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Abstract

Cadherins are homophilic cell-cell adhesion molecules whose aberrant expression has
often been shown to correlate with different stages of tumor progression. In this work, we
investigate the interaction of two peptidomimetic ligands with the extracellular portion of
human E-cadherin using a combination of NMR and computational techniques. Both ligands
have been previously developed as mimics of the tetrapeptide sequence Asp1-Trp2-Val3-
lle4 of the cadherin adhesion arm, and have been shown to inhibit E-cadherin-mediated
adhesion in epithelial ovarian cancer cells with millimolar potency. To sample a set of possi-
ble interactions of these ligands with the E-cadherin extracellular portion, STD-NMR experi-
ments in the presence of two slightly different constructs, the wild type E-cadherin-EC1-EC2
fragment and the truncated E-cadherin-(Val3)-EC1-EC2 fragment, were carried out at three
temperatures. Depending on the protein construct, a different binding epitope of the ligand
and also a different temperature effect on STD signals were observed, both suggesting an
involvement of the Asp1-Trp2 protein sequence among all the possible binding events. To
interpret the experimental results at the atomic level and to probe the role of the cadherin
adhesion arm in the dynamic interaction with the peptidomimetic ligand, a computational
protocol based on docking calculations and molecular dynamics simulations was applied. In
agreement with NMR data, the simulations at different temperatures unveil high variability/
dynamism in ligand-cadherin binding, thus explaining the differences in ligand binding epi-
topes. In particular, the modulation of the signals seems to be dependent on the protein flex-
ibility, especially at the level of the adhesive arm, which appears to participate in the
interaction with the ligand. Overall, these results will help the design of novel cadherin inhibi-
tors that might prevent the swap dimer formation by targeting both the Trp2 binding pocket
and the adhesive arm residues.
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Author summary

Classical cadherins are the main adhesive proteins at the intercellular junctions and play
an essential role in tissue morphogenesis and homeostasis. A large number of studies have
shown that cadherin aberrant expression and/or dysregulation often correlate with patho-
logical processes, such as tumor development and progression. Notwithstanding the
emerging role played by cadherins in a number of solid tumors, the rational design of
small inhibitors targeting these proteins is still in its infancy, likely due to the challenges
posed by the development of small drug-like molecules that modulate protein-protein
interactions and to the structural complexity of the various cadherin dimerization inter-
faces that constantly form and disappear as the protein moves along its highly dynamic
and reversible homo-dimerization trajectory. In this work, we study the interaction of two
small molecules with the extracellular portion of human E-cadherin using a combination
of spectroscopic and computational techniques. The availability of molecules interfering
in the cadherin homophilic interactions could provide a useful tool for the investigation
of cadherin function in tumors, and potentially pave the way to the development of novel
alternative diagnostic and therapeutic interventions in cadherin-expressing solid tumors.

Introduction

Classical cadherins constitute a subfamily of calcium-dependent cell-cell adhesion proteins
that belong to the large and phylogenetically diverse cadherin superfamily. The various mem-
bers of the classical cadherin subfamily show a tissue-dependent expression profile as well as a
high sequence and structure homology. In the different tissues, they are mostly localized at the
adherens junctions, where they promote cell-cell adhesion through the homodimeric engage-
ment of ectodomains protruding from neighbouring cells [1,2]. This process, which involves
cadherin clusterization on the cell membrane, results in the formation of tight cell-cell adhe-
sion interfaces. The extracellular portion of classical cadherins features five tandemly arranged
immunoglobulin-like domains (EC1-EC5), whose relative orientation is controlled and rigidi-
fied through the coordination of calcium ions at the interdomain level. The interaction of their
cytoplasmic tail with catenins allows a number of cell signalling and trafficking processes, pro-
viding also a physical link between cadherins and the actin cytoskeleton machinery [3]. The
dynamic adhesive interface of the extracellular portion of E-cadherin and other classical cad-
herins has been revealed by several crystal structures, which so far have captured only some of
the numerous conformational states of the protein [4-8]. In essence, dimerization has been
shown to involve mainly the two most membrane-distal domains, EC1 and EC2. In order to
form the so-called ‘strand-swapped dimer’, two E-cadherin molecules mutually exchange their
N-terminal sequence (the A*-strand or adhesion arm), anchoring the aromatic side chain of
their Trp2 residue into each other’s binding pocket. Interestingly, to reach the strand swap
dimer conformation, which is the reversible endpoint of the dimerization trajectory, two
monomeric cadherins must first go through an X-dimer conformation, which lowers the
energy of the strand exchange process by firmly placing the two adhesion arms in close physi-
cal proximity [9-10].

Beside its broad-ranging effects on physiological tissue organization, classical cadherin dys-
function is often correlated with cancer progression and metastasis [11]. Despite Epithelial
(E)- to Neural (N-) cadherin switching being considered a molecular hallmark of epithelial to
mesenchymal transition of cancer cells, carcinomas and distal metastases often retain E-cad-
herin expression [12], as observed for instance in late stage tumors in epithelial ovarian cancer
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(EOC) [13-15]. In this context, targeting the E-cadherin adhesive interface with small molecules
could have a therapeutic and diagnostic value. Linear and cyclic peptides based on the His79-A-
1a80-Val81 conserved sequence of the EC1 domain (not belonging to the swap dimer interface)
have been previously developed to inhibit N-cadherin mediated processes. The most studied
cyclic peptide is ADH-1 (Ac-CHAVC-NH,), which has been shown to be an anti-angiogenic
agent able to cause cell apoptosis [16]. Peptidomimetics of ADH-1 have also been identified [17].

Recently [18], we reported the first library of small peptidomimetic molecules targeting the
strand-swapped dimer interfaces of E- and N-cadherin. These compounds are mimics of the
tetrapeptide sequence Aspl-Trp2-Val3-Ile4 (DWVI) of the adhesion arm, modified by replac-
ing the central dipeptide unit (WV) with various scaffolds, all of them bearing a benzyl group
that is intended to mimic the indole moiety of Trp2. The most promising compounds identified
by a docking protocol were synthesized and were shown to inhibit cadherin homopbhilic adhe-
sion in EOC cells at low millimolar concentrations. Of these, compound 1 (a.k.a. FR159) (Fig
1), was co-crystallized with a mutant of the E-cadherin EC1-EC2 fragment lacking the first two
residues of the adhesion arm (Aspl and Trp2), while attempts to co-crystallize both compounds
1 and 2 with intact E-cadherin-EC1-EC2 did not yield results [19]. In the X-ray complex struc-
ture (PDB code: 4ZTE), compound 1 binds to a dimeric conformation of E-cadherin, the so-
called X-dimer’, which is a key intermediate along the E-cadherin dimerization trajectory lead-
ing from the monomeric to the strand swap dimer conformation. Unexpectedly, the ligand was
found to occupy a hydrophobic pocket that is formed at the X-dimer interface and not in the
Trp2 cavity for which it had been designed. This novel hydrophobic pocket formed by the side
chains of residues Ile4, Pro5, Ile7, and Val22 from both cadherin molecules does not overlap
with the swap dimer interface. However, in the course of the complex cadherin dimerization
mechanism the protein undergoes large conformational changes (such as for instance the open-
ing of the adhesion arm that leads to strand swap dimer formation) and goes through different
intermediate steps. Hence, it is conceivable that during the process the ligand may bind tran-
siently and via variable moieties also to different surface areas of the protein.

Here, to investigate the extent by which variable ligand-cadherin interactions may form
over time in solution and to provide a possible dynamic picture of the binding event, we have
applied a combination of NMR (Nuclear Magnetic Resonance) and computational techniques
to the complexes of two peptidomimetic inhibitors from our library (Fig 1) and human E-cad-
herin-EC1-EC2.

We used ligand-based NMR techniques (Saturation Transfer Difference, STD, and trans-
ferred NOE, tr-NOESY) [20,21] to assess binding occurrence as well as to identify the binding
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Fig 1. Structures of peptidomimetic ligands 1 and 2.
https://doi.org/10.1371/journal.pchi.1007041.9001
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epitope of the ligands and to estimate the dissociation constant of the complexes. The experi-
ments were performed using wild type (wt) human E-cadherin-EC1-EC2 at three different
temperatures (283, 290 and 298 K). Furthermore, we analysed both ligands in the presence of
the EC1-EC2 mutant that was used for the X-ray study and that lacks the first two N-terminal
residues (E-cadherin-(Val3)-EC1-EC2).

Then, in order to rationalize the atomic details of peptidomimetic-cadherin interaction, the
NMR data obtained in the presence of wt E-cadherin-EC1-EC2 were analyzed computation-
ally. Indeed, based on NMR data, docking calculations into the EC1 domain of E-cadherin
were carried out first. Then, to take into account the temperature factor and introduce protein
flexibility, Molecular Dynamics (MD) simulations were also performed. Two temperatures,
300 K and 320 K, were used starting from the different docking poses of 1 and 2 into the E-
cadherin model. Of note, ligands binding seems to be highly dependent on the protein flexibil-
ity, particularly of the adhesive arm. Overall, the dynamic data described herein will help the
design of novel cadherin inhibitors that may bind more efficiently and more selectively into
the Trp2 binding pocket.

Results
NMR results

STD-NMR is a consolidated technique [20,21] based on Overhauser effect that is used to study
the interactions between small ligands and macromolecules [22-24]. The method relies on the
selective irradiation of the protein, which allows magnetization to be transferred to the bound
ligand (which is in great excess in solution compared to the protein concentration). The satu-
rated ligand is displaced in solution due to the binding equilibrium and the observation of the
ligand signals in the NMR spectrum provides an indication of the interaction. Those ligand
protons that are nearest to the protein are more likely to become highly saturated, and there-
fore show the strongest signal in the mono-dimensional STD spectrum. Owing to the effi-
ciency of the saturation process, the modulation of the ligand signal intensity is used as an
epitope-mapping method to describe the target-ligand interactions. In fact, the intensity of the
STD signal (expressed as absolute STD percentage) reflects the proximity of the ligand to the
protein surface. Therefore, the group epitope mapping obtained provides information about
the nature of the chemical moieties of the ligand that are crucial for molecular recognition in
the binding site. We also used the STD amplification factors (STD-AF) to derive the dissocia-
tion constant (Kp) of the ligand-protein complexes [25-27]. Moreover, we performed tr-
NOESY experiments in order to determine the preferred bound conformation of the ligands.

In solution, the EC1-EC2 domain fragment can adopt several conformations depending on
protein and Ca>* ion concentration. At I mM calcium concentration and at less than 40 uM
protein concentration, a monomeric species is observed predominantly, while dimeric forms
or even oligomers are present at higher protein concentrations in solution (600 uM) [28]. The
calcium ions provide a rigidification of the linker region connecting the EC1 and EC2 domains
in the monomer, thus making the dimerization surface available.

STD-NMR and tr-NOESY spectra were acquired in 20 mM phosphate buffer at pH 7.4
(with 150 mM NaCl and 1 mM CaCl,) and 40 pM EC1-EC2 fragments of E-cadherin. In this
condition, a monomeric form is predominant in solution [28]. We performed STD-NMR
experiments at 283K, 290K and 298K since lowering the temperature helps to shorten the rota-
tional correlation time of the receptor and to increase the effective magnetization transfer.
Interestingly, for both compounds we observed different binding epitopes in relation to tem-
perature variations. Furthermore, we also studied the binding modes of the ligands in the pres-
ence of the truncated mutant (E-cadherin-(Val3)-EC1-EC2).
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NMR interaction studies of compound 1 with wt E-cadherin-EC1-EC2. Compound 1
was obtained by replacing the central Trp2-Val3 unit of the DWVI adhesive motif with a dike-
topiperazine (DKP) scaffold bearing a benzyl ring (Fig 1). Conformational analysis of com-
pound 1 was performed by NOESY and VT (Variable Temperature)-NMR experiments and
compared to computational results (S1 and S8 Figs). Owing to the high mobility of the side
chains and to the DKP cis configuration, compound 1 can assume a limited number of differ-
ent conformations, including a “closed” conformation that is evidenced by the presence of
weak NOEs between HoAsp and NHtBu and between the aromatic protons and the Ile side
chain (a detailed description of the conformational analysis is reported in SI). However, tr-
NOESY data show no sign of those NOE contacts that are typical of closed conformation pep-
tides, suggesting that in the bound form compound 1 adopts an extended conformation.

The epitope mapping study for compound 1 in the presence of wt E-cadherin-EC1-EC2
was performed by STD at 283, 290 and 298K. Analysis of the STD spectra shows that the aro-
matic moiety of the ligand interacts at all the temperatures with similar strength, whereas dif-
ferences in the ligand binding epitope exist for the other moieties at the three different
temperatures (Fig 2). The NH; and NH;, protons show strong interactions at the lowest tem-
perature, while the NH proton of the Ile backbone seems to interact only at a higher tempera-
ture. In particular, at 290K the NH;, STD signal disappears, NH; decreases in intensity and
the signal of the amidic Ile proton appears (Fig 2 and S2 Fig, S6 Table).

While NHs seem to contribute more effectively than aromatic protons to the binding (Fig
2), it is necessary to consider that in H,O the exchangeable protons of the polar side chains in
the binding pocket can help transferring the saturation more efficiently, depending also on
their exchange rate with bulk water [27].

NMR conformational analysis of compound 1 indicates that epitope variation as a function
of the temperature cannot be attributed to specific features of the ligand (see conformational
analysis section in SI) but rather to the high flexibility of the protein.

In order to evaluate the interaction strength between E-cadherin and compound 1, we
acquired a series of STD spectra at variable ligand concentrations. The STD amplification fac-
tor (STD-AF) can be calculated by multiplying the observed STD by the molar excess of the
ligand over the protein [20,21,25-27], so that its values depend on the fraction of bound pro-
tein. Therefore, a plot of STD-AF values at increasing ligand concentrations will give rise to
the protein-ligand binding isotherm, from which a dissociation constant Kp, can be derived.
Data analysis suggest a Kp value in the millimolar range (S3 Fig), which is in agreement with
the previously determined inhibition activity observed in adhesion assays performed with E-
cadherin-expressing EOC cells [18].

NMR interaction studies of compound 1 with E-cadherin-(Val3)-EC1-EC2. STD exper-
iments at three different temperatures were also acquired and analysed for compound 1 in the
presence of E-cadherin-(Val3)-EC1-EC2. The analysis of STD contacts reveals that only the
aromatic protons are able to interact with the protein (Figs 3C and S4). These interactions do
not change and are maintained at all temperatures.

The comparison between the STD experiment obtained for compound 1 in the presence of
wt (Fig 3B) and truncated E-cadherin (Fig 3C) is shown in Fig 3: the epitopes are very different
and in the case of E-cadherin-(Val3)-EC1-EC2 several interactions are lost, suggesting a
weaker binding affinity due to the absence of the first two residues of the protein. Additional
experiments, which were recorded with a lower amount of D,0O to reduce H-D exchange for
labile protons, confirmed that the amide protons are not involved in binding and in this case
the N-terminal amine of the Asp residue of the ligand can be observed (S4 Fig).

NMR interaction studies of compound 2 with wt E-cadherin-EC1-EC2. Compound 2
was obtained by replacing the central Trp2-Val3 unit of the DWVI adhesive motif with a
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Fig 2. The binding epitope of compounds 1 and 2 in the presence of wt E-cadherin-EC1-EC2. The dots on the structure indicate the ligand binding
epitope at different temperatures (left, blu 283K, green 290K and red 298K). The histogram shows the comparison of absolute STD % at different
temperatures (right).

https://doi.org/10.1371/journal.pcbi.1007041.9002

conformationally constrained azabicyclic lactam bearing a benzyl ring (Fig 1). Its NOESY spec-
tra acquired in phosphate buffer did not show any significant long range NOE contact typical of
a preferred conformation (both at 283K and 298K). In the tr-NOESY spectrum (acquired in the
presence of E-cadherin) no long range interactions were detected, as observed for the free-state
form, whereas binding evidences of the small ligand to the protein were achieved. Epitope map-
ping was performed by STD at 283, 290 and 298K (Fig 2, S5 Fig and S7 Table).

The graph of Fig 2 shows the values of absolute STD % of the protons engaged in the inter-
action with the protein, at the three tested temperatures. The aromatic moiety, which has been
introduced to mimic the aromatic side chain of Trp2, interacts always with the protein and the
values of absolute STD % are very similar at the different temperatures (about 0.2% STD); this
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Fig 3. Comparison between the epitopes of compound 1 in the presence of wt and truncated E-cadherin. A)
"H-NMR at 283K of compound 1. B) and C) STD-NMR at 283K of compound 1 in the presence of wt E-cadherin-
EC1-EC2 and E-cadherin-(Val3)-EC1-EC2, respectively. The interacting protons are marked.

https://doi.org/10.1371/journal.pchi.1007041.g003

suggests that the aromatic moiety interacts always with the same strength with the protein. On
the contrary, as observed for compound 1, the temperature variation leads to a change in
ligand binding epitope for the other moieties: at 283K we observe a strong interaction with
NH;, (2.078%); also the scaffold (Hy/Hg) protons (0.265%), and the C terminal amidic NH,
(0.2%) are involved in the binding. At 290 K the strength of the interaction of the scaffold pro-
tons decreases (NH;o 1.441% while H, and Hg are not detectable) and a strong contact for the
amidic NH, (0.463%) is observed. At 298K only the aromatic protons and the amidic NH,
(0.806%) are observable in the STD spectrum.

Also in this case, the different epitopes are not correlated to a change in the conformation
of the ligand (see the conformational analysis section of SI), and could be related to a different
behaviour of the protein when the temperature changes.

Also for this compound, the analysis of the STD-AF affords a Kp, value in the sub-mM
range.

NMR interaction studies of compound 2 with E-cadherin-(Val3)-EC1-EC2. Com-
pound 2 was analysed at variable temperatures also using E-cadherin-(Val3)-EC1-EC2 as the
protein substrate. In this case, the only protons that are involved in the interaction are the aro-
matic ones. Interestingly, as observed for compound 1, when this truncated mutant of the pro-
tein is used the binding epitope of ligand 2 does not change with the temperature (S6 Fig) and
a different ligand binding epitope is observed depending on the cadherin construct. These
results confirm that also for compound 2 the N-terminal residues Asp1-Trp2 of the protein
are important for the interaction.

Computational results

The NMR interaction data of peptidomimetics 1 and 2 with the EC1 domain of E-cadherin
were further investigated computationally. In the X-ray structure of compound 1 bound to the
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deleted E-cadherin-(Val3)-EC1-EC2 construct missing the Asp1-Trp2 N-terminal residues,
the ligand fits into a novel site at the interface of the X-dimer assembly rather than occupying
the Trp2 hydrophobic pocket as initially assumed based on their design strategy. However,
according to the NMR results discussed above, the ligands show different binding epitopes
depending on the protein construct used, suggesting that the adhesive arm may indeed also be
involved in stabilizing the ligand-cadherin binding. To clarify this further, we performed MD
simulations starting from the docking poses of 1 and 2 generated into the Trp2 binding pocket
of wt E-cadherin model. To take into account temperature modulation, the MD runs were car-
ried out at 300 K and 320 K. For each ligand, a detailed analysis of ligand protonation states
and conformational geometries was carried out (see SI) in order to select the most relevant
conformations and ionization forms for docking calculations.

Docking results of compound 1. Docking results of compound 1 into E-cadherin show a
good correspondence with the X-ray binding mode of the DWVI native sequence (S10 Fig):
the salt bridge of ligand Asp-NH3+ with Glu89 (i) is formed and the benzyl ring of the scaffold
is fitted into the corresponding hydrophobic pocket (ii). In addition, the C = O group of the
DKP scaffold and NH1 form a hydrogen bond with the backbone of Lys25 and Trp2, respec-
tively (Fig 4).

This canonical binding mode, resembling the type A binding mode of compound 2 (see dis-
cussion below), is maintained in all the docking poses and is in agreement with the binding
epitope of the ligand for wt E-cadherin as determined by STD experiments (see SI for details).

Then, MD calculations were carried out at 300 K and 320 K starting from the docking pose
(AMBERI16 package [29], NVT conditions, AMBER99SB*ildn force field [30] and the explicit

Fig 4. Docking binding mode of the compound 1 into E-cadherin. The ligand (grey carbon atoms) is superimposed

to the DWVI sequence (light blue) of the E-cadherin X-ray crystal structure (PDB code: 3Q2V). Residues of the
binding pocket interacting with the ligand are labelled.

https://doi.org/10.1371/journal.pcbi.1007041.9004
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water model; see SI and the Experimental section for details). For each temperature, a compar-
ison with docking results and NMR data was performed. In particular, the hydrogen atoms
forming the STD epitope of the ligand were analysed in order to determine the neighbouring
protein residues (contact analysis) and characterize their interactions.

MD simulations at 300K. For the simulations at 300 K, three independent MD runs (200
ns each) were performed using the same input geometry and three different velocities (see SI
and the Experimental section for details). The hydrophobic interaction (ii) that is observed in
the docking pose is maintained during the whole trajectory (600 ns) and the ligand aromatic
ring remains docked into the binding pocket (which is lined by residues Y36, H79, S78, M92
A80, P91, D90, S26, K25, 124, E89). On the contrary, the starting salt bridge with Glu89 (i) is
either broken or formed (i.e. it is present in 30% of the sampled structures) and the ligand
Asp-NH;+ group binds to other charged residues of the binding site, such as the side chains of
Asp90 (69%) and Aspl (38%). In addition, a novel salt bridge is formed between the ligand
Asp side chain and the protein Aspl-NH;+ N-terminus (38%, see S8 Table).

The ligand and protein RMSD plots show that both molecules move with respect to the
starting structure (S11 Fig). The ligand major flexibility is restricted to the DKP arms (see S12
Fig for the ligand cluster analysis), while the protein sampled different conformations of the
disordered loop regions (82-90, 25-29 residues of the pocket, and the loop 13-18), and of the
adhesive arm (see S12 Fig for the protein cluster analysis). All of them correspond to the most
flexible regions of the protein (see RMSF plot in S13 Fig), with the adhesive arm residues
showing the highest RMSF fluctuations (especially for residue 1 and 2).

These data are in agreement with the behaviour of the ligand-adhesive arm interactions. In
fact, the ligand NH; proton, which forms a hydrogen bond with the Trp2 backbone in the
starting structure, establishes new contacts with the residues of the adhesive arm during the
simulation, as it becomes engaged by Aspl, Trp2 and Val3 backbone carbonyl groups to form
mutually exclusive hydrogen bonds (66% of the sampled structures using a hydrogen-to-
acceptor cut-off distance of 3.5 A).

The contacts analysis of the ligand NH,,, NH; and NHy,, protons (Table 1) suggests a dif-
ferent involvement of the residues of the adhesive arm in the interaction with these protons.
As discussed in the following, the results of our simulation at 300K well agree with the binding
epitope of the ligand at low temperatures. In fact, NH; is the proton that appears to be more
involved in the interaction with the protein, especially with the adhesive arm (STD signal
detected at 283K and 290K), followed by NH, (detected only at 283 K) and NHy, (STD signal
at 290K and 298 K).

Table 1. List of protein residues close to the NH,,, NH,;, NHj,. protons of 1 in MD simulations at 300 K and 320
K, ranked according to their most populated contact. Only the percentage value of the most and the least populated
contacts is reported.

NH, NH,;o NHpe
300K 320K 300K 320K 300 K 320K
MO92 (88%) MO92 (92%) D90*(80%) E89(74%) W2(36%) K25* (66%)
V3 M92* S26* V3 124*
w2 w2 N27* DI1* Q23" (13%)
DI* P9l D90* (30%) N27*
14 (30%) DI* M92*
E89 14 (7%)
V3* (16%)

* new contact formed during MD simulation

https://doi.org/10.1371/journal.pcbi.1007041 1001
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MD simulation at 320 K. Ligand 1 remains bound to E-cadherin, maintaining both the
initial hydrophobic interaction (ii) and the salt bridge with the side chain of Glu89 (i) (83% of
the sampled structures, see S8 Table). Rather than engaging with the residues of the adhesive
arm, the ligand appears to interact preferentially with the residues of the pocket, especially
with Asn27, forming stable hydrogen bonds between Asp-NH;+ of the ligand and the Asn27
side chain in 72% of the sampled structures, and between the Asp-C = O moiety of the ligand
and the Asn27-NH of the protein (90% populated).

On one hand, the ligands showed a main binding mode (92% of the sampled structures, see
S14 Fig) similar to the docking pose but featuring also an intramolecular hydrogen bond
between the t-butyl NH amide and the scaffold carbonyl DKP-O1 (28% populated in the MD
runs at 300K). On the other hand, the protein sampled different conformations (see S14 Fig
for cluster analysis results), mainly differing for the position of the adhesive arm.

By comparing the protein backbone RMSF plots of the simulations at 300 K and 320 K, we
observed an increase of the adhesive arm fluctuations with temperature (S13 Fig) while the
movements of the other protein loops stay approximately constant (with the exception of resi-
due Asn27, which at 320 K becomes stabilized by ligand interactions).

Comparison with STD experiments. As with the MD calculations at 300 K, the aromatic
hydrogens of the ligand are in proximity to the residues of the hydrophobic pocket, thus
explaining the STD signal of aromatic protons detected at all temperatures. The other protons
of the binding epitope are differently engaged by the protein, especially by the residues of the
adhesive arm, as a function of the temperature. In the starting structure, NH;o, NH; and NHy,,
make contacts with the protein, but during the simulations at 300 K only NH;, and NH; form
stable contacts with E-cadherin. For NH;, new stable contacts are established with the residues
of the binding pocket and the adhesive arm (Aspl and Val3), and a new hydrogen bond is
formed with the backbone of Aspl (20% populated, see S9 Table). At 320 K, NH;, lays close to
the pocket residues but loses the starting contact with Trp2 (populated 49% in MD at 300 K)
and does not interact with the residues of the adhesive arm. Thus, compared to the MD results
at 300K, the interaction of NH,, with E-cadherin become weakened, featuring fewer contacts
with lower population.

Besides Met92, the NH; contacts at 300 K are mainly due to the hydrogen bonds with the
residues of the adhesive arm, while at 320 K they are limited to the pocket and the adhesive
arm is not involved in the interaction (population < 4%). At 320 K, also the NHy, proton loses
its interaction with the adhesive arm but the population of the contacts with other residues of
the protein increases (from 7-36% to 13-66%).

Docking results of compound 2 into E-cadherin. According to Epik results [31], at close
to physiological conditions (pH = 7, water solvent) compound 2 is likely to exist as a neutral or
positively charged molecule. In fact, these two ionization states of the scaffold cyclic amine,
with a calculated pKa of 7.7, contribute equally to the equilibrium. Prior to the docking step, a
sampling of the lactam ring conformations was carried out by means of Monte Carlo/Multiple
Minimum (MC/MM) calculations [32] (see SI for details) and the global minimum 8,5-ring
conformation was used (the same ring geometry was found for all the protonation states).
Docking results using the Glide software [33] indicate two possible binding modes, namely A
and B (Fig 5), differently ranked and populated depending on the ligand protonation state.

In the docking poses of type A, the salt bridge (i) between the ligand Asp-NH;+ and the
side chain of E-cadherin Glu89 is formed and the aromatic moiety fits into the hydrophobic
pocket of Trp2 (ii), reproducing the X-ray interactions of the native sequence. This canonical
binding mode where the ligand Asp and Ile residues adopt a U-shaped conformation around
the Asn27 side chain (with both the Asp side chain and the Ile capping group forming hydro-
gen bonds) is preferred by the charged state (see Fig 5A).
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A

Fig 5. Docking preferred binding modes of compound 2 into E-cadherin. Type A is shown for the ligand charged state (left) and type B for the ligand neutral
state. The compound (grey carbon atoms) is displayed into the E-cadherin X-ray structure (PDB code: 3Q2V) superimposed to the DWVI sequence (light blue).
Residues of the binding pocket interacting with the ligand are labelled.

https://doi.org/10.1371/journal.pcbi.1007041.9005

In the docking poses of type B, found as top-ranked in the neutral form (Fig 5B), the ligand
inserts the benzyl ring into the Trp2 hydrophobic pocket and uses the terminal amide moiety
to form a hydrogen bond with Glu89 side chain. The ligand Asp-NH3+ is sandwiched between
the Aspl and Asp90 side chains.

Both binding modes and protonation states were selected (4 input complexes) as starting
points for MD simulations at 300 K. Only the binding mode A of the neutral form appeared
to be stable at 300 K and therefore it was selected as the starting point for MD simulations at
320 K.

MD simulations at 300 K. The binding of the charged form of compound 2 to E-cadherin
is not stable and the ligand aromatic moiety leaves the hydrophobic pocket of the protein at
the beginning of the simulations for both types (A and B) of arrangements. The same behav-
iour is observed for the neutral state when starting from the binding mode B, which corre-
sponds to the best pose, and only the canonical docking pose A is maintained. Compared to
the starting structure, during the simulation the salt bridge (i) with Glu89 is broken (formed
only by 3.5% of the sampled structures) and a new salt bridge between the side chain of the
Asp moiety of the ligand and Arg28 of the protein is formed (23%, see S10 Table), whereas the
ligand Asp-NH;" group forms a new electrostatic interaction with the side chain of Asp1 (54%
populated, see S15 Fig). According to the cluster analysis results, this is the most populated, if
not the only, binding mode (99%).

In the simulation, the ligand-protein hydrogen bonds of docking pose A (highlighted in
bold in Table 2) are poorly populated and new hydrogen bonds are sampled, the most relevant
involving residues Aspl (12%) and Trp2 (41%) of the adhesive arm and residue Lys25 of the
pocket (54%).

According to protein cluster analysis, two main clusters are found (68% and 30% populated,
S15 Fig) that differ for the conformation of the loops around the hydrophobic pocket (residues
82-90 and 26-32) and of the adhesive arm residues (residue 1-4) of the protein. In fact, these

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007041 June 3,2019 11/22


https://doi.org/10.1371/journal.pcbi.1007041.g005
https://doi.org/10.1371/journal.pcbi.1007041

O PLOS

COMPUTATIONAL

BIOLOGY

Insights into dynamic ligand-cadherin binding events

Table 2. Populations of ligand-protein hydrogen bonds in MD simulations at 300 K (left) and 320 K (right) for
compound 2 (neutral form). The hydrogen bonds of the starting structure (binding mode A) are highlighted in bold.

HB (ligand/protein) Population (%)
300K 320K

Ile-NH/Lys25-C = O 54 59
Lactam-O3/Trp2-He 41 0
Asp-C = O/Trp2-NH 25 0
Lactam-O4/Asn27-NH 15 10
Asp-C = O/Aspl-NH;+* 12 0
Asp-OD/Asn27-NH2 12 5
NH,4/Asn27-0D1 9 9

https://doi.org/10.1371/journal.pcbi.1007041.t002

protein regions show the major fluctuations in the RMSF plot with respect to the starting
structure (S13 Fig).

According to the contact analysis of the NH;5 and NH, protons of the ligand, which show a
variation of the STD signals as a function of the temperature, MD simulations at 300 K suggest
a greater involvement of NH, in the interaction with E-cadherin compared to NH, protons
(Table 3). This behaviour well agrees with the STD spectra at 283 K and 290 K, which are char-
acterized by a higher intensity of the NH, 4 signal relative to NH,.

MD simulation at 320 K. Docking pose A is also stable during the simulation at 320 K,
with the aromatic ring of the ligand remaining inside the hydrophobic pocket of the protein.
The initial salt bridge (i) with the side chain of Glu89 is lost (< 2% populated) and no other
salt bridges involving the ligand N-terminal group are formed. As observed in the MD run at
300 K, the side chain of the Asp moiety of the ligand moves toward the Arg28 side chain to
establish a new salt bridge (72% populated, S10 Table). Apart from this movement, the overall
orientation of the ligand within the binding site is similar to the input conformation and the
ligand cluster results converge to the same single structure (99% populated) resulting from the
MD simulations at 300 K. Protein cluster analysis identifies two main clusters (81% and 19%
populated), differing for the conformation of the loop region of the protein around the binding
site (residues 25 to 33 and 82 to 90) and of the protein adhesion arm (residues 1 to 4), as they
coincide with the E-cadherin-EC1-EC2 most flexible regions. Both the RMSD of the protein
backbone and the RMSF plots, calculated with respect to the X-ray structure, match well with
the 300 K results, indicating a comparable flexibility of the protein (S13 and S16 Figs).

The ligand-protein hydrogen bond analysis highlights that only the interactions with the
pocket residues Lys25 and Asn27 are similar with the MD simulations data at 300 K, while the

Table 3. List of protein residues close to the NH,, and NH, protons of 2 in MD simulations at 300 K and 320 K.
Only the percentage values of the most and the least populated contacts are reported.

NH,o NH,
300K 320K 300K 320K
N27 (83%) N27 (88%) Q23" (20%) K25* (35%)
w2 26 w2 Q23"
S26 w2 K25* 124"
E89 R28 124* $26* (16%)

R28 E89 (16%) N27 (7%)

D1* (12%)
* new contact formed during MD simulation

https://doi.org/10.1371/journal.pcbi.1007041.t003
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hydrogen bonds with the residues Aspl and Trp2 of the adhesion arm, which are rather popu-
lated at 300 K, are not formed at 320 K.

Comparison with STD experiments. The ligand maintains its aromatic ring docked into
the hydrophobic pocket at both simulation temperatures, in line with the presence of the cor-
responding STD signal in all the spectra. The NH, 4 proton, which is involved in a hydrogen
bond with the side chain of Asn27 in the docking pose (Table 2), poorly sampled this interac-
tion in both systems (9% of the sampled structures, Table 2). However, during the simulations,
this amide proton still maintains the native contacts with the residues of the pocket, especially
with Asn27 (>80% populated), and form a new stable contact with Trp2 (70% populated).
Compared to MD results at 300 K, the contact with Aspl is not sampled at 320 K.

The C-terminal NH, hydrogens are less in contact with the protein and the initial contact
with Asn27 is not maintained in either system (7% populated at 300 K and not present at 320
K). Novel interactions are formed and, compared to MD results at the lower temperature, an
increase of NH, interactions with the residues of the pocket is noted at 320 K (percentage
range 16-35 vs. 7-23 at 300 K). In addition, at 320 K the Trp2 residue is excluded from the
contacts map.

Discussion

In this study, we evaluated the binding properties of two peptidomimetic ligands to the extra-
cellular portion of E-cadherin using NMR spectroscopy combined to molecular docking and
molecular dynamics calculations. Both ligands have been previously shown to act as mM
inhibitors of E-cadherin-mediated cell adhesion [18] and to the best of our knowledge, they
are the first peptidomimetics developed from the N-terminal DWVI sequence of the E-cad-
herin EC1 domain. In these compounds, the central dipeptide unit (Trp2-Val3) of the tetra-
peptide motif have been replaced by two different scaffolds bearing an aromatic group that, in
our docking model, inserts into the hydrophobic cavity of Trp2, thus preventing swap dimer
formation. In accordance with this hypothesis, a reconstruction of the free energy profile of
the conformational transition of the E-cadherin monomer from its closed inactive state (with
the Trp2 indole moiety intramolecularly docked) to its open form (indole moiety solvent
exposed), has shown that in solution the monomer could significantly populate both the open
and closed states, which are almost iso-energetic [34]. However, the recent crystallographic
structure of 1 in complex with a deleted form of E-cadherin EC1-EC2 domain (lacking the N-
terminal Aspl-Trp2 residues) showed also a novel possible mechanism of action based on a
different adhesive interface [19]. Indeed, in the X-ray structure the peptidomimetic compound
binds to the X-dimer conformation of the protein, a crucial kinetic intermediate of the cad-
herin dimerization pathway, by inserting into a novel hydrophobic cavity that is formed at the
interface of the two interacting cadherins.

Clearly, owing to the complexity of the E-cadherin homo-dimerization process and to the
dynamic behaviour of the target itself, which undergoes major conformational changes as part
of its substrate recognition mechanism, further investigations of ligand-cadherin binding are
needed. In this work, to sample a set of possible interactions of compound 1 and 2 with E-cad-
herin, we carried out STD-NMR experiments in the presence of two slightly different E-cad-
herin species, the wt-E-cadherin-EC1-EC2 and the E-cadherin-(Val3)-EC1-EC2 fragments.
Depending on the protein constructs, a different binding epitope of the ligand and also a dif-
ferent temperature effect on STD signals were observed, both suggesting an involvement of the
Aspl-Trp2 sequence over time and among the set of possible binding events.

Prompted by these considerations, the ligand binding mode proposed by the docking
model that places the compound in the Trp2 cavity making interactions with the adhesive arm
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portion was selected for further investigations. MD simulations were performed starting from
the corresponding docking poses of 1 and 2 into a wt-E-cadherin EC1 model. To assess the
temperature modulation, MD runs were performed at 300 K and 320 K and the results com-
pared to the STD spectra. The stability of the docking poses and also the interactions with the
E-cadherin pocket, including the adhesive arm, were evaluated and compared at the different
temperatures. In the input structures, both ligands insert the aromatic group into the Trp2
pocket. The aromatic moiety remains docked into the hydrophobic pocket also during MD
runs at 300 K and 320 K, supporting the presence of the aromatic hydrogens STD signal
(detected at all temperatures). In general, the starting ligand binding mode is quite conserved
during MD run while the protein displays major fluctuations. In particular, for compound 1
protein flexibility increases with temperature, especially for the adhesive arm residues. As a
consequence, at 320 K the contacts and the hydrogen bonds of the STD amide protons with
the adhesive arm are not present and only the percentage of NHy,. contacts with the pocket res-
idues is enhanced compared to 300 K (Table 1). At 300 K, NH;, resulted to be more engaged by
the adhesive arm residues, followed by NH, and NHjy,, and this behavior agrees with the STD
spectrum at 283 K. At 320 K the population of the ligand NHy,. contacts with the protein
increased while the other amide protons lost their contacts with the adhesive arm (too flexible)
and also reduced the interactions with the residues of the binding site. This trend is in good
agreement with the STD spectrum at 298 K where the NHy,, signal replaces those of NH; and
NH,,.

During MD simulations of compound 2, only the binding mode type A is stable and the
ligand remains bound to the receptor. At 300 K, the interaction of NH;4 proton with E-cad-
herin is stronger than NH, and this behaviour is in agreement with the STD spectra at 283 K
and 290 K, showing higher intensity of NH;4 signals compared to NH,. At 320 K, we observed
a slight decrease of NH 4 contacts (Asp1l not present) and, despite losing the interaction with
Trp2, an increase of NH, contacts population with the pocket residues. This trend is consistent
with the intensity variation observed in the corresponding STD spectra.

In conclusion, our MD results on ligand-cadherin binding are in agreement with STD spec-
tra. The simulations at different temperatures could also explain the different ligand binding
epitope observed in the presence of wt E-cadherin. In particular, the modulation of the signals
seems to be dependent on the protein flexibility, especially the adhesive arm, an active part of
the binding site that participate in the interaction with the ligand. Based on these results, the
design of novel cadherin inhibitors to target more efficiently and selectively the Trp2 binding
pocket, will be focused on the stabilization of ligand interactions towards both the hydropho-
bic cavity and the adhesive arm residues. Moreover, further NMR studies with labelled E-cad-
herin constructs (wt vs. deleted forms) will be carried out to map the protein residues involved
in the interaction with the inhibitors and clarify their mechanism of action.

Materials and methods
Computational studies

Docking calculations. Docking calculations were performed using Glide version 7.0 [33]
in the SP, Standard Precision, modality. Receptor grids were built on the EC1 domain of E-
cadherin using the X-ray structure of the corresponding swap dimer complex (PDB code:
3Q2V) [8] and prepared as previously described. [18] The ligand sampling was set to ‘Flexible’
with the option ‘Penalize non planar conformation’ for amides and no Epik state penalties
were added to the docking score. For each compound, 10 poses were saved after a post-mini-
mization of the ligand structure within the binding site. The docking protocol was initially
tested for its ability to reproduce the binding mode of the native DWVI sequence in the crystal.
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The program was successful in reproducing the experimentally determined binding mode of
the peptide as it corresponds to the best-scored pose.

MD simulations. Docking poses were used as input structures for MD simulations. The
systems were prepared using xleap module of AMBER16 [29] with AMBER99SB*ildn force
field [30]. A cubic solvate on box of TIP3P waters [35] (with a buffer of 15 A) was added and
the system was then neutralized by adding Na+ ions (two Na+ ions for compound 1 and the
system with the neutral form of compound 2, one Na+ ion for the system with the charged
state of compound 2). All the calculations were performed with AMBER16 software.

Ligands preparation. All the ligands were considered as zwitterions and the
AMBER99SBildn* force field was used. The nonstandard residue moieties of the ligands, i.e.
the DKP scaffold and the t-butyl capping group of compound 1 and the 8,5-lactam ring of
compound 2, were prepared as new units using the R.E.D. software [36] and the antechamber
tool, as described in the SI.

System equilibration of the compound 1 and 2 complexes. Each system was first mini-
mized by performing 2000 steps of steepest descent algorithm first keeping the complex fixed
(with a harmonic potential, force constant k = 10 kcal/mol A*) and then running an unre-
strained minimization on the entire system. The systems were then heated at 300K, first per-
forming 100 ps (time step, dt = 0.5 ps) at constant volume restraining the protein positions
(k = 10 kcal/mol A?), then 100ps at constant pressure (p = 1 bar, dt = 0.5 ps) with the Berend-
sen’s algorithm option for pressure control (relaxation time of 2.0 ps) [37]. For temperature
control, the Langevin thermostat was used (collision frequency of 1 ps-1) [38-39]. For the elec-
trostatic forces the Particle Mesh Ewald (PME) method was applied and a cut-off of 9 A was
used for the non-bonded interactions. All bonds involving hydrogen atoms were constrained
using the SHAKE algorithm [40].

MD set up for compound 1. For the simulations at 300 K three independent MD runs
were performed in NVT conditions (dt = 2ps, 200 ns) using the pmemd module. For each run
velocities were randomly chosen on the basis of a Maxwellian distribution at 300 K, while
coordinates were taken from the last structure of the equilibration step. To constraint all
bonds involving hydrogens, the SHAKE algorithm was applied and the Langevin thermostat
(collision frequency of 1 ps-1) was used. The PME method with a cut-off of 9 A for the non-
bonded interactions was also used. Structures for analysis were saved every 20 ps. A total of
30,000 structures resulted from the concatenation of the three independent runs.

MD simulations at 320 K were carried out in NVT conditions starting from the coordinates
of the equilibrated system at 300 K and applying the same protocol of MD runs at 300 K. A
total trajectory of 200 ns was analysed for a total of 10,000 structures.

MD set up for compound 2. For the simulation at 300 K, four independent MD runs
were performed in NVT conditions using the set up described for compound 1. Structures for
analysis were saved every 20 ps for 200 ns of simulation time. For the ligand neutral state two
different starting point were used, the docking pose type A and B. For the charged state, the
pose A and B were also selected. One MD simulation at 320 K was carried out for the neutral
ligand starting from pose A (NVT, dt = 2 fs, 200 ns) using the coordinates of the equilibrated
system at 300 K and the same calculation set up. A total of 10,000 structures were sampled.

MD analysis. The cpptraj utility was used. For the ligand-protein contacts a cut-off radius
of 5 A was applied. The native contacts were calculated considering the minimized structure as
reference. Among the atoms belonging to the same protein residue, the contact with the high-
est percentage was reported in Tables 2 and 3. Only the contacts sampled for more than 5%
were listed. Cluster analysis was performed on ligand heavy atoms (CA, N, C, O atoms of Asp
and Ile residues and all heavy atoms of DKP and t-butyl unit) and protein Co atoms. The aver-
age linkage method was applied with epsilon value of 1.5 A.
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Protein RMSD and RMSF plots were calculated with respect to the reference minimized
structure using the backbone atoms C, N, O, Co.. Ligand RMSDs were performed for the same
heavy atoms used for cluster analysis. For the ligand-protein hydrogen bond analysis, two
hydrogen bond definitions were used: the default cpptraj criterion (3.0 A for the acceptor-to-
donor heavy atoms distance and 135° for the angle) and the distance cut-off between the
donor hydrogen and acceptor heavy atom of 3.5 A. Only hydrogen bonds with populations
higher than 5% were reported. A salt bridge distance criterion was applied, with a cut-off dis-
tance between the barycentre of negatively (C-) and positively (N+) charged atoms of 4 A.

Cloning, Expression, and Purification of Human E-cadherin-EC1-EC2. Two different
DNA fragments encoding for the EC1-EC2 portion of human E-cadherin, one including resi-
dues 1-213 and one lacking the first two N-terminal residues (Asp1-Trp2) (i.e. including resi-
dues 3-213) were cloned separately into two pET-3a expression vectors (Novagen) using the
Ndel and BlpI restriction sites. In both cases, each fragment was fused at its N terminus to a
6His-tag, a spacer peptide (Ser-Ser-Gly-His-Ile), and the enterokinase recognition site (Asp-
Asp-Asp-Asp-Lys). In both DNA constructs, the Cys9Ser mutation was also introduced. Over-
night protein expression at room temperature in BL21(DE3)pLysS E.coli cells (Invitrogen)
afforded large quantities of soluble protein for both constructs. Cells were lysed by sonication
in TBS, pH 7.4, and 1 mM CaCl,. The two cell lysates were purified first by Ni-affinity chroma-
tography and then by gel filtration using a Sephacryl 100 HR HiPrep 26/60 size exclusion col-
umn (GE Healthcare). Both proteins were dialyzed in TBS buffer + 20 mM CaCl2, digested
with enterokinase (New England Biolabs) at 25°C, and purified again by Ni-affinity chroma-
tography to remove all traces of the cleaved 6His-tag and any residual uncleaved protein. The
two flow-through fractions were then collected and further purified by size exclusion chroma-
tography with TBS + 1 mM CaCl2.

NMR studies

Ligand analysis. NMR spectroscopy experiments were performed at 283K and 298K on
Bruker Avance 400 and 600 MHz spectrometers. All proton and carbon chemical shifts were
assigned unambiguously and the assignments are reported in S1-54 Tables. The NMR experi-
ments were carried out in an aqueous phosphate (20 mM) buffer pH = 7 with 150 mM NaCl
and 1 mM CacCl, in order to observe amide protons with 10% D,0. Two-dimensional experi-
ments (TOCSY, NOESY, ROESY and HSQC) were carried out on samples at a concentration
range of 3-6 mM. NOESY experiments were performed with a mixing time of 200 and 700 ms.

In order to obtain clear spectra, the water signal suppression was achieved by using excitation
sculpting sequence from Bruker library (DPFGSE, Double Pulse Field Gradient Spin Echo).

The conformations of the peptidomimetics were analysed with respect to hydrogen bond-
ing of amide protons (VT-NMR spectroscopy) and NOE contacts [41-42].

Binding studies. The spectra were acquired with a Bruker Avance 600 MHz instrument at
283,290 and 298 K, in a 3 mm NMR tube and in the phosphate buffer previously described
(200 pL).

The interaction between ligands and isolated proteins was detected using trNOESY,
trROESY and STD experiments. In trNOESY and trROESY experiments, water suppression
was achieved by use of an excitation sculpting pulse sequence. In STD experiments water sup-
pression was achieved by using the WATERGATE 3-9-19 pulse sequence.

The on-resonance irradiation of the protein was kept at -0.05 ppm. Off-resonance irradia-
tion of the protein was applied at 200 ppm, where no protein signals were visible. Selective pre-
saturation of the protein was achieved by a train of Gauss shaped pulses of 49 ms length each.
The total length of the saturation train was 2.94 s.
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All the experiments were conducted with the first two domains (EC1-EC2) of wt E-cad-
herin (Molecular Weight EC1-EC2 construct = 23 KDa) and with the construct lacking the
first two residues (E-cadherin-(Val3)-EC1-EC2), with a ligand-protein ratio of 80:1.

Since calcium ions are important to rigidify the EC1-EC2 linker region in the monomeric
protein and considering that the use of phosphate buffer in the presence of CaCl, may be criti-
cal, due to the limited solubility of CaHPO,, we studied the stability of the protein in phos-
phate buffer. We monitored the chemical shift variation in 'H-""N-HSQC experiment using
the "’N-labeled protein for 24 hours and we can confirm that the protein remains in the cor-
rect folding.

For the determination of the dissociation constant (Kp) at 283 K, the concentration of the
protein was kept 0.05 mM while the ligand concentration was increased from 2.0 mM to 16.0
mM in order to obtain different ligand-protein ratios (from 40:1 to 320:1).

The Kp, value can be obtained from the initial growth rate of the STD amplification factor.
Since the STD-NMR intensity reflects the concentration of ligand-receptor complex in solu-
tion, Mayer and Meyer proposed [19] a conversion rule from the observed experimental inten-
sities (n = Ip-Lst/Io) to the STD amplification factors (STD-AF), that is by multiplying the
observed STD by the molar excess of ligand over protein (g).

STD—AF = g(I,—1,)/1, = engy

This converts the STD intensity, which depends on the fraction of bound ligand, into a fac-
tor (STD-AF) that is function of the fraction of bound protein. Thus, the evolution of the
STD-AF along a ligand titration series enables construction of a saturation curve in the form
of an association isotherm. These curves can be adjusted by means of the above equation and
the value of Kp, results from the mathematical fit [f(x) = a*x/(k+x)] of the experimental curve.

Supporting information

$1 Text. NMR and computational data of ligands in the free and bound states.
(DOCX)

S1 Fig. Proton spectra of compound 1 at different temperatures (aligned on aromatic sig-
nals). The interaction between the tert-butyl moiety and the o proton of the aspartic side
chain is conserved at both the lower and at the higher temperature.

(TIF)

$2 Fig. Comparison of STD spectra of compound 1 at different temperatures in presence
of E-cadherin.
(TIF)

S3 Fig. Variation of STD-AF versus the increase of ligand 1 concentration in presence of E-
cadherin interacting protons and the intensities observed are reported in the graph. We
measured the Kp, value of compound 1 (S3 Fig) and 2 in the presence of E-cadherin by STD
(for each point we performed two STD measurements). We obtained a Kp, value of more than
20 mM, demonstrating a low affinity of this compound for the protein.

(TIF)

$4 Fig. Comparison between the epitopes of compound 1 in the presence of truncated E-
cadherin at different temperatures. A) and C) "H-NMR at 283 K and 298 K of compound 1
in the presence of E-cadherin-(Val3)-EC1EC2, respectively. B) and D) STD-NMR at 283 K
and 298 K of compound 1 in the presence E-cadherin-(Val3)-EC1EC2, respectively. The
observation of the terminal AspNH;+ is possible since we acquired experiments in the absence
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of Dzo
(TIF)

S5 Fig. Comparison of STD spectra of compound 2 at different temperatures in presence
of E-cadherin.
(TIF)

S6 Fig. Comparison between the epitopes of compound 2 in the presence of truncated E-
cadherin at different temperatures. A) and C) "H-NMR at 283 K and 298 K of compound 2
in the presence of E-cadherin-(Val3)-EC1EC2, respectively. B) and D) STD-NMR at 283 K
and 298 K of compound 2 in the presence E-cadherin-(Val3)-EC1EC2, respectively.

(TIF)

S7 Fig. Protonation states of compound 2. According to Epik [31], the tertiary scaffold
amine of compound 2 (predicted pKa 7.7) is likely to exist as neutral and protonated forms,
equally populated, at physiological condition (pH = 7 and water solution).

(TIF)

S8 Fig. Representative conformations of compound 1. Left: Most populated 12-membered
ring hydrogen bond geometry sampled with AMBER* during MC/SD simulation; Center:
MC/MM OPLS_2005 global minimum geometry; Right: 10-membered ring hydrogen bond
structure.

(TIF)

S9 Fig. Docking pose best poses of the neutral form of compound 2 into E-cadherin x-ray
structure. Ligand global minimum ring geometry (grey) and the relative minimum geometry
(blue) were shown.

(TTF)

$10 Fig. 2D representation of the DWVI interactions into x-ray E-cadherin binding site.
The E-cadherin interactions of the DWVI sequence in the X-ray structure of the swap dimer
are formed by an intermolecular salt bridge between the charged N-terminal amino group of
Aspl and the side chain of Glu89 (i), the anchoring of the aromatic moiety of Trp2 into a
hydrophobic pocket (ii) and the hydrogen bond between the indole NHe and the carbonyl
group of Asp90 backbone (iii). Protein residues within 4 A are shown, PDB CODE: 3Q2V.
(TIF)

S11 Fig. Ligand heavy atoms root-mean-square deviation (RMSD, upper level) and protein
backbone atoms (C, O, N, Ca, H) RMSD (lower level) of compound 1 calculated with respect
to the docking pose at 300 K (red) and 320 K (blue).

(TIF)

S12 Fig. Representative clusters (populated > 5%) for compound 1 MD simulations at 300
K. Left: ligand clusters on heavy atoms (#1 = 35%, #2 = 21%, #3 = 14%, #4 = 12% and #5 = 6%)
overlaid to the starting geometry (red); Right: protein clusters on Co. atoms (#1 = 40%,

#2 = 24%, #3 = 14% and #4 = 6%) overlaid to the starting geometry (red). Flexible loop and
adhesive arm residues are indicated.

(TTF)

$13 Fig. Protein root-mean-square fluctuation (RMSF C, O, N, Ca, H backbone atoms) of
compounds 1 (upper panel) and 2 (lower panel) calculated with respect to the x-ray structure
at 300 K (red) and 320 K (blue).

(TIF)
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S14 Fig. Representative clusters (populated > 5%) for compound 1 MD simulations at 320
K. Left: most populated ligand cluster (#1 = 92%) overlaid to the starting geometry (red);
Right: protein clusters on Co atoms (#1 = 20%, #2 = 10%, #3 = 8%, #4 = 7%, #5 = 7% and

#6 = 6%,) overlaid to the starting geometry (red).

(TIF)

S15 Fig. Representative clusters for compound 2 MD simulations at 300 K. Left: ligand clus-
ter (on heavy atoms, 99% populated) overlaid to the starting geometry (red); Right: protein
clusters (on Co. atoms) overlaid to the starting geometry (red). Flexible loop and adhesive arm
residues are indicated.

(TTF)

$16 Fig. Protein RMSD (C, O, N, Ca, H backbone atoms) of compound 2 calculated with
respect to the x-ray structure at 300 K and 320 K.
(TIF)

S1 Table. Structure, 1H and 13C assignment and NOE contacts of compound 1 at 283 K.
(PDF)

$2 Table. Structure, 1H and 13C assignment and NOE contacts of compound 1 at 298 K.
(PDF)

S3 Table. Structure, 1H and 13C assignment and NOE contacts of compound 2 at 298 K.
(PDF)

$4 Table. Structure, 1H and 13C assignment and NOE contacts of compound 2 at 283 K.
(PDF)

S5 Table. A3/AT values for the amidic proton of compound 1.
(PDF)

S6 Table. Absolute STD % of compound 1 at different temperatures in the presence of E-
cadherin.
(PDF)

S7 Table. Absolute STD % of compound 2 at different temperature in the presence of E-
cadherin.
(PDF)

S8 Table. Populations of ligand-protein salt bridges for compound 1 at 300 K and 320 K.
The starting salt bridge is highlighted in bold.
(PDF)

S9 Table. Populations of ligand 1 STD amide protons hydrogen bonds with the E-cadherin
adhesive arm residues at 300 K.
(PDF)

$10 Table. Populations of ligand-protein salt bridges for compound 2 at 300 K and 320 K.
The starting salt bridge is highlighted in bold.
(PDF)
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