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Abstract

Aim: This study was aimed at finding the binding site on the human E-cadherin for Ala-Asp-Thr Cyclic 5
(ADTC5), ADTC7, and ADTC9 peptides as blood-brain barrier modulator (BBBM) for determining their
mechanism of action in modulating the blood-brain barrier (BBB).

Methods: ADTC7 and ADTC9 were derivatives of ADTC5 where the Val6 residue in ADTC5 was replaced by
Glu6 and Tyr6 residues, respectively. The binding properties of ADTC5, ADTC7, and ADTC9 to the
extracellular-1 (EC1) domain of E-cadherin were evaluated using chemical shift perturbation (CSP) method
in the two dimensional (2D) 'H-"N-heteronuclear single quantum coherence (HSQC) nuclear magnetic
resonance (NMR) spectroscopy. Molecular docking experiments were used to determine the binding sites of
these peptides to the EC1 domain of E-cadherin.

Results: This study indicates that ADTC5 has the highest binding affinity to the EC1 domain of E-cadherin
compared to ADTC7 and ADTC9, suggesting the importance of the Val6 residue as shown in our previous in
vitro study. All three peptides have a similar binding site at the hydrophobic binding pocket where the
domain swapping occurs. ADTC5 has a higher overlapping binding site with ADTC7 than that of ADTC9.
Binding of ADTC5 on the EC1 domain influences the conformation of the EC1 C-terminal tail.

Conclusions: These peptides bind the domain swapping region of the EC1 domain to inhibit the trans-
cadherin interaction that creates intercellular junction modulation to increase the BBB paracellular
porosity.

© The Author(s) 2024. This is an Open Access article licensed under a Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution
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Introduction

Brain disorders remain a major challenge to treat because it is difficult to deliver therapeutic agents to the
brain. This is because of the blood-brain barrier (BBB) that creates a physical barrier between brain
parenchyma and blood circulation [1, 2]. The BBB is made of the blood microvessels with tight junction,
adherens junction, and desmosome that seal the paracellular space [3, 4]. Various junctional proteins
mediate cell-cell adhesion as zipper molecules at the intercellular junction that prevent diffusion of drugs
with large hydrodynamic radius (> 11 A) to permeate via the paracellular pathway [5]. Most of the small
lipophilic drugs are transported via transcellular passive diffusion across the lipid bilayer; however, they
can be subjected to efflux transporters that export them back to the lumen of BBB capillaries [1-3]. Medium
and large molecules have difficulty penetrating the BBB via a passive diffusion mechanism; thus, these
molecules normally enter the brain by specific transporters. Unfortunately, this route requires a specific
molecular structure to be recognized by a certain transporter [1-3].

An alternative method to enhance the brain deposition of molecules with various sizes is by disrupting
cadherin homophilic interactions at the adherens junction to create large pores in the BBB paracellular
pathway [1]. Cadherin-cadherin interactions can occur via two different mechanisms. The first mechanism
involves homophilic trans-interactions between two extracellular-1 (EC1) domains (EC1-to-EC1) of
cadherins from opposite cells [6-8]. The second mechanism is via a cis-interaction in which two
neighboring cadherin molecules from the same cell membranes interact using their respective EC1 and EC2
domains [6-8]. A domain swapping mechanism occurs in a trans-interaction of two cadherins from the cell
membranes that are facing each other (opposite); in this case, the N-terminal of the EC1 domain of one
cadherin docks to the EC1 hydrophobic pocket of another cadherin and vice versa [6].

The BBB paracellular porosity can be magnified by Ala-Asp-Thr (ADT) and His-Ala-Val (HAV) peptides
that were derived from cadherin sequences to inhibit cadherin-cadherin interactions [9, 10]. The ADT and
HAV peptides were designed from the amino acid sequences of the bulge and grove regions in the cadherin
EC1 domain, respectively [9, 10]. As BBB modulators (BBBMs), both ADT and/or HAV peptides enhanced
brain depositions of various sizes of molecules to the brain parenchyma such as IRdye 800CW, 3H-
daunomycin, adenanthin, or gadolinium-diethylenetriaminepentacetate (Gd-DTPA or gadopentetic acid),
peptides, 76 kDa albumin, and 150 kDa monoclonal antibody (mAb) [10-15]. Therefore, cadherin peptides
or BBBMs can be used as an adjuvant to enhance the delivery of therapeutic or diagnostic agents into the
brain for brain diseases such as Alzheimer’s disease (AD), brain tumor, and multiple sclerosis (MS). We
hypothesized that the mechanism to modulate cadherin-cadherin interactions by ADT and HAV peptides is
different. An HAV peptide, cyclic HAV-Cys 3 (cHAVc3) (Table 1), increased the porosity of the paracellular
route through binding to the EC1 domain followed by disruption of the cis-cadherin interactions [16-20].

Table 1. Synthetic ADT and HAV peptides

Peptides Sequences Molecular weight (MW, atomic mass unit)
ADTC5 Cyclo(1,7)Ac-CDTPPVC-NH, 744
ADTC7 Cyclo(1,7)Ac-CDTPPEC-NH, 803
ADTC9 Cyclo(1,7)Ac-CDTPPYC-NH, 837
cHAVc3 Cyclo(1,6)Ac-CSHAVC-NH, 657
HAV6 Ac-SHAVSS-NH, 628

ADT: Ala-Asp-Thr; HAV: His-Ala-Val; ADTC5: ADT cyclic 5; cHAVc3: cyclic HAV-Cys 3

Explor Drug Sci. 2024;2:322-38 | https://doi.org/10.37349/eds.2024.00049 Page 323



Currently, the mechanism of binding as well as the EC1 binding site of ADT peptides have not been
elucidated; thus, this study was aimed at using nuclear magnetic resonance (NMR) and molecular docking
experiments to determine ADTC5 binding properties (Table 1) on EC1. Our previous study suggested that
the Val6 residue in ADTCS5 has a big effect on its activity; thus, mutation of this residue reduced inhibitory
activity in preventing the resealing of the paracellular pathway of Madin-Darby canine kidney (MDCK) cell
monolayers [21]. Therefore, the Val6 residue was mutated to the Glu6 or Tyr6 residue in ADTC7 and
ADTC9, respectively (Table 1). In this study, 1>’N-EC1 protein was utilized to probe the binding properties of
these cyclic peptides. Peptide titration of the EC1 domain caused chemical shift perturbations (CSPs) of EC1
amino acids when detected using 'H-'°N-heteronuclear single quantum coherence (HSQC) NMR
spectroscopy. The peptide binding sites on EC1 were determined and visualized using NMR constraints on
the docking simulation experiments. The ADTC5 binding characteristics on EC1 will be used to design
derivatives with high affinity and specificity for the EC1 domain.

Materials and methods

Solid-phase peptide synthesis

ADTCS5, ADTC7, or ADTC9 was synthesized using Fmoc chemistry and solid-phase peptide synthesis in an
automated peptide synthesizer (Tribute, Gyros Technology, Tucson, AZ, USA) according to the previous
study [21]. Each peptide was removed from the 4-methylbenzhydrylamine (MBHA) resin using a cocktail
solution of trifluoro acetic acid (TFA)/anisole/ethanedithiol (EDT). Purification of the crude peptide was
achieved utilizing C18 semi-preparative column (130 A, 5 um, 30 mm x 250 mm, XBridge, Water) in high
performance liquid chromatography (HPLC) system (Rainin Dynamax, Varian). Peptide cyclization was
accomplished using air oxidation to facilitate the formation of a disulfide bond between two cysteine
residues. Cyclic peptide fraction was analyzed with C18 analytical column (Microsorb MV100-5, 100 A,
4.6 mm x 220 mm, Agilent) in analytical HPLC system (Agilent 1100 Series HPLC) and pure fractions were
combined and lyophilized. Pure peptide was characterized using electron spray ionization (ESI) mass
spectrometry.

Expression and purification of °N-labeled EC1 domain

Our previous method was used to express and purify the 1°N-labeled EC1 domain [22]. Briefly, the plasmid
(pASK-IBA6, Genosys, Woodland, TX) contains DNA construct of 138 amino acid residues. The EC1 domain
has 110 residues connected to 28 amino acids from the EC2 domain sequence at the C-terminus tail
followed by a WSHPQFEK sequence of Streptag I that is linked by an IEGR sequence for a factor Xa cleavage.
Then, the plasmid was transformed into competent E. coli BL21(DE3) cells (New England Biosciences,
Ipswich, MA). The cells were incubated at 37°C overnight on a plate with lysogeny broth (LB) agar
containing 100 mg/mL ampicillin. A single colony of E. coli cells was picked and incubated in 10 mL of LB
media followed by the addition of 10 pL ampicillin at 100 mg/mL concentration. Then, the mixture was
incubated in an orbital shaker at 250 rpm and 37°C. 1*N-labeled NH,CI was added to 250 mL of M9 minimal
media in 1 L Erlenmeyer flask to produce the °N-labeled EC1 domain. A 24 uL of anhydrotetracycline (2
mg/mL; Promega Inc., Madison, WI) was spiked into the cell culture when it reached OD550 of 0.5-0.6 to
induce the EC1 protein expression. Then, the cell mixture was incubated at 30°C for 6-7 h followed by cell
harvesting using centrifugation at 4,500 xg. The resulting cell pellets were stored at -80°C.

For isolation of purified 1>°N-EC1, E. coli cell pellets were lysed using 20,000 psi French press (Thermo
Electron Corporation) in 10 mL of binding buffer. This binding buffer consists of 150 mM NacCl, 1.0 mM
EDTA, 0.02% NaN3, and 100 mM Tris-HCI at pH = 8.0. The mixture was centrifuged at 21,000 xg, 4°C, and
1 h to get rid of cellular debris. The EC1 domain was in the supernatant and the Amicon Ultra protein
concentrator [10 kDa molecular weight (MW) cut-off, EMD Millipore, Billerica, MA] was used to concentrate
the protein upon centrifugation at 4,500 rpm, 20 min, and 4°C. The Strep-Tactin II affinity column (5.0 cm x
0.6 cm, GE Healthcare) was used to purify the EC1 domain at room temperature. The binding buffer was
used to elute the unbound proteins from the column. Next, the pure EC1 domain was eluted from the
column at a flowrate of 2 mL/min using a buffer containing 1.0 mM dithiothreitol (DTT) along with 2.5 mM
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desthiobiotin at pH = 8.0. Fractions containing EC1 were concentrated to 1.5 mL. The purity of pooled EC1
fractions was evaluated by SDS-PAGE. Protein concentration was calculated using UV spectrometry at
280 nm (coefficient absorption = 19,480 M~! cm™). The storage of pure °N-labeled EC1 was done in an
elution buffer at 4°C.

Titration of the EC1 domain with ADT peptides in NMR

A total of 564 L of 0.35 mM purified °N-labeled EC1 in 20 mM Tris-HCI buffer was dialyzed overnight
using Slide-a-Lyzer dialysis cassette (5.0 kDa MW cut-off, Thermo Scientific, PA) in 1 L NMR buffer
containing 20.0 mM potassium phosphate and 5.0 mM DTT at 4°C and pH = 6.0. After dialysis, 36 pL of 6%
D,0 was added to the protein solution. Protein and peptide mixtures for NMR titration were prepared with
20 uM, 0.18 mM, and 0.4 mM of stock solutions for ADTC5, ADTC7, and ADTC9, respectively. The protein
and peptide solutions were mixed according to the ratio used for the NMR study.

A 600 MHz Bruker Avance NMR spectrometer (Bruker Inc.) furnished with a triple resonance probe
(Bruker, Inc.) was used to collect the *H-°N HSQC data. The 2,048 data points were collected in 'H
resonance with 16 scans and °N resonance in 128 increments. The NMR solution was spiked with 4,4-
dimethyl-4-silapetane-1-sulfuric acid (DSS) dissolved in D,0 for the internal standard. An NMRpipe under
the SPARKY program was used to process the NMR data and determine the shift changes in the 'H-1°N
HSQC spectra [23].

Combination of NMR and molecular docking experiments

To prepare the EC1 domain virtually, a free EC1 three dimensional (3D) structure (PDB ID: 2072) was put
in a box and solvated with water molecules for molecular dynamics (MD) simulations. Counter ions were
added to simulate the ionic state of EC1 at a neutral pH. The system was minimized and MD simulation was
carried out for 100 ns at 300 K. The last frame from the MD trajectories was captured to be used in the
docking simulation. The Insightll program (Accelrys, Inc., San Diego, CA) was utilized to build the 3D
structures of ADTC5, ADTC7, and ADTC9 followed by structural minimization using CVFF91 forcefield. The
structures were saved in pdb file format for the next step.

Dockings of ADT peptides on EC1 were accomplished using the HADDOCK program along with the Easy
Interface option [24]. The “active” amino acids on EC1 were assigned using the data from NMR CSP caused
by each peptide. Noticeable CSPs on EC1 when titrated with ADTC5, ADTC7, and ADTC9 peptide were
designated as “active” residues. Docking simulations with HADDOCK program were carried out using active
residues [25]. Clusters with the highest scores were selected for further analysis to generate working
models for peptide-protein binding. Analysis of the docking cluster generated by HADDOCK was done using
LigPlot program to view the 2D interaction diagram between the peptide and EC1 [26].

Results
ADT peptide binding properties on EC1 evaluated by 'H-15N HSQC NMR

Each peptide was titrated into the labeled EC1 solution and CSPs of amino acids were observed upon
titration (Figure 1). The spectra of the °N-labeled EC1 domain in 2D-HSQC NMR were collected before and
after titrations as in the previous study [16, 22]. Backbone assignments for most of the NH cross-peaks have
been done from the previous study with the exception of several residues: E64, L66, V81, 196, Q101, E111,
M128, L122, A135, and D136 [22]. Most of the conserved residues have been assigned for the CSP
determination in the next step.

The peptides were added to the labeled EC1 solution with increasing ratio and the changes in spectra
under the same physical condition were quantified as CSP. A combination of 'H and **N chemical shifts was
used as the overall shift (AF) after titration and the following equation was used to calculate AF [27]:

AF = [(A8'H*599.743)2 + (A8'5N*60.778)2]
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Figure 1. Changes in NH chemical shifts of the extracellular-1 (EC1) domain amino acids in two dimensional (2D) "5N-
heteronuclear single quantum coherence (HSQC) spectra (600 MHz) upon titration with Ala-Asp-Thr (ADT) peptides. The
protein was dissolved at 0.4 mM concentration in 20 mM KH,PO, and 5.0 mM dithiothreitol (DTT) buffer at pH 6.0. (A) Overlayed
spectra of EC1 alone (purple) and EC1 + ADT cyclic 5 (ADTC5) (red) at 1:3 protein-to-peptide ratio; (B) the magnification of 14
chemical shifts upon the addition of different concentrations of ADTCS5; (C) overlayed spectra of EC1 alone (black) and EC1 +
ADTCY7 (blue) with 1:15 protein-to-peptide ratio. The EC1 domain at 0.18 mM concentration was dissolved in a buffer containing
5.0 mM DTT and 20 mM KH,PO, at pH 6.0; (D) overlayed spectra of EC1 alone (purple) and EC1 + ADTC9 (pink) in 1:15
protein-to-peptide ratio. (C—D) The AF values for affected residues were shown as the maximum change

The EC1 domain interaction with ADTC5 peptide with ratios between 1:1 and 1:3.3 was investigated
under the same physical condition as the EC1 domain alone. The overlayed NMR spectra for ADTC5
titration were visualized in Figure 1A. Some of the cross-peaks appeared to be shifted upon the addition of
ADTCS peptide. One of the dramatic changes was seen for residue [4 with larger CSP compared to other
residues upon increasing peptide concentrations (Figure 1B).

In the NMR study of ADTC5, the majority of the EC1 domain peaks shifted after titration with 1:2
protein-to-peptide ratio. The shift in the 14 residue upon peptide addition was observed at 1:1 protein-to-
peptide ratio, and as the peptide concentration increased, the cross-peak was also dramatically shifted at
1:3 protein-to-peptide ratio (Figure 1B). In addition to the strong effect of the NH of 14 residue, significant
shifts were also observed in the NHs of 138, 153, V98, D103, and F113 residues. The individual saturation
curves for selected residues (138 and 153) are shown in Figure 2A. These shifts could be due to direct
binding or allosteric effects. The CSPs for most residues in the EC1 domain were plateaued at 1:3 to 1:3.3
protein-to-peptide ratios presumably due to ADTC5 binding saturation. Other residues that moderately
affected by titration include 17, S8, N12, Q23, K28, Y36, G58, W59, T63, R68, 171, A72, F77,S78, H79, N84,
L95,T97,V98,D103, T109, F113, G115, E119, A132, and T133 residues.

The titration saturations for both ADTC7 (Figures 1C and 2B) and ADTC9 (Figures 1D and 2C) were at
1:10 and 1:20 protein-to-peptide ratios, respectively. The examples of CSP saturation upon titration of the
EC1 domain with ADTC7 and ADTC9 are shown in Figure 2B and C, respectively. Compared to ADTC5, both
peptide mutants showed different chemical shift profiles and lower CSP changes for almost all shifting
residues (Figure 3). The docking studies indicated that ADTC7 has a similar binding site with ADTC5 at the
hydrophobic pocket while ADTC9 binding site is slightly shifted from the binding site of ADTC5. The Kd of
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Figure 2. The effects of titration with various concentrations of (A) Ala-Asp-Thr Cyclic 5 (ADTC5), (B) ADTC7, and (C) ADTC9
peptides on the NH chemical shifts of active residues on the extracellular-1 (EC1) domain. (A) The effect of ADTC5 on overall
chemical shift changes and saturations of the 138 and 153 residues; (B) the effect of ADTC7 on overall chemical shift changes
and saturations on the V48 and 153 residues; (C) the effect of ADTC9 on overall chemical shift changes and saturations of the
V48 and G115 residues. CSP: chemical shift perturbation

ADTCS5 is 35 pM while the Kd of ADTC7 is 64 uM using the titration curve of Ille53 residue. Using the
titration curve of the Leu21 residue, ADTC9 has a Kd of 181 uM. Therefore, ADTC5 binds better to the EC1
domain compared to ADTC7 and ADTCO. This is also reflected in the CSP comparison among ADTCS5,
ADTC7, and ADTCO (Figure 3).

The change in binding site of ADT peptide upon Val6é mutation

Previous study showed the importance of Val6 residue in ADTCS5 to disrupt the BBB intercellular junctions
in an in vitro system. To study this effect further, Val6 in ADTC5 was mutated to Glu6 and Tyr6 in ADTC7
and ADTC9, respectively. The EC1 binding characteristics of ADTC7 and ADTC9 were determined by
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(EC1) domain when titrated with Ala-Asp-Thr Cyclic 5 (ADTC5; orange), ADTC7 (green), and ADTC9 (blue) at a 1:3 protein-to-
peptide ratio

increasing peptide concentrations from 1:0.2 to 1:20 protein-to-peptide ratios. The addition of ADTC7
showed CSPs at the NHs of residues 14, L21, 138, V48, 153, T97, V98, D103, F113, G115, E119, A132, and
T133 from the different regions of EC1. The largest changes were observed in V48, 153, D103, and G115
residues. There are some similarities between CSPs in EC1 titrated with ADTC7 and ADTC5; however, a
narrower population of CSPs was observed in EC1 titrated with ADTC7 compared to that of ADTC5. Most
active residues in EC1 were saturated between 1:10 and 1:15 protein-to-peptide ratios. Upon titration with
ADTC9, the largest chemical shift changes in EC1 were at residues L21, V48, 153, and G115 (Figures 1D and
2C). Compared to ADTC5 and ADTC7 peptides, no dramatic CSP change was observed in the D103 residue
upon ADTCO titration, suggesting that the replacement of Val6 to Tyr6 changes the binding location on the
EC1 domain.

Binding clusters of ADT peptides on EC1

The active residues as a binding site on EC1 were determined by the CSPs in amino acids of EC1 upon
titration with ADT peptides. From the docking results, all possible docking poses were clustered and

analyzed according to their positions. The detailed docking results are summarized in supplemental Table
S1.

Clusters #5 and #8 were used as docking models of ADTC5 on EC1 from NMR-constrained docking
experiments (Figure 4A). These clusters have the top two highest scores from the HADDOCK program.
Cluster #5 of ADTC5 showed EC1 active residues at P6, S8, S9, P10, T97, T99, D100, Q101, D103, and K105.
Cluster #8 of ADTC5 docked to EC1 around P6, S8, P10, T99, D103, and K105 residues. Therefore, residues
P6, S8, P10, T99, D103, and K105 were the common active site for clusters #5 and #8. All seven clusters
have consistent high CSPs on active residues T97, V98, and D103. The least favorable cluster #6 has a
binding site located at a different region from the other seven clusters.

From seven model clusters of HADDOCK docking results, ADTC7 was located at the same binding site
on EC1 except for one cluster. Clusters #1 and #7 have the two top scores to represent the docking of
ADTC7 on the EC1 domain (Figure 4B). The N20, L21, and K105 residues were active residues for clusters
#1 and #7; these residues were designated as the binding site of ADTC7 (Table S1). Cluster #1 of ADTC7
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Figure 4. Models of (A) Ala-Asp-Thr Cyclic 5 (ADTC5), (B) ADTC7, and (C) ADTC9 peptides (blue) docked onto the
extracellular-1 (EC1) domain (red). (A) Clusters #5 and #8 are used as models for ADTC5-binding to the EC1 domain with a
common binding site surrounding residues P6, S8, S9, P10, T97, T99, D100, Q101, D103, and K105; (B) clusters #1 and #7 are
representing ADTC7-binding to EC1 and they have a common binding site at E13, K19, N20, L21, K105, P106, G124, S126,
and T125 residues; (C) models to represent ADTC9-binding to EC1 are clusters #1 and #2 with a similar binding region around
S9, P10, E13, K19, N20, L21, K105, P106, G124, T125, and S126 residues

has active residues at E13, K19, N20, L21, K105, P106, G124, S126, and T125 as a binding site on EC1. In
cluster #7, ADTC7 docked around residues 14, P5, 17, S8, P10, N20, L21, V22, Q23, W59, and K105 on EC1.
Both 14 and L21 residues have CSP values upon ADTC?7 titration, indicating that they are important for
binding to ADTC7. Cluster #6 docked to the tail region of EC1 and some residues on the tail of EC1 showed
chemical shift changes upon peptide titration [16].

Six clusters represent docking models of ADTC9 on the EC1 domain and they are located at the same
binding site on EC1. Clusters #1 and #2 have the highest scores on HADDOCK results to represent ADTC9
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docking on EC1 (Figure 4C). The active residues are S9, P10, E13, K19, N20, L21, K105, P106, T125, G124,
and S126 on EC1 for clusters #1 and #2 (Figure 1D). Cluster #1 model specifically interacts with S9, P10,
E13, K19, N20, L21, K105, P106, G124, T125, and S126 residues on EC1. Similarly, cluster #2 has active
residues S9, P10, E13, P16, N20, L21, W59, T99, K105, F108, P106, G124, T125, and S126 on EC1. The
ADTCO titration produced a high CSP on the L21 that interacts with both clusters #1 and #2 models.

In docking clusters, the 2D interactions of amino acids between peptide and EC1 using representative
structures are shown in Figure 5. ADTC5 in cluster #5 showed 5H-bond interactions with S8, S9, T97, T99,
and K105 of the EC1 domain (Figure 5A). ADTC7 formed 3H-bonds with S8 and Q23 (Figure 5B). A different
set of interactions was found for ADTC9 in which cluster #1 formed H-bonds to N20, K105, P106, T125, and
S126 residues on the EC1 domain (Figure 5C). All peptides bind to the hydrophobic pocket of EC1. The
protein-ligand interactions for each peptide on its top cluster were summarized in Table S2.

Discussion

ADTC5 modulates the BBB adherens junction in both in vitro and in vivo systems [12, 14, 15, 21]. The EC1
N-terminus has been shown to be the “adhesive arm” of cell-cell adhesion from the crystal structures of C-,
E-, and N-cadherins [18, 28]. The adherens junction of biological barriers is composed of cis- and trans-
cadherin-cadherin interactions (Figure 6) [6-8, 17, 19, 20, 29-33]. The cis-cadherin interaction is
connected by the EC1-EC2 domain-domain interaction of two neighboring cadherins from one side of the
membranes (Figure 6A) [6, 7]. The trans-cadherin interaction is constructed by EC1-EC1 domain-domain
interaction of two cadherins from the opposing cell membranes (Figure 6A) [6, 7]. Furthermore, the
interaction involves the domain swapping mechanism (Figure 6B). The domain swapping occurs when the
Trp2 residue of the EC1 N-terminal of one cadherin docks to the EC1 hydrophobic pocket of cadherin of the
opposing cell membranes and vice versa (Figure 6B) [6, 34-37].

We hypothesized that HAV and ADT peptides prevent cadherin-cadherin interactions by binding to EC1
in the BBB adherens junctions (Figure 6C and D). Cadherin peptides disrupt the integrity of cell-cell
adhesion in dynamics and reversible fashion in paracellular pathways of the BBB. Thus, the NMR and
molecular docking experiments were carried out to determine the EC1 binding properties of ADT peptides.
This study reveals the mechanism of how ADT peptides generate larger junctional pores compared to those
in the normal state. ADTC5, ADTC7, and ADTC9 were found to dock at the hydrophobic pocket of the
domain swapping region (Figure 6E) [34-37]. Thus, larger than normal pores of the BBB paracellular
pathway are created by ADT peptides upon inhibition of the trans-cadherin interactions (Figure 6C). The
inhibition of trans-interactions may still maintain the cis-cadherin interactions (Figure 6C). In contrast,
cHAVc3 and HAV6 peptides dock on the surface of EC1 that interacts with the EC2 surface from a
neighboring cadherin protein to inhibit cis-cadherin interaction while maintaining trans-interactions
(Figure 6D and E). As a result, HAV peptides increase the porosity of the paracellular pathway.

ADT peptides utilize the hydrophobic Val6 and two proline residues for binding to the EC1
hydrophobic pocket that is normally occupied by the N-terminal Trp2 residue during domain swapping
[34-37]. Mutations of Val6 in ADTC5 to Glu6 or Tyr6 in ADTC7 or ADTC9, respectively, reduced the binding
affinity of ADTC7 or ADTC9 peptide to the EC1 domain, indicating that these peptides bind to the EC1
hydrophobic pocket (Figure 6E) [34-37]. This is consistent with our previous in vitro study where Val6
mutation in ADTC5 reduced the modulatory activity of mutant peptides in MDCK cell monolayers [21].
Furthermore, ADTC7 has an overlap binding pocket with ADTC5 at active residues 14, N20, L21, and K105.
ADTCO has a different binding site from ADTC5; ADTC9 has active residues at S9, E13, N20, L21, K105,
P106, T125, and S126 on EC1. In contrast, cHAVc3 peptide as an HAV peptide binds to the opposite side of
ADTC5-binding site as previously shown by Alaofi et al. (Figure 6E) [16].

In this study, the EC1 domain consists of a head domain that has seven -strand along with two short
a-helices connected to a 28 amino acid of C-terminal tail, which is derived from the interface region
between EC1 and EC2 domains [4, 20, 28, 30]. In MD simulations, the C-terminal tail has been shown to
have dynamic mobility that can swing from an extended structure into the head domain to produce a §3-
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ADTCS5 Cluster #5

ADTC9 Cluster #1

Figure 5. The interactions between amino acids of peptides and the extracellular-1 (EC1) domain represented by one cluster for
each peptide: (A) cluster #5 of Ala-Asp-Thr Cyclic 5 (ADTC5), (B) cluster #7 of ADTC7, and (C) cluster #1 of ADTC9
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Figure 6. The proposed mechanisms of binding for Ala-Asp-Thr (ADT) and His-Ala-Val (HAV) peptides to extracellular-1 (EC1)
domain of cadherin to inhibit cadherin-cadherin interactions. (A) A model to represent cadherin-to-cadherin interactions in the
paracellular pathway at the adherens junction. First is the cis-interaction of EC1 and EC2 on two cadherin proteins that are
protruding from one side of cell membranes. Second is the trans-interaction of EC1-EC1 from two cadherins that reside in two
opposite membranes; (B) the EC1-EC1 interaction with domain swapping between the N-terminal Trp2 and the hydrophobic
pocket of cadherins of the opposing membranes; (C) the proposed binding mechanism of ADT peptides on the hydrophobic
region EC1 domain is by hindering trans-cadherin interactions to produce high porosity in the paracellular pathway; (D) the
proposed binding mechanism of HAV peptides is by preventing cis-cadherin interactions to increase porosity in the intercellular
junctions; (E) several models show the opposite sites of binding pockets for ADT and HAV peptides on the EC1 surface. These
models were determined by nuclear magnetic resonance (NMR) and molecular modeling. These models support the different
mechanisms of action for the intercellular junction modulation by ADT and HAV peptides. The binding of HAV peptides to the
EC1 domain was represented by cHAVc3 and it was found at the opposite side of ADT cyclic 5 (ADTC5) binding site as shown
by Alaofi et al. [16]

sheet interaction as a folded globular structure [16]. It should be noted that the shifted cross peaks upon
peptide titrations not only accounted for residues involved in direct binding but also residues participated
in conformational change on EC1 away from the binding site. Titration of the EC1 domain with ADTC5
caused the large CSP changes on D103, and F113 residues at the C-terminal tail, indicating that binding of
ADTCS5 to EC1 may induce conformational change at the C-terminal tail. The D103 residue is in the calcium
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binding region including PENE, DQND, and LDRE sequences within the EC1-EC2 connecting region [20, 31,
36-39]. Calcium ions at the connecting region between EC domains can convert a globular structure to a
rod-like structure of cadherin [36-39]. The large CSP changes were also observed at the 14, [7, and S8
residues at the N-terminus domain upon binding to the ADTC5. This indicates that the binding of ADTC5
can cause conformational change at the N-terminal region or domain swapping region. As noted above, the
N-terminal 3-sheet has been shown to be dynamic for domain swapping [6, 34-37].

ADTCS5 enhanced the delivery of various molecules to the brain using the in-situ rat brain perfusion
model [21]. In addition, Gd-DTPA delivery to the brain was enhanced when co-administered with ADTC5 in
living mice upon detection with magnetic resonance imaging (MRI) [21]. Next, ADTC5 delivered large
molecules into the brain in mice upon intravenous (i.v.) administration and it significantly enhanced brain
deposition of peptides, Gd-labeled albumin (Galbumin), and mAb when co-administered with ADTC5
peptide as detected by mass spectrometry, near IR fluorescence (NIRF), and MRI [12, 15]. Brain-derived
neurotrophic factor (BDNF) delivery to the brain has been aided by ADTC5 peptide in animal models for AD
as well as MS [40, 41]. In an MS mouse model called relapsing-remitting experimental autoimmune
encephalomyelitis (RR-EAE), co-administrations of BDNF and ADTC5 during the remission state
significantly suppressed the disease relapse in RR-EAE mice compared to those treated with phosphate
buffer saline (PBS), ADTC5, and BDNF [40]. Similarly, multiple treatments of APP/PS1 mice as an AD animal
model with BDNF + ADTC5 significantly improved the cognitive abilities of mice compared to controls such
as PBS- and BDNF-treated mice when evaluated using novel object recognition and Y-maze [41]. In both MS
and AD models, treatments with coadministration of BDNF and ADTC5 resulted in the proliferation of NG2
cells that are involved in neuroregeneration.

As BBBMs, the in vivo activities of ADT and HAV peptides to modulate the BBB were transient and
reversible [12, 21]. The anatomical structure of the BBB tight junctions did not change after treatment with
ADTCS5 when determined using transmission electron microscopy (TEM) [21]. Each BBBM has been shown
to have an upper limit of the molecular size that it can deliver into the brain. In addition, modulation of the
BBB with HAV6 as a BBBM did not induce inflammation and astrogliosis [13]. Different cadherin peptides
produced different durations of the BBB opening for different sizes of delivered molecules [12, 21]. ADTC5
created the in vivo paracellular opening for a small molecule such as Gd-DTPA with a duration of less than
4 h [21] while HAV6 peptide generated the BBB opening for the transport of Gd-DTPA in less than 45 min
[11]. This indicates that different BBBM peptides generate different durations of BBB modulation. ADTC5
peptide created paracellular porosity for 65 kDa Galbumin in less than 20 min while HAV6 could not deliver
Galbumin when there was a delay in the administration of HAV6 and Galbumin [12]. Thus, when compared
to Gd-DTPA, the duration window for delivering a large Galbumin was shorter than that of a small Gd-
DTPA. ADTC5 peptide had to be administered together with 150 kDa mAb for delivering mAb to the brain
while HAV6 could not deliver mAb when administered together [15].

From our previous data, we proposed a working model for BBBM for opening the BBB intercellular
junction to improve the delivery of various molecules. In this case, we propose that BBBM peptides
generate large, medium, and small pores with different durations of pore openings (different half-lives).
The generated large pores collapse quickly to medium and small pores; this is supported by the data from
the brain delivery of albumin (65 kDa) and IgG mAb (150 kDa) using ADTC5. Thus, the duration of BBB
penetration of medium and small size molecules will be longer than the large molecules. Similarly, the
medium pores collapse into small pores and finally, the small pores disappear into normal pores of the
intercellular junction. This suggests that the pore opening was time- and size-dependent.

Several other methods have been investigated to improve the brain delivery of drugs and diagnostic
agents [2, 42]. Similar to our method, the osmotic (OSM) BBB disruption method has been successfully
developed and used by Neuwelt et al. [43-45] to deliver anticancer agents to treat brain tumors in patients.
This method uses a hypertonic mannitol solution to drive fluid out of the BBB endothelial cells resulting in
cell shrinkage to increase paracellular porosity of the intercellular junctions to allow penetration of drugs
into the brain. Unfortunately, long-term disruption of BBB tight junctions may induce astrogliosis or brain
inflammation [46].
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More recently, focused ultrasound (FUS) has also been used to locally disrupt tight junctions, and in
combination with microbubbles, the method has been effectively used to deliver drugs to the brain [47, 48].
The disadvantages of both OSM and FUS disruption of the BBB reside in the inability to control the duration
and magnitude of effect resulting in relatively large-scale BBB openings for long (8 h or more) periods of
time leading to astrogliosis or brain inflammation [46]. Another method to increase the BBB porosity is the
bradykinin receptor agonist, Cereport™ (RMP-7) [49]. This method had been used in several animal
models to improve drug delivery into the brain; however, this method had difficulty modulating the BBB
consistently. Finally, a claudin peptide (C1C2) was found to increase the porosity of the BBB tight junctions
and improve brain delivery of an opioid peptide and tetrodotoxin [50]. For drugs that are substrates for the
efflux pump, their co-administration with an efflux pump inhibitor (e.g., verapamil and cyclosporine A) can
enhance transcellular drug penetration through the BBB [51].

The receptor-mediated endocytosis process has been extensively explored to deliver drugs across the
BBB. MAbs or antigen-binding fragments (Fabs) to the transferrin receptor (TfR) have been used
successfully to carry drugs across the BBB [2]. Conjugation of TfR mAbs with enzymes (e.g., B galactosidase-
1, iduronate-2-sulfatase) has been investigated for their use in enzyme replacement therapy in lysosomal
disorders (e.g., Niemann-Pick disease) [52]. The Angiopep-2 peptide conjugated with other peptides such as
B-secretase inhibitor (SI) and paclitaxel inhibited the production of amyloid-beta (AB) in neuronal cells and
killed brain tumor cells, respectively [53, 54]. Cell-penetrating peptides (CPPs) have been used for brain
delivery of drugs and 3-galactosidase [55].

Another method to deliver drugs to the brain is via the intranasal delivery route; this method bypasses
the BBB. In this case, the delivered drug crosses the nasal epithelial layer followed by penetrating through
the cribriform plate to diffuse into the olfactory bulb and the trigeminal nerve. Insulin and oxytocin have
been delivered via intranasal and they have been evaluated in clinical trials for treating autism spectrum
disorder (ASD) and AD [56]. It has been shown that nasal delivery of peptide was more effective than that
of i.v. and intraperitoneal (i.p.) delivery; this is because the peptide did not enter the systemic circulation
and was degraded by enzymes in the plasma [57]. It should be noted that a fraction of peptide delivered
intranasally is distributed to the systemic circulation; thus, this portion needs to cross the BBB to enter the
brain. Because delivered peptides need to penetrate the nasal epithelial layer, some peptide formulations
contain tight junction modulators (i.e., carnitines) and CPP as well as delivered in the presence of
ultrasound [57]. Some intranasal delivery methods are still in clinical trials while some have been approved
to treat patients with CNS disorders.

In conclusion, ADTC5 and its derivatives dock to the hydrophobic pocket of the domain swapping
mechanism for the EC1-EC1 domain interactions. Therefore, ADT peptides have a mechanism of action to
modulate the BBB through the prevention of trans-cadherin interactions to cause molecules to percolate
across the BBB into the brain in time dependent manner. In the future, this bound structure of ADTC5 will
be used to design derivatives that have enhanced binding properties to the EC1 domain that can be used to
improve the modulation of the BBB.
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