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Abstract

Tight-junctions between epithelial cells of biological barriers are specialized molecular struc-
tures that regulate the flux of solutes across the barrier, parallel to cell walls. The tight-junc-
tion backbone is made of strands of transmembrane proteins from the claudin family, but
the molecular mechanism of its function is still not completely understood. Recently, the
crystal structure of a mammalian claudin-15 was reported, displaying for the first time the
detailed features of transmembrane and extracellular domains. Successively, a structural
model of claudin-15-based paracellular channels has been proposed, suggesting a putative
assembly that illustrates how claudins associate in the same cell (via cis interactions) and
across adjacent cells (via frans interactions). Although very promising, the model offers only
a static conformation, with residues missing in the most important extracellular regions and
potential steric clashes. Here we present detailed atomic models of paracellular single and
double pore architectures, obtained from the putative assembly and refined via structural
modeling and all-atom molecular dynamics simulations in double membrane bilayer and
water environment. Our results show an overall stable configuration of the complex with a
fluctuating pore size. Extracellular residue loops in frans interaction are able to form stable
contacts and regulate the size of the pore, which displays a stationary radius of 2.5-3.0 A at
the narrowest region. The side-by-side interactions of the cis configuration are preserved
via stable hydrogen bonds, already predicted by cysteine crosslinking experiments. Overall,
this work introduces an improved version of the claudin-15-based paracellular channel
model that strengthens its validity and that can be used in further computational studies to
understand the structural features of tight-junctions regulation.

Introduction

Biological barriers such as the blood-brain, renal or intestinal barriers are highly complex
structures that perform the fundamental task of maintaining stable physical and chemical con-
ditions of the compartments they separate. They are composed of closely joined epithelial cells
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whose lateral membranes are circumscribed by regions of narrow space named tight-junctions
(TTJs), comprising several proteins [1, 2]. TJs form strands that act as barriers between adjoin-
ing cells, but they also contain channels that regulate solute flow through paracellular spaces
[3-6]. In contrast to transcellular diffusion, which involves primary (ATP-based) and second-
ary (electrochemical) active transport across the cell membrane together with diffusion
through ion channels, paracellular transport occurs passively along a concentration gradient
and is regulated by the TJ proteins [7-9]. While the mechanisms underlying transcellular per-
meation are fairly understood, the investigation of paracellular pathways has been hampered
by the lack of structural information. This leaves major challenges such as the design of T] pen-
etrating drugs and nanomaterials unresolved [10].

TJs are predominantly formed by claudins, a family of proteins made of four a-helices
(named TM1 to TM4) and two extracellual loops (ECL1 and ECL2), which show tissue-specific
localization and function [11-15]. While TJs also contain other proteins, claudins alone can
reconstitute TJ-like strands in plasma membranes [16]. It is now accepted that paracellular
pores are formed by trans (intercellular) association of claudins. However, although previous
reports have demonstrated that claudin extracellular domains are involved in cell adhesion
and solute selectivity [17-19], the molecular mechanisms are still poorly understood. Recently,
the crystal structure of mouse claudin-15 (Cldn15) was resolved (PDB ID: 4P79 [20]), provid-
ing a breakthrough in T7J research. Two other crystal structures of claudins were produced
afterwards in complex with enterotoxins (mCldn19 [21] and hCldn4 [22]), providing clues
about TJ disruption.

Highly expressed in the intestine, Cldn15 protomers form selective pores that are channels
for Na* ions and highly resistant barriers to Cl". The structure of the Cldn15 protomer displays
a characteristic -sheet fold, formed by two extracellular loops, which comprises five 3 strands
(named f1 to 85), four (1 to 4) in the longer ECLI and one (5) at the end of the shorter
ECL2 (Fig 1). At the C terminus of ECL1, the 4 strand connects to a short extracellular helix
(ECH) that links to the TM2 domain. Strikingly, the loop region between 1 and 52 (residues
34 to 41) is missing in the crystal structure. The monomeric structure of Cldn15 has been
employed in coarse-grained computational studies [23], and as a template to build structural
models of several other claudins [24, 25].

In the crystal lattice, Cldn15 protomers assemble in a linear polymer via specific interac-
tions mediated by residues in the extracellular domains (S1 Fig). In particular, residue M68 of
the ECH region of one protomer interacts with residues F146, F147, L158 in TM3 and ECL2 of
an adjacent protomer. However, this linear arrangement is not considered sufficient to explain
how claudins arrange themselves in TJ strands.

Soon after the publication of the Cldn15 monomer crystal, a model of paracellular channels
was proposed using the same structure [26] (Fig 2). This configuration combines two distinct
cis interfaces, renamed linear and face-to-face in [27]. The first is the same observed in the
crystal lattice described above, while the second is formed through interactions between the
edges of f4-strands of ECLI of side-by-side protomers (S2 Fig). The introduction of this
arrangement is supported by cysteine crosslinking data obtained from mutants of Cldn15 and
another pore-forming claudin (Cldn2) [27]. Most importantly, the model suggests the forma-
tion of B-barrel-like channels with diameter smaller than 10 A by the association of antiparallel
claudin double rows in adjacent membranes. The assembly relies on a putative trans-interac-
tion between the two cis strands mediated by the interaction of regions in ECL1 and ECL2,
named V1 (residues 31 to 46) and V2 (residues 150 to 154), respectively, that are poorly con-
served among different claudins.

The suggested arrangement of protomers is consistent with freeze fracture electron micros-
copy (EM) images of polymeric TJ strands [26], and displays pore facing (D55) and pore lining
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Fig 1. Crystal structure of Cldn15. Ribbon representation of the Cldn15 crystal structure (PDB code 4P79). The black bars indicate the
membrane boundaries with the extracellular (Ext.) and cytosolic space (Cyt.).

https://doi.org/10.1371/journal.pone.0184190.g001

(D64) negatively charged residues whose mutation was shown to reverse claudin selectivity for
cations [28]. Nevertheless, its general validity is still debated [27]. First of all, barrier-forming
claudins such as Cldn3 and Cldn5 might arrange differently from channel-forming ones, con-
sistent with their demonstrated role against passage of ions and small molecules. Additionally,
the Cldn15 protomers used to assemble the model show an incomplete topology, with nine
residues missing in ECL1 (eight of which are absent also in the crystal structure), and two in
ECL2 (S3 Fig). It has been suggested [27] that the assembly implies very tight head-to-head
packing in the regions of missing residues, which might cause excessive steric disturbance
once these are added. Interestingly however, computational studies based on coarse-grained
models [24] demonstrated that for a different claudin (Cldn5), whose structure was modeled
by homology with Cldn15, a cis arrangement similar to that of Suzuki et al. is among those that
are spontaneously formed by monomers. Morover, by docking these Cldn5 dimers [25], it was
possible to reconstruct a single-pore structure similar to the Cldn15 model of Suzuki et al.

Opverall, the structural model proposed by Suzuki et al. provides an extremely valuable start-
ing hypothesis for the molecular architecture of claudin-based T pores, which demands fur-
ther testing in order to assess its validity.

In this work, we explore via all-atom molecular dynamics (MD) simulations different para-
cellular pore structures made of Cldn15 monomers built starting from the model by Suzuki
et al., with the aim of assessing its structural stability and conformational properties. Our main
result is a refined model of a single paracellular pore made of four trans-interacting monomers

PLOS ONE | https://doi.org/10.1371/journal.pone.0184190 September 1, 2017 3/25


https://doi.org/10.1371/journal.pone.0184190.g001
https://doi.org/10.1371/journal.pone.0184190

o ®
@ ) PLOS | ONE Models of claudin-based tight-junction pores

A

=S5 S SOA S

b AL AR e/
Y o >y

\1" : l\p‘Q N ‘\\\ d

¥ WY
‘ﬁ“ .\c'.‘(“. NG

—_— 900

v

V2

Fig 2. Model of paracellular TJ channels proposed by Suzuki et al. The model of claudin-based paracellular channels proposed by
Suzuki et al., represented as ribbons and viewed from the apical (A) and the lateral side (B). The pore regions are marked with purple
circles, and the V1 and V2 regions (see text) are indicated.

https://doi.org/10.1371/journal.pone.0184190.9002

embedded in a double lipid bilayer, obtained via MD simulations lasting about 260 ns. The tet-
rameric assembly is based on the trans interaction of two face-to-face cis dimers, and it is the
minimal structure consistent with the model of Suzuki et al. that is sufficient to reproduce an
individual paracellular pore. It displays inter-monomer residue-residue interactions (both cis
and trans) that are described in the literature as relevant for maintaining TJ integrity and func-
tion. Over the simulated trajectory, the structure shows global structural stability, preserving
the relevant interactions between monomers. Fluctuations in the extracellular loops affect the
size of the pore, whose maximal constriction is mostly stationary over the simulation (mini-
mum radius around 2.5-3 A), with one observed event of marked widening and successive
narrowing. We also generate and refine via MD a model of a double-pore made of eight
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Cldn15 monomers, which allows us to observe inter-monomer surfaces not present in the sin-
gle pore and that are relevant for TJ strand formation, specifically the linear cis arrangements
described above and the interfaces formed by ECL2 segments of different protomers.

Our results demonstrate that the missing protein segments in the model of Suzuki et al. can
arrange without clashes in multiple different conformations, and confirm that the structure is
a possible arrangement of claudin monomers forming paracellular pores. We thus provide a
refined and improved version of the model, in full atomic detail and without missing seg-
ments, that can be used in future studies on the molecular mechanism of T] function.

Materials and methods
Preparation of Cldn15 monomer structures

The available crystal structure of Cldn15 (PDB ID: 4P79 [20]) requires some additions and
modifications in order to be used in molecular simulations. Specifically, both the monomer
crystal structure and the assembled protomers in the T] model of Suzuki et al. miss few extra-
cellular residues: the crystal lacks eight residues (34 to 41) in ECL1, while the Cldn15 protomer
in the T] model is missing nine residues (34-42) in ECL1 and two (149 and 150) in ECL2. Our
strategy comprises the preparation of two distinct Cldn15 protomers for MD simulation.

The first one, named Modell, is a fair replica of the crystallographic structure with in silico
addition of the missing residues (34-41), modeled by the highest ranked conformation from
the loop-closure modeling RCD+ software [29], which uses an ab initio algorithm. The full
protein structure was further refined with Chimera tools [30], after changing selenomethio-
nines (MSE) to methionines (MET), and using the Dunbrack rotamer library to design miss-
ing atoms [31]. Modell is suitable for MD simulations of the single protomer of Cldn15 and
for the assembly of the single-pore system which takes into account only the second cis (face-
to-face) interface between protomers.

For the double-pore simulation, an alternative configuration of the loops of Cldn15 is
required. Indeed, as anticipated above, the complete architecture of the model shows head-to-
head protomers packing in the regions of missing ECL1 and ECL2 residues and, when these
amino acids are directly inserted, steric clashes are created. To overcome this problem, we pre-
pared an alternative structure of Cldn15 (named Model2), where using again RCD+ we gener-
ated new coordinates for the residues of ECL1 (34-41) and an extended segment in ECL2
(residues 148-154). We tested different conformations of the two reconstructed regions until
we obtained a conformation with non-overlapping extracellular protein regions, suitable to fit
the global TJ structure of Suzuki et al. The structure was again further refined using Chimera.
The difference between the two final protomer models is highlighted in Fig 3. It is important
to stress that the different arrangements of ECL1 and ECL2 in the two models did not alter the
crystallographic orientation of the side chains in the linear cis interface, since residues F146,
F147 and L158 are not part of the reconstructed regions.

MD simulation of the Cldn15 monomer

In order to benchmark the structure of the Cldn15 monomer and build a reference for proto-
mer analysis in the T] pore simulations discussed below, we performed all-atom MD simula-
tions of the single protein in an explicit water and lipid environment. The structure described
above as Modell was oriented using the PPM Server [32] in a hexagonal 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) bilayer (253 molecules) and solvated with three point
(TIP3P) water molecules (17540) and 0.15 M NaCl solution (54 Na ions, 53 Cl ions) neutraliz-
ing the net charge of the protein, for a total of 89462 atoms. The conserved disulphide bridge
in ECLI1 (C52-C62) was maintained in the structure. The membrane builder application of the
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Fig 3. Modeling of Cldn15 loops. Superposition of initial structures of Cldn15 used in the monomer and the single-pore (Model1) and the
double-pore (Model2) simulations. The identical folding is pictured in pink, while the two different conformations of loops ECL1 and ECL2 are
colored in brown for Model1 and cyan for Model2. Secondary structure elements are labeled in black and red.

https://doi.org/10.1371/journal.pone.0184190.9003

CHARMM-GUI server [33, 34] was used for the preparation of all the input files of the simula-
tion. Hexagonal periodic boundary conditions were used to replicate the system and remove
box surface effects. After an initial energy minimization, the system was heated to 310 K and
then simulated using positional restraints on the protein atoms for 2 ns in the NPT ensemble
at 310 K and 1 bar. Successively, a 130 ns unrestrained MD simulation was produced in the
NPT ensemble at the same temperature and pressure maintained by a Langevin thermostat
and Nosé-Hoover Langevin piston pressure control. The NAMD 2.12 program [35] with the
CHARMM36 force field [36] was used. During the trajectory, the height of the simulation

box is stationary around 103.0 A, while its hexagonal base is inscribed in a square of about
99.0 x 99.0 A”. Long range electrostatic interactions were calculated using the Particle Mesh
Ewald (PME) algorithm [37]. All covalent bonds involving hydrogen atoms (except those of
water molecules) were kept fixed using SHAKE [38], and those in water molecules using SET-
TLE [39]. A time-step of 2 fs was employed. To ensure maximum accuracy, electrostatic and
van der Waals interactions were computed at each simulation step. The MD trajectory was
visualized and analyzed to validate the structural stability of the Cldn15 protein using Chimera
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and VMD and associated plugins [40]. In S4 Fig we show the full system in a snapshot
extracted from the simulation.

MD simulations of the single-pore model

System set-up and equilibration procedure. To obtain the starting configuration of the
single-pore system, we assembled four replicas of Modell in the same conformation of the pdb
file provided by Suzuki et al. [26] by using the Matchmaker Chimera tool for structure super-
imposition. Then, the tetramer was energy minimized in vacuo, using the GalaxyRefineCom-
plex utility [41], preserving the conformation of the transmembrane domains and relaxing the
extracellular domains. The resulting conformation is shown in Fig 4A. We remark that, after
the described procedure, the side chains of D55 residues on ECL1 of each protomer still point
towards the interior of the channel, consistent with their known regulation of Cldn15 selectiv-
ity for cations. Subsequently, the proteins were embedded in a double lipid bilayer to repro-
duce the T7J paracellular environment. Water molecules at bulk concentration were added in
the intercellular space and the two cytosolic regions, and four sodium ions were inserted to
neutralize the system charge (one placed in each cytosolic regions and two in the intermem-
brane space). The configurations of the two bilayers and of the solvent were produced with the
CHARMM-GUI server and suitably assembled with the tetramer via Chimera tools, eliminat-
ing unfavorable protein-lipid and protein-water contacts. We carefully followed the advices of
[42] to optimally combine CHARMM and NAMD input files, for example concerning the ori-
entation of the periodic box.

The final configuration includes four Cldn15 structures (two replicas of the monomer in
face-to-face cis interaction per side of the junction), 560 POPC molecules (281 in one bilayer
and 279 in the other), 26146 water molecules and four sodium ions, for a total of 164814 atoms.
VMD tools were used to prepare the topology of the whole system with the CHARMM36 force
field, always including the disulphide bridge of ECLI, for each protomer. Hexagonal periodic
boundary conditions were used to replicate the system and remove box surface effects. S5 and
S6 Figs show the dimensions of the simulation box and the effect of boundary conditions. All
other simulation settings were the same of those used for the monomer.

After an initial energy minimization, the system was heated to 310 K and then simulated
for 2 ns in the NPT ensemble (P = 1 bar) with all protein atoms fixed to equilibrate the mem-
brane and water atoms. The system was further equilibrated for 1 ns with the C, atoms
restrained, and finally for 1 ns with only the a helices C, atoms restrained. The equilibrated
cell box is an hexagonal prism about 162.0 A high, whose base is inscribed in a square of about
106.0 x 106.0 A%, which ensures a distance larger than 20 A between adjacent images of the cis
dimers. In Fig 5A we show a conformation of the single-pore system after the equilibration
procedure.

Production run. After minimization and restrained equilibration, all restraints were
removed and a free MD simulation of the system was produced for 260 ns in the NPT ensem-
ble (T =310 K, P = 1 bar). The final 250 ns were used for analysis. The MD trajectory was visu-
alized and analyzed to validate the structural stability of the system using Chimera and VMD.

Control run. For the same single-pore system, we also performed a replica simulation to
monitor the effect of a different equilibration stage. In this replica, after energy minimization
and heating to 310 K, a longer equilibration phase was produced: 10 ns with all proteins fixed,
10 ns with only C, atoms restrained, and 1 ns with only the C,, atoms of the transmembrane
o-helices restrained, always in NPT at 1 bar. Then, the system was simulated in the same
ensemble with all restraints removed for 35 ns. No differences were found in the structure
obtained with respect to that from the protocol described above for the main simulation. As an
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Fig 4. The single and double-pore channel models. A, structure of the single-pore system viewed from the
apical side, in ribbon (left) and surface representation (right). The complex is formed by the trans interaction of
two cis dimers (red-green, P1-P2 dimer; and blue-yellow, P3-P4 dimer). Horizontal lines indicate the
membrane boundaries of two adjoining cells. B, Structure of the double-pore system represented and viewed
as in A. Horizontal lines indicate again the membrane boundaries.

https://doi.org/10.1371/journal.pone.0184190.g004
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Fig 5. Conformations of single and double-pore systems. The structure of single (A) and double (B) Cldn15-based paracellular pores,
after the respective equilibration protocols. Protomers are shown as ribbons. Each cis dimer is embedded in a hexagonal POPC bilayer,
shown as wire structures with phosphorus atoms as spheres. Solvent molecules are not shown for clarity.

https://doi.org/10.1371/journal.pone.0184190.9005

illustration, S7 Fig shows the final configuration obtained with this run in comparison with
the structure taken from the main production run at the same time frame (35 ns).

MD simulation of the double-pore model

The structure of Model2 was used for the unrestrained MD simulations of the octameric dou-
ble-pore model, which includes both the linear and face-to-face cis interfaces introduced by
Suzuki et al. [26] and described above. Eight replicas of Model2 were superimposed to the pdb
file provided by Suzuki et al. [26] by using the Matchmaker Chimera tool. The octamer was
energy minimized in vacuo to relax the extracellular domains, using the GalaxyRefineComplex
utility [41], and restraining the conformation of the transmembrane domains. The resulting
conformation is shown in Fig 4B. The octamer was then embedded in a double hexagonal
bilayer and solvent was added. The coordinates of the membranes and of the solvent were pro-
duced with the CHARMM-GUI server and suitably assembled to the protein ensemble with
Chimera tools. Globally, the system includes 8 replicas of Model2 (four replica for face of the
junction), 910 POPC molecules (458 for the first membrane and 452 for the second), 63046
water molecules, and 8 sodium ions to neutralize the net charge of the system, for a total of
333750 atoms. An extended equilibration was performed to relax the large structure. After
energy minimization and heating to 310 K, the system was submitted to 30 ns total of equili-
bration in NPT (P = 1 bar) with positional restraints on protein atoms: 6 ns with restraints on
the whole proteins, 6 ns with restraints on backbone atoms only, 12 ns with restraints on the
Ca atoms, and finally 6 ns for the Ca atoms of the a helices only, to allow relaxation of the
paracellular region.

An unrestrained MD simulation of 35 ns was then produced in the NPT ensemble at 310 K
and 1 bar. Along the trajectory, the height of the hexagonal simulation box is stationary
around 192.0 A, while its base is inscribed in a square whose dimensions are stationary
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around 139.0 x 139.0 A% The double-pore system after the equilibration procedure is shown
in Fig 5B.

Evaluation of hydrogen bonds survival ratio

Hydrogen bonds (HBs) across the complex interfaces were searched using the VMD software.
An HB was considered formed when the donor-acceptor distance and bonding angle were less
than 4.0 A and 30", respectively. The survival ratio of HBs was defined as the percentage of
time the HB was found present along the trajectory.

Pore size analysis

To study the size of the paracellular channel, we employed the widely used HOLE program
[43], which calculates the radius of a protein pore along a given axis by determining the maxi-
mum size for a spherical probe that can fit with the van der Waals radii of the atoms. We used
a 5 A threshold for the pore radius which is sufficient to explore the narrow part of the pore.
Representative structures spaced by about 10 ns along the simulated trajectory were selected
and analyzed.

Results
Structural features of the Cldn15 monomer in membrane

We calculated the root-mean-square deviation (RMSD) of atomic backbone positions along
the simulated trajectory with respect to the starting conformation, after optimal alignment of
the structures. Results show a plateau at about 2 A for the full protein backbone (Fig 6A) and
at about 3 and 2.5 A for ECL1 and ECL2, respectively (Fig 6B), highlighting the stability of the
entire protein structure with limited conformational heterogeneity in the extracellular region.
In S8 Fig we report a comparison between the monomer structures in the extracellular region
at the beginning and at the end of the trajectory.

The regulation of loop flexibility is based on a pattern of intramolecular HBs which shows
some differences with that of the crystal structure described in [20]. A list of HBs survival

— ECLI1

T | T | T | T | 0 | T I T I T | T I T | T |
75 100 125 150 0 25 50 75 100 125 150
time (ns) time (ns)

Fig 6. RMSD of Cldn15 monomer. RMSD values of the full protein backbone (A), and of the backbone of the two extracellular loops, ECL1 and
ECL2 (B) along the simulation of the Cldn15 monomer.

https://doi.org/10.1371/journal.pone.0184190.g006
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ratios in the simulated Cldn15 monomer is shown in S1 Table. Some of the bonds present in
the crystal structure are not observed during the simulation, such as for example the one
between the carbonyl oxygen of P149 and K155, or the one between R79 and F65. Despite the
fact that the corresponding residues are in ECL2, the lack of these interactions does not
markedly affect the flexibility of the region. On the other hand, R79 on TM2 establishes two
persisting HBs with L48 on ECL1 (S9 Fig), also observed in the crystal, which contribute to
anchoring the most internal segment of ECLI to the protein core. It is also relevant to note
that there are stable HBs between the two extracellular loops, specifically between 5 of ECL2
and S1 of ECL1, that maintain the two domains close to each other.

Analysis of the single-pore model simulation

Protein structure and pore conformation. We calculated the RMSD of backbone atoms
along the simulated trajectory with respect to the starting conformation and after optimal
structural alignment. The four chains are indicated with names P1 to P4 as reported in S10
Fig. Similarly to what observed for the single protein, RMSD profiles of each protomer show
good convergence with plateaus at about 2 A (Fig 7A), with the exception of P3 where the
larger fluctuations are due to movement of ECL1 (see Fig 8 below). During the simulation we
observes a slight change in the relative orientation of the protomers, but these limited readjust-
ments do not alter the geometry of the channel, as evidenced below from the analysis of inter-
protomer distances and interactions, and can be observed in Fig 7B and 7C, where we compare
the structure of the tetramer at the beginning (pink ribbon) and at the end (orange ribbon) of
the trajectory.

RMSD profiles of the extracellular loop regions (Fig 8) reveal the flexibility of these
domains, which is generally similar to what observed for the monomer. One of the four proto-
mers (P1), however, shows an increase of RMSD values for ECL1 between 75 and 100 ns, and
a similar, although less marked, peak can also be observed for P4. However, these deformations
appear to be reversible and both protomers return rapidly to a conformation similar to the
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Fig 7. RMSD of the single-pore structure. A, RMSD values of the backbone atoms of each protomer in the single-pore simulation. B and
C, superposition of the initial (pink ribbon) and final (orange ribbon) configurations of the channel, viewed from the lateral and apical sides,

respectively.

https://doi.org/10.1371/journal.pone.0184190.9007
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ECL1 (black) and ECL2 (red) in the four protomers along the single-pore simulation.
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initial one. The ECL1 of P3 adopts a conformation that is slightly different from the other
ECLs, with its tip pointing towards the solvent, but this does not affect the global structure of
the pore, as evidenced below.

We then analyzed in detail the channel pore features, focusing on the region in the middle
of the -barrel structure, indicated as surface in S11 Fig. The minimal value of the pore radius
calculated using snapshots of the tetramer taken from the trajectory at approximately each 10
ns, and a representative pore profile calculated at 130 ns (i.e. in the portion of the trajectory
that shows less fluctuations of the minimal radius) are shown in Fig 9A and 9B. In Fig 9B, the
positions of Ca atoms of selectivity-determining residues D55 (red bars) and D64 (blue bars)
in the four protomers are indicated. It can be seen that the maximal constriction of the pore
occurs in correspondence of the D55 residues. The minimal radius is 2.0 A in the assembled
structure before equilibration, and it oscillates around 2.5 A during the dynamics. Within the
first 100 ns, a large fluctuation is observed between between 4 and 1 A, revealing a breathing
motion of the pore. To represent these pore fluctuations visually, in Fig 9 we compare the ini-
tial tetramer conformation (C) with three structures taken from the simulated trajectory at 30
ns (D), 80 ns (E) and 130 ns (F).
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Fig 9. The pore size and structure in the single-pore system. A, time evolution of the minimal pore radius along the single-pore
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of D55 and D64 residues, respectively. C, the starting conformation of the single-pore model and three snapshots extracted from the
simulated trajectory at 30 ns (D), 80 ns (E), and 130 ns (F).

https://doi.org/10.1371/journal.pone.0184190.9009

Despite the described fluctuations in pore width, the channel scaffold is quite stable, as can
be deduced from visual inspection and from the time evolution of the cross-distances between
the Ca atoms of the four pore-lining C52 residues, located in the middle of the 3 strands,
which are stationary around 21 A and show limited fluctuations (see S12 Fig, where the proto-
mers are indicated as in S10 Fig).

Interaction analysis of the cis and trans inter-monomer surfaces. Along the 250 ns MD
simulation analyzed, each cis dimer retains the face-to-face interaction between 4 strands,
which are at the basis of the model by Suzuki et al. The presence of stable HBs at this interface
is essential to preserve the global stability of the structural model and, in particular to maintain
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Table 1. Persistence of HBs between dimers in cis interaction, calculated as percentage of the simulated trajectory.

Dimer 1 Dimer 2

% P1 residue (atom) P2 residue (atom) % P3 residue (atom) P4 residue (atom)

80 C62 (N) C62 (O) 86 C62 (O) C62 (N)

74 C62 (0) C62 (N) 80 C62 (N) C62 (O)

68 S60 (O) D64 (N) 74 D64 (N) S60 (O)

32 N61 (ND2) N61 (OD1) 66 S60 (O) D64 (N)
38 D64 (OD2) S60 (OG)
36 N61 (ND2) N61 (OD1)
35 N61 (ND2) C62 (0)
34 D64 (OD1) S60 (OG)
30 D64 (OD2) S60 (N)

https://doi.org/10.1371/journal.pone.0184190.t001

the negatively charged surface of the strand (specifically the side chains of D55 residues)
towards the interior of the channel, consistent with the selectivity of Cldn15 for cations.

In Table 1 we report a list of the most persistent cis HBs found during the simulation, using
the protein chain names introduced in S10 Fig. Stable HBs are formed by 4 residues of the
two dimers such as S60, N61 and C62. In [26], an enhanced face-to-face dimerization was
observed in cross-linking experiments by mutating N61 to a cysteine. Remarkably, the net-
work of HBs is essentially symmetric in the two cis interfaces. In particular, two HBs formed
between the backbone nitrogen of C62 and the backbone oxygen of C62 of the associate cis
protomer are the most stable in both dimers. We stress the interesting role of the conserved
C62 residue, which contributes to stabilizing each protomer extracellular region via a disulfide
bridge with the other conserved cysteine C52, and also forms a persisting HB with the C62 of
the cis partner, at the basis of the face-to-face interaction interface.

The single-pore dynamics shows how the two cis dimers engage stable trans HBs, thanks to
interactions between the regions of each protomer indicated as V1 in [26] (see S13 Fig). The
existence of these favorable interactions had only been hypothesized when the model was first
described [26], since various residues of the extracellular zone were missing. In Table 2 we
report a list of the most persistent trans HBs found along the trajectory.

The trans interface also comprises contacts between hydrophobic residues that seal together
facing protomers. In particular, each opposing pair (P1-P4 and P2-P3) establishes ECL2-ECH
interactions by bringing the conserved hydrophobic residue A152 (Pro in human Cldn15)
close to the facing cluster of conserved residues M68, L69, A70, L71 (S14 Fig), an arrangement
that persists for most of the simulation: the distance between the Ca of A152 and the backbone
center of mass of ECH residues 68 to 71 in the facing protomer is stationary around about 7 A
during the whole trajectory for all pairs except P4-P1, where it is so for 75% of the trajectory.

Stable interactions are also formed by hydrophobic residues in the ECL1 segments of diago-
nally opposed protomers (pairs P1-P3 and P2-P4, S15 Fig). Specifically, L57 in the loop con-
necting 83 and 84 is very frequently at a distance smaller than 4 A from a group of residues in

Table 2. Persistence of HBs between dimers in trans interaction, calculated as percentage of the simulated trajectory.

P1-P3 P2-P4
% P1 residue (atom) P3 residue (atom) % P2 residue (atom) P4 residue (atom)
50 T41 (0G1) D55 (OD2) 65 N42 (OD1) N42 (ND2)
44 T41 (N) D55 (OD2) 62 N42 (ND2) N42 (OD1)
33 T41 (OGH1) T41 (OGH1)

https://doi.org/10.1371/journal.pone.0184190.t002
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the facing ECL1 which includes the conserved V38, 139 and 144, with percentages of the simu-
lated trajectory that vary among protomer pairs and specific residues, but always fall between
50% and 95%, except for the P4-P2 pair, where L57 is in contact with A152 of ECL2 for 57% of

the trajectory.

Analysis of the double-pore model simulation

Protein structure and pores conformation. We calculated the backbone atoms RMSD
with respect to the starting conformation after optimal alignment of structures (Fig 10A). The
different chains are indicated with names P1 to P8 following again S10 Fig. The time evolution
of each protomer shows values similar to those in the single-pore simulations (compare with
Fig 7A), and correlates well with the RMSD profiles of the corresponding extracellular loops
(S16 Fig). The architecture of the double channel is well preserved along the trajectory, as can
be observed in Fig 10B and 10C, where we compare the double-pore conformation at the
beginning of the simulation (pink ribbon) with a snapshot taken at 30 ns (orange ribbon).

We analyzed the features of the two channels, focusing again on the region at the middle of
the S-barrel structure. The values of the minimal radius of both pores along the simulation are
shown in Fig 11. The time evolution of the maximal constriction is similar in the two channels
and, at least in the short time window observed, it converges to values close to that obtained
for the single pore. The scaffold of the double channel is very stable, as suggested by visual
inspection (Fig 10B and 10C) and by the time evolution of the cross-distances between the Car
atoms of the four pore-lining C52 residues in both channels (see S17 Fig).

Interaction analysis of the cis and trans inter-monomer surfaces. We started by analyz-
ing the face-to-face interactions, now occurring between the dimers formed by P1-P2, P3-P4,
P5-P6 and P7-P8 (Table 3). Similarly to the tetramer case, each pair shows HBs between resi-
dues of the B4 barrel such as S60, N61 and C62. The interaction between C62 residues of
opposing protomers, already observed in the single-pore simulation, is also detected here for
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Fig 10. RMSD of the double-pore structure. A, RMSD values of the backbone atoms of each protomer along the double-pore simulation.
B and C, superposition of the initial (pink ribbon) and the configuration at 30 ns, viewed from the lateral and apical side, respectively.

https://doi.org/10.1371/journal.pone.0184190.9010
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model simulation.
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Table 3. Persistence of HBs between dimers in cis face-to-face interaction, calculated as percentage
of the simulated trajectory.

% P* residue (atom) P* residue (atom)
74 P6 D64 (N) P5 S60 (O)

70 P2 C62 (N) P1C62 (O)

69 P6 C62 (N) P5 C62 (O)

67 P5 C62 (N) P6 C62 (O)

64 P3 C62 (N) P4 N61 (OD1)

48 P8 C62 (N) P7 C62 (O)

47 P1.C62 (N) P2 C62 (O)

40 P2 N61 (ND2) P1N61 (OD1)

38 P4 N61 (ND2) P3 C62 (O)

https://doi.org/10.1371/journal.pone.0184190.t003
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Fig 12. Cis linear arrangement of Cldn15 protomers in the double-pore simulation. Distances between the M68 sulfur atom and the
center of mass of F146 benzene ring, calculated for the four protomer pairs in cis linear interaction. In the legend, the first protomer name in
the pair is that of M68.

https://doi.org/10.1371/journal.pone.0184190.9012

three of the four dimers, while in the missing case (P3-P4) C62 of P3 is in interaction with the
C62 preceding residue N61 in P4.

One relevant feature of the double-pore system is the additional presence of the cis linear
interacting surface described in the model of Suzuki et al. As already discussed in the Introduc-
tion, this motif comprises interactions between the residue M68 of the ECH segment of one
protomer with residues F146, F147, and L158 in the TM3 and ECL2 of the adjacent chain. To
verify the persistence of this interaction during our double-pore simulation, we calculated the
distance between the M68 sulfur atom and the center of mass of the F146 benzene ring for
each of the four linear cis interacting dimer. Results are shown in Fig 12, and reveal a stable
separation along the trajectory, with values that nicely correspond to the main peak of the
probability density of Met sulfur-aromatic distances reported by [44] (5 A), calculated using
structures from the Protein Data Bank.
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Table 4. Persistence of HBs between dimers in trans interaction, calculated as percentage of the simu-
lated trajectory.

% P* residue (atom) P* residue (atom)
84 P5 T41 (OG1) P4 T40 (O)

83 P5 T40 (N) P4 V34 (0)
65 P5 N37 (N) P4 N37 (O)
60 P4 H35 (ND1) P5 V38 (0)
53 P5 N37 (ND2) P4 T40 (OG1)
49 P6 T41 (N) P8 S56 (O)
46 P7 T40 (OG1) P5 D55 (OD1)
45 P5 T40 (OG1) P7 S56 (O)
40 P7 H35 (ND1) P2V38 (0)
36 P7 N37 (N) P2 V34 (O)

https://doi.org/10.1371/journal.pone.0184190.t004

The persistence of HBs for trans interactions between protomers is reported in Table 4.
Although many involved residues are the same of the trans interactions in the single-pore
model (compare with Table 2), the specific patterns show differences. This is a consequence of
the different modeling we performed for the missing segments in the two systems. However,
we remark that, because of the lack of the partecipating residues, these interactions were only
hypothesized in the architecture by Suzuki et al., and hence both our patterns fit with the origi-
nal model structure.

Finally, in the double-pore model we can also analyze trans interactions between ECL2 seg-
ments of facing protomers that were absent in the single-pore. Indeed, in [26] it is hypothe-
sized that the missing region V2, part of ECL2, plays a primary role in the formation of multi-
pore strands between claudins from adjacent cells and, in [27], it is stated that ECL2 has an
anchoring function for trans interactions in TJ strands. In our starting double-pore model we
observed a dense packing of hydrophobic residues from symmetrically facing ECL2s, includ-
ing F146, F147, L150, A152, G153. Remarkably, this cluster is preserved during the simulation,
as illustrated in Fig 13.

Discussion

Understanding the molecular mechanisms at the basis of biological barriers function is a target
of pivotal importance in molecular biology and pharmacology. Indeed, crossing the epithelial
sheet that forms the barrier is a much sought route for direct drug delivery to pathological sites
[10]. TTs are molecular architectures that link adjacent epithelial cells by forming a network of
strands on each cell wall, and regulate paracellular diffusion of solutes across barriers. Many
proteins form the T] complex, such as occludins, junctional-adesion molecules (JAM), or
Zonula occludens-1 (ZO-1). However, the structural and functional properties of TJs are
mainly ascribed to members of the claudin family.

Structural studies of claudins have only recently started to help dissecting the molecular
architecture of TJs and the mechanism of their function. At the moment, there are only three
available crystal structures of claudins: Cldn15, and Cldn4 and Cldn19 complexed with the
same enterotoxin fragment.

Based on the Cldn15 structure, Suzuki et al. [26] have proposed a model of paracellular T
channels formed by linear polymers of claudins assembled within the membrane into antipar-
allel double rows, and associating across facing membranes to compose paracellular S-barrel-
like pores. The detailed atomic model is consistent with crosslinking and mutational experi-
ments and fits with EM images, but misses residues in claudin extracellular loops that, once

PLOS ONE | https://doi.org/10.1371/journal.pone.0184190 September 1, 2017 18/25


https://doi.org/10.1371/journal.pone.0184190.t004
https://doi.org/10.1371/journal.pone.0184190

o ®
@ ) PLOS | ONE Models of claudin-based tight-junction pores

Fig 13. Hydrophobic trans- interactions in the double-pore model. Representation of the trans- ECL2-ECL2 interactions in the double-
pore structure, as observed in a snapshot taken at the end of the simulation. Residues 146 to 155 of each facing protomer are depicted as
surface, and colored by degree of hydrophobicity following the Kyte-Doolittle scale as implemented in Chimera: from blue (most hydrophilic,
less hydrophobic) to white, to orange (less hydrophilic, most hydrophobic).

https://doi.org/10.1371/journal.pone.0184190.9013

added, generate steric overlaps. For these reasons, it is so far considered a valuable starting
hypothesis that needs further testing [27].

In this work we refined, via structural modeling and all-atom MD simulations, the assembly
of Suzuki et al., to provide high resolution, integral chain structures of claudin-based paracellu-
lar channels in explicit double membrane bilayer and solvent environment. Starting from the
Cldn15 crystal structure and arranging different replicas according to the suggestion of Suzuki
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et al., we generated single-pore tetrameric and double-pore octameric architectures of claudin
protomers. The fragments containing missing residues were modeled and optimized in order
to fit with the assembled structure.

In both of our MD refined models, the architecture of the channels was well maintained, as
revealed by overall stability of the protomers structure, preservation of the B-barrel-like pore
scaffold (measured also via distances between backbone atoms of facing residues across the
channel), and maintenance of the cis and trans interacting surfaces between protomers [26,
27]. In the more extended trajectory of the single-pore model, we observed large fluctuations
in minimal pore radius within 0-100 ns, followed by stabilization around 2.5 A up to 250 ns,
while the double pore system showed rapid convergence around 3 A for the minimum radius
of both pores. This results in a maximal pore constriction of 5-6 A, in agreement with
electrophysiological studies performed on another pore-forming claudin, Cldn2, where the
formation of tight pores of 6.5 A diameter at the narrowest point was suggested [19].

By analysis of HB lifetime and other interactions patterns we confirmed the relevant role of
specific residues in establishing protomer-protomer interacting interfaces. For the cis face-to-
face interface, the B4 strands engage persistent HBs which include S60, N61 and C62 residues.
The relevance of this protein region for dimeric interactions is highlighted in [26], where it
was observed that N61C Cldn15 mutants are expressed as dimers. The double pore model sim-
ulation also allowed observing the linear cis interaction surface formed by ECL2 and ECH.
This motif was suggested based on the Cldn15 crystal packing [20], and contains ECL2 resi-
dues whose corresponding ones in Cldn5 and in Cldn3 have been shown to regulate TJ strand
formation [27]. For Cldn15, the role of M68, F146 and F147 has been observed by freeze frac-
ture EM, where mutations to smaller or charged residues at these sites hampered strand forma-
tion [20]. In our trajectory, we observed a very stable interaction, as revealed by distances
between the M68 sulfur atom and the center of mass of F146 benzene ring that are stationary
around 5 A. Most importantly, our simulations allow to investigate for the first time the forma-
tion of trans interactions between dimers that involve the missing protein segments in the
model by Suzuki et al. This analysis reveals that ECL1 and ECL2 residues engage persistent
HBs and hydrophobic interactions with conserved residues of facing protomers.

As a final remark, while the single-pore structure provides a reduction in system size that is
advantageous for MD simulations, it is still of general interest since it is known that the main
molecular determinants of TJ selectivity are at the individual pore level. Consistently, some
studies of TJ electrophysiology are based on single-pore conductance models [19, 45, 46]. Our
double-pore system comprises structural features that complement those of the single-pore
and that are responsible for TJ strand formation.

Conclusions

In this work, we have presented atomic detailed structural models of Cldn15-based paracellu-
lar TJ pores, obtained via computational modeling and fully explicit MD simulations. Starting
from the assembly suggested by Suzuki et al. [26], we have generated a single-pore and a
double-pore structure, both embedded in double membrane bilayers. Our results show that
Cldn15 protomers can fit the putative architecture of the channel after insertion of the seg-
ments that were missing in the original assembly. Hence, we provide an improved and refined
version of the model that captures several features described by the available experimental
data. Cis and trans interaction surfaces between protomers are well conserved along the simu-
lation by establishment of hydrophilic and hydrophobic contacts, some of which involve resi-
dues whose role was confirmed experimentally. Although pore-size affecting fluctuations are
observed in the extracellular loops, the channel architecture is stably maintained. The minimal
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pore size shows an average diameter of 5-6 A, nicely fitting experimental data for other claudin
pores that tightly control paracellular permeation. In conclusion, our work supports the valid-
ity of the original structural model and yields an ameliorated version suitable for studies aimed
at dissecting the finest details of TJ function.

Notes
All figures were prepared with VMD and UCSF Chimera.

Supporting information

S1 Table. Percentage of selected HBs formed between Cldn15 residues.
(PDF)

S1 Fig. Linear arrangement of Cldn15 protomers in the crystal structure. Representation of
the crystallographic linear arrangement of Cldn15 protomers (ribbon representation) aligned
along the crystal b axis, viewed from the extracellular space (panel A) and from the membrane
(panel B). The red square in panel B highlights the region of the lateral interaction between
protomers and panel C shows a zoom of the region where the critical residues involved are
introduced in stick style.

(PDF)

S2 Fig. Double cis arrangement of Cldn15 protomers in the Suzuki model. A: protomers
(green, cyan and purple) aggregate antiparallel with another linear group of claudins (gold) via
a second cis interface (face-to-face) formed by the close vicinity of 4 strands and highlighted
in B.

(PDF)

S3 Fig. Extracellular domains of the Cldn15 protomer in the Suzuki model. Disordered
loops that might cause steric clashes are not shown (ECL1 residues 34-42 and ECL2 residues
149-150).

(PDF)

$4 Fig. Equilibrated configuration of the Cldn15 monomer. Viewed from the transmem-
brane domain (left) and from the extracellular environment (right). Cldn15 monomer (rain-
bow cartoon) is embedded in a POPC bilayer, shown as wire structures with sphere
phosphorus atoms. Water molecules and ions are not shown for clarity.

(PDF)

S5 Fig. Periodic boundary conditions along the z axis of the single-pore system. The unit
box is indicated by gray lines and periodically repeated along z. Shown are POPC lipids in
light gray (with phosphate atoms in brown), water (red), and the Cldn15 protomers of the
channel in VDW style coloured cyan. Approximate dimensions for each compartment are
indicated.

(PDF)

S6 Fig. Periodic boundary conditions in the x — y plane of the single-pore system. The unit
box is shown as VDW spheres, while in the replicas lipids are pictured as gray lines and the the
protein as ribbon with purple transmembrane domain and yellow extracellular region. Solvent
molecules are not reported for clarity.

(PDF)

S7 Fig. Single-pore control simulation. Superposition of the final configuration of the control
simulation of the single pore structure (orange ribbons) and the structure taken from the main
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production run at the same time frame, ~ 35 ns, (pink ribbons). A parallel with, and B per-
pendicular to, the elongation of the TJ strand.
(PDF)

S8 Fig. Cldn15 monomer simulation. Superposition of the Modell structure (cyan) and the
final configuration from the MD run (brown) of Cldn15 monomer.
(PDF)

S9 Fig. Cldn15 monomer hydrogen bonds. The side chain of R79 establishes two HBs with
the main-chain carbonyl group of L48.
(PDF)

$10 Fig. Chain labeling in single and double-pore systems. Ribbon representation of the sin-
gle pore (left) and double pore (right) systems, with the labels of protomer segnames, used for
the data analysis.

(PDF)

S11 Fig. Pore cavity region of the single-pore structure.
(PDF)

$12 Fig. Cross-distances between facing C52 Co atoms in the single-pore system.
(PDF)

$13 Fig. Relevant HB trans interactions in the single-pore simulation.
(PDF)

S14 Fig. Hydrophobic contacts in the single-pore system. Contacts between the conserved
residue A152 of P1 protomer and the conserved residues M68, L69, A70, L71 of the ECH
region of P4 protomer.

(PDF)

$15 Fig. Hydrophobic contacts of ECL1 segments in the single-pore system. Hydrophobic
interactions between ECL1 segments of diagonally opposed protomers. Specifically, L57 of P2
protomer is in close contact with the group of residues V38, 139 and 144 of P4 protomer.
(PDF)

$16 Fig. Backbone RMSD of ECL1 and ECL2 in the double-pore simulation.
(PDF)

$17 Fig. Cross-distances between facing C52 Ca atoms in the double-pore system.
(PDF)

Acknowledgments

The authors thank Grazia Cottone, Fabrizia Cesca and Mattia Bramini for fruitful discussions,
and Mahad Gatti for useful suggestions and help with the analysis.

Author Contributions

Conceptualization: Giulio Alberini, Fabio Benfenati, Luca Maragliano.
Data curation: Giulio Alberini, Luca Maragliano.

Formal analysis: Giulio Alberini, Luca Maragliano.

Investigation: Giulio Alberini, Luca Maragliano.

PLOS ONE | https://doi.org/10.1371/journal.pone.0184190 September 1, 2017 22/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184190.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184190.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184190.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184190.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184190.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184190.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184190.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184190.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184190.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184190.s018
https://doi.org/10.1371/journal.pone.0184190

@° PLOS | ONE

Models of claudin-based tight-junction pores

Methodology: Giulio Alberini, Luca Maragliano.

Project administration: Fabio Benfenati.

Resources: Fabio Benfenati, Luca Maragliano.

Supervision: Fabio Benfenati, Luca Maragliano.

Validation: Giulio Alberini.

Visualization: Giulio Alberini, Luca Maragliano.

Writing - original draft: Giulio Alberini, Fabio Benfenati, Luca Maragliano.

Writing - review & editing: Giulio Alberini, Fabio Benfenati, Luca Maragliano.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

Farquhar MG, Palade GE. Junctional complexes in various epithelia. J Cell Biol. 1963; 17:375-412.
https://doi.org/10.1083/jcb.17.2.375 PMID: 13944428

Staehelin LA. Further observations on the fine structure of freeze-cleaved tight junctions. J Cell Sci.
1973; 13:763-86. PMID: 4203962

Gumbiner B. Structure, biochemistry, and assembly of epithelial tight junctions. Am J Physiol. 1987;
253:C749-58. PMID: 3322036

Frémter E, Diamond J. Route of passive ion permeation in epithelia. Nat New Biol. 1972; 235:9-13.
https://doi.org/10.1038/newbio235009a0 PMID: 4502409

Schneeberger EE, Lynch RD. Structure, function, and regulation of cellular tight junctions. Am J Physiol.
1992; 262:L.647-61. PMID: 1616050

Krause G, Winkler L, Piehl C, Blasig |, Piontek J, Miiller SL. Structure and function of extracellular clau-
din domains. Ann N'Y Acad Sci. 2009; 1165:34—43. https://doi.org/10.1111/j.1749-6632.2009.04057 .x
PMID: 19538285

Anderson JM. Molecular structure of tight junctions and their role in epithelial transport. News Physiol
Sci. 2001; 16:126-30. PMID: 11443232

Powell DW. Barrier function of epithelia. Am J Physiol. 1981; 241:G275-88.

Tang VW, Goodenough DA. Paracellular ion channel at the tight junction. Biophys J. 2003; 84:1660—
73. https://doi.org/10.1016/S0006-3495(03)74975-3 PMID: 12609869

Blanco E, Shen H, Ferrari M. Principles of nanoparticles design for overcoming biological barriers to
drug delivery. Nat Biotechnol. 2005; 33, 941-951. https://doi.org/10.1038/nbt.3330

Tsukita S, Furuse M, ltoh M. Multifunctional strands in tight junctions. Nat Rev Mol Cell Biol. 2001;
2:285-98. https://doi.org/10.1038/35067088 PMID: 11283726

Van ltallie CM, Anderson JM. Claudins and epithelial paracellular transport. Annu Rev Physiol. 2006;
68:403-29. https://doi.org/10.1146/annurev.physiol.68.040104.131404 PMID: 16460278

Mineta K, Yamamoto Y, Yamazaki Y, Tanaka H, Tada Y, Saito K, et al. Predicted expansion of the clau-
din multigene family. FEBS Lett. 2011; 585:606—12. https://doi.org/10.1016/j.febslet.2011.01.028
PMID: 21276448

Giinzel D, Yu ASL. Claudins and the modulation of tight junction permeability. Physiol Rev. 2013;
93:525-69. https://doi.org/10.1152/physrev.00019.2012 PMID: 23589827

Amasheh S, Milatz S, Krug SM, Markov AG, Giinzel D, Amasheh M, et al. Tight junction proteins as
channel formers and barrier builders. Ann N'Y Acad Sci. 2009; 1165:211-219. https://doi.org/10.1111/j.
1749-6632.2009.04439.x PMID: 19538309

Furuse M, Sasaki H, Fujimoto K, Tsukita S. A single gene product, claudin-1 or -2, reconstitutes tight
junction strands and recruits occludin in fibroblasts. J Cell Biol. 1998; 143:391—401. https://doi.org/10.
1083/jcb.143.2.391 PMID: 9786950

Furuse M, Sasaki H, Tsukita S. Manner of interaction of heterogeneous claudin species within and
between tight junction strands. J Cell Biol. 1999; 147:891-903. https://doi.org/10.1083/jcb.147.4.891
PMID: 10562289

Van ltallie CM, Fanning AS, Anderson JM. Reversal of charge selectivity in cation or anion-selective epi-
thelial lines by expression of different claudins. Am J Physiol Renal Physiol. 2003; 285:F1078-84.
https://doi.org/10.1152/ajprenal.00116.2003 PMID: 13129853

PLOS ONE | https://doi.org/10.1371/journal.pone.0184190 September 1, 2017 23/25


https://doi.org/10.1083/jcb.17.2.375
http://www.ncbi.nlm.nih.gov/pubmed/13944428
http://www.ncbi.nlm.nih.gov/pubmed/4203962
http://www.ncbi.nlm.nih.gov/pubmed/3322036
https://doi.org/10.1038/newbio235009a0
http://www.ncbi.nlm.nih.gov/pubmed/4502409
http://www.ncbi.nlm.nih.gov/pubmed/1616050
https://doi.org/10.1111/j.1749-6632.2009.04057.x
http://www.ncbi.nlm.nih.gov/pubmed/19538285
http://www.ncbi.nlm.nih.gov/pubmed/11443232
https://doi.org/10.1016/S0006-3495(03)74975-3
http://www.ncbi.nlm.nih.gov/pubmed/12609869
https://doi.org/10.1038/nbt.3330
https://doi.org/10.1038/35067088
http://www.ncbi.nlm.nih.gov/pubmed/11283726
https://doi.org/10.1146/annurev.physiol.68.040104.131404
http://www.ncbi.nlm.nih.gov/pubmed/16460278
https://doi.org/10.1016/j.febslet.2011.01.028
http://www.ncbi.nlm.nih.gov/pubmed/21276448
https://doi.org/10.1152/physrev.00019.2012
http://www.ncbi.nlm.nih.gov/pubmed/23589827
https://doi.org/10.1111/j.1749-6632.2009.04439.x
https://doi.org/10.1111/j.1749-6632.2009.04439.x
http://www.ncbi.nlm.nih.gov/pubmed/19538309
https://doi.org/10.1083/jcb.143.2.391
https://doi.org/10.1083/jcb.143.2.391
http://www.ncbi.nlm.nih.gov/pubmed/9786950
https://doi.org/10.1083/jcb.147.4.891
http://www.ncbi.nlm.nih.gov/pubmed/10562289
https://doi.org/10.1152/ajprenal.00116.2003
http://www.ncbi.nlm.nih.gov/pubmed/13129853
https://doi.org/10.1371/journal.pone.0184190

@° PLOS | ONE

Models of claudin-based tight-junction pores

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Yu ASL, Cheng MH, Angelow S, Glinzel D, Kanzawa SA, Schneeberger EE, et al. Molecular basis for
cation selectivity in claudin-2-based paracellular pores: identification of an electrostatic interaction site.
J Gen Physiol. 2009; 133:111-27. https://doi.org/10.1085/jgp.200810154 PMID: 19114638

Suzuki H, Nishizawa T, Tani K, Yamazaki Y, Tamura A, Ishitani R, et al. Crystal structure of a claudin
provides insight into the architecture of tight junctions. Science 2014; 344:304-307. https://doi.org/10.
1126/science.1248571 PMID: 24744376

Saitoh Y, Suzuki H, Tani K, Nishikawa K| Irie K, Ogura Y, et al. Structural insight into tight junction disas-
sembly by Clostridium perfringens enterotoxin. Science 2015; 347:775-8. https://doi.org/10.1126/
science.1261833

Shinoda T, Shinya N, Ito K, Ohsawa N, Terada T, Hirata K, et al. Structural basis for disruption of clau-
din assembly in tight junctions by an enterotoxin. Sci. Rep. 2016; 6:33632. https://doi.org/10.1038/
srep33632 PMID: 27647526

Goliaei A, Adhikari U, Berkowitz ML. Opening of the Blood-Brain Barrier Tight Junction Due to Shock
Wave Induced Bubble Collapse: A Molecular Dynamics Simulation Study. ACS Chem. Neurosci. 2015;
6:1296—-1301. https://doi.org/10.1021/acschemneuro.5b00116 PMID: 26075566

Irudayanathan FJ, Trasatti JP, Karande P, Nangia S. Molecular Architecture of the Blood Brain Barrier
Tight Junction Proteins-A Synergistic Computational and In Vitro Approach. J Phys Chem. B 2016;
120:77-88. https://doi.org/10.1021/acs.jpcb.5b09977 PMID: 26654362

Irudayanathan FJ, Wang N, Wang X, Nangia S. Architecture of the paracellular channels formed by
claudins of the blood-brain barrier tight junctions. Ann N Y Acad Sci. 2017 Jun 14. [Epub ahead of print]
https://doi.org/10.1111/nyas.13378 PMID: 28614588

Suzuki H, Tani K, Tamura A, Tsukita S, Fujiyoshi Y. Model for the architecture of claudin-based paracel-
lular ion channles through tight juctions. J Mol Biol. 2015; 427:291-297. https://doi.org/10.1016/j.jmb.
2014.10.020 PMID: 25451028

Krause G, Protze J, Piontek J. Assembly and function of claudins: Structure-function relationships
based on homology models and crystal structures. Review, Seminars in Cell & Developmental Biology
2015; 42:3—12. https://doi.org/10.1016/j.semcdb.2015.04.010

Colegio OR, Van ltallie C, Rahner C, Anderson JM. Claudin extracellular domains determine paracellu-
lar charge selectivity and resistance but not tight junction fibril architecture. Am J Physiol Cell Physiol.
2003; 284:C1346-54. https://doi.org/10.1152/ajpcell.00547.2002

Lépez-Blanco JR, Canosa-Valls AJ, Li Y, Chacon P. RCD+: Fast loop modeling server. Nucleic Acids
Res. 2016; 44(Web Server issue):W395-W400 https://doi.org/10.1093/nar/gkw395 PMID: 27151199

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera—a
visualization system for exploratory research and analysis. J Comput Chem. 2004; 25:1605—-12. https://
doi.org/10.1002/jcc.20084 PMID: 15264254

Dunbrack RL Jr. Rotamer libraries in the 21st century. Curr Opin Struct Biol. 2002; 12:431—40. https:/
doi.org/10.1016/S0959-440X(02)00344-5

Lomize MA, Pogozheva ID, Joo H, Mosberg HI, Lomize AL. OPM database and PPM web server:
resources for positioning of proteins in membranes. Nucleic Acids Res. 2012; 40:D370-6. https://doi.
org/10.1093/nar/gkr703 PMID: 21890895

Jo S, Kim T, Lyer VG, Im W. CHARMM-GUI: A Web-based Graphical User Interface for CHARMM. J
Comput Chem. 2008; 29:1859—1865. https://doi.org/10.1002/jcc.20945 PMID: 18351591

Lee J, Cheng X, Swails JM, Yeom MS, Eastman PK, Lemkul JA, et al. CHARMM-GUI Input Generator
for NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM Simulations using the
CHARMMS36 Additive Force Field. J Chem Theory Comput. 2016; 12:405-413. https://doi.org/10.1021/
acs.jctc.5b00935 PMID: 26631602

Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E, et al. Scalable molecular dynamics
with NAMD. J Comput Chem. 2005; 26:1781-1802. https://doi.org/10.1002/jcc.20289 PMID: 16222654

Klauda JB, Venable RM, Freites JA, O’Connor JW, Tobias DJ, Mondragon-Ramirez C, et al. Update of
the Charmm All-Atom Additive Force Field for Lipids: Validation on Six Lipid Types. J Phys Chem B.
2010; 114:7830-7843. https://doi.org/10.1021/jp101759q PMID: 20496934

Darden T, York D, Pedersen L. Particle Mesh Ewald: An N - Log(N) Method for Ewald Sums in Large
Systems. J Chem Phys. 1993; 98:10089-10092. https://doi.org/10.1063/1.464397

Ryckaert JP, Ciccotti G, Berendsen HJC. Numerical integration of the cartesian equations of motion of
a system with constraints; molecular dynamics of n-alkanes. J Comp Phys. 1997; 23:327-341. https://
doi.org/10.1016/0021-9991(77)90098-5

Miyamoto S, Kollman PA. SETTLE: An analytical version of the SHAKE and RATTLE algorithms for
rigid water models. J Comp Chem. 1992; 13:952-962. https://doi.org/10.1002/jcc.540130805

PLOS ONE | https://doi.org/10.1371/journal.pone.0184190 September 1, 2017 24/25


https://doi.org/10.1085/jgp.200810154
http://www.ncbi.nlm.nih.gov/pubmed/19114638
https://doi.org/10.1126/science.1248571
https://doi.org/10.1126/science.1248571
http://www.ncbi.nlm.nih.gov/pubmed/24744376
https://doi.org/10.1126/science.1261833
https://doi.org/10.1126/science.1261833
https://doi.org/10.1038/srep33632
https://doi.org/10.1038/srep33632
http://www.ncbi.nlm.nih.gov/pubmed/27647526
https://doi.org/10.1021/acschemneuro.5b00116
http://www.ncbi.nlm.nih.gov/pubmed/26075566
https://doi.org/10.1021/acs.jpcb.5b09977
http://www.ncbi.nlm.nih.gov/pubmed/26654362
https://doi.org/10.1111/nyas.13378
http://www.ncbi.nlm.nih.gov/pubmed/28614588
https://doi.org/10.1016/j.jmb.2014.10.020
https://doi.org/10.1016/j.jmb.2014.10.020
http://www.ncbi.nlm.nih.gov/pubmed/25451028
https://doi.org/10.1016/j.semcdb.2015.04.010
https://doi.org/10.1152/ajpcell.00547.2002
https://doi.org/10.1093/nar/gkw395
http://www.ncbi.nlm.nih.gov/pubmed/27151199
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.1016/S0959-440X(02)00344-5
https://doi.org/10.1016/S0959-440X(02)00344-5
https://doi.org/10.1093/nar/gkr703
https://doi.org/10.1093/nar/gkr703
http://www.ncbi.nlm.nih.gov/pubmed/21890895
https://doi.org/10.1002/jcc.20945
http://www.ncbi.nlm.nih.gov/pubmed/18351591
https://doi.org/10.1021/acs.jctc.5b00935
https://doi.org/10.1021/acs.jctc.5b00935
http://www.ncbi.nlm.nih.gov/pubmed/26631602
https://doi.org/10.1002/jcc.20289
http://www.ncbi.nlm.nih.gov/pubmed/16222654
https://doi.org/10.1021/jp101759q
http://www.ncbi.nlm.nih.gov/pubmed/20496934
https://doi.org/10.1063/1.464397
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1002/jcc.540130805
https://doi.org/10.1371/journal.pone.0184190

@° PLOS | ONE

Models of claudin-based tight-junction pores

40.

41.

42,

43.

44.

45.

46.

Humphrey W, Dalke A, Schulten K. VMD—YVisual Molecular Dynamics. J Mol Graph. 1996; 14:33-38.
https://doi.org/10.1016/0263-7855(96)00018-5 PMID: 8744570

Shin WH, Lee GR, Heo L, Lee H, Seok C. Prediction of Protein Structure and Interaction by GALAXY
protein modeling programs. Bio Design. 2014; 2:1-11.

Langham A, Kaznessis YN. Molecular Simulations of Antimicrobial Peptides. Methods Mol Biol. 2010;
618:267-285. https://doi.org/10.1007/978-1-60761-594-1_17 PMID: 20094870

Smart OS, Breed J, Smith GR, Samson MSP. A novel method for structure-based prediction of ion
channel conductance properties. Biophys J. 1997; 72:1109-1127. https://doi.org/10.1016/S0006-3495
(97)78760-5

Valley CC, Cembran A, Perimutter JD, Lewis AK, Labello NP, Gao J, et al. The methionine-romatic
motif plays a unique role in stabilizing protein structure. Biophys J. 1997; 72:1109-1127.

Weber CR, Shen L, Wang Y, Wang Y, Nelson DJ, Turner JR. Identification of discrete single tight junc-
tion opening/closing events with ion channel-like properties. FASEB J. 2012; 26:1107.

Weber CR, Liang GH, Wang Y, Das S, Shen L, Yu ASL, et al. Claudin-2-dependent paracellular chan-

nels are dynamically gated. eLife. 2015; 4:e09906. https://doi.org/10.7554/eL ife.09906 PMID:
26568313

PLOS ONE | https://doi.org/10.1371/journal.pone.0184190 September 1, 2017 25/25


https://doi.org/10.1016/0263-7855(96)00018-5
http://www.ncbi.nlm.nih.gov/pubmed/8744570
https://doi.org/10.1007/978-1-60761-594-1_17
http://www.ncbi.nlm.nih.gov/pubmed/20094870
https://doi.org/10.1016/S0006-3495(97)78760-5
https://doi.org/10.1016/S0006-3495(97)78760-5
https://doi.org/10.7554/eLife.09906
http://www.ncbi.nlm.nih.gov/pubmed/26568313
https://doi.org/10.1371/journal.pone.0184190

