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ABSTRACT: Claudins are tissue-specific transmembrane
proteins able to form junctions between two cells and regulate
the flow of physiological solutes parallel to the cell walls, that
is, the paracellular transport. Claudin-15 is highly expressed in
the intestine where it forms efficient Na* channels and CI~
barriers. However, the molecular details of these biological
complexes are still unclear. Here, the permeation process of
Na*, K*, and Cl™ ions inside a refined structural model of a
claudin-15 paracellular channel is investigated using all-atom
molecular dynamics simulations in a double-bilayer and
explicit solvent. One-dimensional potential of mean force
(PMF) profiles, calculated using umbrella sampling (US)
simulations, show that the channel allows the passage of the
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two physiological cations while excluding chloride. These features are generated by the action of several acidic residues, in
particular the ring of DSS residues which is located at the narrowest region of the pore, in correspondence with the energy
minimum for cations and the peak for chloride. We also used the Voronoi-tessellated milestoning method to obtain additional
PME profiles and the permeation timescale of the three ions. The milestoning PMFs agree well with those obtained by US, and
the rate calculation reveals that the passage of chloride is almost 30 times slower than that of sodium. Our results are consistent
with the known ability of claudin-15 to regulate tight junction selectivity and with the experimentally determined role of the
acidic residues. This further validates our structural model and provides insights into the atomistic details of ion transport in
paracellular channels that could be shared by other claudin-based architectures.

B INTRODUCTION

The blood—brain, renal, and intestinal barriers are examples of
highly selective biological barriers that separate distinct
compartments and maintain stable chemical—physical con-
ditions. They are formed by tightly bound epithelial or
endothelial cells, whose lateral membranes are connected via
regions of narrow space named tight junctions (TJs) composed
of several proteins organized in strands.~® TJ proteins are
responsible for regulating the paracellular transgort of solutes
via charge- and size-selectivity mechanisms,”® and their
malfunction is associated with numerous diseases. Because of
this, understanding their molecular mechanisms and dysfunc-
tions has a very high clinical potential.”

Two main families of membrane proteins constitute the TJ
strands, namely the occludins and the claudins. In particular,
claudins alone recapitulate the TJ structural/functional features
with tissue-specific expression'’ and appear as strands under
freeze-fracture electron microscopy (EM)."" To form TJs, the
claudins assemble via cis (intracellular) interactions along the
individual cell membrane and via trans (intercellular)
interactions, across adjacent cells.
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A preliminary classification divides the claudin proteins on
the basis of their action as barriers or pores for small solutes."”
Although only a few claudins unequivocally qualify as pore-
forming claudins, an extensive literature suggests that the
paracellular space is never completely occluded, also for
barrier-like claudins.”~' Functional studies of paracellular
permeability have shown that there are at least two types of
pore channels: a high-capacity pathway with an estimated pore
radius of about 4 A and a low-capacity pathway with a pore
radius of at least 7 A."” Claudin proteins fold into a four-
transmembrane helix bundle (TM1—4) with two extracellular
loops (ECL1-2), cytoplasmic terminal residues, and an
intracellular loop."® Biochemical investigations have helped
identifying the residues important for cis and trans interactions,
as well as the pore-lining residues. Furthermore, the crystal
structure of mouse claudin-15 (mCldnl15) was resolved'®
(PDB ID: 4P79). Two other crystal structures of claudins were
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obtained afterward (mCldn19" and hCldn4*°) in complex
with the Clostridium perfringens enterotoxin, elucidating the
molecular basis of TJ disruption. However, these structures are
not sufficient to univocally describe the functional TJ
architecture.

Highly expressed in the intestine, CldnlS belongs, together
with Cldn2, to a family of claudins characterized by a high TJ
permeability to cations.”" Specifically, Cldn15 protomers form
selective pores that are channels for Na* and highly resistant
barriers to CI” ions. The crystal structure of CldnlS has
opened a new phase in the molecular study of paracellular
transport. Indeed, the monomeric structure of Cldnl5 has
been studied with coarse-grained (CG) simulations®” and used
as a template to build structural models of other claudins.”*~**

Furthermore, soon after the publication of the Cldnls
crystal, a model of paracellular channels (from now on referred
to as the Suzuki model) was proposed using the same
structure.”® A detailed description of this model can be found
in the Supporting Information. The putative architecture
predicts the formation of f-barrel like channels with a diameter
smaller than 10 A through the association of antiparallel
double rows of claudins in adjacent membranes. Such an
arrangement is supported by cysteine cross-linking data, and it
is consistent with freeze-fracture EM images of polymeric T]
strands. Moreover, it displays negatively charged pore-facing
(DSS) and pore-lining (D64) residues, whose mutation was
shown to reverse the pore selectivity for cations.”” As a further
support for the Suzuki model, computational studies based on
CG models” > showed that various claudin homologs of
CldnlS5 spontaneously associate in similar pore structures.
Nevertheless, the validity of the Suzuki model as a general
template for TJ pores is still debated.”®

In our previous work,” we used all-atom molecular
dynamics (MD) simulations to obtain refined models of
single- and double-paracellular pores formed by trans-
interacting Cldn15 dimers and tetramers, assembled as in the
Suzuki model and embedded in double-bilayer and water
environments. The structures preserve the main features of the
original model, showing stable cis and trans interactions
between monomers, and a stationary minimum pore diameter
of 5—6 A. More recently, a double-pore structure, similar to
our prediction, was shown to be stable in MD simulations over
longer timescales.”

Moreover, two very recent studies explored selectivity in
paracellular channels using atomistic simulations. In ref 25, a
simulation of a Cldn2 pore, similar to the Suzuki model, was
performed. Along the simulated trajectory, the authors
observed the permeation of 13 Na* and only 1 CI7, consistent
with the cation selectivity properties of Cldn2. More recently,
in ref 31, an MD-refined version of the Suzuki model for
Cldn1S was also proposed, and its selectivity was confirmed by
measuring the ionic currents.

Here, we further validate our single-pore model by
investigating its selectivity properties for cations using
atomistic MD simulations. To this aim, we employ the
umbrella sampling (US)** method for free energy (FE, or
potential of mean force, PMF) and the Voronoi-tessellated
milestoning®** method for PMF and kinetics calculations to
study the permeation of ions through the channel. Our
simulations confirm the cation selectivity nature of the Cldn1$
channel structure and provide a quantitative explanation of the
mechanism as governed by an attractive energy minimum at
the binding site for cations and a repulsive barrier for anions.

Moreover, they provide valuable atom-level detail on the ion
permeation process, confirming the role of acidic residues
inferred from experiments,”” particularly DSS.

B COMPUTATIONAL METHODS

US Simulations. In US calculations,*” a harmonic potential
energy term is added to the MD potential to ensure efficient
sampling along the chosen collective variable (CV) in different
independent simulations (named windows). In the case of one-
dimensional (1D) CV used here, indicated as z, these
potentials are expressed as
0)2

i

A I,

&(z) 2lc(z z )
where 2° indicates the value at which the CV is restrained in
window i and X is a constant. For an appropriate choice of k, a
sufficient overlap between the sampled distributions of
adjacent windows is obtained, and the full PMF profile can
be reconstructed with the weighted histogram analysis method
(WHAM).3S'36

Milestoning MD Simulations. The reaction rate
estimations based on PMF profiles require assumptions that
are often hard to satisfy in biomolecular systems, such as a
dominant transition state or no recrossings at the barrier.
Alternatively, several enhanced sampling techniques have been
developed over the years to calculate the rates from MD
simulations.”” ™ milestoning™ allows reconstructing the
long-time dynamics of a system by exploiting its crossing
statistics through a set of hypersurfaces placed along the
reaction coordinate. Voronoi-tessellated Markovian mileston-
ing">*! is a version of the method that relies on independent
simulations confined within a set of cells spanning the reaction
coordinate and uses transition path theory® to obtain the
kinetic properties of the full reaction from hitting statistics at
the cell boundaries.

In Voronoi-tessellated milestoning,40 several MD simula-
tions are confined within cells that span the space between
metastable states, and the kinetic properties of the transition
are reconstructed from the hittings on the cell boundaries,
identified as milestones. If we consider a set of M points in the
CV z-space (zy, zy, .., zy), usually called centers, these
partition the configuration space in M Voronoi cells. The
Voronoi cell associated to z, is identified as the region of space
where each point is closer to z, than to any other center z;. It
was shown in ref 40 that the statistical properties of the
longtime dynamics of a system can be reconstructed from
independent simulations, properly confined within each of the
Voronoi cells. More specifically, the confinement must leave
unperturbed the dynamical properties of the systems when it is
in the interior of the cell as well as the probability flux in and
out of the cells. Such a confinement was realized in ref 40 by
using velocity reflections at the cell boundaries.

Soft-Walls Restraining Potentials. An alternative strategy
to confine the CV in the Voronoi cells was proposed in ref 34
and amounts to use half-pseudoharmonic restraining potentials
(termed soft-walls). This approach was demonstrated to yield
the same results of the original one and to allow much easier
interfacing with the highly optimized, widely used biomolec-
ular simulation MD packages. It requires that the portions of
trajectories that are transiently out of the cells are discarded in
the analysis, but this effect is minimized by proper tuning of
the parameters.
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In the case of 1D CV used here, z, the soft-walls potentials
acting in each of the Voronoi cells defined by the z, points are
expressed as

1. a N2 . a
Z (Z - Zupper) ifz > Zupper
. a o .
@,(z) =40 if Zjger < 2 < 2y centered in z,

1. .
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a

where z[g,., and zy,., denote the edges of the cell and are the
midpoints between the center z, and the adjacent ones.

Rate Calculation. By considering the edges of the Voronoi
cells as milestones, the dynamics of the system can be reduced
to that of a discrete-state continuous-time Markov chain in the
state space of milestone indices. This amounts to define a rate
matrix q;, with i and j indexes of milestones, whose elements
are given by g; = N;/R;, where Nj; is the number of transitions
from i to j, and R, is the total time that milestone i was the last
crossed. These factors can be expressed in terms of quantities
extracted from the confined simulations, that is, if we indicate
with @ the cell index: N; = Y3L,7,(Nj/T,) and R, =

M 7 (R¥/T,). Here, m, is the equilibrium probability of
finding the system in cell @, T, is the duration of the simulation
in the cell, and N and R{ are defined as Nj; and R, but for the
simulation in @. The PMF associated to the cells is obtained as
—kT In(r,),*" whereas the mean first passage times (MFPTs,
inverse of the rates) from any milestone to any other are
calculated from the matrix g; by solving a linear system, as
reported in refs.***’ In our study, we compute the MFPT from
a milestone located at the mouth of the channel to a milestone
located at the opposite mouth. As we are interested in the
relative permeation timescales of the ions, and because there
are only one entry and one exit portal in our structure, we
neglect the entry kinetics contributions related to bulk
concentration and diffusivity that are discussed in ref 41.

Protocols of the System Setup. Configuration of the
Cldn15 Channel and MD Parameters. An equilibrated
configuration of the single-pore model described in our
previous work”™ was extracted and used as the starting
conformation in all enhanced MD simulations described here
(see Figure 1). Briefly, the model includes four Cldnl$
protomers (two for each cis conﬁguration), two membrane
bilayers formed by 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) molecules (~280 for each bilayer), water
molecules, and four sodium ions, for a total of 164 814 atoms.
All the simulations were performed with an NPT ensemble (P
= 1 bar, T = 310 K), maintained by a Nosé—Hoover Langevin
piston pressure control and a Langevin thermostat."”>** The
NAMD 2.12 software was used** with the CHARMM36 force
field***” for proteins and lipids, performing Langevin
dynamics. The water molecules were described with the
three-point TIP3P model*® and the ions with the parameters
included in the force field. The environment is assumed at a
neutral pH = 7, and the acidic amino acids have deprotonated
side chains. Electrostatic and van der Waals interactions were
calculated with a cutoff of 12 A and the application of a
smoothing decay starting to take effect at 10 A. Hexagonal
periodic boundary conditions implemented in NAMD were
used and long-range electrostatic interactions were calculated
using the particle mesh Ewald algorithm.*” All covalent bonds
involving hydrogen atoms were kept fixed using SHAKE®’/

Figure 1. Representations of the equilibrated single-pore config-
uration used in all MD calculations: the equilibrated configuration of
the Cldnl$S paracellular channel extracted from the MD trajectory
described in ref 29. The system is viewed from the lateral (A) and the
apical (B) side. The four CldnlS protomers are shown in cartoon
style with different colors (red, dark blue, dark gray, and orange). The
whole protein complex is also reported as a blue surface to visualize
the walls of the channel in panel A and the pore region in panel B.
Membrane POPC lipids are shown as gray lines and the phosphorus
atoms as orange spheres. Solvent molecules in the three compart-
ments are not shown for clarity.

SETTLE algorithms to allow the use of a timestep of 2 fs. To
ensure maximum accuracy, the electrostatic and van der Waals
interactions were computed at each simulation step.

One-dimensional US simulations with harmonic biases were
performed with the CV interfaces (Colvars library),” using as
single CV the projection of the ion position onto the axis of the
paracellular channel. The WHAM code from the Grossfield
group, available at http://membrane.urmc.rochester.edu/
content/wham, was used to reconstruct the 1D PMF. This is
a natural choice in ion permeation studies, and the
convergence of our results confirmed it as appropriate for
this channel also. The Colvar plugin was also used to apply the
half-harmonic restraints of milestoning MD simulations with
the same CV of the US simulations. As we used absolute
cartesian coordinates of the ions as CVs, to avoid any rigid
body rotational or translational displacement of the channel,
we applied harmonic restraints to the Car atoms of the residues
11, 20, 80, 94, 122, 133, 167, and 177 (all in the
transmembrane domains of the proteins). To optimize the
use of parallel computational resources, for all the US and
milestoning MD simulations, we prepared a number of starting
conformations, where the tested ion was swapped with
equilibrated water molecules, for the whole length of the
paracellular channel. For each configuration, the test ion was
kept fixed, together with the proteins and the lipids, during
1000 steps of energy minimization and more than 1 ns of MD
to allow the equilibration of water molecules. We verified that
in all the US and milestoning simulations, the channel
architecture maintains its integrity and the ion never leaves
the pore via a direction perpendicular to its axis. All trajectories
were visualized and analyzed usin% UCSF Chimera® and
VMD with their associated plugins.>

Details of US Calculations. We performed US simulations
with the harmonic restraints of eq 1, and & = 2 kcal/(mol-A%).
We employed a total of 65 umbrella windows with a uniform
spacing of 1 A. In each window, the simulation lasted S ns, and
the first 500 ps were not used in the analysis. For WHAM
analysis, we used 600 bins and a tolerance of 0.0001. Errors
were calculated via bootstrapping using 100 trials for each
PMEF. As bootstrap analyses might underestimate the errors in

DOI: 10.1021/acs.jpch.8b06484
J. Phys. Chem. B 2018, 122, 10783—10792


http://membrane.urmc.rochester.edu/content/wham
http://membrane.urmc.rochester.edu/content/wham
http://dx.doi.org/10.1021/acs.jpcb.8b06484

The Journal of Physical Chemistry B

US simulations, we also computed the error estimates by block
analysis (see the Supporting Information). We divided the
trajectory in each window in four consecutive blocks and
calculated the PMF profile as an average of those obtained with
WHAM in each of the last three, with the errors computed as
standard deviations. Overall, the US calculations are based on a
cumulative production of ~975 ns.

Details of Milestoning Calculations. Voronoi-tessellated
Milestoning MD simulations were performed to evaluate the
PMF and the kinetic properties of the Na*, K*, and CI~ ions.
For each ion, the length of the channel was mapped using 23
cells. Pseudoharmonic restraining potentials, with k = 100
kcal/(mol-A?) in eq 2, were applied to restrain the permeating
ion in each cell. The simulations lasted for 3 ns per cell for
sodium and potassium and 6 ns per cell for chloride. The first
100 ps of each trajectory were not considered in the data
analysis. Overall, these calculations are based on a cumulative
production of ~276 ns. All MD simulations performed for
PMF and MFPT calculations are summarized in Table 1.

Table 1. Summary of the MD Simulations Conducted for
PMF and Kinetic Calculations

simulation type molecule cumulative simulation length (ns)
Us Na* 325
us K* 325
Us CI” 325
milestoning Na* ~69
milestoning K* ~69
milestoning CI” ~138

Additional Unbiased MD Simulations. Finally, we
extended the main simulation of the single-pore channel
reported in ref 29, adding ~140 ns (reaching a total of about
~400 ns) to monitor the structural stability and pore
dimensions of the system. The MD setup is the same as that
of the original paper. The HOLE software*** was used for the
calculations of the pore dimensions.

B RESULTS

This section is organized in two paragraphs. In the first one, we
describe the results of 1D US and Voronoi-tessellated
milestoning calculations for Na*, K, and CI” ions. In the
second paragraph, we report on the structural features of the
pore analyzed after extending the simulation described in ref
29 and the observed Na" hydration at the binding site.

PMF Calculations and lon Permeation Rates. A wealth
of experimental data confirms that CldnlS paracellular
channels are highly selective for cations, particularly Na*. To
verify the effect of channel structure and amino acid
composition on jon permeation, we used the US and
Voronoi-tessellated milestoning methods to perform PMF
and kinetics calculations for Na*, K¥, and CI7, using in all cases
the position of the ion along the pore axis as CV (Figure 2).

The US PMF profiles are reported in Figure 3, with the
errors estimated via bootstrapping (errors from the block
analysis described in the Computational Methods section can
be found in Figure S4). All curves show one main feature and
are symmetric with respect to the center of the channel. The
profiles of Na" and K" reveal a minimum, in both cases about 4
kcal/mol deep, whereas that of CI™ shows a large barrier of
about 8 kcal/mol. Remarkably, the shape of the profiles
correlates with the position of the acidic residues and the

Figure 2. Amino acid composition of the paracellular pore surface:
(A) lateral, zoomed view of the Cldn1S TJ pore, with the protomers
depicted as in Figure 1, and surface representation used for protomers
1 and 2 only; the side chains of acidic residues in protomers 1 and 2
are shown as spheres; the dashed line represents the axis used in the
simulations of ion permeation. (B) Cut-away view of the channel,
showing only protomers 1 and 2 for clarity, with the acidic residue
numbering indicated for protomer 1. Note that the f-strands are tilted
with respect to the channel axis, as in f-barrel structures.
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Figure 3. Energetics of ion permeation: PMF profiles for the
permeation of sodium (black), potassium (green), and chloride (red),
obtained from US—WHAM calculations. The error estimation for
each window, obtained with bootstrap analysis, is represented with
bars. The position of the C, atoms of D55 and E46 residues are
represented as dashed and dotted lines, respectively.

narrowing of the channel toward its center. Indeed, by
observing the channel structure, several negatively charged
residues might drive the flux of Na* ions through the pore and
hinder that of CI". Moving from the mouth of the channel
toward the narrow center, these residues are, in each protomer
(see Figure 2), D145 (whose side chains point toward the
channel interior), E157 (side chains toward the exterior), E46
(internal side chains), D64 (external side chains), and D55
(internal side chains). Conversely, there are only two basic
amino acids per protomer in the paracellular space, R30 and
K155, both located at the mouth of the channel, where the
pore is wider. The side chain of K155 points toward the
exterior of the channel, whereas that of R30 points toward a
transmembrane helix, and it is tangential to the channel walls.
The positions of all these residues are symmetrical to the
channel axis and the channel center. With respect to the PMF
profiles in Figure 3, the Ca atoms of D64 are at the level of
windows at 25 and 38 A and those of E46 at 20, 22, 40, and 43
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A. The positions of DSS, corresponding to the narrow region
of the pore, are at 28, 32, 34, and 36 A and coincide with the
minimum in the cation PMF and the maximum in the anion
PMF.

The PMF profiles from Voronoi-tessellated milestoning are
shown in Figure 4. The curves agree well with those from US,
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Figure 4. Energetics of ion permeation: PMF profiles for the
permeation of sodium (black), potassium (green), and chloride (red),
obtained from milestoning MD simulations.

showing a single minimum of about 4 kcal/mol deep for the
cations and a single barrier of almost 8 kcal/mol for chloride,
again in correspondence with the DSS residues. The MFPTs of
ion permeation through the channel (cumulative from the first
milestone to all the successive ones) are shown in Figure S as a
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Figure S. Kinetics of ion permeation: MFPTs along the pore axis
from milestoning MD simulations.

function of the coordinate along the channel axis. As can be
observed, the timescales of cation permeation are quite similar,
with the transition occurring on the microsecond scale,
whereas that of CI” is longer, further confirming the high
channel selectivity for cations. Specific values of the total
MEPTs for the transitions are reported in Table 2.

Pore Size and Hydration of Na* during Permeation.
To further assess the structural stability of our model, and
investigate over a longer timescale the dynamics of the pore
size and how this affects ion permeation, we have extended the
unbiased 250 ns MD trajectory presented in ref 29, reaching
~400 ns. The root-mean-square deviations (RMSDs) of the

Table 2. MFPTs and Relative Rates of Single Ion
Permeation through the Cldn15 Paracellular Channel

ion MEPT (us) relative rate
Na* 1.6 1

K* 1.1 1.4

CI™ 43.1 0.04

backbone atoms of each protomer, shown in Figure 6A, are
stationary around plateaus at 2 A, revealing a stable global

=
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Figure 6. Structural features of the system in the unbiased MD
simulations: (A) RMSD values of the backbone atoms of the four
protomers along the entire MD trajectory and (B) minimal pore
radius along the trajectory.

structure over the entire analyzed trajectory. Interestingly, the
minimum pore size remains stationary around 5—6 A (Figure
6B), in agreement with the available experimental results for
another pore-forming, cation-selective, claudin (Cldn2).°° The
pore size critically affects the hydration state of the ion during
permeation. In the CldnlS channel, the DSS ring is located at
the narrow region of the pore, so that size and electrostatic
effects combine to determine selectivity.

To investigate this mechanism, we analyzed the hydration
state of the Na* ion over the permeation pathway from the US
calculations. We computed the number of oxygen atoms from
water molecules and protein residues coordinating the Na* ion
in the first hydration shell (using 3.0 A as the threshold). In
Figure 7, we show the average number of water molecules

Coord. number
v s
W (9] (9} (o)) (9]

N

"0 10 20 30 40 50 60 70
Pore axis (A)

Figure 7. Average number of sodium-coordinating water molecules in
US windows as a function of the reaction coordinate.

around the sodium ion in each US window, as a function of the
reaction coordinate. Although limited dehydration events can
be observed along the channel, the most pronounced ones
occur at the middle of the pore, where the cage of four D55
residues is located (windows 28—36). To investigate more in
detail this effect, in Figure 8, we show the results for the US
windows at 2 and 32 A, located near the mouth of the channel
and at the central DSS ring site, respectively. In the most
external window, the ion is fully solvated (the average number
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Figure 8. Number of oxygen atoms coordinating the Na" ion in US
windows: (A) window at 2 A and (B) window at 32 A; the black line
indicates the coordinating oxygen atoms from water molecules,
whereas the red line indicates those from the DSS side chains.

of coordinating water molecules is 5.7 + 0.1). Conversely,
when in the narrow channel region, the Na* ion occasionally
loses one or more hydrating water molecules, replaced by
oxygens from the side chains of D55.

To confirm this observation, we also looked at the entire
unbiased MD trajectory and indeed found a time window in
which a Na* ion in the paracellular space spontaneously enters
the channel and binds to aspartic acids of the ring in a partially
dehydrated state. In Figure 9, we report two snapshots

Figure 9. Partial dehydration events of a Na* ion in the central pore
region: (A) snapshot extracted from the US simulation window at 32
A and (B) snapshot extracted from the unbiased MD simulation. The
ice-blue sphere is the Na* ion, small cyan spheres represent water
molecules in the hydration shell of the ion, whereas all other water
molecules in the system are not shown. The side chains of the DSS
residues involved in ion binding are represented as red sticks, and the
protein is represented as an orange vdW sphere.

representing such partial dehydration events. Globally, these
findings are consistent with the mechanism hypothesized in ref
56 for the cation-selective Cldn2 channel, where a partial
dehydration process is coupled to a pore diameter of 6.5 + 0.3
A. Indeed, such a pore size, as well as the one we obtain for
Cldn15, closely corresponds to the diameter of a hydrated Na*
ion (6—7 A), so that Na* would likely have to shed at least a
part of its hydration shell during permeation.

B DISCUSSION

The concept of charge selectivity is widely used to illustrate the
ability of channel proteins to regulate the flux of various ions
via the action of charged residues at specific sites (for claudin’s
charge selectivity, see in particular ref 57). As atom-detail

structures have become available, many computational studies
investigated the selectivity propertles of transmembrane ion
channels such as potassium®*™°" and sodium®~°® channels.
On the contrary, because of the lack of structural information,
the simulation studies of paracellular channels are only starting
to appear.

Starting from the Suzuki model of the TJ paracellular
channel of CldnlS, we recently generated a refined, all-atom
structural model of a Cldnl5 channel.”” Being built from a
crystal structure and based on experimental data, the Suzuki
architecture seems to be the most appropriate initial structure
for simulation studies of paracellular channels. Our model
proved to be stable in MD simulations by preserving the
residue—residue cis and trans interactions between monomers
known from experiments to be critical for the TJ strand
formation. Moreover, it showed a minimal pore size of 5S—6 A
that remained stationary along the simulated trajectory.

Given that both the Cldn1S monomer crystal and the Suzuki
model were published quite recently, only a few MD studies of
paracellular channels have appeared so far. In a series of
papers,”~** Nangia and collaborators used CG models to
investigate the intramembrane association of dimers of distinct
claudins (modeled by homology with Cldn1S) and generated
all-atom, single-pore models via head-to-head docking of these
dimers. Their findings suggest pores consistent with the Suzuki
model, and that the tissue-specific properties of paracellular
channels from different claudins might originate from the
differences in the amino acid sequence along the extracellular
loops. In ref 25, the authors describe a Suzuki-like single pore
of Cldn15, but do not perform MD simulations of it. They
claim their model shows a diameter of 7 A at the narrowest
point, near the DSS ring. Our model, coming directly from the
Suzuki one, shows an average minimal diameter of around 5—6
A at the same location, stable over the 400 ns MD simulations.

In another study,’® atomistic MD simulations showed a
partial loss of structure in a Cldnl$ strand of 16 protomers
forming four pores, assembled based on the Suzuki model.
However, the same work showed stable double-pore
configurations, as we also found in our previous study.”’
Together with ours, these results point to the validity of the
Suzuki model at least for single- or double-pore conformations.
More recently, another all-atom MD-refined version of the
Cldn15 Suzuki model has become available.”’ The authors rely
on the periodic replicas of the simulation box to build a
virtually continuous strand of channels from a unit cell of three
and observe that stable pore architectures are maintained by
the same cis and trans interactions between monomers we
identified in ref 29. From their simulations, they obtain a mean
diameter of 8.4 A at the narrowest pore region, a bit larger than
that in our model. Overall, it is remarkable that, regardless of
the minor differences in the protocols followed to complete the
missing protein segments and to assemble the intermembrane
architecture, several independent studies demonstrated the
plausibility of the paracellular channel putative structure of the
Suzuki model.

In addition to the structural features, however, a reliable
model has to recapitulate the physiological properties of the
system it represents. Here, we further validated our single-pore
structure by verifying that it correctly reproduces the
experimentally known selectivity of CldnlS pores for
cations.””®® To this aim, we applied the US method to
calculate the PMF for single-ion permeation through the
channel, using Na', K*, and Cl” ions, and the Voronoi-
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tessellated milestoning technique to determine again the PMF
and kinetic rates for the same process. In all cases, we used the
position of the ion along the main axis of the channel as CV.

The PMF curves obtained from US and milestoning are
symmetrical with respect to the channel center, consistent with
the symmetric structure of the tetrameric pore. From a
functional point of view, symmetric conductance was observed
in Cldn2 cation channels, indicating ion fluxes electrochemi-
cally driven by a concentration gradient between the opposite
ends.”” The PMF profiles show a single minimum of about 4
kcal/mol deep for Na* and K* and a barrier of about 8 kcal/
mol for ClI7, centered at the narrowest region of the channel.
These features well correlate with the distribution of amino
acids along the pore. Indeed, the structure displays several
negatively charged residues from the different protomers lining
the pore surface in symmetrical positions with respect to the
main axis, capable of generating an electric potential to drive
the flux of cations and hinder that of anions. Among these
acidic residues, the four DSS residues are located at the center
of the pore, where the PMF profiles show the minima and the
peak of the barrier. These results show that our structural
model of the Cldn1S$ channel preserves the required selectivity
for cations and substantiate the experimental observation that
selectivity is mostly regulated by the D5S residues.””"

The permeation timescales for the Na*, K*, and Cl~ ions,
calculated using soft-walls Voronoi-based milestoning in 1D,
yielded ratios of permeation rates that again confirm that our
CldnlS channel model replicates the marked charge
discrimination of cation-selective paracellular channels. It is
important to stress that we performed calculations for single-
ion permeation only, whereas the actual transport properties
might result from the crossing of multiple ions. However, the
single-ion PMF is a central concept in the models of
permeation, determining conduction at a relatively low ion
concentration’’ and providing fundamental features of the
process as, for example, the location of binding sites and
repulsive barriers, or the relative magnitude of the protein
interaction with distinct ions. It is also important to remark
that, although multiple experiments unequivocally identify
Cldn15-containing TJs as strongly cation-selective””' and
attribute to CldnlS the major contribution, an absolute
estimate of selectivity for these proteins is lacking. This is due
to the concurrent role of other cation-selective claudins in the
same junctions (e.g., Cldn2) and because measures are made
as variations of selectivity from normal cells after knocking
down or overexpressing CldnlS or its mutants.”’ This
notwithstanding, by yielding a ratio of 0.04 between the
anion and cation rates, our calculations are consistent with the
available experimental observations in revealing a high
selectivity of CldnlS channels for positive ions.

Two other studies investigated paracellular selectivity using
atomistic simulations, and they are both extremely recent. In
ref 25, the authors performed a 300 ns long all-atom MD
simulations of a Cldn2 pore (also cation-selective) similar to
the Suzuki model, but obtained from docking, and observed
permeation of 13 Na* and only 1 CI". These simulations
provide a valuable, albeit qualitative, description of selectivity.
Moreover, although Cldn2 shares an overall high degree of
sequence similarity with Cldn15, substantial differences in the
amino acid compositions, particularly at the pore-forming j-
strands, could lead to different scenarios for sodium transport
in the two systems.

Even more recently, Samanta et al,*! using all-atom MD
simulations, investigated the selectivity of the transport
properties of a Cldn1$ paracellular pores model by calculating
ionic currents from the simulated trajectories of sodium, other
small positively charged molecules, and chloride under the
application of a constant external electric field. Our results
about cation selectivity and the role of D55 residue well agree
with those in ref 31. In addition, we provide a quantitative link
between the ion permeation mechanism and the structure of
the channel, in terms of an attractive energy well at the cation-
binding site and a repulsive energy barrier for the anion.

In all-atom MD simulations, both ionic current calculations
under external electric fields and enhanced PMF calculations
are widely used to investigate the conduction and selectivity
mechanisms of transmembrane channels. Remarkable examples
include studies of potassium®”’"’* and, more recently,
sodium®>**® channels. Although the current provides a direct
measure of conduction, it requires a statistically sufficient
sampling of ion-crossing events, which implies long simulated
trajectories or high applied voltages that can affect the channel
structure and/or its mechanism. Ion fluxes, however, are
ultimately determined by the energetically favorable/unfavor-
able sites encountered by the particles inside the protein, and a
detailed map of these features is provided by PMF calculations.
Hence, PMF maps and profiles allow a quantitative
interpretation of the experimentally determined conduction
in terms of the protein’s amino acid composition and
conformation.”””® In addition, for the specific case of
paracellular channels considered here, ionic current calcu-
lations require sealing the paracellular space with multiple
pores to avoid the passage of ions in the aqueous environment
between bilayers, thus considerably increasing the size of the
simulated system. The PMF and rate calculations, conversely,
while permitting the use of a smaller, single-pore structure, also
yield the thermodynamic and kinetic properties of the
individual conducting unit that are required to interpret the
TJ electrophysiology experiments using single-channel mod-
o5, 5669

The observation that the minimal pore size of our CldnlS
channel is stationary around S—6 A, close to the size of a
hydrated Na* atom, pushed us to investigate the details of ion
hydration during permeation. Indeed, electrostatic and steric
effects couple to determine ion transport in most channels, and
pore width-related ion dehydration effects are known to be
relevant in narrow channels such as gramicidin’* or in the
selectivity filter of potassium®”®" and sodium® channels. By
inspection of the restrained simulations for PMF calculations
and of the unrestrained MD trajectory, we observed that, when
in close proximity to the acidic amino acids, the Na* ion can
shed one or two water molecules from its hydration shell by
substituting them with oxygens from the side chains of the
residues. A similar mechanism was hypothesized to character-
ize Na* permeation through Cldn2 channels in ref 56, after the
experimental estimates of pore size and permeability. However,
as we obtain very similar PMF profiles for sodium and
potassium, our results suggest that electrostatic interactions,
and not hydration patterns, play a major role in selectivity, at
least for CldnlS.

Our calculations of PMF and timescales of ion permeation
through the CldnlS pore reveal interesting details on the
mechanism of ion transport in paracellular channels. Although
these share some properties with other widely studied
transmembrane channels, they also bear relevant differences.
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For example, ionotropic glutamate receptor channels have a
pore diameter of 5.5—7.0 A, similar to what we observe for the
Cldn15 pore, and are able to permeate hydrated and partially
hydrated cations across the membrane.”> However, although in
most channels ion permeation occurs through the fairly rigid
regions of the proteins embedded in a membrane environ-
ment,” %"’ paracellular channels regulate transport parallel to
the membrane planes, in the hydrated space between adjacent
epithelial or endothelial cells. The Suzuki model, our refined
version, and the only few others currently available,”**>*" all
predict claudin channels with a pore region where the side
chains of extracellular loops form the narrow filter and
modulate selectivity. This arrangement results in a pore
structure that is overall less rigid than in transmembrane
channels and whose size is affected by the fluctuations of the
extracellular loops, particularly ECL1.”

B CONCLUSIONS

Claudin channels connect adjacent cells in TJs of biological
barriers, regulating paracellular traffic in the aqueous,
intercellular environment, and represent an exciting new class
of selectively conducting molecular pores. Because of the lack
of structural data, however, the atomic-level details of their
mechanism are yet to be fully charted. Here, we employed the
structural model of a CldnlS channel that we have recently
refined to investigate the transport properties of Na*, K, and
CI” ions via MD simulations in full atomic detail. The FE and
kinetics calculations indicate that the model allows the flux of
cations, whereas preventing that of chloride, consistently with
what is expected for the Cldnl5 channels. We quantify the
charge selectivity property in terms of an FE well for cations
and a barrier for anions and find a reduction of 1 order of
magnitude in permeation timescales. Moreover, we observe
that these properties correlate with the position of several
acidic residues along the channel surface, in particular at the
center of the pore. Our results provide an atom-detailed,
quantitatively based picture of ionic transport in paracellular
channels, demonstrating that our structural model captures the
main physiological properties of these architectures in
agreement with a broad experimental literature, and yield a
validated molecular structure that will be crucial to study the
detailed mechanism of paracellular transport in TJ channels of
biological barriers.
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