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ABSTRACT: The blood-brain barrier (BBB) strictly regulates the exchange of ions and molecules between the
blood and the central nervous system. The tight junctions (TJs) are multimeric structures that control the
transport through the paracellular spaces between adjacent brain endothelial cells of the BBB. Claudin-5
(Cldn5) proteins are essential for the TJ formation. They assemble into multi-protein complexes via cis-
interactions within the same cell membrane, and trans-interactions across two contiguous cells. Despite the
barrier function of Cldn5 proteins and their role as targets of brain drug delivery strategies, the molecular
details of their assembly within TJs are still unclear. Two different structural models have been recently
introduced, in which Cldn5 dimers belonging to opposite cells join together to generate paracellular pores.
However, a comparison of these models in terms of ionic transport features is still lacking. In this work, we
used extended molecular dynamics simulations and free energy calculations to assess the two Cldn5 pore
models and investigate the thermodynamic properties of water and physiological ions permeation through
them. Despite different FE profiles, both structures present single or multiple FE barriers to ionic permeation,
while being permissive to water flux. These results reveal that both models are compatible with the
physiological role of Cldn5 TJ strands. By identifying the protein-protein surface at the core of TJ Cldn5
assemblies, our computational investigation provides a basis for the rational design of synthetic peptides and
other molecules capable of opening paracellular pores in the BBB.

KEYWORDS: Tight junctions, Claudin-5, Blood-brain barrier, Biological pore models, Molecular dynamics, Free
energy calculations.
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INTRODUCTION

Biological barriers are structures made of layers of tightly bound endothelial/epithelial cells that preserve
the characteristics of the body compartments they separate and regulate the exchanges between them.
Multimeric protein complexes named Tight junctions (TJs)*™® hold adjacent cells together by forming strands
that are visible in freeze-fracture electron microscopy (EM) images and seal the paracellular space between
cells™,

Claudins (Cldns) are the major components of the TJ strands”'%!!. The Cldn family is composed of 27 tissue-
specific homologs with a structure comprising a transmembrane four-helix bundle (TM1-4) embedded in the
membrane bilayer (the TM domain). TM helices are joined by two extracellular loops spanning the
paracellular space (ECL1-2) and by an intracellular loop in the cytoplasmic region, where the N/C termini are
also found'?®3, Cldns are known to assemble into TJs via intermolecular cis-interactions between individual
protomers lining on the same cell membrane and trans-interactions between proteins contributed by
adjacent cells®. TJ strands regulate the paracellular flux of ions and molecules across the various barriers via
highly selective, tissue-specific mechanisms®>,

The Cldn subtype 5 (Cldn5) is the most abundant TJ protein in the endothelial cells of blood-brain barrier
(BBB), the highly selective interface that preserves the chemical homeostasis of the central nervous system
(CNS). In particular, Cldn5 strands are responsible for the very limited BBB paracellular permeability that
prevents the uncontrolled permeation of ions and small molecules!” %,

The relevant physiological function of Cldn5 proteins makes them a novel and promising target for strategies
developed to deliver drugs directly to the brain?°. However, structure-based approaches are still hampered
by a lack of knowledge on the precise assembly of Cldn5 protomers in the BBB TJs'’. Only recently?®, based
on prior results on other Cldns?®2%, two structural models of Cldn5 complexes were introduced, both of which
display a pore cavity and were so referred to as Pore | and II.

The Pore | structure derives from the model originally introduced by Suzuki et al. in Ref. 29 for the
homologous Cldn subtype 15 (Cldn15, PDB ID: 4P79), the first member of the family to be crystallized.
According to this template, cis-interactions are formed by the ECL1 domains of two neighboring protomers
in the same membrane (also named face-to-face interaction’), with opposing B-strands arranged in an
antiparallel fashion to generate an extended f-sheet across the two molecules, defining a hydrophilic
surface. Moreover, two opposing dimers from adjacent cells create a tetrameric arrangement sustained by
trans-interactions between the ECLs of the protomers, resulting in a S-barrel super-secondary structure in
the paracellular space that encompasses a pore cavity. After the publication of the Cldn15-based model, this
has been refined and validated in several studies using structural modeling and Molecular Dynamics (MD)
simulations3'38, also for other Cldns. In particular, in Ref. 37, the authors investigated the mechanism of ion
permeation through the Cldn5 Pore | by calculating the free energy (FE, or potential of mean force, PMF)
profiles for various ionic species. Results pointed to the lack of both cation and anion permeation, thus
demonstrating that the Pore | conformation properly reproduces the function of barrier to ionic fluxes
exerted by BBB TJs*°.

On the other hand, the Pore Il was also introduced by the same group®*3>%°, based on previously modeled
Cldn5 dimers®. Although the structure still comprises again two facing Cldn dimers, the cis-arrangement
between two protomers in the membrane of the same cell is characterized by a distinct pattern of
interactions involving the TM2 and TM3 helices (also named back-to-back interaction’). More specifically,
the authors identified a leucine zipper motif defined by the residues Leu83, Leu90, Leu124 and Leu131 of the
two Cldn5 subunits, supported by the aromatic interactions between the opposing pairs of Trp138 and
Phel27 residues. The presence of this dimerization interface is consistent with the experimental results
illustrated in Ref. 28. Then, similarly to the Pore | configuration!®*°, the Pore Il architecture is obtained by
joining a couple of these dimers via trans-interactions, although it lacks the cavity-enveloping super-
secondary structure distinctive of Pore I. The MD simulations illustrated in Ref. 40 demonstrate that the
Cldn5 Pore Il is impermeable to small molecules such as a-D glucose but permissive to water.

However, at variance with Pore |, the Pore Il model is still limitedly investigated®**>4%2 and further studies
are required to chart its structural and functional hallmarks. In particular, a detailed investigation of its ionic
permeability has not been performed yet, thus hampering a thorough comparison with Pore I.

The aim of this work is to investigate the two different pore models and to assess their reliability as possible
representatives of Cldn5 complexes in the TJs of the BBB. After building the two tetrameric configurations
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using Cldn5 protomers modeled from the homologous Cldn15%, we used all-atom MD simulations to refine
their structures in solvated, double-membrane environments and to compute the dimensional FE profiles for
the permeation of water and ions through both pores. Results show that the Pore | arrangement is
structurally more stable, while both are water-permeable and present FE barriers of different heights to the
passage of ions, consistently with the known role of Cldn5 in increasing the transendothelial electrical
resistance and reducing the ionic paracellular permeability of the BBB?. In both conformations, the FE critical
points correlate with the positions of pore-lining charged residues: barriers for cations are localized in
proximity of the Lys65 sidechains, while those for Cl" are in correspondence of Glul46 and Asp149. The
profiles for the same ions are, however, quite different in the two structures, due to distinct arrangements
of the residues along the pores. Moreover, the hydration pattern of permeating ions along the pore axis
shows a partial depletion of the coordinating water molecules in correspondence with the narrow regions of
the pores®343,

Our findings provide a systematic description of the two Cldn5 tetrameric pore configurations in terms of
their structural and permeation properties, indicating that they are both possible Cldn5 assemblies in the TJs
of the brain endothelium.

RESULTS AND DISCUSSION.

The tetrameric structures of Pore | and Pore Il are shown in Figures 1-3, which report the arrangements of
Cldn5 protomers in dimers (Figure 1), the quaternary structure of the two pores (Figure 2), and the relevant
amino acids within their cavities (Figure 3), respectively.

Figure 1. Structural representations of the two equilibrated dimeric structures which prelude to Pore | (A) and Pore Il (B). The dimer in
panel A is characterized by a face-to-face interaction between the ECL1 domains of two opposite Cldn5 protomers. The dimer in panel
B is formed by a back-to-back interaction and stabilized by a leucine zipper pairs in the TM2-TM3 helices of the single Cldn5 protomers.

To construct the Pore | system, two distinct models were set-up and simulated for 1 ps each. Both
configurations showed a remarkable structural stability of the paracellular domains, evaluated by root-mean
square deviation (RMSD) of the ECLs and cross-distances between facing, pore-lining residues. We then
selected the model to be used as Pore | system based on pore size and the preservation of a hydrogen bond
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involving the highly conserved Lys157 that was described as structurally relevant in Refs. 7,12. Details of the
modeling steps and MD simulations set-up are provided in the Methods section, while the analysis of the
simulations and the assessment of the best Pore | model are reported in the Supplementary Information file.

space

Paracellular &

Figure 2. Structural representation of the two equilibrated single-pore models, top and side views. Pore configurations are shown in
ribbon cartoon style (A, C) and Van Der Waals sphere style (B,D) for Pore | (A,B) and Pore Il (C,D) models, respectively.

FE Calculations. Experimental evidence confirms that Cldn5-based TJs form an efficient barrier to the
permeation of small molecules and physiological ions*>®394447 Here, we used the Umbrella Sampling (US)
method'® to perform FE calculations for a single water molecule or single Na*, K*, CI, Ca?, Mg?* ions
permeating across the pore cavity of Pore | and Pore Il structures.
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Figure 3. Locations of selected residues along Pore | (A) and Pore Il (B) models.
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In all the US simulations, we used the projection of the position of the tagged ion (or water molecule) on the
pore axis as collective variable (CV). The FE profiles obtained for the two pore models are reported in Figure
4 and Figure 5, respectively. The errors associated with these calculations were estimated via
bootstrapping®.
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Figure 4. FE profiles for the permeation of water and physiological ions through the Pore | model. Error bars represent the standard
deviation of the mean. The position of the most external atoms of the sidechains of relevant residues are indicated as dashed lines.

The Pore | configuration is characterized by an hourglass shape, with a narrow domain in the middle of the
structure, where the GIn57 and GIn63 residues from the four protomers form an uncharged cage (Figure 3A).
The pore scaffold is completed by positively charged Lys65 residues, which provide an electrostatic barrier
to cations. According to the FE profiles illustrated in Figure 4, the system is permeable to water while the
profiles of Na* and K* reveal a FE maximum in the constricted region of ~ 3 kcal/mol, while for Ca** and Mg?*
the barrier is ~ 7-8 kcal/mol, in agreement with the pivotal role of electrostatics in controlling the paracellular
transport3337:434952  Qyerall, these calculations suggest that the Pore | configuration is an excellent seal
against the paracellular transport of cations. The FE profile for the Cl"ion shows barriers of about 2 kcal/mol
symmetrically positioned at the pore entrances, where two identical clusters of negatively charged residues,
Asp68, Glul46 and Asp149 (Figure 3A), exert a moderate charge repulsion that limits anion access. Our FE
profiles are in overall agreement with those calculated by Irudayanathan et al. 3’ for the same ions
permeating through Cldn5 Pore | (there, the authors used the GROMACS code®® and the CHARMM36m force
field>* with virtual site parameters for lipids®®, and Well-tempered Metadynamics®® for enhanced sampling).
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Figure 5. FE profiles for the permeation of water and physiological ions through the Pore Il model. Error bars represent standard
deviation of the mean. The position of the most external atoms of the sidechains of relevant residues are indicated as dashed lines.

The Pore Il system (Figure 5) is also water permeable, but it is characterized by a locally different response
to ionic transport. The FE profiles for Na* and K* reveal two FE maxima of ~ 2 kcal/mol at the two entrances
of the pore cavity, where the positively charged residues Lys65 and Lys48 are located (Figure 3B), together
with Asp68. The profiles for Ca** and Mg?* permeations are characterized by higher barriers, up to 5 kcal/mol.
Between the two lateral peaks, a minimum for all cations can be found at the center of the structure
correlating with a relevant population of negatively charged residue belonging to the four Cldn5 subunits
(Glu146 and Asp149). Because of this cluster of residues, the passage of the ClI" ion is prevented by the
presence of a FE barrier reaching 5 kcal/mol that is only slightly damped in the most central region by the
four Arg145 residues.

Pore Size and Hydration of Na* and CI' during Permeation. To further investigate the link between the FE
profiles and the structure of the pores, we investigated the size of the two paracellular cavities, since ion
permeation can be influenced by a combination of size and electrostatic effects. We calculated the pore
radius profile of both the structures using the HOLE software®”8, As shown in Figure 6, the two models share
the same dimension at the two mouths with a diameter of ~ 16-18 A. On the contrary, the internal radius
profile differs between the two models. Indeed, the Pore | structure is characterized by an hourglass shape,
with an inner constriction in the central part of ~ 5-6 A (Figure 6A), where GIn57, GIn63 and Lys65 residues
of the four subunits form a narrow cage. On the contrary, the equilibrated Pore Il structure has two
constrictions of ~ 6 A (Figure 6B) in each of the two entrances, where the residues GIn57, GIn63 and Lys65
belonging to two subunits are located.
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Figure 6. Pore cavities of Pore | (A) and Pore Il (B) models. Each protomer is represented in different colors and the pore cavity is shown
as a blue surface. In the bottom panels, the pore radius along the pore axis is reported for both the configurations.
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Figure 7. Average number of ion-coordinating water molecules as a function of the pore-axis coordinate for the Na* ion through Pore
I (A) and Pore Il (B) and for the CI- ion through Pore | (C) and Pore Il (D). Error bars represent the standard deviation of the mean.

We then mapped the hydration pattern of the Na*and Cl-ions during their permeation across the pore cavity
(Figure 7). To this aim, we calculated the average number of coordinating oxygen atoms belonging to the
water molecules surrounding the ions in each window of the US protocol (see Methods), by adopting a
threshold of 3.0 A for the cation and 3.5 A for the anion®® (the error being computed as standard deviation
of the mean).

The ionic hydration profiles correlate with the pore radius of the two structures and with the FE profiles. The
Na* and CI ions in the solvent bulk are surrounded by ~5.5 and ~6.5 water molecules, respectively, in
agreement with the values reported in Ref. 59.

The Na* permeating the Pore | cavity (Figure 7A) loses up to one coordinating water molecule in the inner
region, where the Pore | exhibits the minimal pore radius (Figure 6A) and the pore-lining neutral GIn57 and
GIn63 residues are located. The partial depletion of the solvation sphere while passing through the pore
cavity and the unfavorable electrostatic interactions with the positively charged Lys65 residues add up to
generate the energetic barrier displayed in Figure 4. Similarly, the cation permeating the Pore Il cavity (Figure
7B) shows two minima in the hydration profile at ~10 A and ~60 A along the pore axis, which are the
narrowest regions of the channel (Figure 6B), where the Lys65 residues are located (Figure 3B). This evidence
is consistent with the position of the energetic barriers computed with the US calculations (Figure 5).
Between the two peaks, found at the extremities of the cavity, the fluctuations of the average number of
coordinating water molecules are smaller, being the pore radius (Figure 6B) slightly larger than the radius of
the Na* hydration sphere.

The hydration profile of the Cl ion across the Pore | (Figure 7C) also correlates with the pore radius and
thermodynamics calculations. The FE barriers are found at ~10 A and ~50 A, corresponding to the positions
of Aspl149 and Glul46. Here, the pore width allows full hydration of the ion, thus partially screening the
interaction with the negatively charged residues. Between these regions, three minima at ~18 A, ~30 A and
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~45 A are observed in the hydration pattern, correlating with the position of the pore-lining residues Lys48
and with the maximal constriction of the cavity.

These findings suggest that the main factor responsible for the formation of the Cl energetic barriers is the
electrostatic repulsion exerted by the negatively charged Asp149 and Glu146 residues, rather than the steric
hindrance of the pore. Indeed, in the inner part of the pore, the anion passes through the narrowest segment
experiencing a partial dehydration which is not associated to a significant thermodynamic barrier. In contrast,
the regions where the FE profiles show the highest barriers to passage of the Cl" are wide enough to
accommodate the anion with its entire hydration sphere. The antagonistic contributions of the pore
shrinkage and the electrostatics justify the lower entity of the barrier found for the anion (~2 kcal/mol) with
respect to the monovalent cations (~3-3.5 kcal/mol) in the Pore | configuration.

The hydration scheme of the Cl ion permeating the Pore Il model (Figure 7D) reports relevant fluctuations
because of electrostatic interactions with the pore-lining charged residues and steric hindrance in the tight
regions, where the contact with polar amino acids takes place. The minima at ~10 A and ~65 A correlate with
the constrictions of the cavity (Figure 6B). Nevertheless, the central section reveals limited fluctuations in
the pore radius, in the same range of the CI" hydration sphere. For this reason, the major role to the
fluctuations in the coordination pattern of the anion is attributed to the interactions of the ion with the pore-
lining residues.

To better investigate the mechanisms of the Cl"hydration profiles within Pore Il, we analyzed the changes in
the coordinating environment of the anion along the pore axis by mapping the interactions of the ion with
the pore-lining positively charged residues and the whole protein. Results are shown in Figure 8.
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Figure 8. Contributions to the coordination profiles of the CI ion in the Pore Il cavity.

For this analysis, we used the oxygen atom of the water molecules, the guanidine nitrogen atoms of Arg145,
the amine nitrogen atom of both Lys48 and Lys65, the hydroxyl oxygen atom of Ser74 and non-specific heavy
atoms of the protein (also including above-mentioned residues). Results show that, in the regions at ~10 A
and ~65 A, the ion interacts not only with Lys65, but also with other protein atoms, as a consequence of the
constriction of the cavity. In the segments centered at ~22 A and ~46 A, almost all the interactions with the
protein are attributed to Lys48, thus revealing a major role of the residue in coordinating the anion to
compensate the partial depletion of its solvation sphere. The central segment of the pore axis reveals a
fluctuating pattern where the contacts between the anion and the Argl145 residue are predominant. At the
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sites around ~27 A and ~45 A, corresponding to a pronounced dehydration of the ion, there is substantial
interaction with the protein, albeit not with the Arg145 and Lys48 sidechains.

We next analyzed the time evolution of the hydration pattern in specific windows of the US calculations,
related to representative hot-spots in the hydration profile. In particular, we mapped the 20-ns-long
trajectories of windows 27, 30, 61 and 63 (corresponding to the same positions, expressed in A, along the
pore axis), shown in Figure 9.
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Figure 9. Analysis of the coordination environment of the CI ion along the 20-ns-long trajectories in windows (A) 27, (B) 30, (C) 61 and
(D) 63 of the US scheme.

In window 27 (Figure 9A), the Cl" anion loses up to two coordinating water molecules (as evident in Figure
7D). From the analysis of the trajectory, we obtained an average coordination number between the anion
and the protein of 1.900 + 0.237, mainly due to the interaction with the positively charged Arg145 sidechain,
the polar Ser74 sidechain and, to a minor extent, the Lys48 residue. Conversely, in window 30 (Figure 9B),
the CI is fully hydrated. We calculated the number of contacts with the negatively charged Glul146 and
Asp149 and, as expected, none of them was detected along the entire trajectory. The average coordination
number with the protein is only 0.295 + 0.112, and it is associated with few contacts between the anion and
the neighboring positively-charged (Arg145) or polar (Ser74) residues. Remarkably, this window corresponds
to a high-energy region for the ClI" (Figure 5), revealing a major role of the pore-lining negatively charged
residues in blocking the anion permeation. Moreover, we investigated the two windows 61 and 63 (Figure 9
C,D), where the ClI" ion experiences a depletion of almost two coordinating water molecules. This region of
the cavity is one of the most constricted ones of the Pore Il model (Figure 6B) and it also accommodates the
Lys65 along with other polar residues. In window 61 (Figure 9C), the anion dehydration is mainly due to the
stabilizing electrostatic contact with the positively charged sidechain of the Lys65 residue, with a
coordination number of 0.670 + 0.100, which represents almost the totality of the anion — protein
interaction. In contrast, in window 63, the average coordination number of the protein in contact with the
Clis 1.620 £ 0.191, but the contribution of Lys65 is only 0.340 + 0.101, revealing that the coordination
sphere of the anion is completed by multiple contacts with different polar residues such as Ser58, GIn57 and
the GIn63. Consequently, in the segment of the Pore Il cavity spanning between 55 A and 70 A (and,
symmetrically, between 5 A and 20 A), the stabilizing electrostatic interaction between the anion and Lys65
cooperates with the steric occlusion and the subsequent contact with the polar sidechains of other pore-
lining residues to give rise to the marked dehydration reported in Figure 7D. These extreme sections of the
pore cavity represent relative low-energy regions to the permeation of the Cl-ions (Figure 5), confirming that
the electrostatic interactions between the ClI" and the protein drive the energetics of permeation by
compensating the energy cost spent to dehydrate the anion because of the steric occlusion of the cavity.

Discussion. Tight junctions are complex intercellular systems observed in both epithelial and endothelial
cells, responsible for the control of the paracellular diffusion processes. Among the various tissue-specific
TJs, a major interest is devoted to those located in the BBB. Although it is well known that Cldn5 proteins are
the backbone of TJ strands of the BBB, we still miss a complete understanding of how they seal the


https://doi.org/10.1101/2022.03.03.482846

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.03.482846; this version posted March 4, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

paracellular spaces by oligomerization within the same cell (via cis-interactions) and between adjacent cells
(via trans-interactions). Here, we studied two different structural models of pore-forming Cldn5 complexes
that have been recently introduced*’. Both models, proposed for Cldn5 and other Cldns, are consistent with
experimental results only in part, so that and their validation has not already been concluded®”*°. Pore | is in
agreement with the structural model proposed by Suzuki and collaborators for the homologous Cldn15%, in
which two protomers belonging to the same cell interact with their ECL1 domains to form a cis-dimer. A
couple of these dimers from two opposite cells are then supposed to interact in trans forming a Cldn tetramer
characterized by a B-barrel-like paracellular cavity?® . After the publication of this model, criticisms were
expressed about its validity!?, regarding steric hindrances at the paracellular interface and inconsistency with
the experimentally demonstrated interactions between TM helices of cis-protomers?”?42_0n the contrary,
in the Pore Il structure, Cldn5 cis-dimers are formed via a leucine zipper pattern belonging to TM2/TM3. In
particular, TM2/TM3-mediated interactions have been previously described by experiments of Cldn5-based
systems?®, Several successive works revised the two models. Various research groups successfully refined the
Pore | configuration for Cldn15 and other Cldns*'38, showing that non overlapping conformations for the
ECLs are possible and that the resulting tetramer is stable. Moreover, experimental results based on electron
microscopy techniques**®° indicated an arrangement compatible with the Pore | configuration for Cldn3,
Cldn10b and Cldn11. Additional experiments for Cldn3, Cldn10b and Cldn15 showed that the palmitoyl
groups are located in proximity of TM domains*>®1%2, raising the possibility that palmitoylation could perturb
the tight packing of cis-interactions at the TM level of Pore I, thus destabilizing the structure. Nevertheless,
the multiscale molecular simulations described in Ref. 63 reported that palmitoylation of Cldn5 enhances the
probability of the dimeric arrangement that characterizes Pore Il over the other possible cis-configurations
occurring at the TM level.

Nevertheless, in the absence of a conclusive experimental result able to discriminate between the two
models, both the configurations remain worthy of refinement and study, also in the hypothesis of a
heterogeneous distribution of the two pore arrangements. Indeed, computational works indicate the
potential coexistence of the two pores in the same TJ strands. Coarse grained MD simulations of self-
assembly of Cldn promoters in lipid environment suggest the formation of diversified cis-dimers in the strand,
consistent with the dimeric unit that form the two pore configurations**3>%, Furthermore, the same authors
confirmed the formation of the same dimers using a specific algorithm to obtain millions of Cldn—Cldn
conformations and to analyze the amino acid contact maps>%°8. The results showed the presence of both the
Pore | and Pore Il structures investigated in this work for Cldn5.

In this framework, we used MD simulations and FE calculations to quantify the thermodynamic features of
ionic permeation events through the pore cavities of the two models for Cldn5. The study of ionic processes
across biological channels has been an important topic in molecular modeling to look into the details of
protein models®. In our previous work, we used the same approach to refine the configuration of the Cldn15
pore based on the original structure of Ref. 29. Our efforts contributed to the validation of this structure,
confirming the role of the investigation of ion permeation processes for structural validations. In this work,
we extended our analysis to the two structural models built for Cldn5 subunits. The HOLE profiles revealed a
different pore shape between the two models. The Pore | structure is characterized by an hourglass shape,
with the inner constriction in correspondence of residues GIn57, GIn63 and Lys65 of the four subunits,
measuring ~ 5-6 A in diameter. On the contrary, the Pore Il structure has two constrictions of ~ 6 A in diameter
each in proximity of one of the two entrances, where the same residues GIn57, GIn63 and Lys65, now from
two subunits, are located. Indeed, it is remarkable that, despite the different topology, the internal
narrowings are related to the same set of residues. Our FE calculations reveal that both pores are water
permeable, a feature not yet fully clarified experimentally, but consistent with previous computational
results®”*° and as postulated by some authors®®. On the contrary, the pores show FE barriers to cations.
Interestingly, in both the models, the location of the cation barriers corresponds to the narrowest regions.
This is in line with the fact that the minimum pore diameters are close to the size of a hydrated Na* ion, and
slightly smaller than the diameter of the CI" hydration shell. This observation pushed us to investigate the
details of ion hydration during Na* and CI- permeation by US simulations. The passage of the Na* ion through
the constrictions induces a partial dehydration of its shell. This contributes to generate the FE barrier,
together with the unfavorable electrostatic repulsions between the cation and the Lys65 residues of the
different Cldn5 subunits. The coupling of steric and electrostatic effects has been already observed in another
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Cldn-based paracellular system*® and it is also relevant for the study of other, more conventional, narrow
protein channels such as gramicidin® or in the selectivity filter of potassium®”¢® and sodium® channels. As
for the hydration pattern of the CI" anion, both steric and electrostatic effects induced pronounced
fluctuations in the number of water molecules coordinating the anion passing through the pore axis. The
smaller solvation energy of CI- with respect to Na* (-6.4 kcal/mol and -17.2 kcal/mol, respectively’®’?) provide
a more labile coordinating shell to the Cl" ion, and the effects are particularly evident in the regions of the
cavities where the pore radius is comparable to the size of the CI" hydration sphere.

The analysis of the coordinating environment of the anion permeating the Pore Il cavity revealed that the
energetics of the barriers encountered by the CI" are mainly driven by the unfavorable electrostatic
interactions with the pore-lining acidic residues, while the depletion of the solvation sphere due to steric
hindrance is not correlated to high energy regions. Conversely, a stabilizing interacting network with
positively charged and polar amino acids able to fill the solvation sphere of the ion is observed in the regions
of maximal constriction. For both the models, the FE profiles suggest that the permeation of Cl" is limited by
the presence of the negatively charged Asp149 and Glul46 residues. These data indicate the absence of
preference for cation versus anion selectivity for both the pore models, in agreement with the well-known
characteristics of the BBB23°#7, Our results complement those exposed for the Pore | in Ref. 37, extending
the validation of the two models in terms of ionic permeation features.

CONCLUSIONS

The BBB plays a pivotal role in controlling the brain homeostasis, thanks to its high selectivity that prevents
the passage of potentially dangerous molecules from the blood. As a consequence, it may become a
significant obstacle to effective brain drug delivery in the treatment of CNS diseases'>17-207274 _Strategies are
emerging to enhance the BBB permeability by modulating the passive transport across the TJs in the
paracellular space between adjacent endothelial cells?™?°, This approach has already provided promising
results from in-vitro experiments of drug-enhancer peptides’’®. Although it is well-known that the TJ scaffold
is essentially formed by Cldn5 complexes belonging to the two opposite cells, the fine structural details of
the multimeric arrangement are still missing”!%”7. Recently, two tetrameric pore-forming models have been
introduced after extensive computational investigations based on coarse grained MD simulations*®. Despite
the different topological configurations, both structures, originally named Pore | and Pore I, recapitulate
features from experimental results?>3078,

We have refined the structures of the two Cldn5 pore configurations in solvated double-bilayer environment
by all-atom MD simulation. Using US we calculated the FE profiles for single-ion translocation across the two
pores-We found that both structures fit the typical barrier-like behavior of Cldn5 in the BBB TJs. The findings
illustrated in this work extend our knowledge of Cldn5 TJ structures and, although in the simplest case of
single-pore systems, offer a molecular description of Cldn5 role in BBB physiology. Furthermore, by
identifying Cldn5 homomeric interaction surfaces in the TJs, our results can contribute to develop
experimental strategies to enhance the drug delivery process across the BBB by modulating the paracellular
permeability.

METHODS

Porel

The Pore | configuration was assembled with four Cldn5 protomers matching the quaternary structure
published by Suzuki et al.?. The Cldn5 protomers were modeled from the Cldn15 homologs using structures
from two different works3%32, obtaining two putative models for the Pore I. The first model (hamed Model1)
was built starting from the tetrameric configuration of the Cldn15 simulated by Alberini et al.>? The second
one (named Model2) was assembled starting from the configuration of the Cldn15 pore published by Suzuki
et al.”. In this case, a single Cldn5 model was built starting from the crystal structure of the mouse Cldn15
protomer (PDB ID: 4P79)%°.
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Modell. The pore simulated by Alberini et al.3* was disassembled in four separated Cldn15 monomers which
have adopted slightly different conformations after the simulated trajectories of 250 ns described in Ref. 32.
Each of these four protomers were used for the homology modelling of four Cldn5 monomers via the SWISS-
MODEL”® program. The four raw models of Cldn5 were then refined with the ModRefiner®® server, available
at https://zhanggroup.org/ModRefiner . The resulting protomers of Cldn5 were superimposed on the Cldn15
template3? with the UCFS Chimera®! tool Matchmaker. Afterwards, the tetrameric system was refined with
the GalaxyRefine tool available at the GalaxyWeb server®2® provided by the Seok Lab at
http://galaxy.seoklab.org and the highest scoring configuration was selected for MD simulations. The
complex was then oriented with the pore axis parallel to the cartesian y-axis and embedded in a double
bilayer of pure 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), solvated with explicit three-point
(TIP3P)®* water molecules and charge-neutralized with counterions using VMD 1.9.3%. The fully-
hydrogenated pdb file of the protein complex was generated with the PDB manipulator tool of CHARMM-
GUI server®®® Two hexagonal membranes were generated using the membrane builder tool of the same
platform®”# and equilibrated separately for 10 ns with the NAMD 3.0 software®® and the CHARMM36m force
field®* using hexagonal periodic boundary conditions. The final simulation box is a hexagonal prism with a
base inscribed in a square of approximately 120.0 X 120.0 A?anda height of around 160.0 A. The topology
file was built with the psfgen tool of VMD 1.9.3% with the parameters of the CHARMM36m force field** and
the four disulfide bridges were preserved between residues Cys54 and Cys64 found in the ECL1 of each
protomer.

Model2. The Cldn5 protomer for Model2 was built starting from the crystal structure of the isolated Cldn15
published by Suzuki et al. (PDB ID: 4P79)%. The crystal lacks a segment of eight residues (34 — 41) in the ECL1
that is automatically built by the SWISS-MODEL” engine during the homology modelling of Cldn5. The
resulting structure was refined with ModRefiner®, consistently with the workflow illustrated for the Modell
and replicated in four identical copies. Following the same protocol illustrated for Modell, the four Cldn5
protomers were assembled to form the tetrameric arrangement named Model2. Analogously, the optimal
system was embedded in a hexagonal double membrane bilayer of pure POPC, solvated with water and
charge-neutralized with counterions.

Equilibration and unbiased MD simulation. Both Modell and Model2 systems contain about 200000 atoms.
They were equilibrated with a multi-step protocol where, after a first energy minimization, they were heated
up to 310 K and simulated for 30 ns with a progressive release of positional restraints on the heavy atoms.

Each model was then simulated for 1us. In order to avoid any rigid body rotational or translational
displacement of the protein, the coordinates of the Ca atoms of the residues 6, 9, 20, 23, 79, 82, 97, 100,
117, 120, 138, 141, 166, 169, 177, 180, all belonging to the most external residues on the TM «a helices, were
restrained to their initial values by harmonic potentials. The use of restraints on TM and/or ECLs backbone
atoms in the isolated pore conformations can be justified by the fact that this model structure misses the
neighbor promoters of the strands, which in the physiological TJ architecture form a scaffold that constraints
the pore, limiting the fluctuations of its domains. Notably, in all of our extended MD simulations of Pore | the
ECL domains were stably preserving the [-barrel structure, and so we limited the restraints to few atoms of
TM helices. The systems were simulated in the NPT ensemble at P= 1 atm and T= 310 K, maintained by a
Langevin thermostat and Nosé-Hoover Langevin piston®°,

Long range electrostatic interactions were computed using the Particle Mesh Ewald (PME) algorithm®2.
Chemical bonds between hydrogen atoms and protein heavy atoms were constrained with SHAKE® while
those of the water molecules were kept fix with SETTLE®*. The NAMD 3.0 program® with CHARMM36m force
field®* was used to perform the simulations.

Based on measured pore size and the presence of a hydrogen bond deemed structurally relevant in Refs.
7,12, we selected Model2 to represent Pore | and continue with the FE calculations. Comparative analysis of
the simulations and details of the choice are reported in the Supplementary Information file.
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Porelll

The Pore Il configuration was described in Ref. 40. In this architecture, the cis-interface originates from to
the interaction of two neighboring protomers at the level of the TM helices arranging in a leucine zipper
composed by the residues Leu83, Leu90, Leul24 and Leul31 on the TM2 and TMS3, supported by two
homophilic - m-interactions between Phel27 and Trp138 on the opposing TM domains (Figure 1B).

To build this structure, we first simulated a Cldn5 protomer, again homology-modeled from the Cldn15
template. The protein was embedded in a rectangular pure POPC membrane bilayer and equilibrated with a
110-ns-long all-atom MD simulation in explicit solvent. The trajectory was analyzed to assess the structural
stability of the protein (see the Supplementary Information file).

An equilibrated configuration of the Cldn5 protomer was extracted from the trajectory and used to reproduce
the cis-interface first via a docking protocol. The leucine zipper TM interaction between two copies of the
protein was predicted by the MEMDOCK tool®®, which includes a specific algorithm for docking a — helical
membrane proteins. The dimer selected by MEMDOCK®> was further refined with the DOCKING2 tool of
Rosie, a Rosetta online server® 28, and the structure finely reproducing the leucine zipper was embedded in
a pure POPC membrane, solvated with explicit water and equilibrated with ~100 ns of all-atom MD simulation
in presence of charge-neutralizing counterions. The final dimer complex was replicated and the two copies
were used to assemble the Pore Il configuration with a further docking approach. Following the protocol
suggested in Ref. 40, the Pore Il complex was generated adopting the ClusPro docking algorithm®1% to
reproduce the trans-interactions occurring between two opposing dimers at the level of the paracellular
domains. Afterwards, the tetrameric structure was refined using the algorithm of the GalaxyRefine tool®%%3,
oriented with the pore axis parallel to the cartesian y-axis and embedded in a hexagonal double bilayer of
pure POPC, solvated with water and charge-neutralized with counterions. The topology file was built with
the psfgen tool of VMD 1.9.3% with CHARMM36m parameters® and the four disulfide bridges were
preserved between residues Cys54 and Cys64 found in the ECL1 of each protomer.

Equilibration and unbiased MD simulation. The Pore Il simulation set-up (~200000 atoms) followed the same
protocol described for the two putative models of Pore I. Additionally, further harmonic restraints were
applied on the Ca atoms of the residues 11, 14, 25, 28, 78, 81, 99, 102, 116, 119, 143, 146, 166, 169, 183,
186 in the ECLs of the protomers.

PORE SIZE ANALYSIS

The size of the paracellular pores were monitored along the trajectory with the HOLE program®’°%. The
algorithm maps the radius of a protein cavity along a given axis (here, the y-axis) by fitting a spherical probe
with the Van der Waals radii of the pore-lining atoms. For the two models of Pore I, a 15 A threshold was
chosen for the pore radius and representative structures spaced by 10 ns along the production trajectory
were selected and analyzed (see the Supplementary Information file).

FREE ENERGY CALCULATIONS

The free energy (FE) profiles for the permeation of a water molecule and single ions (Na*, K*, ClI', Mg**, Ca?')
were calculated using the Umbrella Sampling (US) method!®. A restraining term is added to the MD potential
to confine a collective variable (CV, function of the cartesian coordinates of the system) in selected regions,
named windows, allowing proper sampling even in high-energy regions of the landscape. As CV, we chose
the coordinate of the tagged permeating ion along the pore axis, previously aligned with the cartesian y-axis,
and the restraining potential V;(y) in each window i is:

Vi) = Zk(y — Y
where y? indicates the value in A at which the CV is restrained in the window (called center) and k is a
constant that is appropriately chosen in order to ensure a sufficient overlap of the CV distributions from
adjacent windows (in this work, we used k = 2.0 kcal/(mol A?) for all simulations). In each window, the
displacement of the ion orthogonal to the pore axis is confined within a disk of radius r, + &, where 1y is the
pore radius as determined by the HOLE program®”*® and 6= 2 A. The equilibrated conformation of the system
was used as starting structure of all US windows, and the ion was manually positioned at each center yl-o.
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The Pore | cavity was split into 60 windows. Each window was minimized and simulated for 16 ns with the
same set up described for the standard MD simulation, adding the bias to the force field'® via the colvars
modulel®, Positional restraints on selected Ca atoms were applied as described for the unbiased simulations.
The first ns of production was excluded from the statistics. Due to the elongated shape of the Pore Il cavity,
75 windows were required to sample the entire cavity. The simulation followed the same protocol adopted
for the Pore I, except that 20 ns of production per window were carried out in order to achieve a proper
convergence.

The full FE profiles are obtained by combining the CV distributions of all windows using the weighted
histogram analysis method (WHAM)*®107.108 ‘\We employed the code from the Grossfield group available at
http://membrane.urmc.rochester.edu/content/wham . The block error analysis was also implemented to the
calculated FE profiles (see the Supplementary Information file).
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