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Abstract Paracellular barrier properties of tissues are

mainly determined by the composition of claudin hetero-

polymers. To analyze the molecular organization of tight

junctions (TJ), we investigated the ability of claudins (Cld)

to form homo- and heteromers. Cld1, -2, -3, -5, and -12

expressed in cerebral barriers were investigated. TJ-strands

were reconstituted by claudin-transfection of HEK293-

cells. cis-Interactions and/or spatial proximity were ana-

lyzed by fluorescence resonance energy transfer inside and

outside of strands and ranked: Cld5/Cld5 [ Cld5/Cld1 [
Cld3/Cld1 [ Cld3/Cld3 [ Cld3/Cld5, no Cld3/Cld2. Clas-

sic Cld1, -3, and -5 but not non-classic Cld12 showed

homophilic trans-interaction. Freeze-fracture electron

microscopy revealed that, in contrast to classic claudins,

YFP-tagged Cld12 does not form homopolymers. Hetero-

philic trans-interactions were analyzed in cocultures of

differently monotransfected cells. trans-Interaction of

Cld3/Cld5 was less pronounced than that of Cld3/Cld1,

Cld5/Cld1, Cld5/Cld5 or Cld3/Cld3. The barrier function

of reconstituted TJ-strands was demonstrated by a novel

imaging assay. A model of the molecular organization of

TJ was generated.

Keywords Claudins � FRET � Protein–protein

interaction � Tight junction

Introduction

Tight junctions (TJ) form a paracellular barrier in epithelia

and endothelia. They regulate and limit the paracellular

permeation of ions, solutes, and proteins [1]. TJ appear as

fusions of the membranes of two neighboring cells

(transmission electron microscopy) and as an anastomosing

network of strands composed of transmembrane proteins

(freeze-fracture electron microscopy) [2]. The tetraspan

membrane proteins of the claudin (Cld) family constitute

the backbone of TJ by trans- (head to head) and cis- (side

by side) interactions [3, 4]. The various claudin subtypes

exhibit tissue-specific expression patterns and differ in

their barrier properties [5]. For instance, Cld5 tightens the

blood–brain barrier against small molecules up to 800 Da

[6]; Cld2 forms paracellular pores for monovalent cations;

and a complex between Cld16 and Cld19 creates pores for

divalent cations [7, 8]. Residues in the first extracellular

loop (ECL1) of claudins determine the ability to form

paracellular ion pores as well as their charge selectivity [5,

9]. In addition, Gln44 in the ECL1 of human Cld3 prevents

heterophilic trans-interactions with Cld4 [10]. Involvement

of the ECL2 in trans-interaction between Cld5 molecules

of adjacent cells during formation of TJ strands and
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paracellular barrier development has been demonstrated in

vitro [3, 11] and in vivo [12].

Claudins can functionally be divided into barrier-form-

ing, e.g., Cld1, -3, -4, -5, and pore-forming claudins, e.g.,

Cld2, -7, -10, -16, [5]. Based on sequence homology

studies, claudins can be grouped as classic claudins

(Cld1–10, -14, -15, -17, -19) with high homology within

this group and non-classic claudins (Cld11, -12, -13, -16,

-18, -20 to -24) with lower homology [5]. In line with the

sequence homology, the classic claudins are likely to share

a common helix-turn-helix structure of the ECL2 that is

involved in paracellular tightening [3, 11].

Most epithelial and endothelial cells express an assort-

ment of different claudins and it is assumed that they form

heteropolymers [13]. However, the pattern of heterophilic

compatibility of claudin subtypes is incomplete and the

underlying molecular mechanisms are not known. The

morphology of TJ-strands in a given tissue depends on the

claudin composition [14]. Most epithelia contain continu-

ous strands with intramembranous particles associated with

the protoplasmic face (P-face) of the plasma membrane.

The very leaky and often fenestrated endothelia of

peripheral blood vessels contain discontinuous strands,

associated with the exoplasmic face (E-face). In contrast,

the very tight brain capillary endothelial cells contain

TJ-strands with particles on the P- and E-face [15].

Transfection experiments show that Cld1 and Cld3 form

P-face-associated continuous strands where as Cld2, -5, -6,

-11 form discontinuous strands partly or fully associated

with the E-face. Coexpression of Cld2 with Cld1 or Cld3

increases P-face association and strand continuity [13].

Coexpression of Cld5 with Cld3 correlates with high P-face

association and tightness of brain endothelial cells [16, 17].

In summary, freeze fracture and functional data suggest

that the combination and stoichiometry of claudin subtypes

in heteropolymeric strands defines their P/E-face associa-

tion and continuity as critical determinants of TJ barrier

function.

In this study, homo- and heterophilic interactions

between claudins assumed to be expressed in cerebral

barriers (Cld1, -2, -3, -5, and -12; [6, 14]) were systemat-

ically investigated. The data improve the understanding of

the oligomerization of TJ proteins.

Materials and methods

Cell culture, transfection

HEK293 cells (HEK cells) were maintained in Dulbecco’s

modified Eagle’s medium (DMEM, Invitrogen) supple-

mented with 10% fetal calf serum, 100 units/ml penicillin,

100 lg/ml streptomycin and 1% L-alanyl-L-glutamine

(Invitrogen). Transient transfections of HEK cells were

preformed with Lipofectamine 2000 according to the

supplier’s recommendations (Invitrogen). Stable lines were

selected by 0.5 or 1 mg/ml G418 (Calbiochem). To avoid

the development of clonal variations, pools containing

different Cld5-YFP-expressing and non-expressing

colonies were used. In addition, cells were sorted with

FACSVantage SE System (BD Biosciences) to achieve

cultures in which[95% of the cells express the CFP/YFP-

construct.

Mammalian expression vectors and site-directed

mutagenesis

Expression vectors for claudins were based on pECFP-N1/

pEYFP-N1 (Clonetech). Plasmids encoding mouse Cld5wt-

CFP, Cld5wt-YFP, mutants thereof and corticotropin

releasing factor receptor1(CRFR1)-YFP [3], plasmids

encoding mouse Cld3Lwt-CFP, Cld3Lwt-YFP, Cld5wt,

Cld3wt, Cld3Y147A [18] and CFP-YFP tandem construct

[19] have been described previously. Plasmids encoding

Cld3-CFP or Cld3-YFP were generated by amplifying full-

length Cld3 and introduction of SalI and BamHI restric-

tions sites before and after the coding sequence by PCR

from Cld3Lwt-YFP as template. The products were

subcloned in pEYFP-N1 and pECFP-N1, respectively. A

plasmid encoding rat Cld12-YFP was generated by

amplifying full-length Cld12 without the stop codon and

introduction of HindIII and BamHI restrictions sites by

PCR from template plasmid (kindly provided by

Dr. T. Terasaki, Sendai, Japan). The product was subcloned

in pEYFP-N1. Plasmids encoding human Cld1-YFP or

Cld2-YFP were generated by amplifying full-length claudins

without the stop codon by PCR from pcDNA3.11_Cld1

and pcDNA3.11_Cld2 as templates (kindly provided by

Dr. M. Fromm, Berlin, Germany) and subcloned in pEYFP-N1.

Immunocytochemistry and live-cell imaging

Immunocytochemistry was performed as described [3]. For

live-cell imaging, transfected cells were transferred to 1 ml

DMEM, 10 mM (N-(2-hydroxyethyl)piperazine-N0(2-eth-

anesulfonic acid) pH 7.5 without phenol red. The plasma

membrane was visualized by addition of 20 ll trypan blue,

0.05% in phosphate buffered saline (PBS). Cells were

examined with an LSM 510 META system, using an

Axiovert 135 microscope equipped with a PlanNeofluar

1009/1.3 objective (Zeiss) [3]. To quantify claudin

enrichment at contacts between two claudin-expressing

cells, intensity profiles of confocal images of living cells

were analyzed using the LSM 510 software (Zeiss). Con-

tacts between two cells were identified by the trypan blue

fluorescence peaks. For each cell pair, C5 fluorescence
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intensity profiles were quantified. For cultures of Cld-CFP-

or Cld-YFP-expressing cells the enrichment factor (EF)

was calculated as: (intensity at contact between two

claudin-expressing cells)/(intensity at contact between an

expressing and a non-expressing cell 9 2) [3]. For cocul-

tures of Cld-CFP- and Cld-YFP-expressing cells the

enrichment factor (EF) was calculated as: (intensity at

contact between a Cld-CFP- and a Cld-YFP-expressing

cells)/(intensity at contact between an expressing and a

non-expressing cell). EF [ 1.5 (EF of control ? 2 SD) was

considered as enrichment. In addition, the frequency of

enrichments PE (pairs of contacts with EF [ 1.5) was

determined. Similarly, contact enrichment in fixed and

stained cultures was determined using confocal images,

intensity profiles, and Axiovision software (Zeiss). Rabbit

anti-Cld3 and Cy3-conjugated goat anti-mouse antibodies

(Invitrogen) were used for immunocytochemistry.

For determination of the barrier function of claudins,

cells were replated on poly-L-lysine-coated glass cover-

slips, after 2–3 days washed with Hank’s buffered salt

solution (HBSS) and incubated with 0.25 lg/ml Cell-

MaskTM Deep Red plasma membrane stain (Invitrogen) in

HBSS for 5 min. CFP, YFP and CellMask
TM

f (kex =

633 nm, kem = 650–710 nm) was imaged within 5 min.

As a measure for the diffusion barrier preventing Cell-

Mask
TM

labeling, the barrier ratio (Br), was determined

using fluorescence intensity profiles as: (CellMask
TM

intensity at contact between a construct-expressing and a

non-expressing cell)/(intensity at contact between two

construct-expressing cells). At least 15 pairs of contacts

were analyzed for each sample.

FRET (fluorescence resonance energy transfer) analysis

by confocal microscopy

Cells were cotransfected with plasmids encoding CFP- and

YFP-fusion proteins of claudins or CRFR1. CRFR1-YFP

was used as negative control, as this receptor was found to

colocalize with Cld5 at cell–cell contacts but does not

interact with Cld5 [19]. FRET acceptor photobleaching

was performed 3 days after transfection as described [3].

Briefly, CFP and YFP were excited at 458 and 514 nm and

detected from 463–495 and 527–634 nm, respectively.

Photobleaching of YFP at the area of cell–cell contacts was

performed by using 15–25 pulses of the 514-nm argon laser

line at 100% intensity. For quantitation, the laser and

detector settings were kept constant, and only cells with

CFP and YFP intensities below saturation were used.

FRET-efficiency (FE) was calculated as FE = (IA - IB)

9 100/IA, where IB and IA refer to the CFP intensity

before and after photobleaching. In each experiment, the

pair Cld5wt-CFP/Cld5wt-YFP was the internal standard.

The relative FE was calculated as the FE of a distinct pair of

CFP/YFP- fusion proteins divided by FE of Cld5wt-CFP/

Cld5wt-YFP. In addition, the FRET efficiency was nor-

malized to a YFP/CFP intensity ratio of 2 (FE - YFP/

CFP = 2), because the FRET efficiency was strongly

dependent on the YFP/CFP intensity ratio (Fig. S1). For

this, logarithmic regression was used to obtain an equation

with which FE - YFP/CFP was calculated for YFP/CFP

intensity ratio = 2.

FRET analysis by flow cytometry

Cells were cotransfected with plasmids encoding CFP- and

YFP-fusion proteins. Two days later, single cell suspen-

sions were prepared by gentle trypsinization, washing,

resuspension in PBS containing 5 mM EDTA at 4�C and

filtration through a cell strainer (35 lm) before analysis.

FRET measurements were performed using a FACSAria II

(BD Bioscience) equipped with 405 and 488-nm laser

lines. To measure CFP and FRET, cells were excited at

405 nm and fluorescence was detected in the CFP channel

with a 450/50 filter, while the FRET-signal was measured

with a 525/50 filter. To detect YFP, cells were excited at

488 nm while emission was taken with a 530/30 filter. All

dead cells and debris were excluded from the analysis

based on forward and sideward scatter gating. To control

for autofluorescence and automatic compensation non-

transfected and single-transfected cells were included.

50,000 events/sample were analyzed using FlowJo (Tree-

star) to identify the double-positive transfected cell

population and OriginPro (OriginLab) was used to nor-

malize the FRET and YFP values relative to the CFP

intensity. A first-order exponential decay regression was

performed using the equation {FRET/CFP} = A1 9

exp(-{YFP/CFP}/t1) ? y0 (A1, t1, yo regression param-

eter determined by OriginPro). To take into account the

dependence of the FRET-efficiency on the acceptor/donor

ratio (YFP/CFP), FRET/CFP was calculated for the stan-

dardized YFP/CFP intensity ratio of 5. As a measure of the

FRET-efficiency the FRET-ratioFC was calculated as

(FRET/CFP)sample - (FRET/CFP)Cld5/CRFR1. Cld5/CRFR1

served as internal negative control for unspecific FRET in

each experiment.

FRET analysis by spectrofluorometry

Cell suspensions (as described above) were analyzed in a

FP-6500 spectrofluorometer (JASCO). CFP-fluorescence

was detected with kexcitation = 425 ± 5 nm and kemission =

475 ± 5 nm, YFP-fluorescence with kexcitation = 490 ±

5 nm and kemission = 525 ± 5 nm and FRET-Signal with

kexcitation = 425 ± 5 nm and kemission = 525 ± 5 nm.

Crosstalk of YFP-fluorescence to the CFP- and FRET-

signal was determined experimentally with sample
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containing YFP or CFP, only (for kexcitation = 425 ± 5 nm

and kemission = 475 ± 5 nm the signal was 2% of the YFP-

fluorescence (e1 = 0.02) and for kemission = 525 ± 5 nm

the signal was 5% of the YFP-fluorescence (e2 = 0.05). As

a measure of the FRET-efficiency the FRET-ratioS was

calculated as FRET-ratioS = (FRET-signal - e2 9 YFP-

fluorescence)/(CFP-fluorescence - e19 YFP-fluorescence).

Fluorescence recovery after photobleaching

Fluorescence recovery after photobleaching (FRAP) was

performed on a DM4000 microscope (Leica) equipped

with a MicroPoint Laser System (Photonic Instruments),

Leica 63X UVI objective, and 37�C heated stage con-

trolled by MetaMorph 7 (MDS). A region of interest was

bleached with a nanosecond laser pulse using low

intensities and \1 s exposures to minimize phototoxi-

city. MetaMorph 7 was used for analysis, as described

[20, 21].

Freeze-fracture electron microscopy

HEK cells were transfected with claudin-constructs, 3 days

later, washed with PBS, fixed with 2.5% glutaraldehyde

(electron microscopy grade, Sigma-Aldrich) in PBS for

2 h, washed and processed for freeze-fracture electron

microscopy as reported [22].

Statistics

Unless stated otherwise, results are shown as mean ±

SEM. Statistical analyses were performed by one-way

analysis of variance (ANOVA) and followed by an

unpaired Student’s t test. p \ 0.02 was taken as signifi-

cantly different.

Results

The classic claudin1, -3 and -5, but not the non-classic

claudin12, are capable of homophilic trans-interactions

To compare the ability of the blood–brain barrier rele-

vant Cld1, -3, -5, and -12, to form trans-interactions, the

enrichment of claudins at contacts between HEK cells

transfected with plasmids encoding Cld-YFP was ana-

lyzed using a previously established assay [3]. Marked

enrichment of Cld1, -3, and -5, but not Cld12 or the

negative CRFR1, was shown (Fig. 1). This indicates that

the classic Cld1, -3, and -5 [5] but not the non-classic

Cld12, have similar abilities for homophilic trans-

interaction.

Determinants of trans-interactions in extracellular loop

2 are conserved between claudin5 and claudin3

Previously, we have shown that defined residues (e.g.,

Y148) in the ECL2 of murine Cld5 conserved among

classic claudins [5] are involved in homophilic trans-

interactions [3]. Therefore, we proposed that homologous

residues are involved in homophilic trans-interaction of

other classic claudins. To test this, HEK cells were trans-

fected with murine Cld3wt or Cld3Y147A (corresponding to

Cld5Y148A) and the development of trans-interactions was

assessed by enrichment of Cld3 at contacts between two

Cld-expressing cells. In contrast to Cld3wt (Fig. 2a, b),

Cld3Y147A (Fig. 2c, d) showed no enrichment at contacts.

For Cld3wt an enrichment factor (EF) of 2.8 was determined

compared to EF = 0.8 for Cld3Y147A (Fig. 2e). In addition,

the percentage of contacts with a EF [ 1.5 (PE) was for

Cld3wt (91%) much higher than for Cld3Y147A (12%,

Fig. 2f). This indicates that Y147A inhibits trans-interac-

tion and, therefore, that the determinants for trans-

interaction in the ECL2 are, at least, partially conserved

between the classic claudins Cld5 and Cld3.

Heterophilic claudin3/claudin5 trans-interactions are

weaker than claudin3/claudin1-, claudin5/claudin1-,

and homophilic trans-interactions

In order to compare the homo- and heterophilic trans-

interactions of Cld1, -3, and-5, mixed cocultures of HEK

cells monotransfected with Cld-CFP- or Cld-YFP con-

structs were analyzed by confocal microscopy. Strong

coenrichment was detected for Cld5-YFP/Cld5-CFP, Cld3-

YFP/Cld3-CFP, Cld1-YFP/Cld5-CFP and Cld1-YFP/Cld3-

CFP (Fig. 3a–l). For cocultures of Cld5-YFP/Cld3-CFP

(Fig. 3m–r) coenrichment was much less prominent but

still greater than for Cld5Y148A-YFP/Cld3-CFP (Fig. 3s–u)

that showed no contact enrichment. Quantitative analysis

(Fig. 3v) indicates that homophilic Cld3- and Cld5 trans-

interactions as well as heterophilic Cld5/Cld1- and Cld3/

Cld1 trans-interactions can be formed to a similar extent

whereas Cld3/Cld5 trans-interactions are much weaker. In

addition, the latter is abolished by the substitution Y148A

in Cld5. Despite the fact that the Cld3/Cld5 coenrichment

was not prominent, Cld3-CFP-containing vesicles (Fig 3p–r,

arrow heads) were detected in Cld5-YFP-expressing cells

to an extent similar to Cld5-CFP-containing vesicles in

Cld5-YFP-expressing cells and Cld5-YFP-containing ves-

icles in Cld5-CFP-expressing cells (Fig 3a–c, arrow

heads). Thus claudins are, at least partly, internalized

together with trans-interacting claudins of a neighboring

cell, as reported earlier [23]. Hence, this coendocytosis

indicates Cld3/Cld5 trans-interaction.
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Coexpressed claudins colocalize only partly

The subcellular distribution of claudins was compared by

transient coexpression for pairs of Cld1, -2, -3, and -5 in

HEK cells and subsequent analysis by confocal microscopy

(Fig. 4). Compared to stable transfection (Fig. 1), the

amount of claudins in intracellular compartments was

higher. Nevertheless, at contacts between transient trans-

fectants colocalization of all claudin pairs was observed.

Strong colocalization in intracellular compartments (arrow

heads) was found for Cld3/Cld1 (Fig. 4b), partially for

Cld5/Cld1 (Fig. 4d) but not for Cld3/Cld5 and Cld3/Cld2

(Fig. 4a, c). These differences in subcellular distribution

indicate subtype-specific differences in capacity for heter-

ophilic cis-interactions, targeting to the plasma membrane

and/or internalization of the claudins.

Analysis of cis-interaction at cell–cell contacts

indicates claudin subtype-specific differences

Due to the limited resolution of light microscopy apparent

colocalization is not sufficient to demonstrate interaction

between claudins. Hence, fluorescence resonance energy

transfer (FRET) was applied to investigate homo- and

heterophilic cis-interactions between Cld1, -2, -3, and -5 at

cell–cell contacts, HEK cells were cotransfected with

respective pairs of YFP- and CFP-fusion proteins of clau-

dins. FRET was analyzed at contacts of living cells by

acceptor photobleaching [19]. The FRET-efficiency (FE)

was strongly dependent on the acceptor/donor (YFP/CFP)

ratio but independent of the YFP- or YFP ? CFP inten-

sity (measure for expression level) as shown for Cld5-CFP/

Cld5-YFP as an example (Fig. S1). This underlines the

specificity of the FRET-signal since it indicates a clustered

but not random distribution of claudins [24].

Due to the dependence on YFP/CFP ratios, the FE of

different claudin pairs was compared for cells with similar

YFP/CFP ratio (Fig. 5, black columns). In addition, the FE

was normalized to a YFP/CFP fluorescence intensity ratio

of 2 (Fig. 5, gray columns). As shown previously [3], the

mean FE for Cld5-CFP/Cld5-YFP was ten times higher

than for that of the negative control, Cld5/CRFR1. The

normalized FE decreased in the order: Cld5/Cld5, Cld5/

Cld1, Cld3/Cld1 [ Cld3/Cld3 [ Cld3/Cld5. For these, but

Fig. 1 Homophilic trans-interaction of claudin (Cld)-1, -3, and -5 but

not -12. Confocal microscopy of living HEK cells stably transfected

with Cld1-YFP (a, f), Cld3-CFP (b, g), Cld5-YFP (c, h), Cld12-YFP

(d, i), and transiently transfected with corticotropin releasing factor

receptor 1 (CRFR1)-CFP (g, j). Cld1, -3, -5 but not -12 and CRFR1

(green) are enriched (arrows) at contacts between two claudin-

expressing cells indicating trans-interaction. Plasma membrane was

visualized with trypan blue (a–e, red). a–e, merge of CFP/YFP and

trypan blue; f, h, i, YFP; g, j; CFP. Bar, 10 lm. k Quantification of

contact enrichment. For Cld1, Cld3, and Cld5, but not Cld12, the

factor of contact enrichment (EF) and the percentage of contacts with

EF [ 1.5 (PE) are much higher than for the negative control (CRFR1).

***p \ 0.001 compared to CRFR1-YFP; EF, mean ? SEM; n C 40;

dotted line, threshold above trans-interaction is considered
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not for Cld3/Cld2, FE were significantly higher than for the

negative control. For Cld3, fusion constructs without and

with a flexible linker between Cld3 and CFP/YFP (Cld3L)

produced similar results (Fig 5.). This indicates that the

lower FE for Cld3/Cld3 and Cld3/Cld5 compared to Cld5/

Cld5 are not due to sterical hindrance of the CFP/YFP-tag

in Cld3-containing strands. In addition, Cld3-CFP/Cld5-

YFP and Cld3-YFP/Cld5-CFP gave similar results. In

summary, these data indicate claudin subtype-specific

differences in cis-interaction at cell–cell contacts. The

absence of FRET between Cld3-CFP and Cld5Y148A-YFP

further suggests that the trans-interaction (that is inhibited

by the substitution Y148A [3]) is necessary for close

proximity between Cld3 and Cld5 at cell–cell contacts.

cis-Interactions between claudins differ in a subtype-

specific manner outside of cell–cell contacts

To investigate the cis-interaction of claudins outside of

cell–cell contacts FRET was analyzed in cell suspensions

by flow cytometry. This technique was applied because

thousands of cells of one sample can be analyzed indi-

vidually. Previous studies have demonstrated the feasibility

of detecting FRET by flow cytometry [25, 26]. However,

published methods do not consider the dependence of the

FRET-efficiency on the acceptor/donor ratio, YFP/CFP

(see Fig. S1 and [27, 28]. Hence, we improved the analysis

of the flow cytometry data by calculating, as a measure of

the FRET-efficiency, the FRET-ratioFC for a standardized

YFP/CFP-ratio (see methods and Fig. S2).

For cells expressing different claudin-pairs, the FRET-

efficiency decreased in the order: Cld5/Cld5 [ Cld5/

Cld1 [ Cld3/Cld3[ Cld3/Cld5 (Fig. 6a). The FRET-ratio

for Cld3/Cld2 was in the range of the negative control (Cld5/

CRFR1). Similar results were obtained by FRET analysis of

cell suspensions using spectrofluorometry (Fig. 6b), and of

intracellular compartments using confocal microscopy (Fig.

S3). In addition, Cld5/Cld5Y148A showed a FRET-ratio similar

to that of Cld5/Cld5 and Cld3/Cld5Y148A showed a FRET-

ratio similar to that of Cld3-Cld5 (Fig. 6a). Taken together,

the data suggest that cis-interactions of claudins outside of

cell–cell contacts differ in a subtype-specific manner.

Fig. 2 Determinant for trans-interaction in the extracellular loop2

(ECL2) is conserved between Cld5 and Cld3. Three days after

transfection of HEK cells with Cld3wt (a, b) or Cld3Y147A (c, d) cells

were fixed, stained against Cld3 (red in a, c; white in b, d) and nuclei

(blue in a, c) and enrichment at cell–cell contacts quantified using

fluorescence intensity profiles (b, d; red box). The factor of contact

enrichment (EF) was four times and the percentage of contacts

showing an enrichment (PE) 6.5 times higher for Cld3wt than for

Cld3Y147A (e, f). This indicates that the substitution Y147A inhibits

trans-interaction of Cld3. Mean ± SEM; n = 123 for Cld3wt,

n = 213 for Cld3Y147A; ***p \ 0.001, compared to Cld3wt
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Freeze-fracture electron microscopy revealed claudin

subtype-specific characteristics of formation of tight

junction strands

Cld5 strands are known to appear as discontinuous chains

of intramembranous particles that are associated with the

exoplasmic face (E-face) of the plasma membrane [29].

We reproduced this finding (Fig. 7a) and verified that

non-tagged and YFP-tagged Cld5 form strands of similar

morphology [3]. Also, we reproduced earlier reports [13]

that Cld3, in contrast to Cld5, forms continuous strands

with intramembranous particles associated with the pro-

toplasmic face (P-face) of the plasma membrane. In

contrast, grooves with very few particles are found on the

E-face (Fig. 7b). Coexpression of Cld3 and Cld5 resulted

in strands with a mixed phenotype: discontinuous chains

of intramembranous particles on the P-face as well as on

the E-face (Fig. 7c). In addition, the substitution Y147A

in Cld3, that strongly inhibits trans-interaction, abolished

the formation of strands. Similarly for Cld12, which

showed no strong trans-interactions (Fig. 1), no strands

were detected after transfection of HEK cells (Fig 7d).

Fig. 3 Heterophilic trans-interaction between claudins. Confocal

microscopy of cocultures of cells monotransfected with Cld5-CFP/

Cld5-YFP (a–c), Cld3-CFP/Cld3-YFP (d–f), Cld5-CFP/Cld1-YFP

(g–i), Cld3-CFP/Cld1-YFP (j–l), Cld3-CFP/Cld5-YFP (m–r), or

Cld3-CFP/Cld5Y148A-YFP (s–u). CFP- (green) and YFP- fluorescence

(red) was imaged (a–u) and, partly, the plasma membrane visualized

with trypan blue (i, o; violet) or nuclei stained with DAPI (l, blue).

Strong colocalization and coenrichment of claudins at cell contacts

(arrows) was detected at homologous (Cld5/Cld5, a–c, Cld3/Cld3,

d–f) and heterologous cell contacts for Cld1/Cld5 (g–i) and Cld1/Cld3

(j–l). At contacts between Cld3- and Cld5-expressing cells, coen-

richment was found to be weaker and less frequent (example without

(m–o, arrow) and with (p–r, arrow) coenrichment). Cld3-CFP

containing vesicles (r, arrow heads) were detected in Cld5-YFP-

expressing cells similar as Cld5-YFP containing vesicles (a–c, arrow
heads) in Cld5-CFP-expressing cells and vice versa. At contacts

between Cld3- and Cld5-Y148-expressing cells, no coenrichment was

found (s–u). v Quantification of contact coenrichment. For Cld5/Cld5,

Cld3/Cld3, Cld1/Cld3 and Cld1/Cld5 the factor of contact enrichment

(EF) was significantly higher than for Cld3/Cld5 and for Cld3/Cld5

than for Cld3/Cld5Y148A that showed EF similar to the negative

control (Fig. 1). Similar differences were obtained for percentage of

contacts with enrichment (PE). Bar, 5 lm. *p \ 0.01; n C 35;

mean ? SEM; dotted line, threshold above trans-interaction is

considered
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Combination Cld3/Cld1 Cld5/Cld1 Cld5/Cld3 Cld3/Cld2 

Cell-cell contact +++ ++ +++ ++ 

Intracellular +++ ++ + - 

A

B

C

D

E

Fig. 4 Differential colocalization of coexpressed claudin subtypes at

cell–cell contacts and intracellular compartments. Pairs of Cld1, -2,

-3, and -5 were coexpressed in HEK cells and the subcellular

distribution analyzed by confocal microscopy. At contacts between

two Cld-expressing cells (arrows) colocalization of Cld3/Cld5 (a),

Cld3/Cld1 (b), Cld5/Cld1 (d), and partly Cld3/Cld2 (c) was observed.

Strong colocalization in intracellular compartments (arrow heads)

was found for Cld3/Cld1 (b), partially for Cld5/Cld1 (d) but not for

Cld3/Cld5 (a) and Cld3/Cld2 (c). Bar, 5 lm (e) Summary of the

colocalization analysis.-, no; (?)/?, weak; ??/???, strong

colocalization
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These results demonstrate that trans-interaction is a pre-

requisite for strand formation. All together, the data

demonstrate claudin subtype-specific characteristics of

strand formation.

The mobility of claudins is subtype-specific

and affected by trans-interaction

The mobility of claudins was analyzed by fluorescence

recovery after photobleaching, FRAP [21]. At cell–cell

contacts of HEK cells stably transfected with claudin-YFP

constructs, Cld5 showed a mobile fraction of 32 ± 2%,

only, whereas Cld3 exhibited a mobile fraction of

73 ± 7% (p \ 0.01; Fig. 8a–c). In addition, the t1/2 of

recovery for Cld5 (33 ± 4 s) was nearly twice as long as

that of Cld3 (19 ± 2 s; p \ 0.01; Fig. 8d). The substitu-

tion Y148A in Cld5 resulted in a much higher mobile

fraction 57 ± 10% (p \ 0.05), and shorter t1/2 (17 ± 4 s;

p \ 0.05; Fig. 8c, d) that were not significantly different

from mobile fraction and t1/2 of Cld3. Cld5 was far more

mobile within plasma membrane areas away from cell–

cell contacts (mobile fraction 61% ± 3%; t1/2 16 ± 3 s)

than at cell–cell contacts (p \ 0.02 for each vs. Cld5 at

cell contacts). This was similar to FRAP behavior of

intracellular Cld5 (mobile fraction 58 ± 3%; t1/2

18 ± 5 s) as well as Cld5Y148A at cell–cell contacts. In

contrast to Cld5, exchange behavior of Cld3 within

plasma membrane areas away from cell–cell contacts

(mobile fraction 72 ± 4%; t1/2 18 ± 2 s) was similar to

that at cell–cell contacts. These data indicate that trans-

interactions of Cld5 at cell–cell contacts and presumably

incorporation of Cld5 in strands limits its mobility. The

mobility in the plasma membrane is higher for Cld3 than

for Cld5. This could be due to a higher amount of non-

polymerized Cld3 in the plasma membrane or due to

higher disassembly/assembly rate of the strands for Cld3

relative to Cld5.

Claudins form diffusion barriers at cell–cell contacts

To analyze the barrier function of reconstituted TJ-strands,

claudin-expressing HEK cells were incubated with the

plasma membrane stain CellMask
TM

and analyzed by life

cell imaging. Incubation with 5 lg/ml for 15 min or with

0.25 lg/ml for 20 min labeled the plasma membrane

everywhere. In contrast, incubation with 0.25 lg/ml

CellMask for 5 min resulted in a strong labeling of

Fig. 5 Claudin subtype-specific differences in homo- and hetero-

philic cis-interactions of claudins at cell–cell contacts. HEK cells

were cotransfected with YFP- and CFP-fusion proteins (given as CFP/

YFP pairs). Fluorescence resonance energy transfer (FRET) at cell–

cell contacts was analyzed in living cells by acceptor photobleaching.

Relative FRET-efficiency (rFE, (FEsample/FECld5/Cld5, black columns)

and rFE normalized to YFP/CFP fluorescence intensity ratio = 2

(gray columns) using logarithmic regression (see ‘‘Methods’’).

Mean ? SEM; n = 20–50; *p \ 0.01 compared to Cld5/CRFR1;

Cld3L, Cld3 with linker

Fig. 6 Claudin subtype-specific differences in homo- and hetero-

philic cis-interactions in cell suspension. HEK cells were

cotransfected with CFP- and YFP-fusion proteins (e.g., Cld5CFP/

Cld5YFP), detached from the culture plate and single cell suspension

prepared by pipetting. a FRET-analysis by flow cytometry. As a

measure for the FRET-efficiency, the FRET-ratioFC was calcu-

lated.*p \ 0.02, n = 3–5, for each sample[2,500 coexpressing cells

were analyzed. b FRET-analysis by spectrofluorometry. As a measure

for the FRET-efficiency, the FRET-ratioS was calculated. In addition

to indicated pairs, the FRET-ratioS was for all pairs but not Cld3/Cld2

and Cld3/Cld5Y148A significantly higher than for the negative control

(Cld5/CRFR1). *p \ 0.01, n = 4–16
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contacts without claudin enrichment but not of contacts

with claudin enrichment (Fig. 9, Fig. S5). This was found

for contacts between two Cld3-expressing or two Cld5-

exppressing but not for CRFR1-expressing cells (Fig. 9a–

c). In addition, no clear CellMask
TM

-labeling was found

for contacts between two Cld3/Cld5-coexpressing cells

(Fig. 9d). This demonstrates that the TJ-strands that are

reconstituted by expression of Cld3 and/or Cld5 form a

diffusion barrier which CO which inhibits membrane

incorporation of an extracellularly administered marker.

Discussion

The molecular mechanisms that result in the formation of

membranous TJ-strands are not understood. Here, we show

claudin subtype-specific characteristics with respect to cis-

and trans-interaction as well as formation of TJ-strands.

Furthermore, we provide a model for the formation of

heteropolymeric strands (Fig. 10).

Homophilic claudin interactions

Previously, we adapted a cellular reconstitution assay [30] to

analyze the formation of TJ-strands on the molecular level.

Instead of polarized epithelial or endothelial cells, HEK cells

that do not form endogenous TJ were transfected with Cld5-

CFP/YFP or mutants thereof to reconstitute defined claudin

polymers [3]. Homophilic trans-interaction was detected by

enrichment of Cld5 at contacts between two Cld5-expresssing

cells. Using this assay, we here describe that Cld1, -3, and -5,

which belong to the group of classic claudins [5] show a

similar capability for homophilic trans-interaction. This is

consistent with earlier studies [10, 13].

In contrast, the non-classic Cld12 did not show con-

siderable homophilic trans-interaction. Consistently, Cld12

did not form homopolymeric strands as do the classic

claudins. However, it can not be excluded that the C-ter-

minal YFP-tag prevents strand formation for Cld12 but not

for classic claudins. The non-classic claudins show strong

sequence differences compared to the classic claudins (e.g.,

Fig. 7 Claudin subtype-specific characteristics of formation of tight

junction strands. Claudin-transfected HEK cells were analyzed by

freeze-fracture electron microscopy. For Cld5wt-expressing cells,

discontinuous strands with intramembranous particles associated with

the exoplasmic face (E-face) of the plasma membrane were detected

(a). For Cld3wt-expressing cells, continuous strands associated with

the protoplasmic face (P-face) of the plasma membrane were detected

(b). For cells that coexpress Cld5wt-YFP and Cld3wt, intramembra-

nous particles were found on the E- as well as on the P-face (c). For

cells transfected with Cld12 (d), Cld3Y147A or non-transfected cells

(latter not shown), and for non-transfected cells, no tight junction

strands were observed
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Cld12 contains no aromatic residue corresponding to Y148

in Cld5 and Y147 in Cld3 [5]). Similar to Cld12, the non-

classic Cld16 does not form homopolymeric strands [7].

However, the non-classic Cld11 is able to form homopol-

ymeric strands [31]. We show that inhibition of trans-

interactions, by removing a conserved aromatic side chain

in the ECL2 of classic claudins, diminished strand forma-

tion as shown for Cld5 [3] and Cld3 (Figs. 2, 7). In

addition, trans-interactions reduce the mobility of Cld5

(Fig 8). Therefore, we conclude that trans-interactions are

necessary for strand formation, as discussed earlier [3] and

propose that Cld12 and possibly other non-classic claudins

lack the ability to form homopolymeric strands due to the

lack of ability for homophilic trans-interaction.

Comparison of homo- and heterophilic trans-

interactions

To understand the barrier properties of TJ on the molecular

level, it is necessary to analyze the heterophilic compatibility

of claudins. Heterophilic trans-interactions (heterotypic

interactions) have been reported for Cld1/-3, -2/-3, -3/-5 but

not for Cld1/-2, -3/-4, -4/-5, -1/-4, -16/-19, -1/-10b and -1/-15

[7, 10, 13, 32]. Heterophilic cis-interactions (heteromeric

interactions) have been reported for Cld3 and Cld4 pairs [10]

and Cld16 and Cld19 pairs [7]. Heterophilic interactions that

could not be clearly distinguished as cis- or trans- were noted

for Cld1/2, Cld1/Cld3 and Cld2/Cld3 [13, 33], but the only

determinants of cis-interactions identified thus far were G20,

Q57, and G123 in human Cld19, which mediate cis-interac-

tions with Cld16 [7].

For the blood–brain barrier Cld1, -3 and -5 are relevant [6,

14]. We found the capability for heterophilic trans-interac-

tions of Cld5/Cld1 and Cld3/Cld1 to be as pronounced as that

for homophilic Cld5/Cld5 and Cld3/Cld3 interactions.

In contrast, Cld3/Cld5 trans-interactions were much less

pronounced, although still significantly stronger than the

negative control. The Cld3/Cld1 interaction is consistent with

earlier studies [10, 13, 33]. Also similar to our data, the Cld5/

Cld5 interaction has been reported to be stronger than Cld3/

Fig. 8 Mobility of claudins is subtype-specific and affected by trans-

interaction. a FRAP behavior of Cld5, Cld3, and Cld5Y148A at areas of

cell–cell contact between HEK cells stably transfected with the

respective YFP fusion constructs. Individual images are shown as

indicated, with the corresponding kymograph at the right.
Bar = 2 lm. b Recovery curves for Cld5, Cld3 and Cld5Y148A at

areas of cell–cell contact (n = 3 per condition). c Mobile fractions of

Cld5, Cld3 and Cld5Y148A at areas of cell–cell contact calculated from

recovery data in b (n = 3 per condition). d t1/2 of Cld5, Cld3,

Cld5YY148A recovery at areas of cell–cell contact calculated from

data in b (n = 3 per condition)
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Cld5 interaction [10]. However, in contrast to our results, the

latter authors did not detect trans-interactions between Cld5

and Cld1. This difference could be due to the use of human

Cld1 and human Cld5, while we used human Cld1 and mouse

Cld5. We also obtained similar results for mouse Cld1 and

mouse Cld5 (data not shown). Therefore, although species

Fig. 9 Claudins form diffusion barrier at contacts between claudin-

expressing HEK cells. Cells were incubated with CellMask for 5 min

and the labeling of the cell membrane was analyzed by confocal

microscopy. a CellMask labeled contacts between CRFR1-CFP(con-

trol)-expressing and non-expressing cells as well as contacts between

two CRFR1-CFP-expressing cells. At contacts between Cld3-YFP-

(b), Cld5-YFP (c) or Cld3-YFP/Cld5-CFP- (d) expressing cells,

CellMask labeling was much weaker or absent. e The barrier ratio

(Br), as a measure for paracellular barrier preventing CellMask

labeling, was determined using confocal intensity profiles. Bar, 5 lm;

***p \ 0.001 versus CRFR1; arrows, contacts between cells

expressing fusion proteins
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variation cannot be excluded, the data and fact that sequence

similarity between mouse and human is[94% suggest that

species effects are unlikely to explain differences of the data.

However, the discrepancy could be due to other methodo-

logical issues. For example, Daugherty et al. [10] used, in

contrast to us, claudin constructs that could bind to proteins

containing PDZ-domains, e.g., ZO-1. This could change the

subcellular distribution of claudins. Moreover, the use of

chemically fixed cells could disturb some interactions.

Finally, although the coimmunoprecipitation approach used

by Daugherty et al. is a powerful technique, it cannot exclude

a loss of interactions between transmembrane proteins after

detergent solubilization. In contrast, we analyzed claudins in

living cells allowing investigation of interactions under

physiological conditions. However, it must also be recog-

nized that our assays do not detect physical association but

trace interactions by indirect parameters such as contact-

enrichment, TJ-strand formation and FRET.

Claudin subtype-specific cis-interactions

At contacts between claudin-coexpressing cells, colocaliza-

tion was found for Cld3/Cld5, Cld5/Cld1, Cld3/Cld1 and

partly for Cld3/Cld2. However, the different claudin pairs

showed striking differences in their intracellular codistribu-

tion. Intracellular colocalization was commonly found for

Cld1/Cld3, partially for Cld1/Cld5, infrequently for Cld3/

Cld5, and very infrequently for Cld2/Cld3. The subtype-

Compatibility of classic claudin subtypes relevant for cerebral barriers 

 Cld1 Cld2 Cld3 Cld5 

Cld1 c+ / t+ nd / t- c+ / t+ c+ / t+ 

Cld2    nd / t- c+ / t+ c- / t+  (c+)/ nd

Cld3 c+ / t+ c- / t+ c+ / t+ c+ / t+ 

Cld5 c+ / t+  (c+)/ nd c+ / t+ c+ / t+ 

A

B

Fig. 10 a Model of formation and molecular organization of

heteropolymeric claudin strands. Cld1, -2, -3, -5, and -12, assumed

to be expressed at cerebral barriers, are shown. Black double arrows,

cis-interaction; green spheres, cis-oligomers; n, number of molecules;

red arrows, homo- and heterophilic trans-interactions; black/yellow
arrows, Cld3/Cld5 trans-interactions; CldX, claudin that incorporates

Cld12 by heterophilic trans- or cis-interaction. b Compatibility of

classic claudin subtypes relevant for cerebral barriers. c, cis-interac-

tion; t, trans-interaction; ?, compatible; -, incompatible. Bracket,
detected intracellularly, only; nd, not determined; blue, according to

[13, 36, 37], 1–5, see text
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specific differences in colocalization suggest that the sub-

cellular distribution is caused by subtype-specific interactions

rather than by undirected aggregation. The claudin-contain-

ing intracellular compartments did not considerably

colocalize with markers for endosomes or lysosomes but

partly with those for the endoplasmic reticulum (Fig. S4).

Because of the different extent of colocalization at cell–

cell contacts and at intracellular compartments, we per-

formed FRET-analysis independently at and away from

cell–cell contacts. At cell–cell contacts and therefore pre-

sumably in TJ-strands, cis- and trans-interactions are likely

formed. There, FRET-efficiencies decreased in the order

Cld5/Cld5, Cld5/Cld1, Cld3/Cld1 [ Cld3/Cld3 C Cld3/

Cld5 and no FRET for Cld3/Cld2. In single cell suspen-

sions, cell–cell contacts and in turn trans-interactions are

assumed to be absent. Those FRET-efficiencies decreased

in the order Cld5/Cld5 [ Cld5/Cld1 [ Cld3/Cld3 [ Cld3/

Cld5, with no FRET found for Cld3/Cld2. This indicates

that cis-interactions between claudin pairs are similar

outside and inside TJ-strands.

However, especially for Cld3/Cld5, important differ-

ences have been found: First, Cld3 and Cld5 demonstrated

marked colocalization at cell–cell contacts, but not outside

of contacts. Second, the FRET-efficiency of Cld3/Cld5 at

cell contacts is closer to that of Cld3/Cld3 than is the FRET

efficiency of Cld3/Cld5 outside of contacts. Finally, Cld3/

Cld5-, but not Cld5/Cld5- [3], FRET is abolished by

Y148A substitution in Cld5 (inhibition of trans-interac-

tions) at cell contacts, but this substitution has no effect on

cis-interactions measured in suspension.

These results indicate that trans-interactions are necessary

for the FRET between Cld3 and Cld5. However, this FRET is

unlikely to be due to direct energy transfer between trans-

interacting Cld3 and Cld5 on opposing plasma membranes

because the distance between the respective intracellular CFP-

and YFP-tags is too big ([8 nm) for efficient FRET [34]. It is

also unlikely that Y148A inhibits Cld3/Cld5 but not

Cld5/Cld5 cis-interactions. Hence, the data suggest that the

FRET-signal and, in turn, the spatial proximity between Cld3

and Cld5 in one membrane at cell–cell contacts is promoted by

homo- and/or heterophilic trans-interactions rather than by

direct cis-interactions.

Previously, some heterophilic cis-interactions between

claudin subtypes have been analyzed by coimmunopre-

cipitation after cell lysis [10, 33]. Although this approach

has provided important data, potential artifacts might occur

due to detergent solubilization. In addition, immunofreeze-

fracture microscopy of strands with two different labels

was applied [13]. Although this technique is very powerful,

the spatial resolution is still limited due to the size of

antibodies and gold particles and a potential contribution of

trans-interactions to colocalization of claudins in strands

has to be considered. An effective split ubiquitin assay in

yeast was used to analyze cis-interactions independent of

trans-interactions [7]. However, yeast lack mammalian

characteristics including contacts between plasma mem-

branes. Hence, cis- and trans-interactions cannot be

effectively compared in this system.

We complemented the above-mentioned assays by

FRET-experiments with HEK cells within and outside of

reconstituted TJ-strands. For an efficient FRET-analysis

outside of strands, we here developed a new method based

on flow cytometry. Similar FRET techniques have been

used before [25, 26]. We improved and optimized the

method, especially, with consideration of the strong

dependence of the FRET-efficiency on the acceptor/donor

ratio and the characteristics of junctional proteins.

Reconstituted TJ-strands form a functional diffusion

barrier

Claudins are able to reconstitute TJ-strands in non-polar

cells [3, 30]. Nevertheless, these strands do not form a

continuous sealing belt around the cells as in epi-/endo-

thelial cells. This is probably due to the lack of cytoplasmic

TJ-proteins. Hence, standard Transwell assays to analyze

paracellular permeability are hindered in such reconstitu-

tion systems. To overcome this limitation we developed a

novel, imaging-based assay to demonstrate and quantify

barrier functions of reconstituted and molecular defined

TJ-strands. We showed that a single claudin (e.g., Cld3 or

Cld5) is sufficient to form a diffusion barrier. Whether the

diffusion is inhibited in the paracellular space and/or within

the membrane might be analyzed by continuative experi-

ments including the novel assay.

Model of formation and molecular organization

of heteropolymeric claudin strands

The results obtained and data from the literature [10, 13,

33, 35–37] were combined to propose a model of hetero-

polymeric strands for Cld1, -2, -3, -5, and -12 that are

expressed at cerebral barriers (Fig. 10):

(1) Two to six [33, 35] claudin molecules might form

oligomers mediated by cis-interactions in intracellular

compartments. This is demonstrated by FRET in cell

suspensions of Cld-CFP/Cld-YFP-coexpressing cells

in which most of the claudins are present in intracel-

lular compartments. This conclusion is supported by

FRET analysis of intracellular compartments using

confocal microscopy (Fig. S3).

(2) Differences in the FRET-efficiency suggest that cis-

interactions in intracellular compartments are differ-

entially pronounced in the order: Cld5/Cld5 [ Cld5/

Cld1 [ Cld3/Cld1 [ Cld3/Cld3 [ Cld3/Cld5, and
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that cis-interactions do not occur between Cld3/Cld2.

The higher FRET-efficiency for Cld5- compared to

Cld3-homooligomers supports the conclusion that

Cld5-cis-homooligomers are sterically different from

Cld3-cis-homooligomers, e.g., higher number of

molecules (nCld5 [ nCld3). This is consistent with

differences in oligomer size detected by PFO-PAGE

[33]. Evidence for homophilic cis-interaction of Cld1

was recently provided by FRET-assays [37]. Due to

strong sequence homology among classic claudins

[5], Cld2 is also assumed to form cis-oligomers.

(3) The cis-oligomers are transported to the plasma

membrane and diffuse to cell–cell contacts.

(4) At cell–cell contacts, trans-interactions trigger for-

mation of polymeric strands, as proposed earlier [3].

Homophilic trans-interactions are possible for Cld1,

-3, -5, and -2 [13], but not for Cld12. Heterophilic

Cld3/Cld5 trans-interactions are less pronounced than

heterophilic Cld3/Cld1 and Cld5/Cld1 and all hom-

ophilic trans-interactions investigated. Nevertheless,

heterophilic Cld3/Cld5 trans-interactions (Fig. 10,

black/yellow arrows) may be essential to form

functional heteropolymers, since these are necessary

for Cld3/Cld5 colocalization and FRET. Heterophilic

Cld3/Cld2, but not Cld1/Cld2, trans-interactions were

described [13].

Aromatic residues in the ECL2 that are conserved

between classic claudins (e.g., Y148 in mCld5, Y147

in mCld3) are essential for homo- as well as heterophi-

lic trans-interactions but not for the assembly of

cis-oligomers.

(5) In TJ-strands, spatial proximity of claudins in one

membrane due to cis-interactions and/or trans-inter-

actions occurs in the order of preference: Cld5/

Cld5 [ Cld5/Cld1, Cld3/Cld1, Cld3/Cld3 [ Cld3/

Cld5 [ Cld3/Cld2.

In contrast to the classic claudins, the non-classic Cld12

is not able to form homophilic trans-interactions or

homopolymeric strands. Probably, heterophilic cis- and/or

trans-interactions with another TJ-protein are necessary for

the incorporation of Cld12 in strands. The interactions

depicted in the model (Fig. 10) are consistent with the data.

Freeze-fracture electron microscopy demonstrated

claudin subtype-specific characteristics of TJ-strands.

Coexpression of Cld3 and Cld5 resulted in strands with a

phenotype that represent a mixture of that of Cld3- (P-face)

and Cld5-homopolymers (E-face): discontinuous chains of

intramembranous particles on the P-face as well as on the

E-face. This resembles TJ in endothelia of the blood–brain

barrier in vivo. There, the expression of Cld3 together with

Cld5 was reported to correlate with mixed P-/E-face

association and high tightness of brain endothelial cell

junctions [14, 15, 38]. Here, we demonstrate that this

functionally important ultrastructural characteristic is

indeed due to the formation of Cld3/Cld5 heteropolymeric

strands and does not require other blood–brain barrier-

specific factors since we observed it in HEK-cells that do

not possess blood–brain barrier properties.

In summary, we provide novel mechanistic insights

into the principles that define molecular organization of

TJ-strands. This improves the understanding of paracellular

barriers and might be used to develop new strategies to

improve drug delivery across cerebral barriers, e.g., by

modulation of the Cld3/Cld5 interaction.
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