-35cycles = | Primer annealing

Standard 2-step
Initial denaturation 98°C,30s 98°C,30s
Cycle start
Denaturation 98°C, 10 s 98°C, 10s
45-68°C, 30's

68°C, 1 min per kb

Elongation 68°C, 1 min per kb
Cycle end

B Final extension 68°C, 10 min 68°C, 10 min
Storage 8°C, infinite 8°C, infinite

The annealing temperature depended on the primers used and was generally chosen

to be equal to the primers' salt-adjusted melting temperature.

70




3.3.4 Site-directed mutagenesis

Site-directed mutagenesis is a PCR-based cloning technique that allows the insertion
of point mutations, base pair deletions, or base pair insertions in the region of interest of a
plasmid. In the first step, two primers were designed, which annealed back-to-back to the
plasmid. One of the primers contained the desired mutation, whereas the other primer was
complementary to the plasmid sequence. Primers were either ordered with a 5'-end
phosphorylation or were phosphorylated in an additional step using the T4 kinase kit from
Thermo Fisher Scientific (described in 3.3.9). Deletions were introduced by designing
perfectly matching primers that border the deleted area on both sides. Point mutations were
created by designing one or multiple mismatches and short insertions by designing a stretch
of mismatches in the mutagenic primer. In general, the primer length was around 25-30 nts,
and the mutations were in the middle with at least 10-15 nts on each side. The starting
plasmid amount was kept at a low range of 1-5ng to reduce the unmutated plasmid
background. The PCR was performed using the Phusion polymerase following the
instructions in 3.3.2 only the number of cycles never exceeded 25 to prevent unwanted
secondary mutations induced by the polymerase. The amount and size of DNA fragments of
the PCR reaction were checked with gel electrophoresis (described in 3.3.6). To reduce the
amount of Dam-methylated parental plasmid DNA, the PCR product was incubated with 1 U
Dpnl enzyme for 15 min at 37°C. The following ligation and heat-shock transformation were

performed as described in 3.3.11 and 3.3.12.

3.3.5 NEBuilder HiFi DNA Assembly cloning

For the assembly of multiple DNA fragments, the NEBuilder HiFi DNA Assembly
cloning kit from New England Biolabs was used. In the first step, four primers were designed.
Two primers were for the amplification of the plasmid backbone without the region which
should be exchanged. These primers were entirely complementary to the plasmid backbone.
The other two primers amplified the region of interest, which should be inserted in the
generated plasmid backbone. Those primers were complementary to the region of interest
and complementary to the ends of the generated plasmid backbone. All shared sequences
had a melting temperature of at least 48°C. Both PCR reactions were performed using the

Phusion DNA polymerase according to 3.3.2. The success of the PCR reaction was controlled
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by gel electrophoresis described in 3.3.6. The assembly reaction of the two PCR products
was performed according to the manufacturer's instructions for 15 min at 50°C. The used
amounts are listed in Table 33. The DNA concentration of the PCR products was measured
with a Nanodrop spectrometer (3.3.16). The amount of PCR fragments was calculated based
on Equation 3. A from the manufacturer provided positive control reaction was run in

parallel.

Table 33 HiFi assembly reaction mix.

Components 2-3 fragments 4-6 fragments Positive control
DNA ratio (vector:insert) 1:2 1:1

Total amounts of 0.1 pmol 0.5 pmol 10 ul

fragments -Xul X ul

NEBuilder HiFi DNA 10 pl 10 pl 10 pul

Assembly Master mix

Nuclease free water to 20 ul to 20 ul -

Total volume 20 pl 20 ul 20 pl

Equation 3 Calculation of the molar amounts of fragments for HiFi assembly.

(weight in ng)*1000)
basepairs*650 daltons

pmols=

For the transformation, 50 pul of commercial DH5a competent cells and 2 ul of the

assembled product were used.

3.3.6 Preparative and analytical agarose gel electrophoresis

Agarose gel electrophoresis was used to separate plasmid DNA and DNA fragments
based on their size to analyze restriction digest, PCR, colony PCR, and DNA purification.
Agarose gels were prepared by dissolving 0.5-2% (w/v) agarose in 1XTAE buffer. For mini
gels, 100 ml, and for midi gels, 200 ml of 0.5-2% agarose was used. 5 pl of a 1% concentrated
ethidium bromide (EtBr) solution was added to the liquid agarose solution. EtBr intercalates
with the DNA and allows the detection and quantification of DNA with UV light. DNA
samples were mixed with a 6x Tri-Track loading dye to a 1x final concentration and loaded

on the hardened and cooled down agarose gel. As DNA ladder 5-10 pl of GeneRuler 1 kb was
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used. The loaded volume depended on the pocket size of the used comb. Subsequently, the
gel was run in a Perfect Blue chamber from Peqlab filled with 1x TAE buffer at 160 Volt for
20-30 min. DNA fragments were visualized by UV light on a UV table and imaged with a G-
Box gel documenting system. If the DNA fragments were used for further cloning steps, the

UV light exposure was kept to a minimum.

3.3.7 Purification of plasmid DNA and PCR products from DNA agarose gels
For the purification of DNA from agarose gels, DNA bands were excised from the gel
under UV light and extracted with a NucleoSpin Gel and PCR clean-up kit according to the

manufacturer's instructions (Table 10).

3.3.8 Restriction digest

Restriction digests were performed according to the manufacturer's instructions for
fast digest enzymes from Thermo Fisher Scientific. The used restriction enzymes are listed in
Table 9. The composition of a restriction digest is listed in Table 34. For the digest of 25 ul of
PCR product or 1-3 pg of plasmid DNA was used and 1 U of each restriction enzyme. The
restriction mix was incubated for one hour at 37°C under constant agitation and stored if

needed at 4°C.

Table 34 Composition of the fast digest reaction mix.

Components 1x 6Xx
10x Fast digest buffer (Green) 3l 18 ul
Fast digest enzymes 1 ul (1 U) each enzyme 6 ul (6 U) each enzyme
DNA (PCR product or plasmid DNA) 25 ul PCR or 150 pl PCR or

< 2 pug Plasmid <12 pg Plasmid
Nuclease free water to 30 ul to 180 ul
Total volume 30 ul 180 pl

3.3.9 Phosphorylation of primers and PCR products
For the phosphorylation of oligonucleotides and linear double-strand (ds) DNA, the
T4 polynucleotide kinase was used. The reaction was performed according to the

manufacturer's instructions. The specific amounts of reagents used in this study are listed in
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Table 35. A 10 mM ATP solution was prepared by combining 10 pl of 2100 mM ATP and 90 pl
of nuclease-free H,0. The reaction took place at 37°C for 20 min. The T4 kinase was heat-

inactivated at 75°C for 10 min.

Table 35 Composition of the T4 polynucleotide kinase reaction mix.

Components Linear double-strand DNA Oligonucleotide
DNA 10 pmol 30 pmol

10x reaction buffer A 2ul 2ul

10 mM ATP 2ul 2 ul

T4 polynucleotide kinase 1ul(10U) 1ul(10U)
Water, nuclease-free to 20 ul to 20 ul

Total volume 20 ul 20 ul

3.3.10 Dephosphorylation of vector DNA using CIP

Calf-Intestinal-Phosphatase (CIP) was used to dephosphorylate linearized vector DNA.
CIP hydrolyzes the 5'-phosphates from linear DNA molecules, thereby preventing
spontaneous recircularization of linearized vectors and reducing the number of false-positive
colonies after the transformation of ligation reactions. CIP was added directly into the

completed restriction digest for an additional incubation of 10 min at 37°C.

3.3.11 Ligation of DNA fragments into linearized plasmid vectors

The concentration of DNA fragment (insert) and the linearized vector after agarose
gel purification was photometrically determined with a Nanodrop spectrometer (described
in 3.3.16). The insert was used in a molar ratio of 3:1 or 5:1 over the linear vector DNA (100
ng). The corresponding insert mass was calculated with the online tool NEBiocalculator
(Table 23). Ligation reactions were performed according to the manufacturer's instruction
(Table 36). All reactions were incubated at 16°C overnight in a thermocycler. For the
following transformation of chemically competent E. coli, 5-10 ul of the ligation mix was

used.
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Table 36 T4 ligase reaction mix.

Components

Volume

Linear vector DNA

100 ng

Insert DNA 3:1, 5:1 molar ratio over vector
10x T4 DNA ligase buffer 2 ul

T4 DNA ligase 1U

Nuclease-free water to 20 pl

Total volume 20 ul

3.3.12 Heat-shock transformation of competent bacteria with plasmid DNA

For the transformation of mammalian plasmid expression vectors, 50 ul chemically
(CaClz) competent Escherichia coli (E. coli) TOP10 or 10 ul commercially available competent
DH5a (New England Biolabs) bacteria were used (described in 3.1.9). For the transformation
of lentiviral plasmids, 50 pl of HB101 bacteria was used because of their reduced internal
DNA recombination (described in 3.1.9). Competent cells were slowly thawed on ice and
incubated with 10 ng/ul plasmid DNA for a re-transformation or 5-10 ul of ligation mix for
20 min on ice. As a transformation control, 10 ng/ul EYFP-N1 or EGFP-N1 were used. The
heat-shock was performed by incubation for 45 s at 42°C, followed by a two min incubation
on ice. 100-500 pul LB-medium was added, and the mix was incubated for one hour at 37°C
under constant agitation. 100-200 ul was plated on pre-warmed LB-agar plates containing
the antibiotics corresponding to their selective resistance. The plates were incubated at 37°C
overnight or RT for 48 hours until colonies were formed. If necessary, the plates were stored
at 4°C for up to 4 weeks. Bacterial colonies were used for colony-PCR and inoculation of

overnight cultures for Mini- and Midi DNA preparation (described in 3.3.13).

3.3.13 Overnight cultures

For Mini preparation of plasmid DNA, 5 ml LB-medium with the corresponding
antibiotic was inoculated with one colony from a transformation plate or 10 ul of a colony
PCR approach and incubated at 37°C and 180 rpm for 18 hours. For Midi preparations, 100-
400 ml of LB-medium with the plasmid resistance corresponding antibiotic was inoculated
with one picked colony, 100 pl of a colony PCR approach, or 50 pl of a 5 ml pre-culture. A
pre-culture was set up as described for a Mini preparation.
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3.3.14 Glycerol stocks of bacterial clones
For glycerol stocks of bacterial clones, 500 ul of a bacterial overnight culture were

diluted 1:1 with sterile 100% (v/v) glycerol and stored in cryotubes at -80°C.

3.3.15 Mini and Midi purification of DNA from E. coli

DNA from E. coli was purified either on a small scale by DNA Mini purification using
2 ml of a small overnight culture or on a larger scale by DNA Midi purification of 100-400 ml
overnight cultures. The overnight cultures were spun down for 30 min at 4649*g and 4°C.
For the DNA Mini purification, the NucleoSpin Plasmid kit from Macherey-Nagel and for DNA
Midi purification, the NucleoBond Xtra endotoxin-free (EF) plasmid purification kit from
Macherey-Nagel was used according to the manufacturer's instructions (Table 10). Both
purification kits are based on the same principle. An alkaline and SDS-containing buffer lyses
the bacteria in the first step. The genomic DNA gets removed by centrifugation, as well as
proteins and cell debris. The plasmid DNA stays in the supernatant and can be bound in a
gravity flow step to a silica column. After intensively washing to remove DNA
contaminations, the plasmid DNA is eluted in RNAse-free water or a TE-buffer. The Midi
purification includes more washing steps, a column with very high DNA affinity to remove all
endotoxins, and final isopropanol precipitation, making the final eluate cleaner compared to
the Mini preparation eluate. The final concentration of Midi eluates was set to 1,000 ng/ul.

For Mini eluates, no further dilution was applied.

3.3.16 DNA concentration measurement with a NanoDrop spectrometer
DNA concentrations were determined with the spectrometer NanoDrop ND-1000
from Thermo Fisher Scientific. DNA was measured at its specific absorption at 260 nm. The

measurement of DNA is based on the Beer-Lamber law:
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Equation 4 Beer-Lamber law.

A = absorbance in absorbance units (AU)
€ = extinction coefficient (L¥*cm/mol)
c = analyte concentration (mol/L)

| = path length (cm)

A
A=g*c*| - c=—

e*|

For nucleic acid quantification, the Beer-Lambert equation is modified to use an

extinction coefficient (€') with units of ng*cm/ul:

Equation 5 Modified Beer-Lamber law.

A = absorbance in absorbance units (AU)
£'= modified extinction coefficient (ng*cm/ul)
c = analyte concentration (ng/ul)

| = path length (cm)

As extinction coefficient (g') for double-strand DNA, 50 ng*cm/ul was used. The light
path within the NanoDrop ND-1000 was | = 1 cm. The quality of DNA preparations, the ratio
of DNA extinction at 260 nm and protein extinction at 280 nm, and RNA extinction at 230 nm
were determined. A260/A280 values between 1.8-1.9 and A260/A230 values between 2.0-
2.2 guaranteed a pure DNA preparation. The linearity for absorbances was guaranteed
between an optical density (OD) of 0.1-1 at 260 nm and a DNA concentration of 10 ng/ul and

3,700 ng/ul. Higher DNA concentrations required further dilution.
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3.3.17 Sequencing of DNA plasmids

DNA sequences were controlled for correctness by sequencing at LGC Biosearch
Technologies. Either custom-designed sequencing primers (Ready2Run) or sequencing
primers provided by the LGC Biosearch Technologies (Flexi Run) were used. For a Plasmid
Ready2Run approach, 10 pl DNA (100 ng/ul) and 4 pl Primer (5 uM) were needed, and for a
Flexi Run approach min. 15 pl DNA (100 ng/ul) was required. For sequencing, the Applied
Biosystems ABI 3730 XL Analyzer was used, and per run, a read length of up to 1,100 nts was
achieved (PHRED20 quality). Sequencing results were analyzed with the software Clone

Manager Professional Suite 8.

3.4 Biochemical methods

3.4.1 Lysate preparation

Cells were placed on ice and washed once with ice-cold PBS. PBS and medium
residues were aspirated, ice-cold lysis buffer (500 pl per 10 cm dish; 100 ul per well of a 6-
well plate) was added, and the cells were scraped off with a pre-cold plastic cell scraper. The
cell lysis solution was gently transferred into a pre-cooled microcentrifuge tube, incubated
for 30 min on ice, and centrifuge for 20 min at 12,000 rpm and 4°C. The supernatant was

transferred in a fresh microcentrifuge tube and kept on ice. The pellet was discarded.

3.4.2 Bradford assay

For the protein concentration determination 1-10 ul of cell lysate or lysis buffer as
control was used and diluted in 500 pl Bradford and 499-490 pL RNAse-free H,0 in a 1.5 ml
microcentrifuge tube, mixed and transferred into a 1.5 ml macro cuvette. After 5 min
incubation at RT, the protein concentration was determined with the OD of the sample at
595 nm. A monthly pre-done BSA standard curve with known protein concentration was

used to calculate the protein concentration of the sample:
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Equation 6 Linear function for calculation of protein concentration in cell lysates.

X = protein concentration (ug/ml)
y = optical density (OD)
a = slope of the linear regression

b = intersection with the y-axis

+b
y=a*xtb - x= VT

In a final step, a 6x sample buffer was mixed with the sample in a pre-cooled
microcentrifuge tube to reach a final concentration of 1x sample buffer. The ingredients of
the sample buffer (listed in Table 5) interact with the proteins in the cell lysate. SDS
linearizes the proteins and charges them negatively. DTT disrupts disulfide bridges. Glycerol
provides the needed density for loading the sample in a polyacrylamide gel for an SDS-PAGE.

The sample was incubated for 5 min at 95°C and stored at -20°C.

3.4.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

A sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to
separate denatured proteins by size for further detection and quantitative analysis in a
Western Blot. This technique is based on the different voltage-dependent traveling speeds
of differently sized proteins through a polyacrylamide gel with a specific porosity. To achieve
this, the proteins got denatured by incubation in an SDS-containing sample buffer at 95°C
(described in 3.4.2). Because of SDS's negative charge, the separation of proteins in a
voltage-dependent field is only depending on their size. Smaller proteins travel faster,
whereas bigger proteins travel slower. The polyacrylamide gels are formed by an induced
copolymerization of acrylamide and bis-acrylamide. The initiator of the copolymerization is
ammonium persulfate (APS) and tetramethyl ethylenediamine (TEMED). TEMED stabilizes
free radicals from persulfates and increases their formation rate, which in turn react on
acrylamide monomers and convert them into free radicals to begin the polymerization chain

reaction. Randomly crosslinking of the acrylamide polymers by bis leads to the formation of
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a gel with a characteristic porosity that depends mainly on the polyacrylamide monomer

concentration.

For the SDS-PAGE, two differently concentrated polyacrylamide gels, the separating
gel, and the stacking gel, were prepared. The stacking gel has the function to concentrate all
proteins so that every protein starts into the separating gel simultaneously. This is achieved
by a lower pH of 6.8 and a lower acrylamide percentage (3.8%). Depending on the proteins'
sizes, the used concentration of acrylamide was adjusted to generate separating gels with
different porosity. The ingredients for both solutions except for APS and TEMED were mixed
thoroughly in two 50 ml tubes. APS was added first to the separating gel solution and then
TEMED (Table 37). The solution was mixed thoroughly and filled in a gel holder from Bio-Rad.
A thin layer of 2-propanol was added on top of the gel to prevent the gel from drying out.
After 30 min incubation at RT, the 2-propanol was discarded, and the stacking gel was
prepared as described above for the separating gel; the different volumes are listed in
Table 38. The stacking gel was filled on top of the separating gel. A comb was slide in the
stacking gel and the gel polymerized for 30 min at RT. The prepared gel was placed in an
SDS-PAGE running tank from Bio-Rad. The tank was filled with SDS-Running buffer, a glycine-
containing buffer that concentrated the proteins in the stacking gel. The prepared samples
were thawed, and the same amount of sample was loaded (up to 30 ul) in the gel's pockets.
As a protein ladder, the Pre-stained PAGE Ruler 170 kDa or Pre-stained PAGE Ruler Plus
250 kDa was used (Figure S1). All empty pockets were filled with 5 ul of loading dye. For the
first 10 min, a voltage of 120 Volt was applied, which was kept at 120 Volt or changed to
160 Volt when the loading front reached the separating gel. The gel was stopped when the

loading front started to run out of the gel.

Table 37 Separating gel for SDS-PAGE.

Separating gel, for 2 gels (15 ml) 8% 10% 12%
ddH20 7 ml 6 ml 5ml

4x Separating gel buffer 3.75ml 3.75ml 3.75ml
30% Acrylamide/0.8% bis-acrylamide 4 ml 5ml 6 ml
10% APS 150 ul 150 ul 150 pl
TEMED 15 pl 15 pl 15 ul
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Table 38 Stacking gel for SDS-PAGE.

Stacking gel, for 2 gels (7.5 ml) 3.8%
ddH.0 3.25 ml
4x Stacking gel buffer 1.25 ml
30% Acrylamide/0.8% bis-acrylamide 0.66 ml
10% APS 75 ul
TEMED 7.5 ul

3.4.4 Western Blot

Western Blot was used for protein detection and protein quantification in cell lysates.
Therefore, the separated proteins in an SDS-PAGE were transferred on a nitrocellulose or a
membrane for subsequent antibody labeling and chemiluminescent protein detection. In

this study, the Western Blot was performed following the Wet-Blotting method.

An SDS-PAGE was run and washed once with deionized water and placed on a pre-
wetted nitrocellulose membrane in a Western Blot sandwich holder from Bio-Rad. The gel
and the membrane were in between two layers of filter and sponges. To avoid air bubbles in
between gel and membrane, which could lead to incomplete protein transfer, the filter
papers and the sponges were flatten on the gel-membrane sandwich with a plastic roller.
The whole sandwich was placed in a blotting tank (Mini Trans-Blot Cell) filled with transfer
buffer containing 20% methanol (MeOH). The tank was connected to a voltmeter, and the
blotting was performed in an ice bucket for 90 min at 110 Volt and 4°C. Ponceau staining of
the membrane was used to control the complete protein transfer. Ponceau intercalates
reversibly with the positively charged groups of amino acids. The membrane was incubated
for 5 min Ponceau staining solution and carefully washed with ddH,O to remove unbound
residues. The washed membrane was imaged with the Bio-Rad ChemiDoc MP in brightfield
or manually imaged with a mobile camera. A 1% acetic acid solution was used to de-stain the
membrane. The membrane was blocked with 3% BSA and 0.05% Tween 20 in PBST or
Intercept (PBS) Blocking Buffer for 30 min at RT. To stain multiple proteins on the
membrane, the membrane was cut into smaller pieces. Primary antibodies were applied in
3% BSA and 0.05% Tween 20 in PBST or in 50% PBS-T with 50% Intercept (PBS) Blocking
Buffer overnight at 4°C under constant agitation (listed in Table 16). B-actin, GAPDH,
Vinculin, or HSP-70 were used as loading controls. Primary antibody solutions were used up
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to five times and were stored at -20°C. The membranes were washed with PBST and
incubated with secondary antibodies (listed in Table 18) diluted in PBST or in 50% PBS-T with
50% Intercept (PBS) Blocking Buffer for one hour at RT. In this study, secondary antibodies
coupled to HRP (horseradish peroxidase) or IRDye 800CW (LI-COR) were used. For HRP
detection, the membrane was incubated in Pierce ECL Western Blotting Substrate for 5 min
and imaged with the Bio-Rad ChemiDoc MP at different exposure times. For IRDye 800CW
the membrane was once more with PBS without Tween 20 and imaged with LI-COR Odyssey
Fc imaging system. Colorimetric analysis of the protein bands was performed with Fiji Image)
or with Image Studio Lite on raw Western Blot images. The loading control was used for the
comparison of different samples. Overexposed bands were excluded from this analysis
because of the loss of linearity. The brightness and contrast of Western Blot images were

only changed for presentational reasons.

3.4.5 Antibody labeling with fluorophores

Directly labeled secondary antibodies were produced by incubating 100 ul donkey
anti-rabbit (Jackson Immuno Research Ltd) or 100 pul donkey anti-mouse (Jackson Immuno
Research Ltd.) with a 5-fold excess of Atto542-NHS (ATTO-TEC) for 90 min at RT under
constant agitation. Directly labeled primary Cldn3 antibody (Thermo Fisher Scientific) was
produced by incubating 100 ul of the antibody with a 10-fold excess of Atto590-NHS. The
labeled antibodies were purified using Zeba Spin Desalting Columns (7K MWCO, 0.5 ml)
according to the manufacturer's instructions for the desalting procedure. The desalting
columns separate the unbound fluorophore from the labeled antibody via gel filtration. The
purified labeled antibody is collected in a microcentrifuge tube. The degree of antibody
labeling (DOL) was determined by absorption spectroscopy masking use of the Beer-Lambert
law (Equation 7). The different correction factors were obtained from page.75 in
"https://www.atto-tec.com/fileadmin/user_upload/

Katalog_Flyer Support/Catalogue 2009 2010.pdf".
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Equation 7 Calculation of the degree of antibody labeling.

DOL = degree of labeling

Amax = absorbance at absorbance maximum (Amax) of the dye

€max = extinction coefficient of the dye at the absorption maximum
Aprot = absorption maximum of proteins

€prot = extinction coefficient of the protein at 280 nm

Azso = absorbance of proteins

CFas0 = correction factor for Azso due to the contribution of the dye

*
Amax/‘c-max _ Amax 8prot

DOL= =
Aprot/‘c-prot (AZSO'Amax*CFZSO) *Emax

Depending on the antibody binding affinity, the labeled antibodies were used in a

dilution of 1:20-1:100 in ICC and IHC.

3.4.6 Coupling of SNAP- and Halo-tag ligands to fluorophores

Fluorophore labeled SNAP-tag ligands (Atto590-BG/JF646-BG), and Halo-tag ligands
(Atto590-CA/JF646-CA) were chemically synthesized as described in Bottanelli et al.
(2016)'8, Atto590-NHS was obtained from Sigma Aldrich and JF646-NHS was obtained from
Tocris Bioscience. SNAP-tag ligand BG-NH2 was obtained from New England Biolabs, and the

Halo-tag ligand HaloTag O2-Amine-CA was obtained from Promega (listed in Table 19).

For the fluorophore coupling, SNAP- and Halo-tag ligands were dissolved in water-
free DMSO. The fluorophore containing NHS-ester was weighted, and the desired amount
was transferred in an amber vial. For the NHS coupling reaction, 1 equivalent of the NHS-
Ester was mixed with 1.5 equivalents of the SNAP- or Halo-ligands and 10 equivalents of N,
N-Diisopropylethylamine (Pr;Net). Molecular geometries of the different reactions are
shown in Figure 11-14. The solution was incubated at RT for 3.5 hours under constant
agitation. 3 pl of the reaction mix were diluted in 20 pl of a 0.1% trifluoroacetic acid (TFA)

solution and measured with ultra-performance liquid chromatography (UPLC) to check the
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reaction turnover indicated by the ratio of the detected mass of the product to the mass of
the components. The reaction mix was injected together with 4.5-5 ml of 0.1% TFA in a
reverse-phase high-performance liquid chromatography (HPLC). The HPLC was run with
acetonitrile as a mobile phase with an increasing concentration starting from 30%. The
specific excitation (590 nm for Atto590; 646 nm for JF646) of the fluorophores were used for
the fractioning. The eluted fractions were checked for the compound specific mass with
high-resolution ESI-MS. All compound containing vials were pooled and transferred in a
15 ml tube. For lyophilization, the vial was put in liquid nitrogen and lyophilized for 24 hours.
The lyophilizate was dissolved in 500 ul 0.1% TFA, transferred into a beforehand weighted
brown glass vial, freeze in liquid nitrogen, and again lyophilized for 24 hours. The compound
was weighed and dissolved in sterile water-free dry DMSO to a final concentration of 1 mM
and transferred as 20 pl aliquots into 0.5 ml microcentrifuge tubes. All aliquots were stored

at -20°C. The final working concentration of the ligands is described in Table 19.

cl

'pr,Net,
DMSO,
RT, 3.5 hours

S

Figure 11 Synthesis of Atto590-CA. Atto590-NHS (I) (1.0 mg, 1.2 umol, 1.0 eq) was dissolved in water-free dry
DMSO, ProNet (2.1 pl, 12 pmol, 10 eq) and O°®-chloralkane (CA)-NH:z (Il) (0.42 mg, 1.88 umol, 1.5 eq). The
reaction mix was incubated for 3.5 hours at RT under constant agitation and exclusion of light. The reaction
turnover was controlled with a UPLC. The final reaction mixture was completely subjected to an RP-HPLC for
purification. The fractions were measured with a UPLC/HRMS (ESI) and pooled. The final compound (lil)
(Atto590-CA) was lyophilized and dissolved in water-free DMSO to a 1 mM stock solution. The stock solution

was aliquoted and stored at -20°C.
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Figure 12 Synthesis of Atto590-BG. Atto590-NHS (I) (1.0 mg, 1.2 umol, 1.0 eq) was dissolved in water-free dry
DMSO, ‘ProNet (2.1 pl, 12 pmol, 10 eq) and 0%-benzylguanine (BG)-NH2 (l1) (0.49 mg, 1.8 umol, 1.5 eq). The
reaction mix was incubated for 3.5 hours at RT under constant agitation and exclusion of light. The reaction
turnover was controlled with a UPLC. The final reaction mixture was completely subjected to an RP-HPLC for
purification. The fractions were measured with a UPLC/HRMS (ESI) and pooled. The final compound (Ill)
(Atto590-BG) was lyophilized and dissolved in water-free DMSO to a 1 mM stock solution. The stock solution

was aliquoted and stored at -20°C.
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Figure 13 Synthesis of JF646-CA. JF646-NHS (1) (1.0 mg, 1.7 umol, 1.0 eq) was dissolved in water-free dry
DMSO, ProNet (2.97 ul, 17 umol, 10 eq) and O°-chloralkane (CA)-NH2 (II) (0.7 mg, 2.55 umol, 1.5 eq). The
reaction mix was incubated for 3.5 h at RT under constant agitation and exclusion of light. The reaction
turnover was controlled with a UPLC. The final reaction mixture was completely subjected to an RP-HPLC for
purification. The fractions were measured with a UPLC/HRMS (ESI) and pooled. The final compound (l11) (JF646-
CA) was lyophilized and dissolved in water-free DMSO to a 1 mM stock solution. The stock solution was

aliquoted and stored at -20°C.
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Figure 14 Synthesis of JF646-BG. JF646-NHS (1) (1.0 mg, 1.7 umol, 1.0 eq) was dissolved in water-free dry
DMSO, 'PraNet (2.97 pl, 17 umol, 10 eq) and O°-benzylguanine (BG)-NH2 (lI) (0.57 mg, 2.55 umol, 1.5 eq). The
reaction mix was incubated for 3.5 h at RT under constant agitation and exclusion of light. The reaction
turnover was controlled with a UPLC. The final reaction mixture was completely subjected to an RP-HPLC for
purification. The fractions were measured with a UPLC/HRMS (ESI) and pooled. The final compound (ll1) (JF646-
BG) was lyophilized and dissolved in water-free DMSO to a 1 mM stock solution. The stock solution was

aliquoted and stored at -20°C.

3.5 Histological methods and immunohistochemistry

For immunohistochemistry (IHC) different mouse tissues were obtained from the
group of Dr. Dorothee Giinzel from the Clinical Physiology at CBF Berlin, the group of
Prof. Dr. Thomas Jentsch (FMP/MDC, Berlin), and the group of Prof. Dr. Markus Bleich (CAU,
Kiel). The mice species are further described in the following subsections and are listed in
Table 22. All mice experiments were performed under the regulations of the LAGeSo and

MELUND SH.

3.5.1 Preparation and staining of mouse intestinal tissue

BL6 mice were sacrificed by cervical dislocation. The whole intestine was taken out,
washed with a Ringer solution, and separated in ileum, jejunum, and duodenum. The tissue
was cut in a lateral direction into multiple 1-2 cm parts. The tissue preparation for
cryosections was performed in two different ways. One way was to embed it directly in
Tissue-Tek (Sakura Finetek) and immediately freeze it in liquid nitrogen. The second method
includes a fixation with 2% PFA in PBS** for one hour at RT. Followed by a 20 min incubation

in a 0.1% glycine solution. The tissue was dehydrated over three days using solutions with an
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increasing sucrose content (10%, 20%, 30%) at 4°C. The dehydrated tissue was frozen in 2-
methyl-butane for 5 min. The tissue was embedded in Tissue Tek in a pre-cooled cryostat.
The frozen and embedded tissue was stored in liquid nitrogen until cryo-sectioning. With a
cryostat (Microm HM 560 Cryostat, Thermo Fisher Scientific), 10-20 um thick longitudinal
slices were cut and placed on object slides or directly on acid cleaned, and organ silane
coated @25 mm CS. Tissue sections were stored at -80°C. The tissue sections were post-fixed
with cold EtOH for 20 min at -20°C, washed with PBS**, blocked with PBS** containing 6%
NGS, 1% BSA, and 0.05% Tween 20 for one hour at RT, and stained with primary antibodies
diluted in BS overnight at 4°C. The sections were washed with PBS** and incubated with
secondary antibodies diluted in BS for one hour at RT. In the case of using primary antibodies
derived from the same host, an over-blocking step was introduced. For over-blocking, the
sections were washed thoroughly with PBS** and incubated with a 10-fold excess of a
donkey anti-rabbit (Jackson Immuno Research Ltd.) for two hours at RT. The samples were
washed thoroughly with PBS**. As over blocking control, one section was incubated with a
goat anti-rabbit Alexa Fluor 488 (Thermo Fisher Scientific) for one hour at RT. The samples
were washed with PBS*™ and incubated with a second primary antibody overnight at 4°C.
Followed by an incubation with a second secondary antibody for one hour at RT. For
confocal imaging, DAPI was added for 15 min to stain the nuclei. The tissue was washed and
mounted using ProLong Gold Antifade (Thermo Fisher Scientific) on #25 mm CS or directly
on object slides when the tissue was attached on CS and incubated for 48 hours at RT. For

every over-blocking approach, the control staining with Alexa Fluor 488 was imaged.

3.5.2 Preparation and staining of perfused murine intestinal tissue

BL6 mice were narcotized with Pentobarbital (100-150 mg/kg). The lid and feet reflex
tests were performed to validate that the if mice are completely numb. The mice were
carefully open, and a needle was placed in the aorta of the heart, and the organs were
perfused for two min with PBS and another four min with 1% PFA. The intestinal tissue was
removed, sectioned in ileum, jejunum, and duodenum, and washed twice with a Ringer
solution. The tissue was incubated in 30% sucrose for two days at 4°C under constant
agitation and embedded in TissueTek and stored in liquid nitrogen. The cryo-sectioning and

the following IHC staining were performed according to the description in 3.5.1.
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3.5.3 Preparation and staining of isolated mouse kidney tubules

C57 BI/6 J mice were sacrificed by decapitation and kidneys were removed
immediately. After de-capsulation, the middle section of each kidney was sliced in a
transversal direction in fine (0.2-0.4 mm) sections. The sections were transferred into a pre-
warmed incubation solution. Enzymatic digestion was performed at 37°C and 850 rpm in a
thermo-shaker for 15 min. Free-floating tubular segments were transferred into ice-cold
sorting solution (incubation solution supplemented with albumin 0.5 mg/ml) for washing.
Tubular segments were allowed to settle down, and the supernatant was replaced by a
fresh, ice-cold sorting solution at least two times to remove erythrocytes and cellular debris.
Washed tubular segments were transferred to a dissection microscope, and proximal
tubules were identified and sorted. After transfer to poly-L-lysine (PLL) coated object slides
and short settlement, tubules were fixed with 4% PFA for 7 min. PFA was subsequently
vigorously removed from the slide under visual control and washing with PBS containing
0.3% Triton X-100. The following IHC staining was performed according to the description in

3.5.1.

3.6 Fluorescent microscopy and quantitative image analysis

3.6.1 Fluorescent microscopy

Fluorescence microscopy allows the detection of biomolecules, including proteins,
DNA, RNA, and membrane lipids. These biomolecules can be labeled with fluorescent
proteins (gene expression) or organic fluorophores (gene expression (SNAP- and Halo-tag
system) or via antibody labeling). Excitation of these fluorophores allows the localization of
multiple structures within living and fixed cells, tissue, and the whole organism. The

fundamental physical principle is explained with a Jablonski diagram in Figure 15.
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Figure 15 Jablonski diagram of the excitation and emission of a fluorophore. Excitation of a fluorophore
with the light of a specific wavelength (hvex) leads to a transition of its electrons from a ground state (So) to a
higher energy excited state (S1). From there, the electrons relax within nanoseconds (ns) back into the
electronic ground state by emitting light in form of photons with a longer wavelength (hvem) and,
respectively, lower energy. The time difference between absorption and relaxation is termed as
fluorescence lifetime and can be used for separating different fluorophores in one sample. The difference in

the excitation and the emission wavelength is termed the Stokes shift.

In a microscope, different physical and mechanical apertures, including dichroic
mirrors and spectral emission filters, allow the detection of multiple emission wavelengths
by highly photo sensible detectors. Selected excitation wavelengths and emission filters
allow the simultaneously detection of different fluorophores. Dependent on the biological
question (fixed sample, living sample, nanostructure), different fluorescent microscopy
methods and techniques are available. As a general guideline, for comparison of different
conditions within independent experiments, the same settings for microscopy and
quantitative analysis were used. If not other stated, raw data were analyzed with Fiji/Image)
and further processed with Excel. All plots and statistical analysis were generated with

GraphPad Prisms8.

3.6.2 Laser scanning confocal microscopy

In standard wide-field microscopy, the whole sample gets illuminated by the light of a
specific wavelength, and the fluorescence gets detected by a camera after passage through
different filters. Due to this basic and simple illumination principle, fast image acquisition is

possible, which can be of great advantage, for example, in total internal reflection
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fluorescence (TIRF) microscopy but, it goes in general hand in hand with a loss of resolution
because of very high background from out of focus fluorescence. Laser scanning confocal
light microscopy (LSCM) compared to wide-field microscopy offers the possibility of focusing
the illumination not on the whole sample but exciting and detecting the emission of
molecules in only one z-plane by installing an additional pinhole in the microscopy light path.
Out-of-focus light gets rejected, which leads in total to better detection of labeled
biomolecules in 2D and 3D and a higher optical lateral and axial resolution. As a
disadvantage, the acquisition speed in an LSCM is drastically reduced because of the point-
by-point raster scanning of the laser beam across the sample to form a complete image of
the focal plane. Confocal images of fixed cells and tissue were acquired with an LSM780 from
Carl Zeiss Microscopy ZEISS and with the Leica SP8 TCS STED microscope from Leica
Microsystems. For the detection, a photomultiplier (PMT) was used. The basic principle
compared to wide-field microscopy is shown in Figure 16. Settings for different fluorophores

are listed in Table 39.
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Figure 16 Comparison of wide-field and laser scanning confocal microscopy. (A) In wide-field microscopy,
the whole specimen gets illuminated with white light allowing a fast-imaging speed at low resolution. (B)
Laser scanning microscopy (LSCM) offers the possibility of focusing the illumination not on the whole sample
but exciting and detecting the emission of molecules in only one z-plane by installing an additional pinhole in
the microscopy light path. The out-of-focus light gets rejected, which leads in total to better subcellular

detection of labeled biomolecules in 2D and 3D and a higher optical lateral and axial resolution.
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Table 39 Fluorophore settings used for confocal microscopy at LSM780.

Fluorophore Excitation (in nm) Detection (in nm)
DAPI 405 415-480
Alexa Fluor 594 561 566-630
Atto647N 633 636-740

3.6.3 Stimulated emission depletion (STED) microscopy

The optical resolution in fluorescence light microscopy is determined by the general
diffraction limit of light, which was first described by Abbe in 1873 and defined that the
maximum resolution which can be achieved with a light microscope is ~200 nm in lateral and

~500 nm in an axial direction (Equation 8)%’.

Equation 8 Abbe's diffraction limit (1873).

dxy = diameter (nm), lateral

d; = diameter (nm), axial

A = wavelength (nm)

NA = numerical aperture of the objective

A 2*A

b= 2% NA =~ A2

Super-resolution microscopy (SRM) techniques can overcome this limitation and
offers resolution beyond the diffraction limit. Next to SIM (structured illumination
microscopy) and SMLM (single molecule localization microscopy), STED (stimulated emission
depletion) microscopy gained in the last years more and more attention because of its
tunable resolution of down to 40 nm, a better tunable acquisition time, and an artifact-free
imaging technique. STED microscopy is based on standard LSCM. It overcomes the
diffraction-limited detection of structures by taking advantage of a biophysical process
termed stimulated emission. In addition to the excitation laser, a second doughnut-shaped
and red-shifted depletion laser is superimposed in a STED microscope. After excitation of the
sample with the excitation beam, the STED laser stimulates with a short delay the excited

electrons to return from the excited to the ground energy state before it spontaneously
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emits a photon and thus “depletes” its fluorescence signal before it reaches the detector.
Due to the STED laser's unique shape, which is generated by an implemented phase plate,
the emission of excited fluorophores gets suppressed within distance to the center of
excitation, and the emission is effectively reduced to a smaller point-spread function

(Figure 17).

The resolution limit in STED microscopy can be technically narrowed down by
applying more depletion laser power without any physical limitation but it is often limited by
the labeling density, photostability, and brightness of the used fluorophores. To further
improve the resolution, in gated STED (gSTED) applications, the shortening of fluorescent
lifetimes by the depletion laser is used. Only in the center of the STED donut fluorophores
exhibit a longer lifetime longer that can be extracted by selecting a fluorescence lifetime
gate of 0.5-6 ns after the excitation pulse. STED microscopy can be approximated by a
modified Abbe equation (Equation 9) by Stefan Hell (1994), showing that the resolution in
STED is directly dependent on the STED laser intensity (I)*&.

Equation 9 Modified Abbe's diffraction limit equation for STED microscopy by Stefan Hell (1994).
d = diameter (nm)
A = wavelength (nm)
NA = numerical aperture of the objective
| = STED intensity

Is = threshold intensity

A

2*NA* f1+l
IS

d=

All multicolor STED images of fixed and living samples were performed with a Leica
SP8 TCS STED microscope (Leica Microsystems). The system was equipped with a pulsed
white-light excitation laser (WLL; ~ 80 ps pulse width, 80 MHz repetition rate; NKT
Photonics) and two STED lasers for depletion at 592 nm (CW laser) and 775 nm (pulsed

laser). The WLL triggered the pulsed 775 nm STED laser. The settings for excitation, emission,
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and depletion of used fluorophores are listed in Table 40. For multicolor STED, the
fluorophores were depleting in the order starting with the fluorophore with the longest
wavelength. The fluorescent signal was detected by two HyDs at corresponding spectra,
excluding the STED laser wavelengths keeping a minimum distance of 25 nm to the STED
laser excitation wavelength. The time-gate was set to 0.3-6 ns for all dyes. The sample was
imaged with an HC PL APO CS2 100x/1.4 N.A. oil objective (Leica Microsystems) and scanned
in a 1,024*1,024 px format with eight-bit sampling. The final image was taken with a six-fold
zoom resulting in a pixel dimension of 18.9*18.9 nm. The system's maximal resolution was
routinely checked with 40 nm beads (Life Technologies) by the FMP imaging facility, and the
effective resolution limit of the system of 45 nm was determined with Atto647N coated
beads. A heat-able incubator (LIS Life Imaging Services) enclosed the system to reduce
thermal drift during imaging in fixed and live. For all quantitatively analyzed experiments,
the same settings were used. Only the laser power of excitation and STED laser were

adjusted for different experimental set-ups.
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Figure 17 Schematic illustration of stimulated emission depletion (STED) microscopy. (A) STED microscopy
is a super-resolution microscopy technique based on confocal microscopy. In addition to the excitation laser,
a second laser, termed as STED laser, is installed in the system. (B) The STED laser is doughnut-shaped, and it
can interfere with the excited electrons in a physical process called stimulated emission depletion, that leads
to the reduction of the PSF and a higher lateral and axial resolution as indicated by the lower full-width half-

maximum (FWHM).
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Table 40 Fluorophore settings used for Leica STED microscopy.

Fluorophore Excitation Detection Depletion Gate
(in nm) (in nm) (Depletion laser) (in ns)
Phalloidin Alexa Fluor 488 488 498-550 6-80% (592 nm) 0.3-6
EYFP 514 524-590 40-60% (592 nm) 0.3-6
Atto542 540 550-590 100% (775 nm) 0.3-6
Alexa Fluor 594 590 600-640 80-100% (775 nm) 0.3-6
Alexa Fluor 594 F(ab')2 590 600-640 80-100% (775 nm) 0.3-6
Alexa Fluor 594 Plus 590 600-640 80-100% (775 nm) 0.3-6
Atto590 590 600-640 50-70% (775 nm) 0.3-6
Atto594 590 600-640 80-100% (775 nm) 0.3-6
Phalloidin Alexa Fluor 594 590 600-640 80-100% (775 nm) 0.3-6
Atto647N 640 650-750 30-45% (775 nm) 0.3-6
JF646 640 650-750 20-40% (775 nm) 0.3-6
Silicon rhodamine (siR) 640 650-750 30-40% (775 nm) 0.3-6

3.6.4 Single- and dual-color live STED imaging

Live STED imaging of COS-7 cells was performed with @25 mm glass CS and an
ATTOfluor cell chamber (Thermo Fisher Scientific, #A7816) or with p-Slide 8-well glass-
bottom dishes (lbidi). The cells were transfected with SNAP- or Halo-tagged claudin
constructs. A HEPES buffered live imaging solution (Thermo Fisher Scientific) was used. 24
hours before imaging, the heat-able incubation chamber was set to 37°C providing imaging
with a stable focus. For single-color live STED imaging, JF646-BG was used. The imaging
settings were the same as described above in 3.6.3 except for the reduced scanning format
of 512*512, six-fold line averaging, and a 12-fold optical zoom yielding in a pixel dimension

of 18.9*%18.9 nm. The acquisition time per frame for serial imaging was set to 10 s/frame.

Dual-color Live STED imaging was performed with the JF646-BG as SNAP-tag ligand
and Atto590-CA as Halo-tag ligand. The imaging settings were the same as described above
3.6.3 except for the reduced scanning format of 512*512, six-fold line averaging, and a 12-
fold optical zoom yielding in a pixel dimension of 18.9%18.9 nm. Imaging was performed with
an acquisition speed of 10 s/frame. For faster imaging but at a lower resolution, a resonance

scanner at 16,000 MHz was used. Single live images were taken with a scanning format
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512*512, 32-fold line averaging, and a 12-fold optical zoom yielding in a pixel dimension of

19*19 nm. Imaging was performed with an acquisition speed of 2.5-19.5 s/frame.

For further imaging processing, Noise2Void'®®, a deep learning-based image
restoration method, was used to remove noise from images for visualization as specified in
the figure legends. We trained the noise model in Fiji Image) on a GPU with 150 epochs and
200 steps per epoch on a large set of training data with a batch size of 100 and a dimension
of 180*60 px. The neighborhood radius was set to five. After training, the best model was

chosen for predicting the image with filtered noise.

3.6.5 Forster resonance energy transfer (FRET)

Forster resonance energy transfer (FRET) describes a physical process of radiation
less energy transfer from a donor (excited fluorophore) to an acceptor (second fluorophore)
through long-range, dipole-dipole interactions without emission of a photon. It was first
described in 1948 by T. Forster'®, As a basic requirement for FRET to occur, both
fluorophores must be in closer proximity of <10 nm, and the emission spectrum of the donor
and the excitation spectrum of the acceptor must overlap. Organic fluorophores or
fluorescent proteins can be used. If FRET occurs, the donor channel signal will be quenched,

and the acceptor channel signal will be increased.

FRET is especially of interest when the resolution of a diffraction-limited fluorescence
microscope and super-resolution techniques are insufficient to determine whether an
interaction between two biomolecules takes place or not. In general, it is important to take
in consideration that the orientation of the fluorophore and the fluorescent protein location
within the protein can influence the FRET efficiency. In this study, the well-studied and

widely used FRET pair of Turquoise2 and EYFP was used.

95



FRET

Protein Aj Protein B Protein A % Protein B

<10 nm >10 nm
A
Donor Acceptor Donor Acceptor

Figure 18 lllustration of the principle of the Forster resonance energy transfer (FRET). FRET describes the
radiation less energy transfer from a donor (excited fluorophore) shown in yellow to an acceptor (second
fluorophore) shown in magenta without emission of a photon. For FRET, both fluorophores must be in closer
proximity of <10 nm. If FRET occurs total donor channel signal will be quenched, and the acceptor channel

signal will be increased (A). If fluorophores are in a greater distance than 10 nm, no FRET will occur (B).

For FRET experiments, HEK293 cells were transfected with pTrg2- and pEYFP-Cldns
constructs. A plasmid DNA ratio of 1:1 was used for all Trq2-Cldn3 approaches. For Trqg2-
Cldn2, the ratio was changed in all approaches to 1:5. The transfected cells were visualized
on an LSM510-META NLO inverted microscope (Carl Zeiss Microscopy GmbH) using a 40x/1.3
oil objective. Trg2 fluorescence signals were recorded (IR laser, Aexc = 810 nm, two-photon
technique, META detector, spectral range 436-650 nm) and split using MBS KP 700. Channel
pictures were taken before the recording of spectra to estimate the expression of the Trq2-
and EYFP-tagged constructs (Trg2: IR laser Aexc 810 nm, two-photon technique, Aexc =
430-505 nm, META detector; EYFP: argon laser, Aexc = 514 nm, Aexc = 560 nm long-pass
filter). The fluorescence spectra of Trq2-tagged constructs in the presence and absence of
the EYFP-tagged constructs receptor were measured. To calculate the FRET-based
fluorescence, a y-stack with a linear spectral unmixing mode was used to correct any EYFP
fluorescence crosstalk into the FRET channel (523-532 nm). The y-stack is an integral part of
the confocal laser system software. EYFP correction was carried out to correct for direct
excitation of the acceptor during donor excitation. The effect was expressed by changes in
the FRET ratio, which is calculated by dividing the acceptor emission (EYFP, 532 nm) by the
donor emission (Trq2, 468 nm). FRET data analysis was performed using the software

ZEN2010 (Carl Zeiss Microscopy), Excel, and GraphPad Prism 8, respectively.
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3.6.6 Automated meshwork analysis

The automated meshwork analysis was used for a TJ) meshwork screen in which COS-
7 cells were transfected with all known mammalian claudins and important claudin isoforms
(described in 3.2.3). Claudins were N-terminally tagged with EYFP and boosted with an anti-
GFP Atto647N nanobody from Chromotek in an additional immunocytochemistry step
(described in 3.2.8). Imaging was performed with the Leica SP8 TCS STED microscope
(described in 3.6.3). The screen was performed in two independent experiments. For each
claudin, at least five images were taken. In the first step of the automated analysis, the
texture and meshwork analysis were performed within a single 200*200 px (1 px = 20 nm)
region of interest (ROI) per image. Therefore, images were filtered using a 3 px Gaussian
filter kernel, and a sigma of 1'%, Grey level co-occurrence matrices were computed at
distances 1, 3, 5, and 10 px and Haralick texture features!®? were extracted from 4 angles
and averaged using the python'®® mahotas library!®*. Three texture features (sum average,
sum variance, and sum of squares: variance) were selected based on literature®>. For
segmenting, the meshwork images were filtered using Multiscale Oriented-Flux Tubularity
filter'®® implemented in the Fiji plugin'®’ simple neurite tracer!®®. A threshold was then
applied to the filtered image, and the largest connected region'® comprising the meshwork
was kept. Within the ROI, the percent of the segmented area was measured. A skeleton

200 was performed to measure within the ROl the number of branches, average and

analysis
maximum branch length, number of total junctions as well as triple and quadruple junctions.
The binary mask was inverted to measure the mesh size within the ROI, excluding objects
touching the edge. The number of meshes, average mesh size, and variance of the mesh size

were measured.

For analyzing all claudins, the extracted texture features from each ROl were
averaged. Clustering was performed with pheatmap implemented in R (R Core Team 2013),
and unit variance scaling was applied. Clustering was computed using euclidean distance,
and average linkage, and both the meshwork analysis and texture analysis features were
used. ROIs with a segmented area of less than 10% or more than 90% were excluded as well
as meshworks with less than 10 branches. The features were then averaged for each ROI.
ClustVis server?%! was used for visualizing the clustering with In(x)-transformation applied to
the values, the rows were centered, and unit variance scaling was applied. Clustering was

computed using correlation distance and average linkage.
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3.6.7 Pearson analysis

Cells were seeded on with Matrigel coated CS and transfected with equal amounts of
two or three plasmids coding EYFP-, SNAP- or Halo-tagged claudins (described in 3.2.3). Co-
overexpression of the same claudin labeled with a SNAP- and an EYFP-tag served as positive
control and as reference value (Cldn2, 3, 19a, 102PPZ, 154PDZ 10ACT) 155¢T), Cells were labeled
with Atto590-BG, Atto590-CA and anti-GFP Atto647N nanobody. For the Pearson analysis of
Cldn2ecL10a chimera, the combination of JF646-BG and mouse anti-GFP with anti-mouse Alexa
Fluor 594 Plus was used. For every condition at least five independent TJ-like meshworks per
experiment over three to four independent experiments were imaged with the same
settings (1,024*1,024, 16-fold line averaging, pixel dimension of 18.9*18.9 nm). For every
imaged TJ-like meshwork a region of interest (ROI) with a representative signal of the
transfected claudins was defined and in this ROl the Pearson above the threshold was
measured with a Coloc2 based script in Fiji ImageJ (PSF was set to 2 px = 38.8 nm). The data

was further analyzed and plotted with GraphPad Prism8.

Coloc2 script for Pearson analysis:

dirl = getDirectory("Choose Source Directory ");

print(dirl);

list = getFileList(dirl);

print(list.length);

for(i=0;i < list.length;i++)

{
open(list[i]);
rename(i+"image.tif");
selectWindow(i+"image.tif");
run("Split Channels");
run("Coloc 2");
selectWindow("C1-"+i+"image.tif");
close();
selectWindow("C2-"+i+"image.tif");

close();
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For the Pearson analysis of IHC labeled kidney tubules (described in 3.5.3), at least
nine STED images of three different isolated proximal tubules were imaged with the same
settings (1024*1024, 16-fold line averaging, pixel dimension of 18.9*%18.9 nm) (described in
3.6.3). Out of every meshwork, an ROl with a representative signal of the stained claudins
was defined, and in this ROl the Pearson above the threshold was measured with a Coloc2

based script in Fiji Image) with the PSF set to 2 px = 38.8 nm.

3.6.8 Full-width half-maximum measurements

Full-width half-maximum (FWHM) measurements were performed with pSNAP-Cldn3
transfected COS-7 cells labeled with JF646 (described in 3.2.3 and 3.2.5). The same imaging
settings, except for temperature and imaging solution differences (PBS at RT; Live imaging
solution at 37°C), were used for fixed and live cell imaging. Line profiles (straight line 0.3 um
length, 10 px = 189 nm width) of 160 strands over 8 meshworks were analyzed using Fiji

Imagel. The FWHM was determined by the multiplication of sigma with the factor 2.35.

Line profile measurement script:

n = roiManager("count");
for (i=0; i<n; i++)
{
roiManager("select", i);
run("Plot Profile");
Plot.getValues(xpoints, ypoints);
Fit.doFit("Gaussian", xpoints, ypoints);
//print("sigma="+Fit.p(3));
print(Fit.p(3));
//change 3 to 1 for intensity
//selectWindow("Plot of Composite");

close();
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3.6.9 Strand length measurements

COS-7 cells were transfected with pSNAP-Cldn2 and pEYFP-Cldn10a in three different
ratios (1:1, 3:1, 1:3) with a total plasmid concentration of 3.2 ug/ml (described in 3.2.3).
Additionally, a pHalo-C1 was used to normalize the plasmid concentration over the different
ratios. For the detection and determination of the protein amount via Western Blot, primary
antibodies against SNAP-tag and EGFP-tag were used. As loading control, a primary antibody
against HSP70 was used (described in 3.4.4). For the strand length analysis via IHC, the cells
were labeled with Atto590-BG (described in 3.2.5) and immunofluorescent stained with anti-
GFP Atto647N (described in 3.2.8) and imaged in two-color STED with the same settings
(1,024*1,024, 16-fold line averaging, pixel dimension of 18.9%18.9 nm) (described in 3.6.3).
For the measurement of each condition, 40 individual strands of 3-4 different TJ meshworks

were analyzed using the segmented line function of Fiji Imagel.

For the strand length measurements of IHC labeled kidney tubules (described in
3.5.3), at least four STED images of three different isolated and immune-stained proximal
tubules stained were imaged with the same settings (1,024*1,024, 16-fold line averaging,
pixel dimension of 18.9*%18.9 nm) (described in 3.6.3). For the measurement, at least 132
individual strands per claudin in each image were analyzed using the segmented line

function of Fiji Imagel.

3.7 Electrophysiological methods

5-7 days before the measurements, MDCKIl, MDCKIl QKO, and MDCKII QKO sT claudins
cells were seeded in DMEM with antibiotics on 0.6 cm? big Millipore PCF filter insets (pore
size of 0.4 um) in a 12-well plate (described in 3.2.1). In every experiment, the dilution
potential for sodium and chloride and the fluorescein flux of two or three filters per cell type
were measured. As blank control an empty filter was measured. For every approach, cells
were also seeded in 6-well plates for a following Western Blot (described in 3.4.4) to
determine the total claudin expression and on Corning PCF filter insets (0.6 cm?; 0.4 um pore
size) in an additional 12-well plate for a ICC staining (3.2.8) to determine the homogeneity of

the cell monolayer and to measure the claudin amount in the TJ.
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3.7.1 Dilution Potential measurements of monovalent ions
For the functional analysis of TJ proteins in epithelial cells, dilution potential
measurements were performed at the Institute for Clinical Physiology at the Charité Campus

Benjamin Franklin in Berlin. The measurements were carried out with Ussing-Chambers.

An Ussing-Chamber allows the continuous measurement of electrophysiological
parameters, including the transepithelial resistance (R) and the voltage (V) of epithelial cell
layers. By creating a setup in which two of the passive transport influencing factors
(hydrostatic pressure and concentration gradient) get balanced and eliminated, the Ussing-
Chamber offers the possibility to measure the ion permeability only depending on the flow
along an electrical gradient. The special setup and construction are shown in Figure 19. It
consists out of the Ussing-Chamber and two connected identical polyacrylamide
compartments only separated by the epithelial cell layer. Both chambers were warmed by
surrounding water to 37°C. Each compartment was filled with 5 ml of a Ringer solution which
constantly circulated in the chamber due to an applied gas mix of 95% O, and 5% CO;
(speed: 5 ml/min), providing a physiological pH and physiological environment. Each of the

chambers also contains one voltage and one current electrode.
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Figure 19 Schematic illustration of an Ussing-Chamber. The classic Ussing-Chamber setup consists out of
the actual chamber (Volume: 0.5 ml), which is connected to two reservoirs (Volume: 15 ml each) for applied
solutions. The chamber and the reservoirs are both made of polyacrylamide. Two identical compartments
can be created by applying a filter in the center of the Ussing-Chamber. Applied solutions are warmed by
surrounding water to 37°C and constantly circulated by a gas mix of 95% O and 5% CO: (speed: 5 ml/min),
providing a physiological pH and physiological environment. Each of the compartments contains one voltage
and one current electrode within the part of the Ussing-Chamber, which were used for the induction of

current pulses and the recording of the conductance and resistance.

The induction of a recurring current pulse creates the transepithelial potential
difference on the epithelial cell layer, which facilitates the calculation of the resistance of the
epithelial cell layer and the conductance-based on Ohm's law (Equation 10, Equation 11). A
self-developed software (Ing. grad. D. Sorgenfrei, CBF, Berlin) was used for controlling the

setup and data acquisition.
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Equation 10 Ohm's law.

R =resistance

V = transepithelial potential difference

| = current pulse

Vv
R=—
|
Equation 11 Conductance as reciprocal resistance.
G = conductance
R = resistance
1
G=—
R

For measurements, the Ussing-Chamber was pre-warmed to 37°C, washed with
ddH;0, and filled with a Ringer solution. The potential difference and resistance of the
empty Ussing-Chamber were measured and subtracted as a blank value from the
experimentally acquired values. The chamber was emptied, and a filter with confluently
grown epithelial cells was placed in between the two compartments of the Ussing-Chamber.
In both compartments, 5 ml of a Ringer solution was carefully applied. After a short
equilibration period, the measurement was started, and every 10s, the transepithelial
potential was registered by a voltmeter, and every 0.3 s, 10 pA was applied to measure the
resistance. After 10 min, 5ml of a mannitol solution was applied to the apical side
contemporaneously with 5 ml of Ringer solution to the basolateral side, creating an ion
concentration difference (solutions are listed in Table 7). This leads to the movement of ions
along this gradient to the other compartment side. The transmembrane potential changes,
and the dilution potential, the difference in the potential, established over time. After
10 min, the ion concentration difference between the compartments was adjusted by
supplementing 5 ml on the basolateral side with 5 ml of mannitol solution. The dilution
potential can be determined with the Goldman-Hodkin-Katz-Equation (Equation 12). By
solving the equation, the relative ion permeability of Na* or ClI" can be calculated. Because of

the solutions' different compositions, a liquid junction potential must be considered (Epi-ap).
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Equation 12 Goldman-Hodgkin-Katz-Equation.

Ebr-ap = dilution potential with correction for liquid junction potential
R = gas constant

T = temperature

F = Faraday constant

Pna, Pa = ion permeability (sodium or chloride)

[Na]@", [CI]?? = apical concentration of sodium or chloride

[Na]®, [CI]®'= basolateral concentration of sodium or chloride

E- RT, In Pya[Na]*+Pg[CI]”
PP F Pna[Na]*+Pg[Cl]*P

To convert the natural logarithm into the common logarithm, the conversion factor

of 2.303 was sum up with R, T, and F to the factor s (Equation 13).

Equation 13 Modified Goldman-Hodgkin-Katz-Equation.
RT
s=2.303 3

Pna[Na]?+Pg[Cl] ol
Pna[Na]?'+P[Cl]P

Ebl»ap=5* log

By solving the equation, the relative ion permeability of sodium or chloride

could be calculated (Equation 14).

Equation 14 Solved Goldman-Hodgkin-Katz-Equation for relative ion permeability of sodium and chloride.

Ebl-ap
Pna  [CI]”-107s [CI]%P
Pai

Ebl-ap
10" s [Na]b'+[Na]ep

The absolute permeability for sodium (Pna) or chloride (Pc) was calculated from the

TER and the relative permeability ratio Pna/pcl by using the Kimizuka-Koketsu equation?%:
104



Equation 15 Kimizuka-Koketsu equation for determining the absolute chloride and sodium permeabiliy.

RT G

AL -
F [NaCl]*(1+%)
cl

, Pna RT, G Pra

*

I:’Nazpcl 5 2
Pa F [NaCI]*(1+%) Pa
cl

3.7.2 Fluorescein flux measurements

Membrane integrity measurements were performed with the same filters directly
after the dilution potential measurements (described in 3.7.1). The membrane integrity was
analyzed by measuring the flux of fluorescein, a small fluorescent molecule (332.31 Da), over
the epithelial cell layer. Since fluorescein is negatively charged, the voltage clamp was
turned constantly on during the measurements. 100 uM of fluorescein (Stock: 100 mM) was
applied to the basolateral compartment. Every 5 min (0, 5, 10, 15 min), two times 130 pl
from the apical side were transferred into a 96-well plate for fluorescence measurements.
The volume loss was equalized with 260 pl Ringer solution. The fluorescence intensity of
each sample was measured at a wavelength of 520 nm with a plate reader from Tecan. The
fluorescein concentration was calculated by using a calibration curve. The fluorescein flux

was calculated as described in Equation 16.

Equation 16 Calculation of the fluorescein flux.
Flux (PAPP) = fluorescein flux/paracellular permeability over the epithelial layer
C = concentration at different timepoints or addition
V = volume of chamber or addition
At = time interval

A = area of the epithelial cell layer

(CZ_CI)*Vchamber
(Vaddition * Caddition) )
Vchamber

Flux(PAPP)=

At*Afilter*(
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3.8 Statistical analysis

All data were derived from at least three independent experiments and are
presented as means + standard deviation (SD) unless differently noted in the figure legend.
Comparisons among groups were performed using a one-way ANOVA and additional
Dunnett's multiple comparison test or Tukey's multiple comparison test. Comparisons
between two groups, statistical significance was analyzed with a two-tailed non-parametric
Mann-Whitney test in GraphPad Prism Version 5.04. The level of significance is indicated in
the figures by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). No statistical
method was used to pre-determine sample sizes as sample sizes were not chosen based on a
prespecified effect size. Instead, multiple independent experiments were carried out using

several sample replicates as detailed in the figure legends.
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4 Results

4.1 Resolving the T) meshwork at nanoscale level with STED microscopy
Since its discovery in the early 1960s, the investigation of the TJ's structural
organization and formation was part of several research studies. The first obtained FFEM
images of the TJ are dated back to the 1970s%° and this discovery was then followed by the
identification of individual key components of the TJ, including the cytosolic scaffolding
protein Z01%’, the TAMPs33-3>, and the large group of claudins3¥74 in the 1980s and 1990s.
Along with the finding of the ion permeability of specific claudins?®® and the discovery of
inherited and pathogen caused diseases that were linked to claudins (e.g., paracellin-1
connected to hypomagnesemia and hypercalciuria with renal failure®®; foodborne illness
caused by C. perfringens enterotoxin?®* that disrupts the intestinal TJ), the question about
the molecular arrangement of the by now 26 discovered mammalian claudins got more and
more into focus. The resolved crystal structure of Cldn15 in 20148¢ was an important step in
deciphering the junctional claudin organization as it formed the basis for suggested cis- and
trans-interactions, together forming an antiparallel tetramer as functional unit for claudins®’.
Nevertheless, the arrangement of several different claudin molecules in a fully developed TJ
meshwork regarding their intermolecular cis- and trans-interactions remains unsolved.
Other novel methods, especially in the imaging field, are required to overcome the
limitations of electron and diffraction-limited fluorescence microscopes to understand the

molecular tight junctional protein arrangement.

We propose that super-resolution microscopy (SRM) will enable the nanoscale
visualization and localization of multiple tight junctional proteins in the TJ meshwork. The
great potential of SRM in discovering fundamental TJ characteristics was already
demonstrated on single claudins in fixed cells?>17°-181 However, most of these studies did
not achieve multi-color imaging on a nanoscale level and did not carefully optimize imaging
conditions and labeling density. By using new organic fluorophores, a more efficient labeling
system, and advanced STED microscopy in fixed and living samples, we wanted to close this
gap and connect the nanoscale arrangement of TJ proteins to their described sealing and ion

permeability function.
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4.1.1 STED microscopy resolves single claudin strands in overexpression in fibroblasts

and on endogenous level in tissue

In contrast to previous SRM based studies that focused mainly on SIM and SMLM
(dSTORM, PALM), we decided to use STED microscopy for resolving the TJ structurel’®, STED
allows imaging below 50 nm resolution and fast multi-color image acquisition at the same
time. For getting access to the physiological organization of the TJ structure, we focused on
the one hand on antibody labeled claudins in tissue sections (Figure 20A, C) and on the other
hand on an artificial claudin overexpression system in TJ-free COS-7 fibroblasts
(Figure 20B, D). The fibroblast overexpression system was first described in the late 1990s°’.
It is a common and accepted tool in the TJ research field for studying the interaction of tight
junctional proteins. Fibroblasts do not form an endogenous TJ, which enables the study of
single TJ structures in a TJ-free background and the usage of fluorescent tags to avoid weakly
or potentially unspecific antibody labeling. COS-7 fibroblasts were chosen due to their
tendency to form large TJ-like meshwork in the overlap of two claudin expressing cells®®,
Both approaches overcome the previously described imaging problems by converting the TJ
from its axial into a lateral direction, allowing imaging of the TJ meshwork at the highest
resolution that can be achieved with our STED system. We could successfully visualize single
Cldn3 strands in a TJ meshwork in murine duodenum (Figure 20C) as well as in a TJ-like
meshwork formed by overexpressed EYFP-Cldn3 in fibroblasts (Figure 20D). The inconsistent
appearance of the TJ meshwork structure in the tissue section might reflect the
circumstance of labeling only one claudin subtype (here: Cldn3) in an endogenous formed TJ
which is in general formed by multiple different claudins!?’2%, In contrast, the Tl-like
meshwork formed by one claudin has a much higher strand complexity. Using SNAP-tag
labeled Cldn3 and SNAP ligands coupled to a photostable and very bright fluorophore
(JF6462%), we could perform live-STED imaging of TJ-like meshworks and visualize single
strand dynamics, including strand breaks and fusion of TJ meshes (Figure 20E). Full-width
half-maximum (FWHM) measurements of single strands in fixed cells resulted in an average
resolution of 59+11 nm (Figure 20F, G). In contrast, the achieved resolution of strands in
living samples was slightly decreased by 10 nm, resulting in an FWHM of 69+14 nm
(Figure 20F, G). One possible explanation for the lower resolution in the living samples is the

stronger image noise and the combination of dynamics and slow acquisition time.
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Figure 20 STED microscopy reveals the nanostructure of the TJ meshwork. (A) Scheme is illustrating the
endogenous formed TJ meshwork between polarized epithelial cells. Below the TJ at the basolateral cell-cell
contact side various other cell-cell junctions are formed one of them is the adherens junction (AJ). (B) Scheme
is illustrating the TJ-like meshwork formed in the overlap between two claudin overexpressing fibroblasts. (C)
Confocal and STED image of antibody labeled Cldn3 (Atto647N) in the TJ of murine duodenum. Single strands
are visible in the magnifications. (D) Confocal and STED image of the TJ-like meshwork in the overlap of two
EYFP-Cldn3 overexpressing COS-7. EYFP was enhanced with an anti-EGFP Atto647N nanobody. In the two
magnifications, single strands are visible. (E) Live-STED sequence over 80 s (1 frame/10 s) of a TJ-like meshwork
formed by a SNAP-Cldn3, labeled with JF646-BG in COS-7. A gaussian blur (0=1) was applied. The two white
arrows indicate strand breaks followed by a fusion of two meshes. (F) Strand thickness analysis of SNAP-Cldn3
labeled with JF646-BG under fixed and live conditions in COS-7. Every data point represents one strand (160
strands, from 8 TJ-like meshworks). (G) Shown are the means of the data from (F) with an FWHM of 59+11 nm
(fixed) and of 69114 nm (live). Every data point represents the mean of 20 measured strands in one meshwork
(N=8). Statistics: mean + SD; Mann-Whitney test, two-tailed, *** p<0.001. Scale bars: 1 um (overview images in

Cand D), 0.2 um (magnifications in Cand D, E).
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In summary, we could show that advanced STED microscopy can greatly resolve the
nano-details of the endogenous and claudin overexpressed TJ-like meshwork, including
single strands and single meshes not only in the periphery but also the center of Tl-like
meshworks. In the following experiments, we extensively used the fibroblast system due to
its mentioned advantages. When combining it with STED microscopy, we assumed that novel
insights into the meshwork structure and the nanoscale interactions of TJ proteins would be

resolved.

4.1.2 Validation of the TJ-like meshwork nanostructure formed by fluorescently tagged

claudins in COS-7 fibroblasts

Pushed by the rapid developments in the SRM field, the concerns about fixation
artifacts and their influence on the nanostructure got more and more in focus'’!. Therefore,
we decided to test different fixatives on an EYFP-Cldn19a TJ-like meshwork and compared
their TJ nanostructures to the live imaged TJ-like meshwork formed by SNAP-Cldn19a
(Figure 21A). Interestingly, only the fixation with 4% PFA/sucrose was able to preserve the
meshwork structure completely. Other fixatives led to significant changes in the
nanostructure that were not detectable with conventional confocal microscopy. The
addition of 0.1% glutaraldehyde (GA) reduced the intensity of the fluorophores, resulting in
poorer STED resolution and incomplete visualization of strands. Less concentrated PFA (1%
PFA) led to a complete disruption of almost all strand connections, and the addition of ice-
cold EtOH/MeOH created more punctual labeling of the TJ strands. Hence, we decided to
use 4% PFA/sucrose in the following experiments to fix overexpressed claudins. However,
EtOH was used as a fixative for tissue slices and epithelial cells due to the incompatibility of

claudin antibodies with PFA fixation in tissue.

Large fluorescent protein labels can influence the properties of tagged proteins,
hindering proper protein folding and potential protein-protein interactions. Considering that
the TJ meshwork consists of several interconnected strands formed by rows of tightly packed
claudin molecules, we wanted to verify that fluorescent tags do not influence the TJ
meshwork nanoscale structure. We overexpressed N- and C-terminally EYFP-tagged Cldn3
and compared the formed meshwork structures (Figure 21B). We did not observe any
differences regarding their meshwork formation and structure. Additionally, comparison of
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overexpressed N- and C-terminally tagged Cldnl (Figure 21B) also did not reveal any
structure differences. Further we compared untagged Cldn3, that was labeled with an Cldn3
antibody, and EYFP-tagged mouse Cldn3 to the in live-STED imaged TJ-like meshworks of a
SNAP-Cldn3. All observed meshworks did not indicate any significant changes in their
nanoscale meshwork structure regarding meshwork density and mesh structure
(Figure 21B, C). In conclusion, we could observe that neither the tag itself nor its N- or C-
terminal localization changes the TJ-like meshwork structure. Interestingly, it seems that the
TJ-like meshwork identity is conserved among different mammalian species (human and

mouse Cldn3) but differs between different claudin subtypes (Cldn1 and Cldn3).

A

All EYFP-Cldn19a

Figure 21 Different fixatives but not the fluorescent-tag have an impact on the meshwork nanostructure.
EYFP was enhanced with an anti-GFP Atto647N nanobody. (A) Comparison of a live-STED imaged SNAP-
Cldn19a labeled with JF646-BG to differently fixed (4% PFA/sucrose, 4% PFA/sucrose + 0.1% glutaraldehyde
(GA), 1% PFA/sucrose, ethanol (EtOH) or methanol (MeOH)) EYFP-Cldn19a TJ-like meshworks. Meshworks
fixed with 4% PFA/sucrose showed an identical nanostructure compared to live-STED. (B) Overexpressed N-
terminally EYFP-tagged Cldn1 and Cldn3 show a similar meshwork nanostructure to their C-terminally tagged
equivalent. (C) mCldn3-EYFP (m=mouse), untagged Cldn3, and SNAP-Cldn3 in live-STED show a similar TJ-like

meshwork compared to the EYFP-tagged Cldn3 from (B). Scale bars: 0.2 um (A, B, C).
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4.1.3 Endogenously expressed ZO1l localizes at reconstituted claudin strands in

fibroblasts

Z01 is the major cytosolic adaptor protein for the TJ structure proteins and plays an
essential role in the initial formation of the TJ4>8, Its PDZ1 domain interacts directly with the
PDZ-binding motif at the end of the claudin C-terminus®® (Figure 22A). One of its main tasks
is to partition claudin molecules to the apical-lateral membrane side, creating a starting
point for the TJ network formation*2. Additionally, it links the transmembrane proteins to
the actin cytoskeleton via its actin-binding region>*, making it a major regulator of TJ
formation and dynamics. The endogenous expression of ZO1 in non-epithelial and non-
endothelial cells is usually linked to its role in lamellipodia formation??’. Nevertheless, it was
shown that the binding of endogenous ZO1 to overexpressed claudins in Rat-1 fibroblasts
can significantly impact the strand dynamics of the TJ-like meshwork by reducing these
dynamics and providing a higher rigidity?3. We first checked the endogenous ZO1 protein
expression in COS-7 cells by Western Blot. Lysates of three different epithelial cell lines
(Caco-2, MDCKC7 and MDCKII) served as positive controls. We could detect a clear signal for
the endogenous expression of ZO1 in all cell lines, including COS-7 cells (Figure 22B). In ICC
staining, we found that endogenous ZO1 partially localizes at claudin strands in the TJ-like
meshwork of different overexpressed claudins (Figure 22C, Figure S3A). However, an
apparent difference in comparing the ZO1 binding specificity over overexpressed channel-
forming or barrier-forming claudins could not be observed. Whether ZO1 is binding the
overexpressed claudins only in a partial manner or the partial appearance of ZO1 on claudin
strands is related to an insufficient antibody labeling or to the fibroblast background remains
unclear. Interestingly, an additional performed actin staining showed no clear localization of
actin to the TJ-like meshwork (Figure S3B) going in line with previously published data?3.
Neither a substantial accumulation of actin in the meshwork nor at the meshwork located
Z01 could be observed. The results suggest that actin accumulates more at the borders of
the TJ-like meshwork than inside. A clear co-localization of actin with endogenous Z01 was

only detectable in peripherally located cell ruffles (Figure S3B).

It is known that other TJ-associated transmembrane proteins can also accumulate or
even directly bind to claudin strands®’ and change the TJ meshwork structure. One protein
that is described to be involved is occludin?®®. Occludin is the first tetra span protein TJ

protein that was discovered?3. Its function is still unclear but lately it was shown that it might
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be directly involved in the TJ strand arrangement and the TJ tightening?®®. To exclude that
occludin is influencing the observed meshwork structure we verify by Western Blot that
COS-7 cells are not expressing or at least only a small amount of endogenous occludin

(Figure 22B).

ECL1

ECL2

Extracell.
space
™1 ™2 ™3 n:a

N-term

Linker

Caco-2 MDCKC7 MDCKIl _COS-7

N 1

GAPDH

Occludin

Vinculin

Figure 22 Endogenous ZO1 localizes at reconstituted claudin strands in COS-7 fibroblasts. (A) Scheme is
illustrating an N-terminal tagged claudin molecule and with a depiction of the potential binding of the PDZ1
domain of ZO1 to the C-terminally located PDZ binding motif of claudins (green). (B) Immunoblotting for
endogenous Z01 (220 kDa) with GAPDH (35 kDa) as loading control and endogenous occludin (65 kDa) with
vinculin (125 kDa) as loading control in lysates from different epithelial cell lines Caco-2, MDCKC7, MDCKII
and COS-7 fibroblasts. (C) Immunostaining of endogenous Z01 (yellow; Alexa Fluor 594) in TJ-like meshworks
formed by overexpressed SNAP-tagged human claudins (Cldn1, Cldn2, Cldn3 and Cldn10a; magenta; JF646-
BG) in COS-7 cells. Scale bar: 0.2 um (C).
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4.1.4 Screen over all mammalian claudins revealed structural differences in their formed
TJ-like meshworks using an automated computational analysis
After characterizing the claudin overexpression system in COS-7 fibroblasts, we
performed a small screening of all mammalian claudins to investigate their polymerization
properties. Ideally, an automated analysis could be used to objectively compare the different
meshworks and deliver new insights into the meshwork forming properties of claudins. We
hypothesized that the observed meshwork structures might correlate with the function of

claudins.

Firstly, all 26 mammalian claudins with their important isoforms (21 human claudins;
five murine claudins) were cloned with an N-terminal EGFP- or EYFP tag by using the same
linker in between fluorescent-tag and protein. Single claudins were overexpressed in COS-7
cells, and the EGFP and EYFP were enhanced with an anti-GFP nanobody conjugated to
Atto647N. For each claudin, several cell-cell overlaps were imaged with STED microscopy
(Figure 23). The claudins were classified into meshwork forming and non-meshwork forming
claudins in an automated analysis based on Haralick texture features'®2. The single features
are calculated from a Gray Level Co-occurrence Matrix (GLCM). This matrix helps to classify
similar small regions from different images. It is built up by counting the co-occurrence of
neighboring gray levels in an image, therefore, describing the spatial distribution of
intensities within the image. This automated analysis was performed in collaboration with
the FMP Bioimage analyst Dr. Christopher Schmied. The analysis was robust, and only a
handful of claudins got misclassified (Figure S4). Resulting misclassifications of the
automated analysis could be explained by low signal, very dense, and high-intensity
structures, and the misinterpretation of the tubular structure of the ER as claudin strands.
Surprisingly, we could detect that only ~50% of the claudins could form TJ-like meshwork
(Figure 23A). The other half either only accumulated in the overlaps (Cldn8, 17, 18a, 18b,
24), got stuck in the ER (Cldn11b, 13, 27), showed no accumulation (Cldn4, 12, 22, 23, 25, 26)
or accumulated only in the cell borders (Cldn16) (Figure 23B). Importantly, among the
meshwork forming and non-meshwork forming claudins, channel- and barrier-forming
claudins were equally distributed. Noteworthy, almost all the meshwork forming claudins
belong to the group of the classic claudins. The classification in classic and non-classic
claudins is based on a sequence alignment of all used claudins in this screening (Figure S2)

that corresponds well with sequence alignments from Guinzel et al.® (Figure 3).
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Figure 23 TJ-like meshwork screening over all mammalian claudins and important isoforms in COS-7
fibroblasts. Claudins are labeled based on their proposed function: barrier (black), cation channel (green),
anion channel (red), mixed cation and water channel (blue), and heteromeric ion channel (yellow). The
classification in classic and non-classic claudins is based on a performed AA sequence alignment with the
Clustal Omega tool from EMBL-EBI (Figure S2) which goes in line with the alignment of all human claudins by
Giinzel and Fromm in 2012% and the alignment of Krause et al in 20087°. Classic claudins are additionally
labeled with an asterisk. All claudins were N-terminally tagged with an EYFP- or EGFP-tag and enhanced with
an anti-GFP Atto647N nanobody. Claudins used were from human origin except for murine Cldn13, 14, 18a,
18b, 26, and 27. (A) Shown are overexpressed claudins that form TJ-like meshwork in COS-7 fibroblasts. (B)
Shown are overexpressed claudins that do not form TJ-like meshwork in COS-7 fibroblasts. Scale bar: 0.2 um

(A, B).

In a second automated meshwork analysis based on strand segmentation (in
collaboration with Christopher Schmied), only the meshwork forming claudins were analyzed
(Figure 24). This analysis aimed to unravel if the TJ-like meshwork structure correlates with
claudin-specific functions. For the analysis, multiple images of TJ-like meshworks from each
claudin were used and processed with two different algorithms. Firstly, we again used the
Haralick texture features as a first robust analysis tool that delivers information about the
meshworks' homogeneity and density. Secondly, we combined it with a classic segmentation
approach that provides data about meshwork structure regarding mesh number and size. A

more detailed description can be found in chapter 3.6.6 in the method part.

The automated analysis led to the definition of three different classes (Figure 24A, B,
and Figure S5) based on TJ-like meshwork values including Haralick texture features
(SumAverage and Sum Variance) and meshwork properties (mesh sizes, branch length and
number of junctions). Class A covers claudins that form meshwork with large meshes and a
low strand density, whereas class B cover claudins with small meshes and a high strand
density. The claudins in class C form meshwork with the highest strand density and tend to
form multiple strands arranged in parallel indicated by the high signal intensity and most
likely structures that were below the resolution of the STED microscope. A clear correlation
between claudin function and claudin meshwork could not be observed since, in classes A
and B, barrier-and channel-forming claudins were evenly distributed. Class C seemed to
correlate with the barrier claudin function, since all members of it are known barrier

claudins. This indicates that barrier function might link to very dense meshwork structures.
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Figure 24 TJ-like meshwork analysis of all meshwork forming claudins. (A) Heat map of the results from the
automated meshwork analysis and classification into three classes. The color code indicates from dark blue
to dark red the increasing complexity of the analyzed factor. Parameters including roiMesh (maxBranchLgth,
stdDev, avgSize, quadruple, count, triple, branches and junctions) and area_seg are derived from
segmentation analysis, whereas SumAvg, SumVar and SumSquaresVar are determined by Haralick texture
feature analysis'®2. The pixel size was set to 1 px equals 20 nm. The different claudins are labeled in the same
color code as described in Figure 23 (barrier (black), cation channel (green), anion channel (red), mixed
cation and water channel (blue), and heteromeric ion channel (yellow)). (B) Representative STED images of
different claudins belonging to the three novel identified meshwork classes A (blue), B (yellow), and C

(magenta) in (A). Scale bar: 0.2 um (B).

4.2 Segregation of the channel-forming claudins Cldn10a, 10b and 15

The mammalian TJ is not only formed by one claudin but primarily by combinations of
multiple different claudins. Imaging numerous TJ proteins and with an adequate label-
density and at a sufficient resolution to distinguish them, seems to be the key for
understanding the TJ meshwork organization formed by multiple different claudins. We
addressed this issue by co-overexpressing SNAP-tagged claudins together with EYFP- and

Halo-tagged claudins in COS-7 fibroblasts. Based on published data from FRET, co-culture,
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and yeast-to-hybrid experiments®’/10>113,130,133,173 " \we hypothesized that probably most of
the in chapter 4.1.4 described non-meshwork forming claudins would be able to integrate
themselves in existing TJ] meshworks by interacting with specific claudins or other tight
junctional transmembrane proteins (Figure 25A). Moreover, based on the Cldn15 crystal
structure®” and the proposed model of an anti-parallel claudin tetramer, we assumed that
the channel-forming claudins separate to a certain extent from the barrier-forming claudins
to form functional ion channels. We speculated that the separation between two claudins
within the TJ meshwork could occur in three different manners: One possibility could be that
the channel-forming claudins localize as small functional units (short strands) or as longer
strand parts in the TJ. Another way that seems to be also plausible was that the claudins
form not only independent strands but larger individual parts (single or multiple meshes) in
the TJ meshwork (Figure 25A). To challenge these hypotheses, we focused in co-
overexpression experiments on two well-studied claudins, Cldn3 as a representative for the

barrier-forming claudins and Cldn2 as representative for the channel-forming claudin group.

4.2.1 Claudins form five different interaction patterns in co-overexpression

In a first experiment, we decided to co-overexpress Cldn3 with several well-described
barrier- and channel-forming claudins to investigate their interaction behavior. Cldn3 is
described as a strict barrier-forming claudin'®®, and it is widely expressed in various human
and mammalian tissues’®80, Single overexpression in fibroblasts leads to large and dense TI-
like meshwork with multiple small meshes (class B; Figure 24). Next to our analysis of Cldn3,
we also analyzed the interactions of Cldnl and Cldn4 with other claudins in co-
overexpression. Similar to Cldn3, they are described to act as sealing and barrier-forming
components in the TJ1920°_|n the previously performed screening we could show that Cldn1
forms very dense TJ-like meshwork with in parallel arranged strands (class C; Figure 24).
Interestingly, although Cldn4 shares an almost 70% sequence homology with Cldn3%°, it
completely lacks the ability to form meshwork in single overexpression (Figure 23). STED
imaging of the different co-overexpression combinations revealed five different interaction

patterns that Cldn3 and Cldn4 can participate in (Figure 25B, C, Figure S6, Figure S7):

1. Intermixing — co-overexpressed claudins have a high correlation to each other in the
TJ-like meshwork and strongly co-localize.
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2. Integration — a non-meshwork forming claudin integrates itself in the TJ-like
meshwork of a meshwork forming claudin.

3. Induction — two non-meshwork forming claudins form together a TJ-like meshwork
by an induced strand polymerization.

4. Exclusion — co-overexpressed claudins form TJ-like meshworks independently in the
same cell-cell overlaps.

5. Segregation — co-overexpressed claudins form a TJ-like meshwork together, but each

claudin forms its own separated strands.

The observed intermixing and segregating phenotype are exhibited by multiple
different claudins that interestingly share the same functional features. Claudins that formed
an intermixing meshwork belonged to the group of barrier-forming claudins, whereas
claudins that predominantly segregate were all described as channel-forming claudins®2. For
the quantitative analysis and verification of this observation, the Pearson correlation
coefficient was used. The Pearson correlation coefficient measures the correlation between
two different variables, in microscopy it is used to determine the range of co-localization of
multiple labeled proteins. A Pearson of 1 refers to a high correlation, whereas a Pearson of 0
means no correlation, and a Pearson of -1 indicates anti-correlation. For this analysis, we
determined that the Pearson correlation coefficient of two claudins should be higher or
equal to 0.25 to count as an intermixing claudin pair, whereas a negative value stands for
segregating or excluding claudin pairs. The Pearson analysis revealed that barrier-forming
claudins (Cldn1, 5, 6, 7, 9, 14, and 19b) tend to intermix with Cldn3, whereas the channel-
forming claudins Cldn10a, 10b, and 15 segregate from Cldn3, indicated by their low Pearson
value of -0.22 for Cldn10a, -0.26 for Cldn10b and -0.18 for Cldn15 (Figure 25C). The Pearson
analysis for Cldn3 with Cldn2 gave a slightly higher Pearson value of 0.1, indicating a
potential different interaction or arrangement of Cldn2 with Cldn3 than Cldn10a, 10b and 15
with Cldn3. This observation goes in line with previously made discoveries that Cldn2 can
maybe interact in trans with Cldn3'73, which may explain the slightly higher Pearson value
and the intermediate phenotype in STED (Figure 25B, C). Importantly, we could detect that
the channel-forming claudins not only segregate from Cldn3 but also from the barrier-

forming Cldn1 (Figure S6E).
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The integration phenotype could be observed for Cldn3 and Cldn4. As mentioned,
Cldn4 does not form meshwork in single overexpression (Figure 23). Interestingly, in co-
overexpression with Cldn3, Cldn4 seems to integrate partially in the existing Cldn3
meshwork (Figure 25B, Figure S6D). Moreover, we could show that the co-overexpression of
Cldn4 with another non-meshwork forming claudin, Cldn8, can induce the formation of
claudin strands in the cell-cell overlaps (Figure 25B, Figure S6B). This induced TJ-like
meshwork formation by Cldn4 and Cldn8 may indicate a direct interaction between both
claudins and can be used as a starting point for understanding the hypothesized and

intensely debated anion channel formation of Cldn4 with Cldng*%°.

Exclusion occurred in co-overexpression of Cldn3 with Cldn11. Both claudins form
their independent meshworks in the cell-cell overlap without any indication of a connection
any connection between their separated strands (Figure 25B, Figure S6C). This interaction
pattern seems to be specific for Cldn11 since it shows this behavior also with other claudins

in co-overexpression (e.g., with Cldn5, data not shown).

In the following experiments of this study, we focused on the claudin segregation
phenotype of the channel-forming claudins due to the novelty of such nanoscale
organization. Thus, we hoped to get new insights in the organization principle of these
claudins and to understand their individual characteristics and functions for the mammalian

TJ.
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Figure 25 Claudins exhibit five different interaction patterns in co-overexpression in fibroblasts. The
overexpressed claudins in this experiment were based on the human sequence except for murine Cldn14.
(A) Schematic illustration of the predicted interaction patterns of different claudins in co-overexpression.
Compatible claudins should form TJ-like meshwork in an intermixing manner. The prediction for
incompatible claudins is that the co-expressed claudins separate from each other in the form of short or
longer exclusive strands or larger exclusive meshwork parts including single or multiple meshes. (B)
Representative STED images of the five discovered interaction patterns (intermixing, integration, induction,
exclusion, and segregation) of Cldn3 and Cldn4 in co-overexpression with other claudins in COS-7 fibroblasts.
Cldn3 and Cldn4 were N-terminal labeled with a SNAP-tag (yellow) and stained with Atto590-BG, all co-
overexpressed claudins were N-terminally tagged with an EYFP-tag (magenta), and the signal was enhanced
with an anti-GFP Atto647N nanobody. Single-channel images are shown in Figure S7A. (C) Pearson analysis
of claudins forming an intermixing meshwork phenotype (grey background; Cldn1, 5, 6, 7, 9, 14, 19) and a
segregating meshwork type (magenta background; Cldn2, 10a, 10b and 15). Cldn3, in co-expression with
itself, served as control. For each combination, > 15 meshworks were imaged over three independent
experiments (N215). We defined that intermixing claudins should reach values over 0.25, whereas
segregating claudins should not exceed 0. Merged images of the additionally analyzed claudins in (B) and
Pearson analysis of the integration, induction, and exclusion type from (B) are shown in Figure S6. Statistics:
mean * SD; one-way ANOVA with Dunnett's multiple comparison test (comparison to Cldn3 with Cldn3); ns

(not significant), ***p<0.001. Scale bar: 0.2 um (B).

4.2.2 Segregation of Cldn3 and Cldn15

The discovery of the segregation pattern of the channel-forming claudin group
Cldn10a, 10b, and 15 with Cldn3 provides novel insights into the claudin based TJ meshwork
structure and organization. The claudin segregation is also the first direct hint towards the
manner of integration of channel-forming claudins in the complex TJ as selective and
functional ion channels. To analyze and verify the observed claudin segregation, we focused
first on the combination of Cldn3 and Cldn15. This combination was chosen because of its
physiological relevance, as both claudins are expressed in the same cells of the mammalian
duodenum’®. In the small intestine Cldn15 takes on a crucial role for the sodium-based
glucose uptake by providing a paracellular channel for sodium transpodrt back into the
intestinal lumen'?’. Initially, we wanted to exclude that the observed segregation is based on
chemical fixation artifacts. Therefore, we co-overexpressed SNAP-tagged Cldn3 with Halo-
tagged Cldn15 and imaged the formed meshworks in living cells using STED microscopy
(Figure 26A). For better visualization, the background noise was removed with a

Noise2Void'8 approach. The live-STED imaging revealed clearly the segregation of Cldn3 and

122



Cldn15. Further insight in the segregated meshwork, including the strand dynamics and
mesh fusion events, could not be obtained due to the high background noise and severe

photobleaching over time.

To further characterize the claudins' proximity to each other in the same membrane
(cis-interaction), we performed FRET (described in 3.6.5) experiments by co-overexpressing
Cldn3 and Cldn15 in HEK293 cells. In the FRET analysis, several contacts where both claudins
accumulated were measured (Figure 26B). Single overexpressed Cldn3 served as FRET
negative and Cldn3 co-overexpressed with itself as positive control. We could show that the
FRET signal of Cldn3 and Cldn15 was significantly lower compared to the positive control,
indicating a lack of a potential cis-interaction (Figure 26C). FRET was also performed for
Cldn2 with Cldn3 to understand the unclear phenotype of their interaction. In comparsion to
FRET of Cldn3 and Cldn15 a slightly higher FRET signal could be detected. Nevertheless, it
was significantly lower compared to Cldn3 with Cldn3 or Cldn3 with Cldn1 that resulted in an
even higher FRET signal indicating that Cldn2 does not interact in cis with Cldn3.

A B C

Live COS-7 HEK293 6 -
Cldn15 Cldn15

NS kkk kkk

Figure 26 Cldn3 and Cldn15 segregate in living COS-7 cells and show no FRET in HEK293 cells. (A)
Representative live-STED image of a TJ-like meshwork formed by SNAP-Cldn3 (yellow; JF646-BG) and Halo-
Cldn15 (magenta; Atto590-CA) co-overexpressed in COS-7 cells. The background noise was reduced by using
a Noise2Void!® imaging application. (B) Representative confocal image of Trq2-Cldn3 co-overexpressed with
EYFP-Cldn15 in HEK293 cells. Two white arrows point on the cell-cell contact site used for FRET
measurements. (C) FRET analysis of Trg2-Cldn3 in single expression as negative control (grey), in co-
overexpression with EYFP-Cldn3 as a positive control (yellow) and with EYFP-Cldn1, 2, and 15 (magenta). For
each combination > 20 cell-cell contacts per experiment were imaged in three independent experiments
(N=>60). Statistics: mean * SD; one-way ANOVA with Dunnett's multiple comparison test (comparison to

Cldn3 with Cldn3); ns (not significant), ***p<0.001. Scale bars: 0.2 um (A) and 5 um (B).
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For a further validation of the segregation's biological relevance, we co-
overexpressed Cldn3 with Cldnl and with Cldnl15 in Caco-2 cells. Caco-2 cells are
immortalized epithelial cells derived from colorectal adenocarcinoma and are often used as
a model for intestinal epithelial cells. When grown at low density and on Matrigel, Caco-2
cells can form flat overlaps. In these overlaps an early lateral located TJ meshwork can be
formed (Figure 27A), which allows super resolution imaging of the meshwork structure. We
could observe an intermixing of overexpressed Cldn3 with Cldnl and segregation of Cldn3
with Cldn15 (Figure 27B). This indicates that the segregation also occurs in cells with a TJ
background. A Pearson correlation coefficient analysis of multiple meshworks formed by
Cldn3 and Cldn15 (Pearson value of -0.06) confirmed the previously obtained results in the

fibroblast system (Figure 27C).

Ultimately, we performed IHC staining of Cldn3 and Cldn15 in 10 um cryosections of
the murine duodenum (Figure 27D). The axial to lateral conversion of the TJ in cryo sections
of the tissue and STED imaging allowed us to uncover the nano-segregation of Cldn3 and
Cldn15 on an endogenous level for the first time. While this was not necessary for the high-
quality images of the TJ-like meshworks in fibroblasts, a gaussian blur (0=1) had to be
applied to reduce background noise in the tissue sections. The imaged TJ showed an average
thickness of ~500 nm that fits to previously measured FFEM images of the TJ in murine
duodenum?®, The fact that the segregation did not appear in all visible TJ can be explained
by the not fully planar and lateral localization of the TJ in the section that results in imaging

TJ parts with Cldn3 and Cldn15 that are most likely present in different z-planes.

The observed segregation of barrier-forming claudins Cldn3 and Cldn1, from channel-
forming claudins Cldn10a, 10b, 15 and partially from Cldn2, in overexpression and the
observed segregation of Cldn3 from Cldn15 on endogenous level, led to the assumption that
barrier-forming claudins and channel-forming claudins might be generally incompatible to
form TJ strands together. Since it is known that a mammalian TJ can also be formed by
multiple channel-forming claudins we raised the question if a channel-forming claudin might
also segregate from other channel-forming claudins with the same or with a different

described ion specificity.
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Figure 27 Cldn3 and Cldn15 segregate in co-overexpression in Caco-2 cells and endogenously in murine
duodenum. EYFP-tagged claudins were enhanced with an anti-GFP Atto647N nanobody. (A) Representative
confocal image of two flat growing and overlapping SNAP-Cldn3 (JF646-BG) overexpressing Caco-2 cells.
Arrows are pointing at the overlaps with higher signal intensity indicating TJ meshwork formation. (B)
Representative STED images of Caco-2 co-overexpressing either SNAP-Cldn3 (yellow; Atto590-BG) and EYFP-
Cldn1 (magenta) with an intermixing TJ-like meshwork phenotype or SNAP-Cldn3 (yellow) and EYFP-Cldn15
(magenta) with a segregating TJ-like meshwork phenotype. (C) Pearson analysis of TJ-like meshworks formed
by Cldn3 and Cldn3 as a control for intermixing or by Cldn3 and Cldn15 indicating claudin segregation in
Caco-2 cells. For each combination > five T) meshworks were imaged in three independent experiments
(N=>15). (D) IHC staining of Cldn3 (yellow) and Cldn15 (magenta) in a cryo-section of murine duodenum. A
representative STED image is shown from left to right in increasing magnification. A gaussian blur (0=1) was
applied to reduce background noise in the tissue sections. The diameter of ~500 nm of the TJ fits to
previously published data of TJ meshwork thickness in mouse duodenum based on FFEMZ2%. Single
segregating Cldn3 and Cldn15 strands are pointed out with the white arrows in the highest magnification.
Statistics: mean * SD; Mann-Whitney test, two-tailed; ** p<0.01. Scale bars: 10 um (A), 0.2 um (B), 5 um,

0.5 um, 0.2 um (from left to right in D).
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4.2.3 Segregation of channel-forming Cldn2 and Cldn10a

Cldn2 is one of the first discovered and most studied channel-forming claudins. It has
a high specificity for small monovalent sodium cations!'¥'1?, and it is described to increase
the tight junctional permeability for water®?°, It is usually highly expressed in leaky epithelial
cell lines (MDCKII) and leaky epithelium (proximal tubule of the kidney)328%113 |n tissue it is
not only expressed with barrier-forming claudins but also with other channel-forming
claudins, e.g., it is expressed with Cldn10a in the proximal tubule®! and with Cldn15 in the
murine small intestine?%127.163 While Cldn2 and Cldn10a are involved in the PT's bulk
reabsorption of ions, filtered solutes and water®!, in the small intestine Cldn2 and Cldn15
enable sufficient soiudm-dependent glucose uptake by facilitating the passive transport of
sodium back into the intestinal lumen. Wada et al. showed that this passive transport is of
crucial nature since a DKO of Cldn2 and Cldn15 in the murine intestine leads to infant

lethality due to glucose malabsorption®.

In co-overexpression with Cldn3, Cldn2 did not show an obvious segregation
phenotype compared to Cldn10a, 10b, and 15 (Figure 25). Interestingly, this result goes in
line with the already published controversial FRET and co-culture data that show a potential
interaction of Cldn2 with Cldn3 in trans and with another barrier-forming claudin, Cldn1, in
cist’3. This fact can be considered as a hint that Cldn2 interaction with other claudins or its
arrangement in the T) meshwork is different from the channel group Cldn10a, 10b, and 15.
Based on these observations, we decided to co-overexpress Cldn2 with the channel-forming
claudins, Cldn10a, 10b, and 15 and with Cldnl as representative of the barrier claudins.
Cldn2 itself served as a positive control (Figure 28A, Figure S7B). Similarly, to Cldn3, we could
observe that the co-overexpression of Cldn2 with Cldn10a, 10b, and 15 also led to the
formation of a segregating meshwork. In co-overexpression with Cldnl, the segregation
phenotype was less clear and comparable to the co-overexpression of Cldn2 with Cldn3. The
Pearson analysis confirmed these observations and resulted in low values for Cldn2 with
Cldn10a (-0.17), 10b (-0.29), and 15 (-0.18) (Figure 28B). The higher Pearson value of -0.05
for Cldn1 and Cldn2 in co-overexpression indicates an incomplete segregation or different
claudin organization (Figure 25B). This result agrees with the published data of Furuse et al.
that already pointed out a potential cis-interaction between Cldn2 and Cldn1'73. Another
explanation is that the segregation of Cldn2 maybe occurs at a scale below the resolution

limit of STED microscopy.
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To verify the observed segregation in overexpression, we focused on the combination
of Cldn2 and Cldn10a since this combination mimics the nearly exclusive expression in the
proximal tubule of the mammalian kidney®!. Performed FRET experiments resulted in no
FRET signal between Cldn2 and Cldn10a, indicating no existing cis-interaction (Figure 28C).
On the other hand, we could detect a high FRET signal for Cldn2 and Cldn1, which supports
the assumption of an existing cis-interaction!’® and the formation of shorter and more
concise Cldn2 segments. Furthermore, we could observe the segregation of Cldn2 and
Cldn10a meshwork in live-STED imaging (Figure 28D) and in the overlaps of a flat grown
epithelial kidney cell line (MDCKC7) which co-overexpressed Cldn2 and Cldn10a (Figure 28E).
A performed Pearson analysis of the meshworks formed by MDCKC7 cells resulted in low

Pearson values of -0.02, indicating a segregation phenotype (Figure 28F).

Additional to the transient single and co-overexpression experiments of Cldn2 and
Cldn3, we generated Cldn2, 3, 10a, and 15 stably single expressing COS-7 cells as well as
Cldn2 with Cldn10a and Cldn3 with Cldn15 stably double expressing COS-7 cells by lentiviral
transduction. These cells not only show similar TJ-like meshwork when compared to
transiently expressed claudins, but also the formation of segregation meshwork for Cldn2

and Cldn10a as well as Cldn3 and Cldn15 was identified (Figure S8).
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Figure 28 Segregation of channel-forming Cldn2 with the channel-forming claudins, Cldn10a, 10b, and 15.
SNAP-tagged claudin were labeled with an Atto590-BG, Halo-tagged claudins were labeled with JF646-CA,
and EYFP-tagged claudins were enhanced with an anti-GFP Atto647N nanobody. (A) Representative STED
images of SNAP-Cldn2 (yellow) in co-overexpression with EYFP-Cldnl, 10a, 10b and 15 (magenta) in
fibroblasts. Single-channel images are shown in Figure S7. (B) Pearson analysis of Cldn2 co-overexpressed
with Cldnl, 2, 10a, 10b, and 15. We defined that intermixing claudins should exceed values over 0.25,
whereas segregating claudins should not exceed the value of 0. For each combination, > five TJ meshworks
per experiment were imaged in three independent experiments (N>15). (C) FRET analysis of Trq2-Cldn2 with
EYFP-Cldn1, 2, and 10a in co-overexpression in HEK293 cells. For each combination > 20 cell-cell contacts per
experiment were imaged in three independent experiments (N260). (D) Representative live-STED image of a
TJ-like meshwork formed by co-overexpressed SNAP-Cldn2 (yellow) and Halo-Cldn10a (magenta) in COS-7
cells. The background noise was reduced by using a Noise2Void*®® application. (E) Representative STED image
of segregating TJ meshwork MDCKC7 cells formed by co-overexpressed SNAP-Cldn2 (yellow) and EYFP-
Cldn10a (magenta). (F) Pearson analysis of TJ-like meshworks formed by SNAP-Cldn2 and EYFP-Cldn2 (high
Pearson value of 0.4) as control or by SNAP-Cldn2 and EYFP-Cldn10a (low Pearson value of -0.05) in MDCKC7
cells. For each combination, > five TJ meshworks were imaged in three independent experiments (N>15).
Statistics: mean + SD; one-way ANOVA with Dunnett's multiple comparison test (B, C (comparison to Cldn2
with Cldn2)) and Mann-Whitney test, two-tailed (F); ns (not significant), ***p<0.001, ****p<0.0001. Scale

bars: 0.2 um (A, D, E).

For an endogenous verification of the segregation of Cldn2 and Cldn10a, whole

murine kidney proximal tubules were isolated. The tubules were IHC labeled for Cldn2 and
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Cldn10a and imaged with STED microscopy (Figure 29A, B). STED imaging revealed clear
segregation of Cldn2 and Cldn10a in the proximal tubule (Figure 29C). The detection of the
segregation in this region was easier to achieve since the TJ consists of only 1-2 strands!?!
exclusively formed by Cldn2 and Cldn10a®l. The clear alternating strand pattern was
consistent over the whole isolated tubules and between PST and PCT and did not change at

any point into an intermixing.

In summary, we could show that not only barrier-forming claudins form with channel-
forming claudins a segregating meshwork but also the different channel-forming claudins

when expressed together in vitro and in cells of the murine proximal tubule.
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Figure 29 Segregation of Cldn2 and Cldn10a in isolated mouse proximal tubules. (A) Schematic overview of
the isolation of whole proximal tubules for STED microscopy imaging. The isolation is described in detail in
chapter 3.5.3. (B) Representative confocal image of one part of an isolated proximal tubule stained for Cldn2
(yellow) and Cldn10a (magenta). (C) Representative STED image and magnifications of the segregating
strand parts of Cldn2 (yellow) and Cldn10a (magenta). Scale bars: 20 um (B), 0.5 um (overview image in C),

0.2 um (magnification in C).
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4.2.4 Cldn10b interaction patterns correspond to physiological (dys)functions

Within the channel-forming claudin group of Cldn10a, 10b, and 15, we could already
show that Cldn10a and Cldn15 segregate from different claudins in overexpression and on
endogenous levels in mammalian tissues. For Cldn10b we have only observe its segregation
from Cldn2 and Cldn3 in overexpression so far (Figure 25, Figure 28). In contrast to Cldn10a,
Cldn10b is not restricted to one specific part of an organ, but it is expressed in several

different mammalian tissues and organs®.-113,

Cldn10b and Cldn3 are expressed together in the mammalian sweat glands that play
an essential role in balancing the body temperature. It is described that an autosomal
recessive mutation of Cldn10b (Cldn10bN*#X) causes sweat gland malfunction and results in
sweat dysregulation which in the worst cases can lead to anhidrosis®*21°, Together with
other observed Cldn10b related missense and nonsense mutations it is summarized as a

I “"

novel “claudinopathy” the HELIX (hypohidrosis, electrolyte imbalance, lacrimal gland
dysfunction, ichthyosis, xerostomia) syndrome’%?!1. We could show that this mutant cannot
form TJ meshwork in overexpression when singly expressed (Figure S9A). Moreover, its
interaction with the Cldn10b WT in co-overexpression was also disturbed and it lost its
segregating behavior entirely when co-overexpressed with Cldn3 (Figure S9B) probably
adding on the fatality of the mutation. These observations are also reflected in the Pearson
analysis of the combination of Cldn3 and Cldn10b with Cldn10bN*& resulting in negative
Pearson values. Next to its expression in mammalian glands, Cldn10b is also highly expressed
in the kidney. Especially its appearance in the thick ascending limb (TAL) of Henle's loop
seems to play an essential role in the uptake of monovalent and divalent ions. In 2016 Milatz
et al. described that the claudins Cldn10b, and Cldn19 and Cldn16 are expressed in the TAL
in a mosaic manner!33, They showed that the claudins did not segregate within the TJ, but
between different cells. Interestingly, we could observe in double and triple overexpression
of Cldn10b, Cldn19, and Cldn16 that these three claudins can form three out of the five
described claudin-claudin interaction patterns. Cldn10b and Cldn19 form a segregating
meshwork in co-overexpression, whereas Cldn19 and Cldn16 form meshwork in an
integrative manner, as Cldn16 is unable to form meshwork on its own. Cldn16 and Cldn10b
in co-overexpression behaved in an exclusion manner (Figure 30A, B). Triple overexpression

resulted in similar interaction types as observed in double overexpression (Figure 30C, D).
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Figure 30 Segregation of Cldn10b from Cldn19 and Cldn16 in triple overexpression in fibroblasts. SNAP-
and Halo tagged proteins were labeled with an Atto590-BG and JF646-CA. EYFP-tagged claudins were
enhanced with an anti-GFP Atto647N nanobody (A) or labeled with a primary anti-GFP antibody and an
Atto542 coupled secondary antibody (C). (A) Representative STED images of SNAP-Cldn10b, Halo-Cldn16,
and EYFP-Cldn19a in co-overexpression. Cldn19a (magenta) and Cldn10b (yellow) form a segregating
meshwork, Cldn19a (magenta) and Cldn16 (yellow) an intermixing meshwork, and Cldn16 (magenta) and
Cldn10b (yellow) exclude from each other. (B) Pearson analysis of the co-overexpression combinations from
(A) (magenta). As positive control served SNAP-Cldn19a in co-overexpression with EYFP-Cldn19a (yellow).
For each variety, > five T/ meshworks were imaged in three independent experiments (N>15). (C)
Representative STED image of Halo-Cldn16 (magenta), SNAP-Cldn10b (yellow), and EYFP-Cldn19 (cyan) in
triple overexpression. (D) Pearson analysis of the triple overexpression experiments from (C). For each
combination, > five T) meshworks per experiment were imaged in three independent experiments (N>15).
Statistics: mean = SD; one-way ANOVA with Dunnett's multiple comparison test (B (comparison to
Cldn19a+Cldn19a), D (comparison to Cldn16 with Cldn19a)); ns (not significant), **p<0.01, ***p<0.001. Scale
bars: 0.2 um (A, C).
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In summary, we were able to determine that the observed interaction pattern of the
claudin segregation is most likely a conserved interaction mechanism of the channel-forming
group of Cldn10a, 10b, and 15. This is even further substantiated by the fact that all tend to
segregate also from each other in co-overexpression experiments (Figure S10), indicating a

potential incompatibility for heteromeric claudin interactions.

4.3 Characterization of the claudin segregation

Segregation of Cldn10a, 10b, and 15 seems to be a well-conserved interaction
pattern that allows coordinated incorporation of channel-forming claudins into the TJ
meshwork. To understand the segregation on the molecular level and determine its
functional purpose, we focused in the following experiments on the segregation of cation
channel-forming Cldn2 from anion channel-forming Cldn10a and on the segregation of

barrier-forming Cldn3 from sodium channel-forming Cldn15.

4.3.1 Strand lengths in a segregating meshwork dependent on claudin's expression level

and vary over different kidney tubules

In a first experiment, we asked ourselves whether the observed single strand lengths
in a segregating meshwork are specific for one kind of claudin and whether it depends on
the stability of a particular strand length or the claudin expression level. To address these
hypotheses, we measured first the lengths of Cldn2 and Cldn10a strands over whole isolated
kidney proximal tubules. We could show that strand lengths vary drastically between the
different tubules without identifying at first sight any correlation (Figure 31A). A subsequent
Pearson analysis of these images revealed that the segregation, did not change over the
different tubules and not over different parts of the tubules (Figure 31B). Next, we further
investigated the strand lengths in a segregating meshwork in fibroblasts. Cldn2 and Cldn10a
were co-overexpressed in two different ratios (3:1/1:3) (Figure 31C), and the overall claudin
expression was controlled and verified by Western Blot (Figure 31D). STED images of several
TJ-like meshwork were taken, and the strand lengths of Cldn2 and Cldn10a were measured
over multiple meshworks (Figure 31E). Strand length measurements indicate a clear
correlation between claudin strand lengths and claudin expression level. When Cldn2 was

co-overexpressed in a ratio of 3:1, the average strand length resulted in 0.35 um for Cldn2
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and 0.18 um for Cldn10a. Strand lengths changed when Cldn2 and Cldn10a were co-
overexpressed in a 1:3 ratio. The average strand length in case of Cldn2 was reduced to
0.26 um and for Cldn10a increased to 0.30 um. A final Pearson analysis showed that the
different expression levels and different strand lengths do not influence claudins'
segregation (Figure 31F). Additional co-overexpression experiments showed that this
observation also occurs for the segregating meshwork formed by Cldn3 and Cldn15

(Figure 31G, H). In this experiment, only Cldn15 was gradually (1:1, 1:2, 1:3) increased.

kK

A ns * %k ns B c D
0.6 1 s 1.00 1.8 ns ns s Cidnics
= 3:1 1:3 Cldn2 : Cldn10a
€ 051 € .75 _
= S ' 31 13
= (&)
-; 0.4 1 % + 0.50 1 —— Cldnz
£ ‘E‘ (anti-SNAP)
%03 -I-~I~ it S
c ™ = 0.25 Cldn10a
= { z - (anti-GFP)
B 02 2 0.001-
]
4 A 5 -0.25
v
©
TP AP dp & 050 <
T R
e v 9 & & 8
Tub! Tub Il Tublll 4 A K
%* %
E 5k K F ns G H
0.6 - S 1.00 - : Cldn15
£ T Cldn3 : Cldn15
1% e 1:1 12 13
< 04 ] + 0.504 -
-2 ﬂ} w ‘E‘ (anti-SNAP)
0.25
t:z’ 03 | . S Cldn15s
2 o B © 0.00 4w (anti-GFP)
- o 2 0. %
5] 4 S l: : : |HSP7O
o ’f > -0.25 A _I_
- .
& 01 | s o0 B
dRibs
0.0 o
: S o T s a -0.75 +—/—"7—
RS 31 13
co&‘ (Jo&‘
3:1 1:3

Figure 31 Strand lengths of claudins in segregated meshworks depend on the claudin expression. For STED
imaging, all SNAP-tagged proteins were labeled with an Atto590-BG. EYFP-tagged claudins were enhanced
with an anti-GFP Atto647N nanobody. (A) Strand length measurement of Cldn2 (2; yellow dots) and Cldn10a
(10; magenta dots) in isolated proximal tubules. The average strand length is shown in pum. 120 strands per
image in four STED images per tubule (three tubules: Tubl, Tubll and Tublll) were measured (N=4; one N is the
averaged strand length in one STED image). (B) Pearson analysis of analyzed tubules from (A) (Tub | (N=9),
Tub Il (N=12), Tub lll (N=11); one N is one meshwork). (C) Representative STED images of SNAP-Cldn2 (yellow)
expressed with EYFP-Cldn10a (magenta) in a plasmid ratio of 3:1 and 1:3. (D) Western Blot of lysates from
SNAP-Cldn2 and EYFP-Cldn10a co-transfected COS-7 (ratio 3:1 and 1:3). For the detection, an anti-SNAP
(SNAP-Cldn2, 45 kDa) and an anti-EGFP (EYFP-Cldn10a, 55 kDa) antibody were used. HSP70 (70 kDa) served as
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a loading control. (E) Strand length analysis of SNAP-Cldn2 (2; yellow dots) and EYFP-Cldn10a (10; magenta
dots) in COS-7 co-transfected in a ratio of 3:1 and 1:3. 40 strands per meshwork (four per experiment) from
three independent experiments were measured (N=12; one N is the mean strand length in one meshwork).
(F) Pearson analysis of the analyzed TJ-like meshworks from (E). 12 meshwork from three independent
experiments were measured (N=12). (G) Representative STED images of SNAP-Cldn3 (yellow), expressed with
EYFP-Cldn15 (magenta) in a plasmid ratio of 1:1 and 1:3. (H) Western Blot of lysates from SNAP-Cldn3 (SNAP-
Cldn3, 45 kDa) and EYFP-Cldn15 (EYFP-Cldn15, 55 kDa) co-transfected COS-7 (ratio 1:1, 1:2 and 1:3). For the
detection, an anti-SNAP and an anti-EGFP antibody were used. HSP70 (70 kDa) served as a loading control.
Statistics: mean = SD; one-way ANOVA with Tukey's multiple comparison test (A, B) and Mann-Whitney test,

two-tailed (E, F); ns (not significant), *** p<0.001, ** p<0.01. Scale bars: 0.2 um (C, G).

4.3.2 Extrinsic factors, including the blockage of the Cldn2 pore and depletion of cellular
cholesterol, do not influence the segregation of Cldn2 and Cldn10a
To further analyze the claudin segregation, we focused on potential extrinsic factors
that might be involved in the segregating meshwork organization. Two extrinsic factors that
could play a role are the actual pore function of the channel-forming claudin and cholesterol

a lipid that is described to be enriched at TJ®%61,

For blocking the ion permeability of a claudin channel Weber et al. generated a
functional Cldn2 mutant with isoleucine-66 (166) substituted to cysteine (Cldn2'¢). Then,
they showed that MTSET, a cysteine binding compound could block the Cldn2 mutant and
impair its ion permeability function'?* (Figure 32A). We assumed that the channel function's
loss might influence the segregation by leading to a potential strand and meshwork
disruption or re-arrangement. To test this hypothesis, we first generated an EGFP-Cldn2'66¢
mutant and confirmed that it still could form TJ-like meshwork in single overexpression and
that it forms a segregated meshwork in co-overexpression with Cldn10a (Figure S11).
Moreover, we excluded in an additional single overexpression experiment that the addition
of DMSO or MTSET has any influence on the Cldn2'®¢¢ TJ meshwork itself (Figure S11C). In
the main experiment, we co-overexpressed Cldn2'°%¢ and Cldn10a, and subsequently
incubated the cells for two hours with MTSET (or just DMSO as a control). The cells were
then fixed and imaged with STED microscopy. Despite the loss of the channel function, we
could not observe any difference in the segregating pattern or behavior (Figure 32B),

indicating that the segregation is independent of the claudin's ion permeability function.
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Figure 32 Blockage of the Cldn2 pore has no impact on the claudin segregation. All SNAP-tagged claudins
were labeled with Atto590-BG. EGFP-tagged claudins were enhanced with an anti-GFP Atto647N nanobody.
(A) Schematic illustration of the binding and blocking of the Cldn2'¢¢ pore (yellow) by MTSET (red). MTSET
reacts with the free cysteine groups (black) by forming covalent bonds. The binding blocks the Cldn2 channel
function. (B) Representative STED images of TJ-like meshwork formed by EGFP-Cldn2'*¢ and SNAP-Cldn10a.
24 hours after transfection, the cells were incubated for two hours with 1 mM MTSET, fixed and ICC stained,

and imaged with STED. DMSO was used as control. Scale bar: 0.2 um.

The membrane lipid composition in and around the TJ meshwork is not yet fully
clarified and stays controversially debated in the TJ field®>2!2, One lipid that is supposed to
be involved in the TJ formation and organization is cholesterol. Cholesterol is one of the
main plasma membrane lipids. It was shown in MDCKIl and EpH4 epithelial cells that
depletion of cholesterol using methyl-B-cyclodextrin (MBCD) leads to a complete disruption
of the TJ and a loss of barrier function®-?13, Therefore, we wanted to know if the depletion of
cholesterol influences the segregating meshwork of Cldn2 and Cldn10a in fibroblasts. We
used for the depletion on the one hand MBCD and on the other hand mevastatin. MBCD
removes the cholesterol directly from the plasma membrane, whereas mevastatin inhibits
the HMG-CoA-reductase and thereby interferes the production of new cholesterol via the
mevalonate pathway. MBCD was added to the Cldn2 and Cldn10a expressing COS-7 cells in a
concentration of 25 mM for one hour, whilst mevastatin was applied at 10 uM over 24 hours
(DMSO was used as control in both approaches). Cholesterol was stained using Filipin Ill and
its depletion was determined based on its intensity decrease. The cholesterol depletion was
successful with both chemicals, but it was slightly stronger with MBCD than mevastatin
(Figure 33A). In STED, we observed under cholesterol depletion conditions that the
meshwork was more disorganized and contained more vesicular claudin enriched structures

than the DMSO control. However, the segregation pattern was still intact (Figure 33B).
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Taken together the results indicate that the Cldn2 itself as well as the membrane lipid
cholesterol probably do not change the claudin segregation of Cldn2 and Cldn10a. If higher
concentration of the cholesterol reducing agents might affect the segregation or simply

disrupt the TJ meshwork was not further studied.
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Figure 33 Depletion of cholesterol has no impact on claudin segregation. All SNAP-tagged proteins were
labeled with an Atto590-BG, and EYFP-tagged claudins were enhanced with an anti-GFP Atto647N
nanobody. (A) Control of the cholesterol depletion by staining of endogenous cholesterol with Filipin Ill. The
same imaging settings were used among the different conditions. The intensity is shown in fire color mode.
The fire color scale shows the different colors representing the different image intensities. The scale is
ranging from white (highest signal) to black (no signal). (B) STED images of TJ-like meshwork formed by
SNAP-Cldn2 (yellow) and EYFP-Cldn10a (magenta) in COS-7 cells. Shown are example images for DMSO
(control), mevastatin (10 uM for 24 hours), and MBCD (25 mM for one hour) treated cells. Scale bars: 0.2 um
(B), 20 um (A).

4.3.3 Claudin segregation is independent of ZO1 and the claudin C-terminus, but it is
mediated by the extracellular loops
Since the so far tested extrinsic factors showed no real impact on the segregating TJ

meshwork, we decided to try and identify which part of the claudin structure is involved in
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segregation. Therefore, we tested the possibility that the two ECLs, the C-terminally located
phosphorylation sites or the domain for binding to ZO1 (important for TJ protein

partitioning)*?, influence strand polymerization and claudin segregation.

For ZO1, we could verify that it localizes in the segregated meshwork in proximity to
single claudin strands without showing any preference for overexpressed Cldn2 or Cldn10a
(Figure 34A). A Pearson analysis supports this observation by showing no apparent

correlation to either one of the segregating claudins (Figure 34B).
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Figure 34 Endogenous ZO1 localizes at single strands in a segregated TJ-like meshwork without any
preference for a specific claudin. For STED imaging, SNAP-tagged proteins were labeled with Atto590-BG.
EYFP-tagged claudins were enhanced with an anti-GFP Atto647N nanobody. (A) Representative STED image
of TJ-like meshwork formed by SNAP-Cldn2 (yellow) and EYFP-Cldn10a (magenta) in COS-7 cells. Endogenous
Z01 (cyan) was labeled with an anti-ZO1 antibody and with a secondary antibody coupled to Atto542. (B)
Pearson analysis of ZO1, Cldn2, or Cldn10a in a segregating TJ-like meshwork (eight different meshworks

were analyzed, N=8). Statistical analysis: mean % SD. Scale bars: 0.2 pm.

By overexpressing Cldn2 and Cldn10a as well as Cldn3 and Cldn15 PDZ-binding motif
deletion mutants (APDZ) (Figure 35A) we investigated whether a loss of the linkage of
claudin to ZO1 affects the formation and organization of the segregating meshwork. The

influence of ZO1 on the TJ-like meshwork was shown by Van ltallie et al. in 2016 by
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comparing Cldn2 and a Cldn2 PDZ-binding motif deletion mutant in overexpression in Rat-1
fibroblasts. They could show that a loss of the PDZ-binding motif leads to a more dynamic
meshwork behavior?3. Additionally, we also tested C-terminus deletion mutants (ACT;
Figure 35A) in co-overexpression. The long C-terminus of claudins contains multiple
phosphorylation sites, which play a major role in claudin trafficking®?°3?'4, The deletion of
the C-terminus should help to understand whether the phosphorylation sites are essential
for claudin segregation. The generated claudin APDZ and ACT mutants were co-
overexpressed in COS-7 cells, and the formed meshworks were imaged with STED. In
comparison to the non-mutated claudins we observed less expanded and more disorganized
meshworks for the APDZ and ACT mutants. However, claudin segregation was still
observable for both deletion mutants (Figure 35B, D). The Pearson correlation coefficient
analysis supported this visual impression by resulting in corresponding low Pearson values
(Figure 35C, E). The more disorganized meshwork affected the Pearson analysis slightly, but
the difference between intermixing control (Cldn10a”"®? with Cldn10a%®%; Cldn10a%¢T with
Cldn10a%cT) and segregating claudins was still significant. The STED images and the results of
the Pearson analysis let us to conclude that the PDZ-binding motif as well as the C-terminus

with its phosphorylation sites are not affecting the claudin segregation.

In a final approach, we generated Cldn2 chimeras that contain the ECLs (Cldn2eci10a)
of Cldn10a (Figure 35A). The Cldn2 chimera was able to form contact enrichments and TJ
strands, but it was also impaired in its meshwork formation compared to Cldn2 (Figure 23,
Figure S12). This chimera should uncover a potential involvement of the ECLs in the claudins
segregation. A Cldn3 chimera with the ECLs of Cldn15 was also generated, but it showed no
TJ-like meshwork formation and was not used in co-overexpression studies. Interestingly, in
contrast to the deletion mutants, the Cldn2eci10a chimera led in co-overexpression with
Cldn10a to a change from its segregating behavior to an intermixing pattern. Moreover, in
co-overexpression with Cldn2, a shift from an intermixing into a more segregating
phenotype could be observed (Figure 35B). A further performed Pearson correlation analysis
supported these observations. In comparison to Cldn2, the Cldn2eci10a chimera changed the
Pearson value significantly when co-overexpressed with Cldnl0a towards a higher
intermixing value whereas co-overexpression with Cldn2 showed a decreased, more
segregating Pearson value (Figure 35C). These results clearly underline the important role of

the ECLs in the formation of the segregation.
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Figure 35 Claudin segregation is conserved in the claudin extracellular loops, and it is unaffected by ZO1
binding or claudin C-terminal phosphorylation sites. For STED imaging, SNAP-tagged proteins were labeled
with JF646-BG. EYFP-tagged claudins were labeled with an anti-GFP primary antibody and secondary
antibody coupled to an AF594. (A) Scheme is illustrating the Cldn2, 3, 10a, and 15 PDZ-binding motif (APDZ)
and C-terminus deletion (ACT) mutants and the generated Cldn2ecii0a chimera. The mutations and the
chimera sites are labeled in red. (B) Representative STED images of the TJ-like meshwork of SNAP-Cldn2
(yellow) with EYFP-CIdn2 (magenta) or with EYFP-Cldn10a (magenta), EYFP-Cldn10a®"®? (magenta) with
SNAP-Cldn22PPZ (yellow) or with SNAP-Cldn10a®"®? (yellow), EYFP-Cldn10a®‘" (magenta) with SNAP-Cldn25¢T
(yellow) or with SNAP-Cldn10a%“" (yellow) and Cldn2ecii0a (yellow) with EYFP-Cldn2 (magenta) or with EYFP-
Cldn10a (magenta). (C) Pearson analysis of the combinations and some additional controls shown in (B). For
the chimeras > five T) meshworks per experiment were imaged in four independent experiments, for the
mutants 2> five T) meshworks per experiment were imaged in three independent experiments (chimeras:
N>20; mutants: N>15). (D) Representative STED images of the TJ-like meshwork of EYFP-Cldn154PP?
(magenta) with SNAP-Cldn1527%Z (yellow) or SNAP-Cldn32P%Z (yellow) and of EYFP-Cldn15%¢T (magenta) with
SNAP-Cldn15%¢T (yellow) or SNAP-CIdn3%¢T (yellow). (E) Pearson analysis of the combinations and controls
shown in (D). For each combination, > five T meshworks per experiment were imaged in three independent
experiments (N>15). Statistical analysis: mean + SD; one-way ANOVA with Dunnett's multiple comparison
test (C (ECLs: comparison to Cldn2 with Cldn2)) and Mann-Whitney test, two-tailed (C (APDZ, ACT); E (APDZ,
ACT)); ns (not significant), *** p<0.001%. Scale bars: 0.2 um (B), (D).

Interestingly, acquired FRET data indicates a more complex situation since the

chimera showed a slightly increased FRET signal in co-overexpression with Cldn2 and with

Cldn10a compared to the intermixing Pearson of Cldn2 with Cldn2. Whether increased FRET

signal is based on a potential interaction in cis mediated by the transmembrane domains

must be figured out in further studies (Figure 36A). Additionally, performed co-culture

experiments uncover that the Cldn2eci10a chimera interacted with Cldn10a in trans, indicating

that the chimera's ECLs are properly formed and can provide a functional trans-interaction

(Figure 36B).
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Figure 36 Cldn2ecii0a chimera interacts in trans and partially in cis with Cldn10a. (A) FRET analysis of co-
expression of Trq2-Cldn2 with EYFP-Cldn2 (positive control) and EYFP-Cldn10a (negative control) and Trqg2-
Cldn2ect10a With EYFP-Cldn2 and EYFP-Cldn10a in HEK293 cells. Single overexpression of Trq2-Cldn2 served as
a negative control. For each combination =20 cell-cell contacts per experiment were imaged in three
independent experiments (N>60). (B) Co-culture of SNAP-Cldn2ecL10a (yellow; labeled with Atto590-BG) with
EYFP-Cldn10a (magenta; enhanced with Atto647N) expressing COS-7 cells. Statistical analysis: mean + SD;
one-way ANOVA with Dunnett's multiple comparison test (comparison to Cldn2 with Cldn2); *** p<0.001%.

Scale bar: 0.5 um.

4.4 Claudin segregation enables specific paracellular ion permeability

The manner of integration and the precise localization of channel-forming claudins in
the TJ meshwork was unknown for a long time. Up to now, most of the proposed models
were based on the solved crystal structure of Cldn15 and suppose that channel-forming
claudins form several single ion specific pores in the TJ to equip it with ion permeability. We
could show that the channel-forming claudins Cldn10a, 10b, and 15 integrate in the TJ
meshwork by forming longer continuous strand parts that segregate from other claudins.
The specific arrangement and organization of the segregation raised the question for its
functional purpose. One very plausible explanation for the segregation is the necessity of
forming a functional tetrameric channel as previously described and assumed by Suzuki et
al.?’. This functional channel cannot be formed when other claudins would incorporate into
and disturb the organization of the channel claudin homo-tetramer. Additional to this
hypothesis segregation could also increase the possibility for the channel-forming claudins to
integrate into the TJ meshwork. Moreover, following the theory of the antiparallel claudin

tetramer, we also raised the question whether segregation allows a more efficient ion flow
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over the TJ by allowing ions of opposite charge to pass separately and simultaneously. A last
and less conservative idea is that the segregation mediates the ion permeability directly at
segregation points where strands from two different claudins are in contact challenging the

proposed antiparallel tetramer as a functional channel unit.

In all so far performed studies, the influence of claudins on the TJ was investigated
under KO, KD, mutagenesis, and overexpression conditions in epithelial cell lines that
express several different claudins since the TJ research field was lacking a claudin-free
epithelial cell line. In 2019 Otani et al. introduced a generated MDCKII quintuple claudin KO
(MDCKII QKO) cell line which lacks the five claudins (Cldn1, 2, 3, 4, 7) that are usually most
expressed in MDCKII®®, The claudins were chosen based on an RNA seq data set of MDCKII
cells from Shukla et al. in 2015%'>. Otani et al. demonstrate in FFEM that the MDCKII QKO
cells did not form any TJ strands and that the paracellular ion permeability and
macromolecule barrier were deregulated®®. We wanted to use this so far unique claudin-free
epithelial cell line to study the functional impact of single claudins and the segregated
claudins pairs, Cldn2 and Cldn10a, as well as Cldn3 and Cldn15, on the paracellular
permeability. First, we verified the complete KO of the five claudins by comparing ICC
stainings of MDCKII QKO cells with wildtype MDCKII cells (Figure S13). We could not detect
any specific localization of the five silenced claudins to the cell-cell contacts of MDCKII QKO
cells. In contrast, the MDCKII control cells showed for each labeled claudin a clear signal at
the apical contact side of the TJ. Next, we generated MDCKII QKO cells that stably expressed
single FLAG-tagged claudins (FLAG-Cldn2, 3, 10a, 15) and combinations of FLAG-tagged
segregating claudins (FLAG-Cldn2+Cldn10a and FLAG-Cldn3+Cldn15) by lentiviral
transduction. We validated the infection's success, the claudin expression and correct
localization by ICC staining of the stably claudin expressing MDCKII QKO cells (Figure 37A, B).
All generated stable cell lines showed a precise apical-localization of the expressed FLAG-
tagged claudin at the TJ in a homogeneously grown and polarized cell layer. As a side
observation, we were able to observe an evident change in the membrane structure from a
straighter cell-cell contact (MDCKII QKO) to a wrinkly cell-cell contact when a claudin was
expressed (Figure 37C, D). Interestingly, in the confocal images of the FLAG-Cldn2+Cldn10a
double expressing cells, claudin segregation seems to be already observable (Figure 37E).
Moreover, it seems that Cldn10a is localized less continuously throughout the TJ than Cldn2

(Figure 37A, E).
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Figure 37 Verification of the single and double claudins stably expressing MDCKII QKO cells. Secondary
antibodies coupled to AF594 and Atto647N were used. (A) Confocal images of ICC labeled MDCKII QKO cells
stably expressing FLAG-Cldn2, FLAG-Cldn10a and FLAG-Cldn2+10a. FLAG-Cldn2 expressing cells were stained
with an anti-Cldn2 (magenta) primary antibody, FLAG-Cldn10a (magenta) expressing cells were stained with
an anti-Cldn10 primary antibody. All single claudins expressing cells were additionally labeled for ZO1
(yellow) with an anti-ZO1 primary antibody. FLAG-Cldn2+Cldn10a expressing cells were stained with an anti-
Cldn2 (magenta) and an anti-Cldn10 (yellow) primary antibody. (B) Confocal images of ICC labeled
MDCKII QKO cells stably expressing FLAG-Cldn3, FLAG-Cldn15 and FLAG-Cldn3+Cldn15. FLAG-Cldn3
expressing cells were stained with an anti-Cldn3 (magenta) primary antibody, FLAG-Cldn15 (magenta)
expressing cells were stained with an anti-Cldn15 primary antibody. FLAG-Cldn3+Cldn15 expressing cells
were stained either with an anti-Cldn3 (magenta) or an anti-Cldn15 (magenta) primary antibody. All FLAG-
Cldn3 and/or FLAG-Cldn15 expressing cells were additionally labeled for ZO1 (yellow) with an anti-ZO1
primary antibody. (C) Confocal images of ICC labeled MDCKII QKO cells. Cells were stained with an anti-Cldn2
(magenta) and an anti-ZO1 (yellow) primary antibody. (D) Confocal images of ICC labeled MDCKII cells. Cells
were stained with an anti-Cldn2 (magenta) and an anti-ZO1 (yellow) primary antibody. (E) Magnification
from FLAG-Cldn2+Cldn10a expressing MDCKIl QKO cells from (A), discontinuous Cldn10a TJ parts are

pointed out by white arrows. Scale bars: 10 um (A-D), 2 um (magnification in E).

To investigate the impact of single claudins and segregating claudins on the TJ ion
permeability and its integrity, we measured the electrophysiological properties including the
transepithelial resistance (TER), the dilution potential for estimating the relative
permeability of the epithelial monolayer for sodium and chloride and the fluorescein flux for
the generated stable cell lines with an Ussing-chamber application (detailed description
in 3.7). MDCKII cells that endogenously highly express the predicted sodium channel-forming
Cldn2 and MDCKIl QKO cells served as controls. For every measurement, immunostainings
were used to check the cell homogeneity. Whole-cell lysates served as control for claudins'
total expression level (Figure S14A-D). Noteworthy, the total expression level of Cldn2 in
FLAG-Cldn2 expressing cells and in FLAG-Cldn2 and FLAG-Cldn10a double expressing cells
was similar or even slightly increased to Cldn2 levels in MDCKII cells (Figure S14A). In
contrast, the amount of Cldn2 in the TJ was decreased by 30-50% when comparing the
intensity of Cldn2 in stably FLAG-Cldn2 expressing cells with MDCKII cells (Figure S14E, F).
FLAG-Cldn3 expressing cells showed a higher total expression compared to MDCKII cells
(Figure S14B). The total expression level of Cldn10 seemed to stay constant among single

FLAG-Cldn10a expressing cells and FLAG-Cldn2 and FLAG-Cldn10a double expressing cells
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(Figure S14C). Similar levels could be also observed for singly expressed FLAG-CLdn15 and
when co-expressed with FLAG-Cldn3 (Figure $S14D).

The electrophysiological measurements revealed that the expression of Cldn3 in the
MDCKIlI QKO increases the TER of the epithelial cell layer drastically and significantly
(350 Ohm*cm?) when compared to MDCKII QKO cells (15 Ohm*cm?) and MDCKII cells
(38 Ohm*cm?). However, MDCKII QKO cells expressing FLAG-Cldn2 (28 Ohm*cm?), FLAG-
Cldn10a (25 Ohm*cm?), FLAG-Cldn15 (28 Ohm*cm?), FLAG-Cldn2+Cldn10a (26 Ohm*cm?)
and FLAG-Cldn3+Cldn15 (41 Ohm*cm?) showed only a slightly, but significantly increased
TER compared to MDCKII QKO cells (Figure 38A, B).

The dilution potential measurements showed that the FLAG-Cldn2 and FLAG-Cldn15
expressing cells have a significantly increased permeability for sodium ions (Figure 38C) and
FLAG-Cldn10a expressing cells for chloride ions (Figure 38D) confirming published data that
propose their ion specific channel functions. Nevertheless, the permeability for sodium
seems to be less specific compared to MDCKII cells which showed a higher Na/Cl ratio
compared to MDCKIl QKO sT FLAG-Cldn2 or FLAG-Cldn15 cells. FLAG-CIdn3 expressing cells
showed no permeability for ions neither for sodium nor for chloride (Figure 38C, D),
supporting the assumption that Cldn3 is a predominantly barrier-forming claudin. Cells that
co-express FLAG-Cldn2+Cldn10a showed lower dilution potential values and intermediate
permeability for sodium or chloride (Figure 38C, D). Whereas FLAG-Cldn3+Cldn15 expressing
cells have a highly increased permeability for sodium ions (Figure 38C, D), clearly higher

compared to single FLAG-Cldn15 expressing cells.

Additional performed fluorescein (332.31 Da) flux measurements showed that FLAG-
Cldn2, FLAG-Cldn10a, FLAG-Cldn15 as well as FLAG-Cldn2+Cldn10a co-expressing cells have a
higher macromolecule flux compared to the MDCKII cells indicating a potential difference in
the TJ integrity. Nevertheless, all cell lines showed a significant lower flux than MDCKII QKO
cells. This increased fluorescein flux could not be observed for FLAG-Cldn3 expressing cells as
well as not for FLAG-Cldn3+Cldn15 co-expressing cells (Figure 38E, F). Both cell lines show a
permeability for fluorescein that was comparable to MDCKII cells indicating a potential
influence of Cldn3 on the whole TJ integrity and considering the higher sodium permeability

of FLAG-Cldn3+Cldn15 cells on the specificity of the ion permeability.
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Figure 38 Dilution potential measurements of MDCKII QKO cells expressing single claudins and segregating
claudin pairs revealed a compensatory and an enhanced effect on the ion permeability. The different cell
lines are labeled as following: MDCKII (grey), MDCKII QKO (dark grey), MDCKII QKO stably expressing (sT)
FLAG-Cldn2 (green), MDCKII QKO sT FLAG-Cldn3 (magenta), MDCKII QKO sT FLAG-Cldn10a (red),
MDCKII QKO sT FLAG-Cldn15 (mint green), MDCKII QKO sT FLAG-Cldn2+Cldn10a (orange) and MDCKII QKO
sT FLAG-CIdn3+Cldn15 (blue). The electrophysiological measurements were performed with an Ussing-
chamber. In every experiment, firstly the TER was measured, secondly the dilution potential and lastly the
fluorescein flux. In (A-F) each dot represents one filter. (A) Shown are the results of the transepithelial
resistance (TER) measurements in Ohm/cm?. (B) Shown are the same results from (A) with a separation of
the y-axis into two segments. (C) Shown are the results of the dilution potential measurement plotted for
Na/Cl. (D) Shown are the results for the dilution potential measurement plotted for Cl/Na. (E) Shown are the
fluorescein (332.31 Da) flux measurements. The paracellular permeability (Papp) is plotted in the unit of
10°cm/s. (F) Shown are the same results from (E) with a separation of the y-axis into two segments. For all
measurements, at least eight filters from three independent experiments were measured (N>8). Statistics:
mean * SD; one-way ANOVA with Dunnett's multiple comparison test (A-F (comparison to MDCKII QKO); ns
(not significant), * p<0.05%, ** p<0.01%, *** p<0.001%.
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The obtained results from the electrophysiological measurements get even more
clear when comparing the calculated absolute ion permeabilities of the different cell lines
(Figure 39). The absolute permeabilities show very conclusively that the described channel-
forming claudins Cldn2, 10a and 15 form functional ion channels when expressed alone in
epithelial cells indicated by their higher permeability for sodium or chloride ions. Whereas
Cldn3 acts as a barrier-forming claudin by sealing the paracellular cleft against sodium and
chloride ions. Moreover, we could observe that the segregating Cldn2 and Cldn10a in co-
overexpression keep their ion specificity and compensated each other's ion permeability in
the measurement potentially by forming independent functional channels in the TJ
meshwork. The MDCKII QKO cells gives comparable values for the absolute permeability for
sodium and chloride but in this case, it is not because of the formation of specific ion
channels but more the circumstance that these cells lack the TJ resulting in an uncontrolled
flux of sodium and chloride ions through the paracellular cleft. In contrast, the co-
overexpression of Cldn3 with Cldn15 resulted in a higher specificity in sodium permeability
compared to single expressed sodium-forming channel claudins Cldn2 and Cldn15. The
measured levels were comparable to the values of the MDCKII cells indicating that the
expression of a barrier-forming claudin and the formed segregating meshwork potentially
provides a higher ion specificity. This is also partially reflected by the higher fluorescein flux

of Cldn2 or Cldn15 compared to co-expressed Cldn3 and Cldn15 (Figure 38E, F).
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Figure 39 Absolute permeability measurements of MDCKIl QKO cells expressing single claudins and
segregating claudin pairs. The absolute permeability was calculated from the relative permeability Na/Cl,
Cl/Na and the TER shown in Figure 38. For the calculation the Kimizuka-Koketsu equation (Equation 15) was
used (described in 3.7.1). Shown are the calculated absolute permeabilities (Papp is plotted in the unit of
10® cm/s) for sodium (green bars) or chloride (red bars) in (A) for MDCKII, MDCKIl QKO, MDCKII QKO sT
FLAG-Cldn2, MDCKIl QKO sT FLAG-Cldn10a and MDCKII QKO sT FLAG Cldn2+Cldn10a and in (B) for MDCKII,
MDCKII QKO, MDCKIl QKO sT FLAG-Cldn3, MDCKIl QKO sT FLAG-Cldn15 and MDCKII QKO sT FLAG
Cldn3+Cldn15. The expression of the reconstituted claudins was validated by immunoblotting and is
representatively shown in (A) and (B). The different claudins were labeled with anti-Cldn2 and anti-Cldn10
antibodies in (A) and anti-Cldn3 and anti-Cldn15 antibodies in (B) and detected at ~22-25 kDa. Lysates from
MDCKIlI and MDCKII QKO were used as controls. Endogenous expression levels for Cldn10 and Cldn15 in
MDCKII could not be detected since MDCKII cells do not expressed them endogenously at high levels. B-actin
(42 kDa) was used as loading control. For all measurements, at least eight filters from three independent
experiments were measured (N>8). Statistics: mean +SD; one-way ANOVA with Dunnett's multiple
comparison test (A, B (comparison to MDCKIl QKO); ns (not significant), * p<0.05%, ** p<0.01%,
**% p<0.001%.
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5 Discussion

In the present work, we demonstrate the significant impact of STED microscopy on
the TJ research by resolving the TJ meshwork structure and revealing novel insights in the
claudin nanoscale organization. We identified with an automated analysis over all
mammalian claudins significant differences in their meshwork forming ability and their
meshwork nanostructure, resulting in the definition of three different distinct classes.
Furthermore, we unraveled five different interaction patterns that claudins can undergo
when co-overexpressed in fibroblasts: intermixing, integration, induction, segregation, and
exclusion. We could verify the claudin segregation as a novel interaction pattern for the
channel-forming claudins Cldn10a, 10b, and 15 on endogenous levels and determine at least
partially its structural foundation in the extracellular loops. Functional analysis of the
segregating claudins in genome-engineered claudin-free epithelial cells led us to conclude
that nano-segregation is a conserved and indispensable mechanism to provide functional ion
channels providing the possibility of a constant ion permeability over the TJ meshwork

independent of the TJ meshwork complexity.

5.1 Nanoscale imaging of the TJ meshwork

Over the last fifty years, the tight junctional nanostructure was the subject of several
research studies. These studies were insightful, but still left many open questions regarding
the organization and dynamic within the TJ meshwork3®%%2%,  After discovering the
claudins3%74 and their ability to form fibril-like structures in fibroblasts®’ it was clarified that
mainly proteins and not lipids form the TJ strands?. In the following years, understanding the
differences among claudins and their functional purpose for different tissue, organs, and the
whole organism was the main focus® 76132217 With the discovery of paracellular channel
properties of a specific subset of claudins and their involvement in the tissue specific ion
homeostasis?®?1°, and the following identification of specific sites in their ECLs that are
responsible for the channel specificity'®?!8, the organization of the claudins in the TJ got
more into focus®”°%1%7  Labeling problems and diffraction-limited fluorescence microscopy
made it so far very challenging to study single or multiple claudins on the nanoscale within
the TJ meshwork. Performed SRM of the TJ on endogenous level by antibody labeling!® and

overexpression of single claudins in fibroblasts?>17° indicated its great potential for the TJ
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research field. However, these studies were mainly unable to reveal the complex nano-

organization of the TJ.

5.1.1 STED resolves the TJ) meshwork structure in fixed and living samples

We demonstrate that advanced STED microscopy can solve the described imaging
limitations of electron microscopy (no multi-protein labeling, low throughput, weak antibody
labeling) and conventional fluorescence light microscopy (diffraction limited resolution).
Combined with systems in which we were able to change the TJ orientation from an axial
direction with a lower z-resolution to a lateral with a higher xy-resolution (Figure 20A, B) this
enabled us to image the TJ meshwork in tissue (Figure 20C)and in overexpression
(Figure 20D) at the nanoscale. The potential to study the nanostructure of a TJ] meshwork
formed by overexpressed claudin was already shown by Kaufmann et al. in 2012 (SMLM)7°
and Van ltallie et al. in 2016 (SIM)%3. SIM and SMLM rely both on additional image processing
that increases the probability of creating post-imaging artifacts due to noise amplification,
blowing up of structures and loss of information because of excessive smoothening. In our
study, we showed that STED microscopy can resolve the TJ meshwork structure in an
artifact-free and raw manner without further imaging processing needed. Compared to SIM,
which offers a resolution in biological samples of ~100 nm, STED allows imaging at a higher
resolution of below 50 nm’7178 |t resolves single strands and meshes not only in the
isolated meshwork periphery as previously shown?*23 but also in the meshwork center
(Figure 20D). Moreover, STED microscopy provides the possibility to investigate the TJ
meshwork structure in a higher throughput than SMLM77:178 giving a direct verification of
labeling efficiency and sample quality which allows a fast optimization of labeling and
imaging conditions. Enhancing of the fluorescent tags with organic fluorophores coupled to
small nanobodies and the SNAP- and Halo-tag system resulted in a STED resolution of 60 nm
in fixed and 70 nm in living samples (Figure 20 F,G) similar to Bottanelli et al. in 20168, The
resolution difference between fixed and live derives from increased background noise and

the TJ meshwork dynamic.

On endogenous level, we could resolve the nanostructure of the TJ meshwork in
murine tissue with fluorescence microscopy for the first time. Schlingmann et al. in 2016
were able to image endogenous Cldn5 and ZO1 in alveolar endothelial cells with dSTORM.
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Nevertheless, the staining showed a very punctual pattern® which was not comparable to
the in STED observed strands. To determine if this observation shows the real nano-
organization or the punctual pattern results from a labeling problem, it needs further
verification with an optimized staining protocol or endogenous labeling. In our example, the
labeled Cldn3 in the murine duodenum appeared more as single strands than a complete
meshwork. This observation was not surprising since, in the duodenum, mainly Cldn2, Cldn3,
and Cldn15 are expressed’® which we found to be segregated from each other in the later
experiments (Figure 27). The seemingly lower resolution compared to the imaged T)
meshworks in overexpression could be due to the greater distance between the CS and the

TJ in the 10-20 um thick tissue sections.

The achieved resolution of ~70 nm in live imaging gave us the possibility to image
dynamics (Figure 20E) and importantly to test the influence of fixatives on the TJ meshwork
nanostructure (Figure 21A). The dynamics of single strands in TJ meshwork were already
investigated in a couple of studies???3. However, in these studies the analyzed strands were
always located at the more peripheral areas of the TJ meshwork. Since it was shown that
newly synthesized claudins are attached to the TJ's peripheral areas'®? it is at least debatable
that the dynamic of peripheral claudin strands is similar to those in the more central areas of
the meshwork. In this study, we could demonstrate that STED can resolve meshwork
structure also in the denser regions in living samples. We could observe dynamic events,
including mesh fusions and strand disruptions (Figure 20E), indicating that dynamics also
occur in the inner TJ meshwork. Yet, the slower image acquisition compared to SIM,
photobleaching, and loss of z-focus did not enable us to analyze these observations more
guantitatively and must be improved to be fully capable of resolving different dynamics
among claudins and the dynamics of multiple claudins in a TJ) meshwork. One possibility to
solve this problem might be the use of another STED system. The STEDYCon from Abberior
Instruments, which is equipped with photosensitive ABDs and can be used together with
hardware auto-focus systems which are currently not compatible with the in this study used
Leica SP8 TCS STED system. Additionally, brighter fluorophores (e.g., SiR-D12?'°) could
provide the needed photostability and brightness for more prolonged live imaging in single.
With a suitable second fluorophore (e.g., JF5522%° or Atto590'8¢) that can also be depleted

with the 775 nm laser, dual color might even be possible.
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5.1.2 Automated TJ-like meshwork analysis of all meshwork forming claudins revealed

different claudin specific properties

The fibroblast overexpression system for reconstituting TJ-like meshwork is a tool
that is commonly used since its first discovery in 1998>’. The significant advantage of the
fibroblast system is the TJ-free and claudin-free background. Moreover, claudin
overexpression leads to extensive TJ-like meshwork formation in the lateral direction
between the overlapping cells. It allows the investigation of interactions between claudins or
other TJ proteins in FRET, co-culture, and FFEM®6:97:98133,173,175 Sq far, nobody systematically
compared the nanostructure of the TJ-like meshwork of all claudins. A first step in this
direction was done by Kaufmann et al. in 2012. They identified with SMLM that two claudins,
Cldn3 and Cldn5, form different meshworks with two distinct mesh sizes in HEK cells’®. One
major disadvantage of HEK cells is the high expression of endogenous occludin, a TAMP
known to influence the TJ meshwork structure of claudins®®. Moreover, only fixed samples
were imaged without further verifying the potential fixative's impact on the TJ meshwork

nanostructure.

For our screen, we used COS-7 fibroblasts that do not contain endogenously
expressed TJ structure proteins. SNAP-tagged claudins labeled with novel organic
fluorophores (JF646)2% allowed us to validate the influence of different fixatives'’* and the
fluorescent-tag on the TJ nanostructure (Figure 21). We could show that only the fixation
with 4% PFA/sucrose preserved the TJ nanostructure completely (Figure 21A). Regarding the
fluorescent tag's potential influence, we could not observe any difference when comparing
N-terminally, C-terminally tagged, and untagged human Cldn3 in fixed samples with SNAP-
tagged Cldn3 in live-STED imaging. Even the TJ meshwork of a murine Cldn3 showed a similar
meshwork structure, indicating that the nanostructure might be conserved over different
species (Figure 21B, C). But still, it cannot be excluded that this might be different for other
claudins. Nevertheless, N-terminally, and C-terminally tagged human Cldn1 also showed no

difference in their nanostructure.

It was surprising that the N-terminally and C-terminally tagged claudins did not reveal
any difference since it was shown that endogenous ZO1, which is expressed in COS-7
fibroblasts (Figure 22B, C), can bind the last amino acids of their C-terminus and that this link

can change the TJ meshwork dynamic when compared to claudin mutants that lack the
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ability to bind to Z0123. Our results lead to the assumption that the binding to ZO1 in
fibroblasts is most likely of minor importance for the meshwork structure itself. Endogenous
Z01 staining for different N-terminally tagged claudins revealed no specificity of ZO1 for a
certain claudin. Also, a specific localization of ZO1 along the TJ strands was not observable
(Figure 22C). If this was due to insufficient antibody labeling or the different fibroblast
background cannot be excluded and must be investigated. An additional actin staining
showed no accumulation of the endogenous actin at the TJ meshwork located ZO1. Only
around the meshwork actin could be detected (Figure S3). This observation goes in line with
Van Itallie et al. 2016 but speaks against the general assumption of the function of ZO
proteins as a direct linker between TJ and actin. It might be that ZO1, when it is bound to
claudins, does not interact that strongly with actin anymore, supporting the recently
submitted paper in bioRxiv showing that the actin-belt is primarily anchored to nectins at the
A) so below the TJ*4. Lastly, claudin APDZ mutants that lack the ability to bind to
endogenously expressed ZO1 were able to form TJ-like meshwork (Figure 35). One very
plausible explanation is also that ZO1 is not needed for the formation of TJ-like meshwork by
claudins in our overexpression system and the high expression of claudins is sufficient to for
strands and meshwork without the need of ZO1 for portioning and localization at the site of

the TJ.

For the TJ-like meshwork analysis in the claudin screen, we focused in the first step
on the general meshwork features and not on the exact numbers regarding mesh size and
diameters. The exciting discovery that not all claudins can form strands indicates that some
claudins contain structural features that allow them to create strands. In contrast, claudins
that do not form meshwork potentially need an already preformed structure or other TJ
proteins to incorporate in the TJ or start initial strand formation (Figure 23). Remarkably all
non-classic claudins (Figure S2) cannot form TJ-like meshwork, providing a hint towards a
structurally conserved pattern that enables the strand formation. Although, we used for
every claudin the same amount of plasmid DNA for transfection, the same CMV-promoter
and same linker between fluorescent protein and claudin, we cannot fully exclude that not
all claudins were expressed at the same level and that these differences might influence
single claudins regarding their ability to accumulate and polymerize. Among the tested

claudins, six were murine derived and not human-based (Cldn13, 14, 18a, 18b, 26, 27). It
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cannot be excluded that this might affect meshwork formation, but this is highly unlikely as

claudin structures are highly conserved across species.

In several FFEM images of different claudins from previous studies, it appeared to us
that channel-forming claudins tended to create more dot-wise strand patterns. In contrast,
the barrier-forming claudins form straight strands without any gaps'’®>'’>. We asked
ourselves if this difference might be visible in the TJ meshwork structure in STED. Comparing
the channel-forming claudins with barrier-forming claudins, a difference in their meshwork
forming ability was not detectable. In general, this goes in line with a study by Inai et al. in
2010 that claimed that there is no correlation between claudin channel function and the

pattern of the protoplasmic and exoplasmic face in FFEM7>,

The automated analysis based on Haralick Texture Features'®? led to some false
classification regarding meshwork forming (Cldn3 and Cldn10b) and non-meshwork forming
claudins (Cldn12, 18a, 22, and 27) (Figure S4). Reasons for these incorrect classifications
were misinterpreted ER tubule patterns and dense claudin accumulations that did not form
strands between the overlaps. Since the Haralick Texture Features compare the
homogeneity and difference among different imaged meshworks, it might be not specific
enough to differentiate between very similar structures in terms of intensity-based
gradients. In these unclear cases, a visual interpretation and already published data about
the meshwork forming abilities of single claudins!’>'7® were considered to distinguish
between meshwork forming and non-meshwork forming claudins. Whether these false
classifications can be avoided by fine-tuning the analysis, e.g., by increasing the training

sample size must be tested.

By analyzing all TJ-like meshworks with a combination of Haralick Texture Features
and basic image segmentation, we could reveal that there are mainly three different classes
of meshworks (Figure 24). A clear structure-function correlation between the claudins in the
first class (A) and second class (B) could not be observed. Both types contain channel-
forming and barrier-forming claudins. Interestingly, the described class C contains exclusively
barrier-forming claudins3? that show a common characteristic: creating a very dense
meshwork structure indicating the formation of multiple in parallel arranged strands with a
distance below the resolution limit of the used STED microscope. In general, the appearance
of parallel strands with less branching points is in the literature already connected to the
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formation of a tightly sealing TJ10%83 For Cldn11, it could be already shown that it forms
parallel strands in Sertoli cells, CNS myelin, and cells of the cochlea, generating a paracellular

barrier essential for spermatogenesis'%221, normal CNS function???, and hearing?%.

With the performed screen of the mammalian claudin meshwork nano-organization,
we provide not only for the first time a general overview over the 26 mammalian claudins
regarding their abilities to form TJ-like meshwork but also automated classification of
claudins based on their meshwork structure. We identified that some claudins lack the
capability of forming meshwork and that most of these belong to the non-classic claudins.
Nevertheless, since this analysis was based on meshwork structures up to the resolution
limit of STED microscopy, it might be possible that specific patterns of certain claudins were
still “invisible” and below the resolution of STED microscopy and that the classification must

be refined with SRM techniques that deliver sub-STED resolution.

Overall, the analysis delivers several new insights that might be very useful for
further studies focusing on the differences among the claudins to uncover the structural
regions that might be important for claudin strand formation. The automated analysis could
be a valuable tool for further studies to analyze changes in the T) meshwork structure due to
claudin mutants or the implementation of other factors and proteins to the environmental

system.

5.1.3 Five different claudin-claudin interaction patterns

Multiple different claudins build the TJ meshwork in vivo. The composition differs
between different cell types, tissues, and organs. Only in a few exceptions is it assumed that
single claudins form the TJ (e.g., Cldn11 in CNS myelin!l%). The interaction of different
claudins in the TJ was part of several studies (Figure 41)%6197, Often overexpression in
fibroblast cell lines or HEK cells was used, and the grade of interaction was measured by

173 or yeast-to-hybrid experiments!'®130, A systematic

FRET®®°7, co-culture approaches
investigation of claudin-claudin interactions on the nanoscale level in the T) meshwork was
not done yet. Gold labeling of claudins in FFEM sections only allows a rough determination

of the different claudins' localization in the TJ meshwork.
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To investigate the claudin-claudin interaction at the nanoscale, we co-overexpressed
different claudins in fibroblasts and analyzed the formed TJ-like meshworks. Based on the
current knowledge of 26 mammalian claudins and four more physiological relevant isoforms
(Cldn10a/b, 11a/b, 18a/b, 19a/b) there are in total 435 binary combinations possible. To
narrow down our investigation, we focused mainly on the well-studied and widely
expressed, Cldn3, a classic barrier-forming claudin, and Cldn2, a cation channel-forming
claudin. In combination with the discussed data on the ability of single claudins to form TJ-
like meshwork, we could define in claudin co-overexpression five different interaction types:
intermixing, integration, induction, segregation, and exclusion (Figure 25, Figure 40). The
interaction types of integration, induction, and exclusion seem to be patterns of specific
claudins. Still, it might be possible that other claudins can also undergo these interaction
types. On the other hand, intermixing/segregation seems to correlate with barrier-/channel-

forming properties. However, some exceptional claudins show the other three interaction

types.
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Figure 40 Overview of the observed claudin-claudin organization patterns in co-overexpression in
fibroblasts. (A) Schematic illustration of the five organization patterns: intermixing, integration, induction,
exclusion, and segregation. For each pattern, the meshwork forming abilities of the expressed claudins are
shown in magenta and yellow. Intermixing of claudins is labeled in grey. Segregation of Cldn2 with barrier-
forming Cldn1 and Cldn3 seems to differ from the channel-forming Cldn10a, 10b and 15 and is potentially
segregating on a smaller scale. (B) Classification of all in this study observed claudin combinations into the

five defined claudin-claudin organization patterns.

Cldn3 and Cldn4 form the integration type. Both claudins are classified as
predominantly barrier-forming claudins®2. Although these two claudins share around 67% of
their AA sequence (ECL1: 94%; ECL2: 68%)'%°, we could detect that only Cldn3 and not Cldn4
can form TJ-like meshwork in a single expression (Figure 23). Interestingly, in co-
overexpression, Cldn4 starts to form meshwork with Cldn3 by integrating itself in the Cldn3
meshwork (Figure 25). Cldn4 does not completely intermix with the Cldn3 meshwork as
indicated by the lower Pearson value (Figure S6) and forms in co-overexpression also small
independent strand parts. FRET and co-culture data suggest that the interaction of Cldn3
and Cldn4 is most likely based on a compatibility in cis (Figure 41)'°7, Potentially, this cis-
interaction site allows Cldn4 to integrate in the Cldn3 TJ-like meshwork. That Cldn3 and
Cldn4 differ in their function for the TJ could be already described. It was shown that Cldn4
has, compared to other claudins, a higher dynamic at the TJ and that the treatment of
epithelial cells with IFN-y or TNF-a can displace Cldn4 partially from the TJ into a highly
mobile lateral located sub-pool. It could be shown that this displacement is the result of an
increased expression of claudins incompatible with Cldn4 (e.g., Cldn2)??422>, Our observation
combined with the described higher dynamic of Cldn4 and its competitive behavior to other
claudins??#22> points in the direction of a different and more dynamically regulated
interaction compared to Cldn3. It is known that the ECLs play a vital role in the TJ strand
formation®®. Due to the high sequence similarity of Cldn3 and Cldn4 in both ECLs the amino
acids responsible for the significant difference in their strand polymerization should be
possible to determine in a site-directed mutagenesis approach. Such an approach can be
highly valuable for identifying the structural properties that are needed for strand

polymerization.
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Supporting the different interaction types of Cldn4, we could show that co-
overexpressed Cldn4 and Cldn8 form together TJ-like meshwork. In this case, two non-
meshwork but individual barrier-forming claudins (Figure 23) start to form a meshwork
together in an inductive manner (Figure 25). This observation provides new insights to the
described and controversially debated anion channel formation by Cldn4 and Cldn8,
supporting their by yeast-to-hybrid experiments demonstrated interaction!'®. One idea to
clarify the Cldn4 and Cldn8 anion channel debate is to stably co-overexpress Cldn4 and Cldn8
in MDCKIl QKO cells and measure their dilution potential and compare it to single Cldn4 or
Cldn8 expressing MDCKIlI QKO cells. Furthermore, any physiological relevance of Cldn4 and 8
interaction should be demonstrated by staining both claudins in relevant tissues (e.g., distal

tubule and collecting duct in the adult mammalian renal tubule)®?.

Another interesting discussion in this context are the proposed anion channel-
forming properties of Cldn17. Cldn17 is described to localize within the TJ in the murine
nephron in regions that are known for a high paracellular permeability (PCT and TAL).
Further, it was shown that overexpression of Cldnl17 in MDCKC7 cells resulted in a
significantly decreased TER and an increased relative permeability for chloride ions whereas
a knockdown of endogenous Cldn17 in LLC-PK;: cells led to a lowered preference for chloride
ions!!”118 Cldn17 is phylogenetically very close to Cldn8 (Figure S2). Like Cldn8, it cannot
form meshwork when it is expressed alone in fibroblasts and stands thereby in contrast to
the other channel-forming claudins (Figure 23). It might be that Cldn17, comparable to Cldn4
and Cldn8, needs another yet unidentified claudin or TAMP protein for its TJ localization and
strand formation. In preliminary experiments, we could not find another claudin that
induces strand formation of Cldn17 (data not shown). Similarly, also Cldn16 shows no
meshwork formation in the overexpression screening. It is proposed that Cldn16 needs the
interaction with Cldn19 to form a paracellular cation channel'*°, We could confirm that
Cldn16 and Cldn19 can form TJ-like meshwork (Figure 30) in an integrative manner. It might
be possible that the integration and induction pattern displays another way to form
paracellular ion channels which differs from the homomeric Cldn2 and the group of Cldn10a,
10b, and 15. The advantage of selective heteromeric channel formation should be
investigated in further details. One hypothesis to start with could be that such a mechanism
provides higher flexibility to react rapidly to environmental changes due to a more

dynamically regulated and inducible channel formation.
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The exclusion pattern is defined by a complete lack of interaction of the co-
overexpressed claudins. We could show that exclusion occurred in co-overexpression of
Cldn11 with Cldn3 (Figure 25). Cldn11 is expressed in the human body in three specific areas
that are known to tightly regulate the ion homeostasis: Sertoli cells in the testis, basal cells in
the cochlea, and myelin-forming cells in the brain32. It was shown that a KO of Cldn11 leads
to congenital infertility and deafness in micel0223226:227 |t js also described to be expressed
in the endothelial cells of the blood-brain barrier (BBB) where it, based on confocal images,
seems to exclude itself from Cldn52%8. FFEM images of the TJ in these specific areas show
the formation of multiple parallel strands in close distance to each other (~10 nm) below the
resolution limit of STED. In overexpression, Cldn11 shows very dense structures with single
strands in the peripheral areas (Figure 23). These observed structures are most likely
consisting of multiple Cldn11 strands comparable to the FFEM images in tissue. Whether
Cldn11l excludes from other claudins because of a potentially strong self-association
reflecting its crucial function in forming a tight seal or whether it is based on a structural
incompatibility with other claudins due to its exclusive expression in specific tissue regions
must be investigated. Additional to Cldn11, a sort of claudin exclusion could also be
observed for Cldn16 and Cldn10b in co-overexpression (Figure 30). The exclusion of these
both claudins differs from the Cldn11 exclusion since Cldn16 does not form meshwork in
single overexpression. This incompatibility of Cldn10b and Cldn16 could be already observed
in FRET and co-culture experiments nicely correlates with the observed mosaic expression of
Cldn16 and Cldn19 on the one hand, and Cldn10b on the other hand in the TAL of the kidney

where the exclusive expression plays an essential role for the ion homeostasis'3? (Figure 30).

The intermixing phenotype could be observed primarily for Cldn3 together with other
barrier-forming claudins. The interaction of Cldn3 in cis and trans with other barrier-forming
claudins was already demonstrated in several publications'9>19%173 A generalization that
barrier-forming claudins (with exception of Cldn11) intermix with other barrier-forming
claudins cannot be made yet since it was shown in FFEM that the barrier-forming Cldn14
separates from the barrier claudins Cldn6 and Cldn9 in the endogenous TJ of the inner hair
cells. Nevertheless, it was proposed that other junctional factors (B-catenin and p120") and
not the claudin itself provoke this local separation'®3. The intermixing of Cldn6, 9 and 14 with
Cldn3 supports this and speaks for at least comparable cis- and trans-interactions. A simple

co-overexpression approach in fibroblasts could enlighten the interaction pattern of Cldn14
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with Cldn6 and Cldn9 in the absence of other TJ factors. Alternatively, it could be possible
that Cldn14 has a so far uncharacterized ion channel function as it is evolutionary close to
Cldn2 (Figure S2). Stable expression of Cldn14 in MDCKII QKO cells should be considered as
an approach to understand the function of Cldn14 alone and in combination with Cldn6 and

Cldno.

5.2 Segregation of Cldnl0a, 10b, and 15 as a fundamental ion channel

organization principle

One of the TJ's essential functions is the specific paracellular ion permeability that
keeps different tissues in homeostasis?>*2°. A loss of this function can have a severe outcome
for the tissue and the whole organism, e.g., anhidrosis, familial hypomagnesemia,
hypercalciuria, nephrocalcinosis, non-syndromic deafness’®8122%230, To further understand
how channel-forming claudins provide this ion-specific permeability to the TJ, previous
studies focused on the role of the different structural parts of the claudins. Especially the
ECLs, the TMs, and the C-terminus were investigated. Mutagenesis and claudin pore-
blocking studies revealed that the ECL1 plays a crucial role in forming a specific ion
porel?3124 The crystal structure of Cldn15% and a successive polymer model that proposes
an anti-parallel double-row Cldn15 arrangement®%1 support these studies. Homology
modeling suggests that this arrangement also counts for other claudins, but the paracellular
center differs between barrier and channel claudins?’®. Considering the different grades of
complexity of the TJ-meshwork?3! the question arises how channel-forming claudins are
arranged in this multi-protein meshwork. Do channel-forming claudins interact with specific
T) proteins to get incorporated in the TJ or do they integrate themselves as single pores in
the TJ meshwork? So far acquired data on cis- and trans-interactions is mainly based on
FRET, and co-culture experiments performed in many different cell lines and spread over
several individual studies (Figure 41). Also, considering the already mentioned 435

possibilities for claudin-claudin interactions the amount of data is very limited (Figure 41)%°7,
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Figure 41 Overview of the in literature described cis- and trans-interactions between mammalian claudins.

The illustration was taken from Piontek et al. (2020). The different claudins are labeled with their numbers.

” “uxn

“+” indicates that an interaction was observed. “-” indicates that an interaction could not be observed.

indicates ambiguous results'®’,

For the channel-forming claudins it could be shown that Cldn10a and Cldn10b show
only in trans heterophilic compatibility and in cis incompatibility’” and Cldn10b is
incompatible with Cldn3'7¢ and Cldn19'33, For Cldn15, only an incompatibility with Cldn1 in
trans could be observed!”>. Interestingly, compatibility studies of Cldn2 showed a distinct cis-
interaction with Cldn1 and trans with Cldn3'’3 pointing out a potential difference in their
heterophilic interaction ability and channel formation compared to Cldn10a, 10b and 15. We
could show that Cldn10a, 10b, and 15 segregate from Cldn3 and Cldn1 in co-overexpression
(Figure 25). Cldn2 also seems to segregate from Cldn1 and Cldn3, but the typical alternating
strand pattern could not be observed, indicating a potential difference in its interaction
behavior (Figure 25). Interestingly, Cldn2 segregates also from Cldn10a, 10b, and 15 in co-
overexpression (Figure 28). Moreover, the co-overexpression of Cldn10a, 10b, and 15 with
each other led in every combination to claudin segregation (Figure S7). These results indicate
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that segregation seems to be a specific organizational pattern for channel-forming claudins.
Additional FRET data of Cldn10a with Cldn2 (Figure 28) and Cldn15 with Cldn3 (Figure 26) did
not show any FRET signal supporting a missing interaction between the segregating claudins.
On the other hand, Cldn2 shows a strong FRET signal with Cldn1 (Figure 28) and a slightly
increased FRET with Cldn3 compared to FRET of Cldn15 with Cldn3 (Figure 26). Whether the
interaction of Cldn2 with Cldn3 in trans and Cldn1 in cis leads to another kind of segregation
that might be below our STED resolution must be investigated in further experiments.
Potentially, MINFLUX microscopy with a lateral resolution down to 5 nm?3? could solve this
guestion. The difference of Cldn2 compared to the segregation pattern of Cldn10a, 10b, and
15 might be explainable due to the high sequence similarity between the latter three
(Figure S2). They may share a feature in their sequence that allows them to arrange
themselves in different ways. A comparison of the AA sequences, computational modelling
and site-directed mutagenesis could help to understand how these different interactions of
Cldn2 to Cldn1 and Cldn3 compared to Cldn10a, 10b and 15 can occur on molecular and

structural level.

On endogenous level we could confirm the segregation for Cldn2 and Cldn10a, and
for Cldn3 and Cldn15 in regions where paracellular ion permeability is of high importance,
the murine proximal tubule of the kidney and the murine duodenum. Segregation of Cldn2
and Cldn10a in the proximal tubule was easier to resolve because of the less complex TJ1?!
(Figure 29). Besides this, Cldn2 and Cldn10a are also exclusively expressed in this part of the
kidney®!. Some reports also claim the appearance of Cldn17 in the proximal tubule!’, but
this must be further investigated and the antibody specificity should be verified.
Interestingly, the observed segregation of Cldn2 and Cldn10a in the proximal tubule is very
much comparable to the observation in the fibroblasts. In both systems Cldn2 and Cldn10a
form alternating extended strand parts. The segregation of Cldn3 and Cldn15 was more
challenging to visualize since the intestinal TJ is formed by multiple claudins and show a
higher degree of strand complexity in a very dense area (~500 nm in vertical diameter)?%.
Nevertheless, in the areas of the cryo-sections where the TJ was oriented in the lateral

direction, the segregation could be clearly detected.

For Cldn10b, an endogenous verification of the segregation was not performed. A

potential region to look for Cldn10b segregation would be the TAL in the kidney. In the TAL
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the TJ meshwork is more complex compared to the TJ in the proximal tubule?3!, and next to
Cldn10b, other claudins including Cldn3, Cldn16, and Cldn19 are expressed®’. The TAL in the
mammalian kidney tubules drives the paracellular Na*, Ca?" and Mg?* reabsorption. It is
described that Cldn10b is essential for the reabsorption of monovalent ions, whereas Cldn16
and Cldn19 form a channel for divalent ions. Milatz et al. demonstrated in 2017 that Cldn3,

133 |In our co-

Cldn16 and Cldn19 separate from Cldn10b in a mosaic expression manner
overexpression experiments, Cldn10b forms either meshwork in a segregating (with Cldn3,
Cldn19) or more exclusive way (with Cldn16) going in line with the described mosaic
expression in the TAL'33, Potentially, the exclusion and not segregation of Cldn10b and
Cldn16 reflects the inability of Cldn16 to form meshwork in single overexpression. This

assumption would also explain the observed segregation of Cldn10b from Cldn16 and Cldn19

in triple overexpression where Cldn16 can form strands with Cldn19.

It was demonstrated that Cldn3 and Cldn10b are also expressed together in sweat
glands cells. Interestingly, a recently discovered Cldn10b inherited autosomal recessive
mutation (10bN*¥¥) causes a disbalanced ion homeostasis in the sweat glands that leads to
severe heat tolerance problems 7082210, Co-expression of Cldn10bN*&¢ with Cldn3 shows a
loss of segregation, and with Cldn10b, a loss of self-association (Figure S9). This lack of
interaction is also reflected in its complete inability to form meshwork in single expression.
The findings suggest that these claudin-claudin interactions are indispensable for the needed

paracellular ion permeability to regulate the ion homeostasis in the sweat glands.

Hence, we could describe nano-segregation as a novel organization principle for
channel-forming claudins in the T) meshwork, providing new insights to the claudin channel
formation; we decided to investigate the segregation on structural and functional level in
more detail focusing on different described extrinsic and intrinsic factors that are known to

influence claudin localization to the TJ and claudin function.

5.2.1 Not extrinsic factors but intrinsic elements of the claudin extracellular loops
determine claudin segregation
The TJ's initial formation between epithelial cells and the continuous addition of new
claudin strands depends on different extrinsic factors. It was recently shown that the

cytosolic scaffolding protein ZO1 can partition claudins via a phase separation-based
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mechanism and facilitates claudin polymerization at the apical side of epithelial cells*. Still,
it is unclear whether ZO1 partitions all claudins in the same manner or whether it prefers
specific claudin subtypes. Our data on the localization of ZO1 at single expressed claudins in
fibroblasts (Figure 22) suggests an equal binding of ZO1 to barrier- and channel-forming
claudins. Moreover, ZO1 also localizes in the segregating claudin meshwork without
demonstrating a clear preference for a claudin subtype (Figure 34). In epithelial cells, the
deletion of the PDZ-binding motif of claudins leads to a loss of the connection between
claudins and Z01?3 thereby causing claudin mislocalization?'*. Moreover, the deletion of the
PDZ-binding motif leads to an increased meshwork dynamic in fibroblasts?3, identifying the
linkage to ZO1 as a stabilizing factor for the TJ meshwork. Co-expression of the segregating
claudin pairs (Cldn2 and Cldn10a, Cldn3 and Cldn15) as PDZ-binding motifs deletion mutants
(APDZ) does not affect the segregation (Figure 35). But as a general impression, less
meshwork formation was observable, indicating an effect of ZO1 on the claudin
polymerization abilities but not directly on the structure of the segregating meshwork. Since
Z01 is described to enhance the TJ meshwork dynamic it might be interesting to compare
the strand dynamics of a segregating meshwork between WT claudins and the APDZ

mutants.

Phosphorylation at the claudin C-terminus is known to control claudin localization,
endocytosis and function®*%3, Besides, phosphorylation at the C-terminus (S408) of occludin,
another transmembrane protein, showed changes in its interaction behavior with ZO1 and
specific claudins (Cldn1, Cldn2)?33. By co-overexpressing segregating claudins that lacked
their C-terminus (ACT) we could show that C-terminal phosphorylation is not essential for
claudin segregation (Figure 35). Nevertheless, it might be possible that comparable to a
missing PDZ-binding motif the C-terminal phosphorylation influences the dynamic of the

single claudin strands.

Another extrinsic factor that is described to affect the claudin organization is
cholesterol. A recently published study by Shigetomi et al. shows that KO of a-catenin leads
to a loss of Als in an epithelial cell line®. This loss causes a change in the plasma membrane
lipid composition and leads to an increased endocytosis of claudins. The addition of
cholesterol to the KO cells restored the TJ formation indicating that cholesterol has a vital

role in the TJ formation and for claudins. We could show that neither the depletion of
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plasma membrane cholesterol with 25 mM methyl-B-cyclodextrin (MBCD) nor the reduction
of cholesterol with statins changed the claudin segregation (Figure 33). On the other hand,
we could observe an increased appearance of claudin containing vesicles at the T) meshwork
potentially reflecting increased endocytosis of claudins. Shigetomi et al. demonstrated that
25 mM MPBCD leads to a reduction of claudin-3 from the TJ. This reduction got even stronger
when a higher concentration of MBCD was applied (up to 75 mM). In our hands, the
fibroblast cells suffered with concentrations over 25 mM and showed increased cell death,
making it impossible to test how the T) was affected by stronger cholesterol depletion.
Another reason for the still intact TJ-like meshwork could also be the fibroblast system itself
and its different membrane orientation, the absence of polarity and the unphysiological high
claudin expression. Nevertheless, a strikingly increased endocytosis of one of the segregating
claudins or a change of its segregation pattern could not be observed, eliminating the

potential role of cholesterol in the organization of claudin segregation.

By using a point mutated Cldn2 (Cldn2'®¢¢) combined with a reactive cysteine reagent
(MTSET) it could be demonstrated that the Cldn2 channel function for paracellular flux of
sodium ions can be rapidly blocked!?3'?4, To test whether the inhibition of ion flux through
the claudin channel affects the segregation, we overexpressed Cldn2'®6C alone and in
combination with Cldn10a and blocked the Cldn2 pore by applying MTSET. In conclusion, we
could not observe any differences compared to the unmutated Cldn2 in single expression
nor regarding segregation (Figure 32, Figure S11). Moreover, recently published data of a
Cldn2 and Cldn10a inducible MDCKI cell line suggest that a functional block of the Cldn2
pore by MTSET has no impact on the channel function of co-expressed Cldn10a supporting
the functional independence of their ion channels?3*, which may be the results of the

maintained segregation.

Extrinsic factors play essential roles in the localization and function of claudins.
However, we could show that the in this study tested extrinsic factors did not affect the
claudin segregation, indicating a structurally encoded mechanism that leads to the
segregating strands. In the first place, we wondered if the observed alternating strand
pattern underlies a specific strand stability for each of the segregating claudins. Using
different plasmid ratios, we could confirm a correlation between claudin strand length and

their expression levels (Figure 31). These results indicate that the claudin strand lengths in a
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segregating meshwork are not based on inherent stability but most likely depend on the
total claudin expression level. The strand length measurements over whole proximal tubules
also showed a high variability without indicating a specific strand length for Cldn2 or
Cldn10a. Whether this observation is a result of different expression levels or whether other
cellular or extracellular factors in the kidney are responsible must be clearified. Notably, the
segregation itself was not changed over the different expression ratios pointing out that the

segregation itself is not expression level dependent.

While the C-terminus including the PDZ-binding motif mediates intracellular
interactions and signaling, the ECLs of claudins have been described as important structures
for the trans-interaction, the cis-interaction, and the formation of the ion-specific channel*?’,
Even single point mutations in the ECLs can affect claudin interactions?3> (Figure S9) and lead
to mis-localization and malfunction (e.g., Cldn10bN4® in the sweat glands of HELIX syndrome
patients®?). The ECLs of Cldn10a, 10b, and 15 differ in multiple regions from Cldn2 or
Cldn3721%7 The exchange of the ECLs among different claudins can change their interaction
specificity without losing the ability to integrate in the TJ meshwork (e.g., Cldn10a and
Cldn10b)%’. Reflecting the importance of the ECLs we could demonstrate that a Cldn2
chimera consisting of the N-terminus, internal loop, C-terminus, and TMs from Cldn2 and the
ECLs of Cldn10a can form strand-like structures (Figure S12), indicating a functional trans-
interaction and partially functional cis-interaction. However, the claudin chimera could not
form extended TJ-like meshwork reflecting a structural problem to form multiple strand
interconnections. One explanation could be the previously described importance of the first
transmembrane domain (TM31) of claudins in the cis-interaction between claudins®’?8,
Remarkably, when co-overexpressed with Cldn2 a change from its previous intermixing
pattern to a more segregating pattern could be observed, whereas co-overexpression with
Cldn10a lead to a switch from segregation to an intermixing meshwork (Figure 35). A reason
for the less strong phenotype lays probably in the observed disability of the chimera to form
extended TJ meshworks and in the most likely not fully functional cis-interaction. Also, the
imaged meshwork structure appeared more unstructured (Figure 35). Nevertheless, co-
culture data supports the interaction of the chimera with Cldnl10a in trans. Additional
acquired FRET data indicates that not only the ECLs but also the TMs seem to play a role in
the interaction (Figure 36). Whether the interaction is based on the TM1 which is proposed

to be involved in the cis-interaction®”°® or on another TM, must be investigated in further
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studies on the claudin structure. Such an approach will be a very tedious task due to the
three-dimensional arrangement and the indicated more complex interplay of several
different structural elements. From our results we can conclude that the ECLs are the most
important regions for claudin segregation but for an optimal claudin arrangement the TMs

might be also required.

An interesting topic to follow would be to investigate the connection site between
the segregating strands. Novel insights would help to understand the dynamics at this
connection site and its potential involvement in the paracellular permeability. One
hypothesis might be that the claudins are held close together or even enriched at these
points of extreme membrane curvature due to the tension and the membrane proximity. It
might be also possible that claudin polymerization produces membrane proximity that could
lead to a positive feedback for more polymerization, independent of claudin compatibility.
Since the role of lipids at the TJ is not fully clear yet, and it is assumed that the lipid
environment plays a role in the TJ function, a potential involvement of lipids by creating local
lipid imbalances or high curvature at these contact points should be considered. Another TJ
protein's involvement seems concerning the TJ)-free fibroblast system unlikely. The latter
point would also go in line with our data that suggest no cis- or trans-interaction between
the segregating claudins. One possibility to understand the dynamics at these contact points
is live imaging of the segregated meshworks in super-resolution and carefully analyzing

strand dynamics, membrane tension and local lipid accumulation.

5.2.2 Nanoscale claudin segregation is an indispensable nanoscale organization principle
for constant ion permeability over the TJ
For a long time, the TJ research field was lacking an in vitro cell system that allows the
investigation of the function and properties of single claudins. Until 2019 all acquired data
regarding claudin channel specificity and organization was based on the expression or
deletion of claudins in cell lines that endogenously express several other claudins. Our data
suggest that claudins can interact in many ways with each other. How these interactions play
a role in the claudin function and how this can influence the TJ properties is unclear. The
problem of unknown claudin interactions affecting functional data was solved by Otani et al.
in 20198, Otani et al. created a genetically modified MDCKII cell line (MDCKII QKO)>® lacking
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five claudins that are usually most expressed in these cells?!> leading to a complete loss of
the formation of a TJ meshwork®®. We used the MDCKII QKO cells (Figure S13) and
reconstituted single claudin and segregating claudin pairs to examine to what extent the
segregation influences the specific ion permeability by measuring their electrophysiological

properties.

Performed ICC staining of the stably expressing cells suggested that the single
expressed FLAG-Cldn2, 3, 10a, 15 and the co-expressed FLAG-Cldn2 and FLAG-Cldn10a as
well as FLAG-ClIdn3 and FLAG-Cldn15 are all localizing at the apical contact of adjacent cells
and form a TJ (Figure 37). For Cldn2 and Cldn10a expressing cells, the segregation was
already partially visible in confocal microscopy images. Interestingly, the strands of Cldn2
looked in the co-expression along the TJ more homogeneously distributed than Cldn10a,
which showed a less prominent TJ localization indicating already a potential claudin
incompatibility. Noteworthy, all stably expressing cell lines showed an increase in wrinkles at
the cell-cell contact compared to the MDCKII QKO cells, that appeared to have a straighter TJ
(Figure 37C, D). The same phenotype could be already observed in MDCKII cells lacking
TOCA-1, an F-BAR protein that localizes via its binding to ZO1 at the TJ and provides tight
junctional membrane tension?3®. The missing linkage of ZO1 and TOCA-1 to the TJ due to the
lack of claudins might explain these two very similar phenotypes whereas the reconstitution

of single claudins and TJ meshwork formation led again to an increased membrane tension.

The performed dilution potential measurements revealed that the single claudin
expressing cells behaved according to their literature described barrier or channel function.
The MDCKIlI and the MDCKII QKO cells also delivered comparable results to the already
shown data by Otani et al. in 2019. Regarding the TER, Cldn3 expressing cells showed a
substantial increase to ~350 Q*cm? demonstrating its tightening properties (Figure 38A, B).
The TER of Cldn2 (28 Q*cm?), Cldn10a (26 Q*cm?), Cldn15 (28 Q*cm?) as well as of Cldn2 and
Cldn10a (25 Q*cm?) expressing cells was in between TER values of the MDCKII (38 Q*cm?)
and the QKO (~15 Q*cm?) cells (Figure 38A, B) confirming that channel claudins in general
decrease the TER!'?>. The higher TER of the MDCKIl cells (compared to the channel-
expressing cells) is probably a result of the endogenous expression of tightening claudins
(e.g., Cldn1, 3, 4, 7). This assumption could be partially confirmed by MDCKII QKO cells co-
expressing Cldn15 and Cldn3 that result in a higher TER (41 Q*cm2) comparable to MDCKII
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cells. Nevertheless, compared to Cldn3 expressing cells the lower TER reflects the strong
effect of Cldn2 in MDCKII and Cldn15 in the co-expressing cells on the TJ barrier, providing it
with leaky properties'?>. If the total claudin expression and the ratio might influence the TER
was not tested in this study. But it might be possible that a higher expression of Cldn3 in the
Cldn3 and Cldn15 expressing cells compared to the Cldn15 expression is the main reason for
the higher TER. That Cldn3 expression leads to a higher TER was already shown by Milatz et

al. in 2010 in Cldn3 overexpression studies in MDCKII cells%.

The leaky properties of the channel-forming claudins are also reflected in the
fluorescein flux measurements. Cells expressing channel-forming claudins show a
significantly higher flux compared to MDCKII and Cldn3 expressing cells. Nevertheless, it was
significantly lower compared to MDCKIlI QKO cells (Figure 38). The reason for the higher
fluorescein flux of the channel-expressing MDCKIlI QKO cells compared to MDCKII cells is
most likely linked to the endogenous expression of barrier-forming claudins in MDCKII cells.
Still, it could be also possible that the higher total expression of all expressed claudins
(Cldn1, 2, 3, 4, 7) in MDCKII cells compared to the single channel-forming claudin expressing
MDCKIlI QKO cells leads to a tighter and less leaky TJ. On the other hand, going in line with
the live imaging data of the high dynamic of Cldn2 that shows several strand breaks,
annealing and re-annealing processes?® it might be also possible that lower TJ integrity is a
consequence from a higher strand dynamic of channel-forming claudins. The reduced tight
junctional appearance of Cldn2 in FLAG-Cldn2 expressing MDCKII QKO cells compared to
endogenously Cldn2 expressing MDCKII cells (Figure S14) supports this hypothesis of a less
stable TJ meshwork when it is only formed by Cldn2. Live-STED imaging of different barrier-

and channel-forming claudins could be used as an approach to clarify this hypothesis.

The dilution potential measurements and the results for the relative (Figure 38C, D)
and absolute ion permeability (Figure 39A, B) clearly revealed that the proposed channel
claudins Cldn2 and Cldn15 can form in single expression sodium channels, whereas Cldn10a
forms an anion channel. Barrier-forming Cldn3 showed, as described in the literature, no
selective ion permeability’®®>. The combinatorial expression of Cldn2 and Cldn10a gave ion
flux across the TJ, but without any charge-specificity (Figure 39A) suggesting that both ion-
channels are functional in a TJ with segregating Cldn2 and Cldn10a. Our results align with the

findings of Muto et al. in 2010. They could observe that the S2 segment of the proximal
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tubule from Cldn2 KO mice has a distinct paracellular anion permeability!?! that was
attributed to the remaining Cldn10a. A complementary measurement was performed by
Curry et al. in 2020 in MDCKI cells, a very tight epithelial cell line (high endogenous
expression of Cldnl, Cldn3, and Cldn4) lacking endogenous Cldn2 and Cldn10a. By
controlling the expression of Cldn2 with doxycycline (Tet-Off) and Cldn10a with cumate, they
were also able to measure respective cation and anion specificity?®*. The presence of
endogenous barrier claudins had in this approach no substantial effect on selective ion
permeability, indicating that the channel-forming claudins can also form their ion channels in
presence of abundant barrier claudins. This goes in line with the dilution potential
measurements of Cldn3 and Cldn15 co-expressing MDCKIlI QKO cells. In comparison to the
neutral charge-specificity when Cldn2 and Cldn1l0a were co-expressed, a specific
permeability for sodium could be detected. The relative permeability of Na/Cl was even
higher compared to MDCKII QKO cells expressing Cldn2 or Cldn15 and resulted in values
comparable to MDCKII cells that express endogenously Cldn2. A potential explanation is that
the presence of Cldn3 in the TJ provides the TJ with a higher integrity and maybe also with a
more stable TJ meshwork compared to singly expressed channel-forming claudins. Such a
stable TJ would allow then the channel-forming claudins to incorporate in the TJ strands and
to provide the TJ with a highly selective ion permeability. Another possible explanation
might be the beforehand mentioned expression level of the claudins. A higher expression

leads to a more stable TJ that prevent unspecific ion flux over the meshwork.

In summary, we propose that the segregation of the channel-forming claudins
Cldn10a, 10b, and 15 facilitates the formation and incorporation of a functional channel in
the TJ meshwork by avoiding the direct structural interaction with other claudins
(Figure 42A). This incompatibility of the channel-forming claudins to interact with other
barrier- and channel-forming claudins is conserved in the structure of the two extracellular
loops and facilitates the channel-forming claudins to form its “functional” unit exclusively
with itself. Additionally, we postulate that the claudin segregation enables channel-forming
claudins to incorporate into complex TJ meshworks creating an "ion-maze" (Figure 42B),
providing the TJ of tissues that rely on a critical ion-dependent absorptive process with an

indispensable ion permeability.
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Figure 42 The importance of claudin segregation for ion flux across the TJ. (A) Channel-forming claudins
Cldn10a, 10b, and 15 (illustrated as yellow claudin protomers) interact exclusively with their own claudin
subtype to form a functional ion channel in the TJ meshwork. A “false” interaction with a barrier- or another
channel-forming claudin (illustrated as grey claudin protomers) would lead to a loss of function of the ion
channel and could have severe consequences on the passive ion exchange through the paracellular cleft of
epithelial cells. (B) To provide a constant ion flow over complex TJ meshworks that contain multiple rows of
strands and meshes with different sizes, the channel-forming claudins must segregate from other barrier-
forming claudins (e.g., Cldn15 (yellow) from Cldn3 (grey)) and other channel-forming claudins (e.g., Cldn2
(yellow) from Cldn10a (magenta)) but also need to incorporate in every mesh to provide a constant and
unstopped ion flux in an “ion maze” manner over the TJ meshwork (green dots represent sodium ions and
green arrows represent the flow of sodium ions through specific sodium channels formed by sodium
channel-forming claudins over the TJ meshwork; red dots represent chloride ions and red arrows represent
the flow of chloride ions through specific sodium channels formed by sodium channel-forming claudins over

the TJ meshwork).
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6 Outlook

The novel discovery of the different nanoscale organization principles of claudins
with STED microscopy and the detailed investigation on the segregation of channel-forming
claudins contributes significantly to the understanding of the paracellular ion permeability
and barrier function of the TJ. The functional studies of claudins in a claudin-free epithelial
cell line support previously published data and clarify the specific channel and barrier
function of single claudins. The gained novel insights of claudins' meshwork-forming abilities
and the identified claudin interaction patterns can be used as starting points to solve
fundamental open questions regarding claudins and other structural TJ proteins, including

TAMPs and JAMs.

From the technical point of view, we could show that STED microscopy will be one of
the critical techniques in understanding the nano-arrangement of TJ proteins. Its fast
acquisition, artifact-free, and live imaging possibility also make it very suitable for larger
screens and quantitative measurements. Depending on the development of new organic
fluorophores and better labeling systems to tip the scales of super-resolution microscopy
techniques beyond the resolution limit of STED (MINFLUX?32), it will be only a matter of time

until the tight junctional nano-organization will be completely uncovered and understood.

From the biological side, it will be one of the future tasks to understand the different
described meshwork forming properties and claudin organization patterns on a structural
level and to put them in a functional and in vivo context. Especially the dynamic behind the
different interaction patterns and dynamics among the channel-forming claudins should be
addressed to answer the question whether Cldn2 belongs also to the segregating channel-
forming claudins and to what extend the proposed combinatorial channel-forming claudins
Cldn4/Cldn8 and Cldn16/Cldn19 as well as Cldn17 can be classified into a different channel-
forming claudin class. Multicolor live imaging of the T) meshwork on a super-resolution level
will offer the possibility of studying the dynamics of and between the claudins and might
provide the answer for the nature of the contact points between the segregating claudins. It
might also offer novel insights into the TJ's fence function and the diffusion dynamic of lipids
over the T) meshwork that are not fully characterized. In the same context, the interaction
of claudins with TAMPs, especially with the first identified tight junctional transmembrane

protein, occludin, is of great interest to the TJ field. Recent studies proposed that occludin
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acts as a stabilizer for the TJ meshwork, supporting cross-links in TJ strands, strengthening
the barrier function, and reducing the flux of small macromolecule?32%, Moreover, it is still
entirely unknown if the macromolecule flux has any physiological role for the tissue and the
organism or whether it is only the consequence of TJ remodeling or the less tight
organization of the tTJ. How the tTJ is initially formed and what keeps the claudins tightly
restricted to the most apical region of the intercellular junction is not fully understood and

should be part of future research studies.

The critical biological system that will be of great importance in the future is the
MDCKII QKO system. The possibility of studying claudins and other TJ proteins in a claudin-
free background make the system to an indispensable tool for understanding the TJ
components. We could show how powerful this system is regarding the functional studies of
the claudin-specific ion permeability properties. Additionally, the group around Mikio Furuse
already used it to reveal novel functions for JAM-A in cell polarity and barrier function
regarding macromolecule flux®®. It could help solve controversial debated studies, e.g., the
anion channel formation by Cldn4 and Cldn8!° or the proposed anion channel formation of
Cldn17%, In combination with a by Maraspini et al. published protocol for imaging junctions

181 it can be used as a powerful system to

in an epithelial cysts system with STED microscopy
study the TJ meshwork between epithelial cells at nanoscale. The MDCKIlI QKO cells would
offer the possibility to study meshworks formed by single claudins and the localization of
endogenous TJ proteins, like occludin, along the TJ meshwork. This combination would

overcome elegantly the still unsuccessful approaches of imaging the epithelial TJ in 3D-STED.

Lastly, to overcome the commonly used epithelial cell lines derived from different
mammalian species and carcinomas, epithelial cells derived from human iPSC will take an
essential role in studying the TJ. First steps in this direction were already made by generating

237 and human iPSC-derived alveolar and airway

human iPSC—derived intestinal epithelial cells
epithelial cells?*® indicating its great potential for a better and more precise understanding of

the function and organization of the well-orchestrated TJ.
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8 Appendix

8.1 Abbreviations

Table 41 Abbreviations.

ul microliter

pm micrometer

UM micromolar

pm micrometer

A area

AA amino acid

ABR actin binding region

AF alexa fluor

Al adherens junction

AIC Apical junctional complex
aPKC atypical protein kinase C
APS ammonium persulfate
APS ammonium persulfate
area_seg Area segmentation
ATP adenosin triphosphate
AU absorbance units

avg average

BG 0°-benzylguanine

bp basepair

BS blocking solution

BSA bovine serum albumine
C concentration

C. perfringens

Clostridium perfringens

CA

Ob-chloralkane

CDK4 cyclin-dependent kinase 4
CF280 correction factor for A280
CIp calf-intestinal-phosphatase
Cldn claudin

cm centimeter

CMV promoter

human cytomegalovirus promoter

CNS

central nervous system

CO2 carbon dioxide

COoS Chlorocebus aethiops

CPE Clostridium perfringens enterotoxin

CS coverslip

C-term C-terminus

Da dalton

DAPI 4',6-diamidino-2-phenylindole

ddH.0 double-distilled water

DKO double knockout

DM desmosome

DMEM dulbecco's minimal essential medium

DOL degree of labeling

dsDNA double-stranded desoxyribonucleic acid

dSTORM direct stochastic optical reconstruction microscopy
DTT dithiothreitol

E. coli Escherichia coli

Ebl-ap dilution potential with correction for liquid junction potential
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ECL

extra cellular loop

ECM extra cellular matrix

EDTA ethylene diamine tetraacetic acid
E-face exoplasmic face

EGFP enhanced green fluorescent proteins
EM electron microscopy

EtBr ethidium bromide

EtOH ethanol

EYFP enhanced yellow fluorescent proteins
F Faraday constant

FBS fetal bovine serum

FFEM freeze-fracture electron microscopy
FRET Forster resonance energy transfer
FW forward

FWHM full-width half-maximum

G conductance

GA glutaraldehyde

GAA glacial acetic acid

GAPDH glyceraldehyde 3-phosphate dehydrogenase
GJ gap junction

GTP guanosine triphosphate

GUK guanylate kinases

h hour

HA hemagglutinin

HCI hydrochloric acid

HDM hemi desmosome

HEK cells human embryonic kidney cells

Hela Henrietta Lacks

HMG-CoA 3-hydroxy-3-methylglutaryl-CoA
HPLC high-performance liquid chromatography
HSP70 heat-shock protein 70

HyD hybrid detector

| current

166C isoleucine exchange at AA position 66 to cysteine
ICC immunocytochemistry

IFN-y interferony

IgG immunoglobulin G

IHC immunohistochemistry

IRES internal ribosome entry site

JAM junctional adhesion molecule

JF Janelia Fluor

kb kilobase

KD knockdown

kDa Kilodalton

KO knockout

L liter

LB lysogeny broth

LSCM laser scanning microscopy

M molar

MAGI membrane-associated guanylate kinase inverted
MARVEL MAL and related proteins for vesicle trafficking and membrane link
maxBranchlLgth maximal branch length

mCldn mouse claudin

MCS multiple cloning site

MDCK cells Madin-Darby canine kidney cells
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MEM minimal essential medium

MeOH methanol

Mhz mega hertz

ml milliliter

mM millimolar

mm millimeter

MTSES sodium (2-sulfonatoethyl)methane-thiosulfonate, 2-
[(methylsulfonyl)thio]-ethanesulfonic acid, monosodium salt

MTSET N,N,N-trimethyl-2-[(methylsulfonyl)thio]-ethanaminium, monochloride

MUPP-1 multi-PDZ domain protein 1

MBCD methyl-B-cyclodextrin

N48K glutamine exchange at AA position 48 to Lysine

NA numerical aperture

NaOH sodium hydroxide

NEAA non-essential amino acids

Neo neomycin

NGS normal goat serum

nm nanometer

nM nanomolar

nm nanometer

N-term N-terminus

nts nucleotides

oD optical density

PAGE polyacrylamide gel electrophoresis

Pals1 proteins associated with Lin Seven 1

PAPP paracellular permeability

PAR-3 partitioning defective 3

PAT) PALS1-associated tight junction

PBS phosphate buffered saline

PCA principle component analysis

PCF polycarbonate filter

PCR polymerase chain reaction

PCT proximal convoluted tubule

PDZ domain PSD95, Dlgl and ZO1 domain

P/S penicillin-streptomycin

PET polyethylene terephthalate

PFA paraformaldehyde

P-face protoplasmic face

Pierce ECL Pierce chemiluminescence

PLL poly-L-lysine

PM plasma membrane

PMT photomultiplier

PraNet N,N-diisopropylethylamine

PSF point spread function

PST proximal straight tubule

PT proximal tubule

Puro puromycin

Px permeability ion x

pxl pixel

QKO quintuple knockout

R resistance

RNA ribonucleic acid

ROI region of interest

RT room temperature

RV reverse
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S

second

stdDev standard deviation

SDS sodium dodecyl sulfate

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SH3 SRC Homology 3

SIM structured illumination microscopy

siR silicon rhodamine

SMLM single-molecule localization microscopy
SRC sarcoma

SRM super-resolution microscopy

sT stable

STED stimulated emission depletion

t time

T temperature

TAL thick ascending limb

TAMP TJ associated MARVEL proteins
TC-treated tissue culture treated

TEMED N,N,N’,N’-tetramethylethylenediamine
TER transepithelial resistance

TFA trifluoroacetic acid

TIRF total internal reflection fluorescence

T) tight junction

tT) tricellular tight junction

™ transmembrane

Twm primer melting temperature

TNF-a tumor necrosis factor a

TRIS tris(hydroxymethyl)aminomethane

tT) tricellular Tight junction

U unit

UPLC ultra-performance liquid chromatography
\Y volume

Var variance

VuH single variable domain on a heavy chain
WB Western Blot

WT wildtype

Z0 zonula occludens

ZONAB Z0-1-associated nucleic acid binding protein
ACT deletion of C-terminus

APDZ deletion of PDZ-binding motif

€ extinction coefficient

€' modified extinction coefficient

A wavelength

Aexc excitation wavelength
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8.2 Supplementary figures

PageRuler Prestained PageRuler Plus
Protein Ladder Prestained Protein Ladder
kDa kDa
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Figure S1 PageRuler Prestained Protein Ladder 10-170 kDa and PageRuler Prestained Plus Protein Ladder
10-250 kDa (Thermo Fisher Scientific).
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Figure S2 Phylogenetic tree of all 26 mammalian claudins with specific isoforms that were used in this
study. In this study, all claudins were based on the human sequence except for the following mouse
claudins: mCldn13, 14, 18a, 18b, 26, 27. The phylogenetical calculation was performed with Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/), an online alighment tool based on the publication of Sievers et
al. in 2011. For the alignment, the full-length amino acid sequences of the single claudins were taken from
UniProt. Classic claudins are labeled with magenta lines and non-classic with green lines. Barrier-forming
claudins are colored in black, cation channel-forming claudins in light green, anion channel in red, predicted
heteromeric channel in orange. The terms classic and non-classic are adapted from the sequence alignment

in Krause et al. (2008)7°.
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Figure S3 Endogenous ZO1 localizes at the TI-like meshwork in fibroblasts without leading to an
accumulation of actin along the meshwork. SNAP-tagged claudins were labeled with JF646-BG. ZO1 was
decorated with antibodies and labeled with AF594. Actin was stained with Phalloidin AF488. (A) Overview
STED images of the magnifications shown in Figure 22. 701 (yellow) localizes at the formed Tl-like
meshworks of SNAP-Cldn1, 2, 3, and 10a (magenta). (B) Confocal image of SNAP-Cldnl (magenta),
endogenous Z01 (yellow), and actin (cyan). White arrows point at the actin accumulation formed at the

border of the TJ-like meshwork. Scale bars: 1 um (A), 10 um, 5 um (B).
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Figure S4 Automated analysis of TJ-like meshwork forming and non-meshwork forming claudins by using
an automated analysis based on Haralick texture features. All used images were derived from
overexpression of N-terminally EYFP- or EGFP-tagged claudins. The signal was enhanced with an anti-GFP
Atto647N nanobody. Human claudins were used except for murine Cldn13, 14, 18a, 18b, 26, and 27. (A)
Heatmap of the Haralick texture features analysis. Claudins, which made the visual impression of forming
meshwork, are labeled in green, and non-meshwork forming claudins are labeled in red. The range of
complexity of a certain parameter is shown with the colorized range indicator from -1 (dark blue) to 1.5
(red). The different texture parameters (SumVariance, SumAverage, SumSquareVariance) were analyzed for
each pixel and its surrounding 1, 3, 5, or 10 px (1px = 20 nm). (B) Representative STED images of the
misclassified claudins. The meshwork forming claudins, Cldn3 and Cldn10b, were misclassified due to low
signal intensity and high meshwork density. The non-meshwork forming claudins, Cldn12, 18a, 22, and 27,
were misclassified because of tubular structures derived from a strong localization in the ER. Scale bars:

5 um (B).
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Claudins
Figure S5 Principal components analysis and average mesh sizes of TJ-like meshworks derived from the
computational automated analysis. Claudins are colorized based on their proposed function: barrier (black),
cation channel (green), anion channel (red), mixed cation and water channel (blue), and heteromeric ion
channel (yellow). The three different meshwork classes are labeled with a differently colored background in
blue for class A, yellow for class B, and magenta for class C. (A) Principal component analysis of the claudin-
based TJ meshworks. Three different and distinct clusters could be detected. (B) Shown are the average
mesh sizes in um of all analyzed claudin meshworks in this analysis. Every dot represents one TJ-like

meshwork. Statistics: median interquartile range.
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Figure S6 STED images of intermixing barrier-forming claudins, Pearson analysis of the different
organization patterns and Pearson of Cldnl in co-overexpression with channel-forming claudins. (A)
Representative STED images of intermixing TJ-like meshworks formed by SNAP-tagged Cldn3 labeled with
Atto590-BG in co-overexpression with EYFP-tagged Cldn5, 6, 7, 9, 14, 19b enhanced with an anti-GFP
Atto647N nanobody. (B) Pearson analysis of the induction meshwork pattern formed by Cldn4 and Cldn8, (C)

the exclusion meshwork pattern formed by Cldn3 and Cldn11, (D) the integrating
by Cldn3 and Cldn4. (E) Pearson analysis of Cldn1 with Cldn3, 2, 10a, 10b and 15

combination, > five meshworks per experiment were imaged in three independent experiments (N>15). We
defined that intermixing claudins should reach values over 0.25, whereas segregating claudins should not

exceed 0. Statistics: mean + SD; Mann-Whitney test, two-tailed (B-D); one-way ANOVA with Dunnett’s

multiple comparison test (E; comparison to Cldnl with Cldnl); ns (not

*** p<0.001%. Scale bar: 0.2 um (A).
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Figure S7 Single
channels of the STED
images from the
overexpression  ex-
periments of Cldn3,
Cldn4 and Cldn2 with
other claudins. (A)
Single channels from
the STED images
shown in Figure 25 of
TI-like meshworks
formed by SNAP-
tagged Cldn3 or
Cldn4 labeled with
Atto590-BG in co-
overexpression with
EYFP-tagged Cldn1, 2,
4, 8, 103, 10b, 11 and
15 enhanced with an
anti-GFP  Atto647N
nanobody. (B) Single
channels from the
STED images shown
in Figure 28 of TJ-like
meshworks formed
by SNAP-tagged
Cldn2 labeled with
Atto590-BG in co-
overexpression with
EYFP-tagged Cldn1, 2,
10a, 10b, and 15
enhanced with an
anti-GFP  Atto647N
nanobody. Scale

bars: 0.2 um (A, B).
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Figure S8 COS-7 fibroblasts stably expressing Cldn2, 3, 10a, 15 form characteristic TJ-like meshwork and
segregates in co-expression. SNAP-tagged claudins were labeled with Atto590-BG, and EYFP-tagged claudins
were enhanced with an anti-GFP Atto647N nanobody. (A) Representative STED images of SNAP-Cldn2, 3 and
EYFP-Cldn10a, 15 stably expressing COS-7 cells. (B) COS-7 cells stably co-expressing SNAP-Cldn2 with EYFP-
Cldn10a and SNAP-Cldn3 with EYFP-Cldn15. Scale bars: 1 um (overview in A) and 0.2 um (magnification in A
and B).
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Figure S9 HELIX-syndrome disease mutant Cldn10b™*® loses its meshwork properties and its segregation
phenotype. SNAP-tagged claudins were labeled with an Atto590-BG, and EYFP-tagged claudins were
enhanced with an anti-GFP Atto647N nanobody. (A) Representative STED image of EYFP-Cldn10bN48K
overexpressed in COS-7 cells. (B) SNAP-Cldn3 and SNAP-Cldn10b were co-overexpressed with EYFP-
Cldn10bM*8K in COS-7 cells. (C) Pearson analysis of the claudin-claudin combinations in (B). Cldn3 in co-
expression with itself served as an intermixing control. For Cldn3 with itself five meshworks were measured
(N=5). For the Cldn3 and Cldn10b with Cldn10bN*8, > five meshworks per experiment were imaged in three
independent experiments (N>15). We defined that intermixing claudins should reach values over 0.25,
whereas segregating claudins should not exceed 0. Statistics: mean + SD; one-way ANOVA with Dunnett's
multiple comparison test (E; comparison to Cldn3 with Cldn3); *** p<0.001%. Scale bar: 0.5 um (A), 0.2 um
(B).
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Figure S10 STED images and Pearson analysis of the channel-forming claudins Cldn10a, 10b and 15 in co-
expression. (A) Representative STED images of SNAP-Cldn10a, 10b and 15 co-overexpressed with and EYFP-
Cldn10a, 10b, and 15 in COS-7 cells. SNAP-tagged claudins were labeled with a Atto590-BG, and EYFP-tagged
claudins were enhanced with an anti-GFP Atto647N nanobody. (B) Pearson analysis of the claudin-claudin
combinations in (A). Claudins in co-expression with itself served in all approaches as an intermixing control.
For each combination, > five meshworks per experiment were imaged in two independent experiments
(N=10). We defined that intermixing claudins should reach values over 0.25, whereas segregating claudins

should not exceed 0. Statistics: mean + SD. Scale bar: 0.2 um (A).
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Figure S11 Cldn2'%6¢ forms TJ-like meshwork and segregates from Cldn10a in COS-7 fibroblasts. SNAP-
tagged claudins were labeled with an Atto590-BG, and EGFP-tagged claudins were enhanced with an anti-
GFP Atto647N nanobody. (A) Representative confocal image of a cell-cell overlap between two EGFP-
Cldn2'%¢C expressing COS-7 cells. (B) Representative STED image of a TJ-like meshwork formed by EGFP-
Cldn2'¢C, (C) Representative STED image of a TJ-like meshwork of EGFP-Cldn2'%¢¢ after two hours incubation
with DMSO or 1 mM MTSET. (D) Representative STED image of a segregating TJ-like meshwork formed by
EGFP-Cldn2'%¢¢ (yellow) with SNAP-CIdn10a (magenta). Scale bars: 10 um (A), 2 um (overview, B), 0.2 um

(magnification in B, C, D).
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Figure S12 Cldn2eci10a chimera forms strands in overexpression in fibroblasts. SNAP-tagged claudins were
labeled with a JF646-BG. (A) Representative confocal image of a cell-cell overlap between two SNAP-
Cldn2ecLi0a expressing COS-7 cells. (B) Representative STED image of a TJ-like meshwork formed by SNAP-

Cldn2ecti0a. Scale bars: 10 um (A), 2 um (overview in B), 0.2 um (magnifications in B).
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MDCKII QKO

203

Figure S13 Validation of the claudin
quintuple knockout in MDCKII QKO cells.
Representative  confocal images  of
immunocytochemistry labeled MDCKII cells
and MDCKII QKO cells. MDCKIl and
MDCKII QKO cells were decorated with
antibodies for Cldn1, 2, 3, 4, or 7 (all grey).

Scale bar: 10 um.
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Figure S14 Western Blot of the total claudin expression level of stably claudin expressing cells and analysis
of the Cldn2 localization in the TJ comparing MDCKIl and MDCKII QKO cells stably expressing Cldn2 or co-
expressing Cldn2 and Cldn10a. The additional labeling of the stably claudin expressing MDCKII QKO cells
with “M” indicates the different dilution potential measurements. (A) Western Blot of the cell lysates of
MDCKII, MDCKIl QKO, MDCKII QKO cells stably expressing FLAG-Cldn2, and FLAG-Cldn2+Cldn10a from three
different measurements. It was immunoblotted for Cldn2 (22 kDa; with FLAG-tag 24 kDa) and for B-actin (42
kDa) as loading control. (B) Western Blot of the cell lysates of MDCKII, MDCKII QKO cells stably expressing
FLAG-Cldn3 from three different measurements. It was immunoblotted for Cldn3 (22 kDa; with FLAG-tag 24
kDa) and for B-actin (42 kDa) as loading control. (C) Western Blot of the cell lysates of MDCKII, MDCKII QKO,
MDCKII QKO cells stably expressing FLAG-Cldn10a from four different measurements, and FLAG-
Cldn2+Cldn10a from three different measurements. It was immunoblotted for Cldn10 (22 kDa; with FLAG-tag
24 kDa) and for B-actin (42 kDa) as loading control. (D) Western Blot of the cell lysates of MDCKII, MDCKII
QKO, MDCKII QKO cells stably expressing FLAG-Cldn15 and FLAG-Cldn3+Cldn15 from three different
measurements. It was immunoblotted for Cldn15 (22 kDa; with FLAG-tag 24 kDa) and for B-actin (42 kDa) as
loading control. (E) Mean intensity measurement of Cldn2 in the TJ of ICC labeled MDCKIlI (magenta),
MDCKII QKO cells stably expressing FLAG-Cldn2 (yellow), and FLAG-Cldn2+Cldn10a (blue). The measurement
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was performed for the cells that were used in every dilution potential measurement (M1-M3). MDCKII cells
from each individual measurement served as control. For each cell line the intensity for Cldn2 in 40
individual TJ was measured (N=40). (F) Normalized mean intensity of the MDCKII QKO cells stably expressing
FLAG-Cldn2 and FLAG-Cldn2+Cldn10a. The mean intensity was normalized to mean intensity of the MDCKII
from the corresponding experiment shown in (E). Statistics: mean + SD; Mann-Whitney test, two-tailed (F;

comparison to MDCKII); * p<0.01%.

205



8.3 Tables and figures

8.3.1 List of tables

Table 1 Chemicals and media used in this study.

Table 2 Disposables used in this study.

Table 3 Media and solutions used for cell biological experiments.

Table 4 Buffers and solutions used for molecular biological experiments.
Table 5 Buffers and solutions used for biochemical experiments.

Table 6 Buffers and solutions for immunocytochemistry (ICC) experiments.
Table 7 Buffers and solutions for electrophysiological measurements.
Table 8 Buffers and solutions for immunohistochemistry (IHC) experiments.
Table 9 Restriction enzymes.

Table 10 Enzymes and molecular biology kits.

Table 11 Molecular weight standards and loading dyes.

Table 12 Primer sequences used for cloning and sequencing.

Table 13 Vector backbones used for cloning and protein overexpression.

Table 14 Plasmid DNA constructs used for transient recombinant protein expression.

Table 15 Plasmid DNA constructs used for stable protein expression.

Table 16 Primary antibodies used in this study.

Table 17 Nanobodies and directly labeled primary antibodies used in this study.
Table 18 Secondary antibodies used in this study.

Table 19 SNAP- and Halo-tag ligands.

Table 20 Fluorescent cell and cell organelle marker.

Table 21 Eukaryotic cell lines.

Table 22 Mouse strains used for immunohistology experiments.

Table 23 Software.

Table 24 Devices and equipment.

Table 25 Suppliers.

Table 26 Volume of reagents per well for transfection with Lipofectamine 2000.
Table 27 Volume of reagents per well for transfection with Lipofectamine 3000.
Table 28 Volume of reagents per well and dish for calcium phosphate transfection.
Table 29 PCR reaction mix for Phusion High-Fidelity DNA polymerase.

Table 30 PCR programs for Phusion High-Fidelity DNA polymerase.
206

26
29
31
32
33
35
36
36
37
38
38
39
43
44
46
47
48
48
50
50
51
54
54
56
58
63
63
65
69
69



Table 31 PCR reaction for Taqg DNA polymerase.

Table 32 PCR programs for Taqg DNA polymerase.

Table 33 HiFi assembly reaction mix.

Table 34 Composition of the fast digest reaction mix.

Table 35 Composition of the T4 polynucleotide kinase reaction mix.
Table 36 T4 ligase reaction mix.

Table 37 Separating gel for SDS-PAGE.

Table 38 Stacking gel for SDS-PAGE.

Table 39 Fluorophore settings used for confocal microscopy at LSM780.

Table 40 Fluorophore settings used for Leica STED microscopy.

Table 41 Abbreviations.

8.3.2 List of figures
Figure 1 Illustration of a classic epithelium and endothelium.
Figure 2 Schematic illustration of the apical junctional complex.

Figure 3 Phylogenetic tree of all human claudins.

70
70
72
73
74
75
80
81
91
94
187

1
6
8

Figure 4 Single claudin domain structure and the claudin tetramer as a functional unit in the

paracellular cleft.

Figure 5 Domain structure of ZO1.

Figure 6 Transmission- and freeze-fracture electron microscopy of the TJ.
Figure 7 Endogenously formed TJ compared to the TJ-like meshwork in fibroblasts.

Figure 8 Schematic illustration and technical details of the three SRM techniques: SIM,

gSTED, and SMLM.

10
17
19
21

22

Figure 9 Schematic illustration of different models for the paracellular ion permeability over

the TJ meshwork.

Figure 10 Scheme of the cell counting grid of a Neubauer chamber.
Figure 11 Synthesis of Atto590-CA.

Figure 12 Synthesis of Atto590-BG.

Figure 13 Synthesis of JF646-CA.

Figure 14 Synthesis of JF646-BG.

Figure 15 Jablonski diagram of the excitation and emission of a fluorophore.

Figure 16 Comparison of wide-field and laser scanning confocal microscopy.

207

25
62
84
85
85
86
89
90



Figure 17 Schematic illustration of stimulated emission depletion (STED) microscopy. 93

Figure 18 lllustration of the principle of the Forster resonance energy transfer (FRET). 96
Figure 19 Schematic illustration of an Ussing-Chamber. 102
Figure 20 STED microscopy reveals the nanostructure of the TJ meshwork. 109

Figure 21 Different fixatives but not the fluorescent-tag have an impact on the meshwork
nanostructure. 111
Figure 22 Endogenous ZO1 localizes at reconstituted claudin strands in COS-7 fibroblasts. 113
Figure 23 TJ-like meshwork screening over all mammalian claudins and important isoforms in
COS-7 fibroblasts. 116
Figure 24 TJ)-like meshwork analysis of all meshwork forming claudins. 117
Figure 25 Claudins exhibit five different interaction patterns in co-overexpression in
fibroblasts. 122
Figure 26 Cldn3 and Cldn15 segregate in living COS-7 cells and show no FRET in HEK293 cells.
123
Figure 27 Cldn3 and Cldn15 segregate in co-overexpression in Caco-2 cells and endogenously
in murine duodenum. 125
Figure 28 Segregation of channel-forming Cldn2 with the channel-forming claudins, Cldn10a,
10b, and 15. 128
Figure 29 Segregation of Cldn2 and Cldn10a in isolated mouse proximal tubules. 129
Figure 30 Segregation of Cldn10b from Cldn19 and Cldn16 in triple overexpression in
fibroblasts. 131

Figure 31 Strand lengths of claudins in segregated meshworks depend on the claudin

expression. 133
Figure 32 Blockage of the Cldn2 pore has no impact on the claudin segregation. 135
Figure 33 Depletion of cholesterol has no impact on claudin segregation. 136

Figure 34 Endogenous Z01 localizes at single strands in a segregated TJ-like meshwork
without any preference for a specific claudin. 137
Figure 35 Claudin segregation is conserved in the claudin extracellular loops, and it is
unaffected by ZO1 binding or claudin C-terminal phosphorylation sites. 140
Figure 36 Cldn2eci10a chimera interacts in trans and partially in cis with Cldn10a. 141
Figure 37 Verification of the single and double claudins stably expressing MDCKIlI QKO cells.
144

208



Figure 38 Dilution potential measurements of MDCKII QKO cells expressing single claudins
and segregating claudin pairs revealed a compensatory and an enhanced effect on the ion
permeability. 146
Figure 39 Absolute permeability measurements of MDCKII QKO cells expressing single
claudins and segregating claudin pairs. 148
Figure 40 Overview of the observed claudin-claudin organization patterns in co-
overexpression in fibroblasts. 157
Figure 41 Overview of the in literature described cis- and trans-interactions between
mammalian claudins. 161

Figure 42 The importance of claudin segregation for ion flux across the TJ. 171

8.3.3 List of supplementary figures

Figure S1 PageRuler Prestained Protein Ladder 10-170 kDa and PageRuler Prestained Plus
Protein Ladder 10-250 kDa (Thermo Fisher Scientific). 191
Figure S2 Phylogenetic tree of all 26 mammalian claudins with specific isoforms that were
used in this study. 192
Figure S3 Endogenous Z01 localizes at the TJ-like meshwork in fibroblasts without leading to
an accumulation of actin along the meshwork. 193
Figure S4 Automated analysis of TJ-like meshwork forming and non-meshwork forming
claudins by using an automated analysis based on Haralick texture features. 194
Figure S5 Principal components analysis and average mesh sizes of TJ-like meshworks
derived from the computational automated analysis. 195
Figure S6 STED images of intermixing barrier-forming claudins, Pearson analysis of the
different organization patterns and Pearson of Cldn1 in co-overexpression with channel-
forming claudins. 196
Figure S7 Single channels of the STED images from the overexpression ex-periments of
Cldn3, Cldn4 and Cldn2 with other claudins. 197
Figure S8 COS-7 fibroblasts stably expressing Cldn2, 3, 10a, 15 form characteristic TJ-like
meshwork and segregates in co-expression. 198
Figure S9 HELIX-syndrome disease mutant Cldn10bN*¥¥ |oses its meshwork properties and its
segregation phenotype. SNAP-tagged claudins were labeled with an Atto590-BG, and EYFP-

tagged claudins were enhanced with an anti-GFP Atto647N nanobody. 199
209



Figure S10 STED images and Pearson analysis of the channel-forming claudins Cldn10a, 10b
and 15 in co-expression. 200

Figure S11 Cldn2'66¢ forms TJ-like meshwork and segregates from Cldn10a in COS-7

fibroblasts. 201
Figure S12 Cldn2eci10a chimera forms strands in overexpression in fibroblasts. 202
Figure S13 Validation of the claudin quintuple knockout in MDCKII QKO cells. 203

Figure S14 Western Blot of the total claudin expression level of stably claudin expressing
cells and analysis of the Cldn2 localization in the TJ comparing MDCKIl and MDCKII QKO cells

stably expressing Cldn2 or co-expressing Cldn2 and Cldn10a. 204

8.3.4 List of equations

Equation 1 Simplified calculation of the cell concentrations using a Neubauer chamber. 62

Equation 2 Calculation of the cell concentrations using a Neubauer chamber. 62
Equation 3 Calculation of the molar amounts of fragments for HiFi assembly. 72
Equation 4 Beer-Lamber law. 77
Equation 5 Modified Beer-Lamber law. 77
Equation 6 Linear function for calculation of protein concentration in cell lysates. 79
Equation 7 Calculation of the degree of antibody labeling 83
Equation 8 Abbe's diffraction limit (1873). 91

Equation 9 Modified Abbe's diffraction limit equation for STED microscopy by Stefan Hell

(1994). 92
Equation 10 Ohm's law. 103
Equation 11 Conductance as reciprocal resistance. 103
Equation 12 Goldman-Hodgkin-Katz-Equation. 104
Equation 13 Modified Goldman-Hodgkin-Katz-Equation. 104

Equation 14 Solved Goldman-Hodgkin-Katz-Equation for relative ion permeability of sodium
and chloride. 104
Equation 15 Kimizuka-Koketsu equation for determining the absolute chloride and sodium
permeabiliy. 105

Equation 16 Calculation of the fluorescein flux. 105

210



8.4 Publications

Klose M, Salloum J, Gonschior H, Linder S. SNX3 drives maturation of Borrelia
phagosomes by forming a hub for PI(3)P, Rab5a, and galectin-9. ). Cell. Biol. (2019) 218 (9):
3039-3059.

Gonschior H, Haucke V, Lehmann M. Super-resolution imaging of tight and adherens

junctions: Challenges and open questions. Int. J. Mol. Sci. (2020), 21, 74.

Mecklenburg N, Kowalczyk |, Witter F, Hammes A. Identification of novel disease
relevant genetic modifiers affecting the SHH pathway in the developing brain. bioRxiv

2020.11.03.366302; doi: https://doi.org/10.1101/2020.11.03.366302

211



