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Tight-junctions (TJs) are multi-protein complexes between adjacent endothelial or epithelial cells. In the
blood-brain-barrier (BBB), they seal the paracellular space and the Claudin-5 (Cldn5) protein forms their
backbone. Despite the fundamental role in brain homeostasis, little is known on Cldn5-based TJ assemblies.
Different structural models were suggested, with Cldn5 protomers generating paracellular pores that re-
strict the passage of ions and small molecules. Recently, the first Cldn5 pathogenic mutation, G60R, was
identified and shown to induce Cl™-selective channels and Na* barriers in BBB TJs, providing an excellent
opportunity to validate the structural models. Here, we used molecular dynamics to study the permeation
of ions and water through two distinct GG0R-Cldn5 paracellular architectures. Only the so-called Pore [
reproduces the functional modification observed in experiments, displaying a free energy (FE) minimum for
CI” and a barrier for Na* consistent with anionic selectivity. We also studied the artificial Q57D and Q63D
mutations in the constriction region, Q57 being conserved in Cldns except for cation permeable homologs.
In both cases, we obtain FE profiles consistent with facilitated passage of cations. Our calculations provide
the first in-silico description of a Cldn5 pathogenic mutation, further assessing the T] Pore I model and
yielding new insight on BBB'’s paracellular selectivity.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The blood-brain barrier (BBB) is a highly selective interface that
separates the capillary blood flow from the brain parenchyma, and it
is composed of brain endothelium, pericytes and astrocytes. Brain
endothlial cells are tightly bound at their lateral membranes by
multimeric protein complexes named tight junctions (TJs) [1-3] that
are minimally permeable to solutes. T] proteins are organized in
continuous networks of transmembrane strands, and are responsible
for strictly regulating the diffusion of solutes through the inter-
cellular space between cells, named the paracellular space.
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Understanding their molecular mechanisms and dysfunctions has a
very high clinical potential [4,5].

Claudin 5 (Cldn5) is the most abundant component of the BBB T]
strands and serves as their backbone. The Cldn5 topology is char-
acterized by a bundle of four transmembrane helices (TM1-4) with
two extracellular loops (ECL1-2), cytoplasmic N- and C-terminal
residues, and an intracellular loop [2]. To generate TJs, Cldn5 pro-
teins assemble via cis- (intracellular) interactions within each en-
dothelial cell membrane and trans- (intercellular) interactions across
adjacent cells. The physiological function of Cldn5 as a regulator of
paracellular transport makes it a relevant target in the development
of novel strategies to deliver drugs directly to the brain. However,
structure-based approaches are still limited by our incomplete un-
derstanding of how Cldn5 generates high-order complexes.

Recently, different structural models were proposed as building
blocks of Cldn5 paracellular architectures [6-8]. Two of them [6,7],
usually called Pore I and Pore Il models, give rise to a pore cavity in
the paracellular space, and their validity was investigated also for
other Cldns, homologous to Cldn5, and expressed in non-neural
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Nomenclature

BBB blood-brain barrier.
CLDN claudin.

cv collective variable.
ECL extracellular loop.
FF force field.

FE free energy.

MD molecular dynamics.

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine.
TJ tight junction.

™ trans-membrane.

uUs umbrella sampling.

WHAM weighted histogram analysis method.

tissues [9-12-15-18-21,22]. While Pore I was first proposed for
Cldn15 based on experimental observations [10], Pore I was ori-
ginally suggested by computational studies [7]. Albeit different, both
configurations are formed by two cis dimers that associate para-
cellularly to generate a tetramer encompassing a pore. Remarkably,
in the case of Cldn5, molecular dynamics (MD) simulations showed
that both pores do not allow the permeation of ions or small mo-
lecules through the paracellular space, in line with Cldn5’s known
barrier function [23,24]. In our previous work |24, we calculated the
free energy (FE) profiles of single ions/water molecules translocating
across the two Cldn5 models, revealing that both structures oppose
to ionic permeation, but are permissive to water.

The first de novo Cldn5 mutation linked to a neurological disorder
was recently reported [25]. The variation, G60R, is located in the
ECL1 domain and is associated with two unrelated cases of alter-
nating hemiplegia with microcephaly. Experiments showed that,
while the mutation does not alter the formation of TJs by Cldn5, it
strongly affects its barrier function, by inducing high permeability
for CI” and low permeability for Na*. The discovery and the char-
acterization of this mutation provides an excellent opportunity to
further assess the two aforementioned structural models of Cldn5
complexes. Here, we performed umbrella sampling (US) MD simu-
lations to calculate the FE for permeation of single Na*, CI” and H,0
molecules through the two models for Cldn5%°R and compared the
results with those of Cldn5"T [24]. Notably, only Pore I, where the
arginine side chain is located near the central constriction site, re-
produces the experimentally observed change in ion selectivity in-
duced by the mutation. Indeed, the mutated Pore I CI” and Na* FE
profiles along the channel axis are characterized by an attractive
minimum and a repulsive barrier, respectively, thus suggesting the
formation of an anionic channel.

With these results at hand, and to further test the validity of the
Pore I model, we performed the same calculations after the mutation
of two glutamine residues, also located at the central constriction
site of the Cldn5 structure, into aspartate (Q57D and Q63D, respec-
tively). Q57 is conserved among various Cldns, with some relevant
exceptions including Cldn15 and Cldn10b, where the glutamine is
replaced by an aspartate that plays a pivotal role in conferring ionic
selectivity to the paracellular channels [12,15]. As expected, we ob-
served that both mutations modify the FE profile, making it attrac-
tive to cations and repulsive to anions.

This study provides an in-silico, atom-level rationale, explaining
the effect of a pathogenic mutation on the Cldn5-mediated BBB
paracellular properties. Altogether, our findings further validate the
Pore I model for the paracellular arrangement of Cldn5, revealing it
as the sole consistent with all the available experimental observa-
tions. By identifying the protein-protein surface at the core of T]
Cldn5 assemblies, our computational investigation provides a step
forward in the establishment of a robust basis for rational design of
small molecules capable of modulating the BBB paracellular per-
meability in a safe and reversible manner.

2. Materials and methods
2.1. The configurations of the single Cldn5 pores and MD parameters

In order to perform the simulations for the mutated Cldn5 sys-
tems, we started from two equilibrated wild type (WT) configura-
tions of the single pore models (Pore I and Pore II), described in our
previous work [24]. In addition to the insertion of the mutations, we
added counterions in both solvent exposed regions, in order to
neutralize the system. Briefly, each model includes four Cldn5 pro-
tomers (two for each cis- configuration), two membrane bilayers
formed by 1-palmitoyl-2-oleoyl-SN-glycero-3-phosphocholine
(POPC) molecules, water molecules and ions. The G60R mutation
was included in each Cldn5 subunit with the help of UCSF Chimera
[26], and the initial configurations of the arginine side chains were
selected from the Dunbrack rotamers library [27]. The resulting
systems were refined with GalaxyRefineComplex [28,29], embedded
in a double POPC bilayer, solvated with explicit water molecules and
neutralized with counterions. CHARMM hydrogen atoms were
added with CHARMM-GUI [30-32] and disulfide bonds were as-
signed to the couples of conserved cysteine residues, according to
the information provided in the Cldn15 structure identified by the
PDB ID: 4P79. The Cldn5%7P and Cldn5%%3P Pore I systems were
generated in the same way.

As in our previous works [11,24], we used the NAMD software
[33]. All the simulations were performed in the NPT ensemble
(P =1 atm, T = 310 K), employing the Nosé-Hoover Langevin piston
method [34,35] and a Langevin thermostat. Following the details of
the CHARMM-GUI configuration files for NAMD, the oscillation

Table 1

Summary of the MD simulations performed in this work (G60R, Q57D, Q63D systems).
We also report the achieved cumulative time for the WT systems, already shown in
our previous work [24].

Model System Permeating ion Time (ns)
Pore | G60R Na* 10 %60 =600
Pore [ G60R cr 40 x 60 = 2400
Pore | G60R H,0 10 %60 =600
Pore II G60R Na* 10 x 65 =650
Pore II G60R cr 30x65=1950
Pore II G60R H,0 10 x 65 =650
Pore | Q57D Na* 20x60=1200
Pore [ Q57D cr 10 x60 =600
Pore | Q57D H,0 10 x 60 =600
Pore | Q63D Na* 30x60=1800
Pore | Q63D cr 20x60=1200
Pore | Q63D H,0 10 x 60 =600
Pore | WT Na* 15 %60 =900
Pore | WT clr 40 % 60 =2400
Pore | WT H,0 10 x 60 =600
Pore II WT Na* 20x65=1300
Pore II WT cr 20x65=1300
Pore II WT H,0 20x65=1300
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Fig. 1. Simulated time per window (in ns) for each US calculation of Cldn5 systems studied in this article (G60R, Q57D, Q63D) and in our previous work [24] (WT).

period of the piston was set at 50 fs, and the damping time scale at
25 fs. The damping coefficient of the Langevin thermostat was set
at1ps .

The CHARMM36m [36-38]/CHARMM36[39| parameters were
used for the protein and lipids, respectively, together with the
TIP3P model for water molecules [40] and the associated ionic
parameters with NBFIX corrections [41-43]. Electrostatic and van
der Waals interactions were calculated with a cutoff of 12 A as
prescribed by the CHARMM force field. A switching function was
applied starting to take effect at 10 A to obtain a smooth decay.

Hexagonal periodic boundary conditions were adopted to limit
the size of the system. Long range electrostatic interactions were
calculated using the Particle Mesh Ewald (PME) algorithm [44],
adopting a spline interpolation order 6. A maximum space be-
tween grid points of 1.0 A was used, as implemented in CHARMM-
GUL All covalent bonds involving hydrogen atoms were con-
strained using the SHAKE/SETTLE algorithms [45,46], in order to
use a time-step of 2 fs. To ensure maximum accuracy, electrostatic
and van der Waals interactions were computed at each simulation
step [24].

e ]

3:8H | 56V 65K | 7|4S
sp|000501|CLD5_HUMAN MWEIVIBAF LDHN- - | VIEA T-WKG LWMSCVV CKV VLAL-STE
sp/014493|CLD4_HUMAN MWRIVIBAF | GSN- -1V GLWMNCVV CKV LLAL-PQD
sp/015551/CLD3_HUMAN MWRVISIAF | GSN- -1 | GLWMNCVYV CKV LLAL-PQD
sp/075508/CLD11_HUMAN DWVVIRCGMIT IPTCRKLDELGSKGLWADCV CKPLVDILIL-PGY
sp/095471|CLD7_HUMAN QWRMIS SMA G D.— -1 I.A AMMKGLWMDCVT CKM VLAL-SAA
sp/095484|CLD9_HUMAN LWKV AF IGNS--1VVA VVWG LWMSCVV CKV LLAL-PQD
sp/095500/CLD14_HUMAN HWRIR VGTN-- | LIBAVSMLKGLWMECV cQl LLAL-PQD
sp/095832|CLD1_HUMAN QW IYS AGD -- I VIBAQAMMEGLWMSCVS CKV LLNL-SST
sp|P56746/CLD15_HUMAN YWRVSTV --VI NT | FE NLWFSCAT CWE MLAL-SGY
sp|P56747|CLD6_HUMAN MWKV AFIGNS—— I VVAQVV GLWMSCVV CKV LLAL-PQD
sp|P56748|CLD8_HUMAN QWRVISAF | ENN--IVVFENEF GLWMNCVR@QA - CK | LLAL-SPD
sp/P56750/CLD17_HUMAN QWRVISIAFVGSIN--1 I VFERL GLWMNC | RIQIA CKF LLAL-PPA
sp/P56856/CLD18_HUMAN MW S QD?— DN--PV VFQMEGLWRSCVR| E|ICRP ILGL-PAM
sp/P57739|CLD2_HUMAN SW. SMVGAS--1IVIBAVGFSIKGLWMECAT CDI LLGL-PAD
sp/P78369|CLD10B_HUMAN YWKVSITID-GT--VI AN LWKACVT D MLAL-DGY
sp/Q8N6F1|CLD19_HUMAN QwKQ SlAGDA—— | IIAVGLYEGLWMSCAS - L LLAL-DGH
sp/Q9Y517|CLD16_HUMAN CWMVNADD- - - - - .L EV STKCRGLWWECVTAF E I LAEHP LK
Q57 G60 Q63

. Hydrophobic . Polar ® Prolines

[ ] Positively charged Cysteines @ Aromatic

o Negatively charged o Glycines O Unconserved

Fig. 2. Multiple sequence alignment of hCldn5 and other hCldn proteins (ECL1 region only). This analysis includes classic Cldns (1-10, 14, 15, 17, 19) and two non-classic Cldns (11,
18). Each sequence is identified by the following entry: sp / UNIPROT (https://www.uniprot.org) ID [/ Cldn name. Colours are assigned according to the legend included in the
picture. The numbering above the sequences is related to the Cldn5 protein. Secondary structure elements associated with the ECL1 topology are shown above the sequences as
arrows (p1 to p4 strands) or cylinders (ECH a-helix). The Cldn5 residues corresponding to the mutations studied in this article (Q57, G60, Q63) are indicated by black rectangles.

2642


https://www.uniprot.org

A. Berselli, G. Alberini, F. Benfenati et al.

Computational and Structural Biotechnology Journal 21 (2023) 2640-2653

G60R Pore I B G60R Pore II
A 4 ‘
-
% ¢
t
“ B
) o D68
K65 l s Ke5 “\7\) B .
R145 K65 i { R145 QO3 P P\ K48 R145 ) ; 55 Re0/Geo
W'\ / { o8 R60/G60 g j ¢ R145 it N |
\{ sth |9 K48 / D68 \ Q63
1 L Q63 Q“\/ R60/G60 P “\(JH
mw 146 R60/G60 3 D149 [l D149 Q57
o Q%" E146 j\‘ Q57 n J, % D149 o [ [ 146
Q574 5 i Ve ¥ =
v & (2;_ ~/ Q57 D149 L‘i& "‘\/ 1)1 19 Q57
D1497 4 ) R60/G60 / El mkﬁ' o
;( E146 ’g \f‘J\ D149 % ¢ ¢ X ’\\_1 146 1)0\
) Dos \(’\» NG~ K8 TRiss
D68 0‘“ 3/R60/G60 1\ 7 E146 4 y & B4
R145 & \.\\ /V‘ & Q63 D68 K65 Q63 R60/G60
R60/G60 Qm"\ ,( - K65
! K48 K48 g
b 5 \
» . b
¥
A 3
M ;
" 4 L] .
¢ )’
R
J
. ' 1
L3
y-axis
-->
q4 -~
1
i
¢ A
3
V4 u
ke § ¢

Fig. 3. Equilibrated structures of Cldn5%°°R Pore I (A) and Pore II (B). The four protomers are represented as gray ribbons. The side chains of the pore lining residues are
represented as sticks (upper row) and the mutated G60R side chains are colored in purple. In the lower row, the pore cavity is shown as a surface, calculated by the HOLE program.
The green color indicates the region where the pore size is that of one water molecule. The dashed line (y axis) represents the axis used in the US simulations for ion/water

permeation.

Consistent with the protocol of Ref. [24], an initial minimization
and an additional 30-ns-long equilibration with progressive release
of positional restraints were performed to achieve a stable starting
configuration for US runs.

1D-US simulations with harmonic biases were performed with
the Collective Variables (Colvar) module [47], using the projection of
the ion position onto the axis of the paracellular channel as single
collective variable (CV). The Weighted Histogram Analysis Method
(WHAM) was used to reconstruct the 1D-FE, using the code from the
Grossfield group, available at http://membrane.urmc.rochester.edu/
content/wham. During US simulations, we employed harmonic re-
straints for the C, atoms of the same set of residues for each para-
cellular model introduced in Ref. [24] to avoid orientational and
translational displacements that could affect the FE calculations.

2.2. Umbrella sampling simulations for the single Cldn5 pores

We performed 1D-FE calculations of ion/water permeation
through the paracellular cavities, following the same protocol used
in our previous works [12,13,24]. In umbrella sampling (US) calcu-
lations [48], a harmonic potential energy term is added to the
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CHARMM terms of the MD potential to ensure efficient sampling
along the chosen CV in different independent simulations (named
windows). In the case of our 1D CV, indicated as y, these potentials
are expressed as:

1
2

~

ai(y) = -k — ¥)?

(1)
where yi0 indicates the value at which the CV is restrained in window
i and % is a constant. For an appropriate choice of %, a sufficient
overlap between the sampled distributions of adjacent windows is
obtained and the final, full FE calculations can be obtained by em-
ploying WHAM [49,50].

We performed US simulations with the harmonic restraints of Eq.
(1) and # = 2 kcal/(mol - A%). We employed a total of at least 60
windows with a uniform spacing of 1 A. The time length required for
convergence for each window is shown in Table 1 and in Fig. 1. For
each window, the frames from the first ns were removed and not
used for analysis. To optimize the use of parallel computational re-
sources, we prepared a number of starting conformations where the
tested ion or the H,0 oxygen atom was swapped with equilibrated
water molecules, for the whole length of the paracellular axis. lons
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Fig. 4. Pore axis and cavity lining amino acids in the Cldn5%°% Pore I (A) and Pore II (B) models. The upper row shows an enlarged lateral view, with surface representation of two
cis-interacting protomers (blue and red) and residues as spheres. The lower row shows a cut-away view of the pores, with only two subunits in blue and red surfaces. The dashed

line (y axis) represents the axis used in the FE calculation for ion/water permeation.

not involved in the CV definition were excluded from the para-
cellular cavity by applying two half-harmonic potentials, one for
each entrance, characterized by an elastic constant of 10 kcal/(mol
- A?),

In addition, the displacement of the ion orthogonal to the pore
axis is confined within a disk of radius ry +8, where ry is the pore
radius as determined by the HOLE program [51,52] and 6=2 A, by
means of a force constant of 2 kcal/mol [24].

For WHAM analysis, we used 600 bins, and a tolerance of 0.0001.
Furthermore, we used bootstrapping to evaluate the statistical un-
certainty at each bin, using 100 bootstrap trials [12]. Overall, the US
calculations are based on a cumulative production of 12.8 us.

2.3. Pore dimensions of the paracellular cavities in the Pore I models

The pore radius profile was calculated with the HOLE program
[51,52]. The analysis was performed for the structures resulting from
the MD simulations carried out in each window of the US protocol
used for the FE calculation of water permeation. In addition, the pore
radius calculations was also performed for the structures resulting
from MD simulations of windows 1-5 and 55-60 of Na* and CI” US
protocol. In these windows, the labeled ion is still in the solvent and
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it does not affect the dimension of the pore cavity. A total of 80
snapshots were analyzed, and the result is reported as the average
pore radius profile + standard deviation.

2.4. Multi-Pore I models

Three additional triple-pore assemblies were constructed based
on Pore I, one using Cldn5"T and two using Cldn5%¢°% protomers.
Each structure includes 16 Cldn5 subunits. We modeled the human
Cldn5 (hCldn5™'T) monomer by homology, using SWISS-MODEL [53]
and the crystallographic Cldn15 structure (PDB ID: 4P79 [9]) as
template. The Cldn5™T triple-pore model was built using as re-
ference the extended, multi-pore configuration proposed by Suzuki
et al. in Ref. [10] for the homologous Cldn15. The G60R mutation was
included in Cldn5 subunits with the help of UCSF Chimera [26]. The
two Cldn5%°R multimer models, named Triple-Porel-version A
(TP1A) and Triple-Pore1-version B (TP1B), differ in the orientation of
the R60 side chains in each pore. In TP1A, these are oriented outside
the pore formed by their protomers, toward the lumens of adjacent
pores, while in TP1B they are inside their respective protomers’ pore.
The three multimeric systems were refined with GalaxyR-
efineComplex [28,29], embedded in a double POPC bilayer and
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solvated with water molecules. Energy minimization was performed,
followed by 100 ns of equilibration with progressive release of po-
sitional restraints.

2.5. Electrostatic potential maps

We calculated the electrostatic potential maps for the single- and
triple-pore structures based on Pore I, for Cldn5"T and Cldn5%5°%,
Calculations were performed with the adaptive Poisson-Boltzmann
solver code [54], using the default parameters set by the developers.

2.6. Structural analysis

All the MD trajectories were visualized and analyzed using UCSF
Chimera [26] (www.cgl.ucsf.edu/chimera/), the NAMD-COLVAR
module [47] and VMD [55] (www.ks.uiuc.edu/Research/vmd/) with
Tcl scripts.
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2.7. Alignment of sequences

The alignment of multiple Cldn sequences was performed using
the Clustal Omega program [56,57] available in Jalview [58].

3. Results

3.1. The pathogenic and artificial mutations involve highly conserved
residues in the Cldn family

As in all other Cldns, the ECL1 and ECL2 domains of human Cldn5
(hCldn5) are organized in a p-sheet formed by five antiparallel
strands, named g1 to g5. The first four strands belong to ECL1 and
the fifth one to ECL2. The ECL1 domain is stabilized by a conserved
disulfide bond formed by two cysteine residues belonging to 3 and
p4. An additional extracellular helix (named ECH) is observed be-
tween p4 and the second transmembrane helix (TM2). In Fig. 2, we
show a multi-sequence alignment of a selection of human Cldn
proteins. Interestingly, G60 is located in a region where mutations
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YZ plane XZ plane

Fig. 6. Electrostatic potential maps as molecular surfaces of Cldn5"V(A) and Cldn5%¢°R (B) Pore I models. Upper row: apical view (xz plane); lower row: cross-section of the lateral
view (yz plane, left) and cut-away view from the apical side (xz plane, right), with only two Cldn5 subunits. Energy values are represented with a color-code ranging from red ( - 5

KkT/e) to white to blue (+5 kT/e).

are predicted to be deleterious [25], and is conserved among all the
sequences with two exceptions: Cldn17, which is known to form
paracellular channels with distinct anionic selectivity [59], and
Cldn8, which is essential for the TJ] localization of Cldn-4 in the
kidney [GO].

The other two mutants (Q57D and Q63D) affect residues located
in the same portion of the ECL1 domain, between 3 and p4 (Q57),
and on p4 (Q63). In the cation-selective, channel-forming, Cldn15
and Cldn10b proteins, an aspartate is found at the position equiva-
lent to Cldn5 Q57(2], which prompted us to investigate the effect of
the Q57D variant in the Cldn5 pore model.

3.2. The G60R mutation induces an anion-selective channel in Pore I but
not in Pore I

In order to perform the FE calculations of ion/water translocation
through the mutated paracellular structures, we inserted the G60R
variant in the WT configurations of both pore models. The equili-
brated structures of Cldn5°R Pore I and II are shown in Fig. 3. Due
to the different orientation of the monomers, the mutated residues
are located near the center of the cavity in Pore I and at the end-
points of the cavity in Pore II (Fig. 4). In Pore I, while the side chains
of Q57, Q63 and K65 point toward the interior of the pore, the GGOR
side chains are oriented toward the exterior; conversely, in Pore II,
the side chains of Q57, Q63 and K65 are located at the mouths of the
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pore, and the G60R side chains are exposed to the solvent. Hence, in
both structures the four mutated side chains point outside the pore
vestibule.

The FE profiles for the G60R Cldn5 structures are reported in
Fig. 5, and compared with analogous profiles for the WT Cldn5 pores
as calculated by us in Ref.[24] (data reproduced with permission).
Results show that the two models remain permeable to water after
the insertion of the mutation, which induces only a small FE barrier
in proximity of the mutated residues in Pore I (Fig. 5A,B). Water
translocation across the BBB is known to be characterized by limited
exchange rate [61-63] and, to the best of our knowledge, there is no
evidence to rule out water exchange through the Cldn5 paracellular
pathways. Indeed, all computational investigations of the WT Cldn5
pores performed so far revealed water permeable cavities. [7,23,24].

On the other hand, Na* translocation is affected in the Cldn5¢6°%
Pore I (Fig. 5C), where the four added arginine side chains cause an
increase of the central FE peak from 2.5-3 kcal/mol to 8.5-9 kcal/
mol. In Pore II, the difference between the WT and the Cldn5%%°R Na*
FE profiles lies mainly at the center of the pore, where the mutations
deepen the energy minimum by about 1-2 kcal/mol, while the bar-
riers at the pore’s end-points are essentially preserved (Fig. 5D), in
line with the location of the substituted arginine side chains. In the
case of CI7, the mutated Pore I displays a minimum deeper than the
WT of approximately - 2.5 kcal/mol for 10 A <z<45 A (Fig. 5E),
consistent with the location of the arginines and with the function of
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an anionic channel. Conversely, the FE profile of ClI” translocation in
the G60R Pore Il is essentially the same as in the WT configuration
(i.e., a repulsive barrier; Fig. 5F), as a consequence of the different
position of the mutated residues along the main axis of the para-
cellular cavity.

3.3. The G60R mutation changes the electrostatic field and the
geometry of the Cldn5 Pore I structure

Electrostatic potential maps for the Cldn5"Tand Cldn5%°R Pore I
models are shown as molecular surfaces in Fig. 6. The comparison
reveals an increase of positively charged regions (colored in blue)
within the mutated pore, consistent with the minimum of the FE for
CI” translocation shown for the mutated Pore I.

A comparison between the size of the pore in WT and mutated
structures is shown in Fig. 7. Despite the change in electrostatics, the
four R60 side chains cause a reduction of the pore radius at the
central constriction region (Fig. 7A). The average cross-distances
between residues lining the pores, calculated along the MD
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trajectories of the same US windows used for pore radius, reveal the
origin of this change: in the mutated pore, the R60 side chains in-
teract with the adjacent D68 residues, perturbing its interaction with
K65 that is observed in the WT pore, and letting the K65 side chains
free to relocate toward the solvated lumen of the pore (Fig. 7B
and C).

3.4. The Q57D and Q63D mutations convert Pore I into a cationic
paracellular channel

To further investigate the effect of pore-lining mutations in Pore
I, we calculated the water/ion translocation FE profiles for the arti-
ficial mutants Q57D and Q63D. The locations of these residues are
reported in Fig. 8. The glutamine in position 57 is highly conserved
among Cldn proteins, with the notable exception of Cldn15 (D55)
and Cldn10b (D56), which are known to be cation permeable [2,64].
Results published in Ref.s [11,12,15,65,66] assessed the validity of the
Pore I model for these members of the Cldn family, suggesting that
they attract cations through the paracellular space thanks to the
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formation of a tetra-aspartate cage formed by the D55/D56 side
chains at the pore constriction. Q63 is also highly conserved in Cldns,
but it is substituted by an asparagine in Cldn15 and Cldn10b. Based
on these observations, we asked ourselves whether point mutations
resulting in the insertion of negative charges in this critical region
could transform the impermeable Cldn5“T pore to an artificial
paracellular cation channel. We thus generated Cldn5%7P and
Cldn5%%P mutants and studied the effect of the mutations on water
and ion translocation.

Our results based on US simulations of single Na*, CI” and H,0
through the Cldn5%’P and Cldn5%3P Pore I configurations are
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shown in Fig. 9, and compared again with the WT system. Both
mutations allow the structure to remain permissive to water para-
cellular diffusion (Fig. 9A,B). As for Na* translocation, they abolish
the FE barrier in the central constriction seen in the WT system and
cause the formation of a minimum. While the FE minimum of the
Q63D mutation is localized in a narrow region of the paracellular
space (at 25 A <z<30 A) and is modestly deep ( ~ 2 kcal/mol,
Fig. 9D), the Q57D substitution induces a broader (20 A <z<40 A)
and deeper minimum ( ~ 5 kcal/mol, Fig. 9C), confirming the para-
mount role of this residue in the regulation of the paracellular traffic.
Finally, both mutations also modify the FE of CI” translocation,
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causing the appearance of a central FE peak at ~ 7.5 kcal/mol
(Fig. 9E,F). Remarkably, the results for Na* and CI” in the Q57D Pore I
are consistent with our previous calculations for Cldn15 in the same
configuration [12].

4. Discussion

Cldn5 is an essential protein for maintaining the BBB micro-
environment, thus representing a novel target in the development of
molecules to permeate the barrier in a safe and reversible manner. In
lack of detailed experimental information, several structural models
of Cldn5 tight junctional assemblies have been proposed, and their
investigation, refinement and validation are mandatory steps to
unravel the molecular basis of its function. To this goal, the recent
discovery of the first Cldn5 variant associated with a neurological
condition (G60R) [25] serves as an excellent bench test. The sub-
stitution, causing alternating hemiplegia in two unrelated patients,
affects an amino acid of a loop between the 3 and p4 strands on
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ECL1, and was experimentally demonstrated to promote anion per-
meability in Cldn5 TJs. When inserted into two of the most studied
models of Cldn5 single-pore structures, the mutation produced
markedly different effects, allowing us to identify the one model
displaying the experimentally observed anion-channel property.
This is the so-called Pore I system, derived originally from the ar-
chitecture of Cldn15 TJs proposed by Suzuki et al. [10], and first in-
troduced for Cldn5 by Irudayanathan et al. [6] In this model, G60 is
located close to the middle of the pore cavity and its substitution
with an arginine strongly affects ion permeation, generating an at-
tractive energy minimum for chloride and a repulsive barrier for
sodium. Detailed analysis revealed that the mutation causes changes
in both the electrostatic and structural properties of the pore, by
inducing a broader positively charged molecular surface and a re-
striction of the cavity at the central region.

Additional simulations showed that other mutations (Q57D and
Q63D, also at the center of the pore) have the effect of converting the
Cldn5 complex into a cation channel. Q57 corresponds to D55 and
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Fig. 10. (A) Modeling of triple pores, based on multiple Pore-I like structures. The proteins (ribbon style) are embedded in a double POPC bilayer. (B) Apical view of the central
cavity for Cldn5"" (left) and Cldn5%°°R (TP1A and TP1B, center and right, respectively). Details of modeling are described in the text.

D56 in the cation selective Cldn15 and Cldn10b, for which the va-
lidity of Pore I, and the specific role of the aspartic acid, have been
assessed [11,12,15,65,66]. Since in Ref. [67] a decrease of trans-in-
teractions was observed for Cldn5%7P in HEK-293 cells and no in-
formation is available to link these mutations to pathogenic variants
of Cldn5, the main objective of our calculations was to determine
whether the designed mutant architecture would have a channel
function similar to that of the Cldns for which Pore I is a validated
structure.

The study of ion translocation through Cldn-based paracellular
cavities is a quite recent and promising research field in the context
of MD simulations.

The results presented in this manuscript are based on the in-
vestigation of single and isolated tetrameric pores, not con-
sidering the role of the Cldn subunits in the TJ strand that are
adjacent to the pore cavity. This strategy, already employed by us
[12,13,24] and others [6,23], allows to considerably reduce the size
of the studied systems, while retaining the key molecular de-
terminants of TJ selectivity. Indeed, our previous work on the
Cldn15 single Pore I configuration [12] revealed the same se-
lectivity properties of a multi-pore model [15]. However, the ad-
dition of neighboring protomers in the strand might improve the
representation of the protein in the physiological environment, as
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various computational studies have suggested that Cldn poly-
merization can affect the paracellular structures
[11,15,14,65,66,16,17]. For a preliminary assessment of the G60R
mutation’s impact on multi-pore Cldn5 systems, we prepared
three additional assemblies comprising a triple pore made by
adjacent Pore I units, one using Cldn5"T and two using Cldn5%6%%
protomers (Fig. 10). The latter two, named TP1A and TP1B, differ in
the orientation of the R60 side chains: while in TP1A they point
outside the pore formed by their protomers, as in our single-pore
structure, in TP1B they are oriented toward the pore’s lumen. We
then calculated the electrostatic potential maps of the WT and the
TP1B triple pores and reported them in Fig. 11. The comparison
reveals a marked increase of positively charged regions (blue
color) for the mutated system in the interior surface of each pore,
consistent with what obtained for G60R single-pores (see Fig. 6),
and with the features of an anion channel. Therefore, the G60R
mutation is expected to enhance anion permeation also in ex-
tended, multi-pore structures.

It is also of relevance to point out that here and in our previous
works [12] we calculated the FE profiles of single ions translocating
across the pore. While it is very likely that multiple ions are involved
in the conduction mechanism of paracellular channels, the single-
ion FE is a central concept in permeation studies, since it determines
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Fig. 11. Electrostatic potential maps as molecular surfaces for Cldn5"T(A) and Cldn5°%, TP1B (B) Pore I models. Upper row: apical view (xz plane); lower row: cross-section of
the lateral view (yz plane) and cut-away view from the apical side (xz plane). The color-code for energy values ranges from red ( - 5 kT/e) to white to blue (+5 kT/e).

conduction at a relatively low ion concentration and yields funda-
mental information such as the location of binding sites and re-
pulsive barriers, allowing for a preliminary screen of the effects of
mutations or of distinct channel models.

The choice of the force field (FF) is another significant aspect of
all-atom MD simulations that may have an impact on the results of
ionic permeation through ion channels. In this study, we used the
more recent version of the CHARMM FF (CHARMM36m [36-38]), in
agreement with all available computational works on paracellular
channels [6,7,11-14-17,18,23,24]. However, recent studies [68,69]
revealed different outcomes from microsecond-long MD simulations
of ion permeation through the selectivity filter of a voltage-gated
potassium channel performed with CHARMM and another widely
used FF, AMBER [70]. Hence, future investigations of Cldn-based
pores will benefit from the integrated use of multiple FFs.

In conclusion, our results provide the first in-silico description of
the effect of a Cldn5 pathogenic mutation. They agree in full with the
recently reported experimental observations [25] and allow to dis-
cern the best pore model to describe the Cldn5 assembly in the BBB.
By identifying protein-protein interfaces at the core of Cldn5 TJ
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assemblies, our computational investigation represents a step for-
ward in the understanding of BBB structure and function, and in the
structure-based search of opening agents for therapeutic treatments.
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