Institutional Repository - Research Portal

Dépébt Institutionnel - Portail de la Recherche

UNIVERSITE researchportal.unamur.be
DE NAMUK

RESEARCH OUTPUTS / RESULTATS DE RECHERCHE

Investigating Cyclic Peptides Inhibiting CD2-CD58 Interactions through Molecular
Dynamics and Molecular Docking Methods

Leherte, Laurence; Petit, Axel; Jacquemin, Denis; Vercauteren, Daniel; Adele, Laurent

Published in:
Journal of computer-aided molecular design

DOI:
10.1007/s10822-018-0172-4

Publication date:
2018

Document Version _
Peer reviewed version

Link to publication

Citation for pulished version (HARVARD):

Leherte, L, Petit, A, Jacquemin, D, Vercauteren, D & Adéle, L 2018, 'Investigating Cyclic Peptides Inhibiting
CD2-CD58 Interactions through Molecular Dynamics and Molecular Docking Methods', Journal of computer-
aided molecular design, vol. 32, no. 11, pp. 1295-1313. https://doi.org/10.1007/s10822-018-0172-4

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 03. Jul. 2025


https://doi.org/10.1007/s10822-018-0172-4
https://researchportal.unamur.be/en/publications/89a58e2f-4cad-4ae9-82ad-513036ec0dc0
https://doi.org/10.1007/s10822-018-0172-4

Manuscript Click here to access/download;Manuscript;doifad_rev2.docx *

Click here to view linked References

Investigating Cyclic Peptides Inhibiting CD2-CDS58 Interactions through Molecular
Dynamics and Molecular Docking Methods

Laurence Leherte!”, Axel Petit', Denis Jacquemin?®3, Daniel P. Vercauteren', Adéle D. Laurent®

! Laboratoire de Physico-Chimie Informatique, Unité de Chimie Physique Théorique et Structurale,
Department of Chemistry, NAmur MEdicine & Drug Innovation Center (NAMEDIC), Namur
Institute of Structured Matter (NISM), University of Namur, Rue de Bruxelles 61, B-5000 Namur
(Belgium)
2 University of Nantes, CEISAM UMR CNRS 6230 UFR sciences et techniques, 2 Rue de la
Houssiniére BP 92208, F-44322 Nantes Cedex 03 (France)
3 Institut Universitaire de France, 103 Bd St Michael, F-75005 Paris Cedex 5 (France)

ORCID: L. Leherte 0000-0001-8468-5462
D. Jacquemin 0000-0002-4217-0708
D. Vercauteren 0000-0002-6164-8551
A. Laurent 0000-0001-9553-9014

Acknowledments

The authors thank the reviewers for their comments that helped to improve the manuscript, as well as
Dr. Jose Ceron-Carrasco and Horacio Pérez Sanchez for numerous discussions. Frédéric Wautelet and
Laurent Demelenne are gratefully acknowledged for program installation and maintenance. The
research used resources of the ‘Plateforme Technologique de Calcul Intensif (PTCI)’
(http://www.ptci.unamur.be) located at the University of Namur, Belgium, which is supported by the
F.R.S.-FNRS convention 2.5020.11. The PTCI is member of the ‘Consortium des Equipements de
Calcul Intensif (CECI)’ (http://www.ceci-hpc.be). This research used as well French resources of (1)
the GENCI-CINES/IDRIS (Grants A0020805117) and (2) CCIPL (Centre de Calcul Intensif des Pays
de Loire). The authors also thank the Interuniversity Attraction Pole program n°® 7/05: ‘Functional
supramolecular systems’ initiated by the Belgian Science Policy Office.

This work is supported by the Wallonie-Bruxelles International (WBI) and the Belgian National
Foundation for Scientific Research (FNRS), by the French Ministry of Foreign and European Affairs,
and by the Ministry of Higher Education and Research, in the framework of the Hubert Curien
partnerships (PHC Tournesol #40638PL).

* Corresponding author: Email. laurence.leherte@unamur.be, Tel. +32-81-724560, Fax. +32-81-
725466



Abstract

The CD2-CD58 protein-protein interaction is known to favor the recognition of antigen
presenting cells by T cells. The structural, energetics, and dynamical properties of three
known cyclic CD58 ligands, named P6, P7, and RTD-c, are studied through Molecular
Dynamics (MD) simulations and molecular docking calculations. The ligands are built so as
to mimic the C and F B-strands of protein CD2, connected via turn inducers. The MD
analyses focus on the location of the ligands with respect to the experimental binding site and
on the direct and water-mediated hydrogen bonds (Hbonds) they form with CD58. Ligand P6,
with a sequence close to the experimental B-strands of CD2, presents characteristics that
explain its higher experimental affinity, e.g., the lower mobility and flexibility at the CD58
surface, and the larger number and occurrence frequency of ligand-CD58 Hbonds. For the
two other ligands, the structural modifications lead to changes in the binding pattern with
CD58 and its dynamics. In parallel, a large set of molecular docking calculations, carried out
with various search spaces and docking algorithms, are compared to provide a consensus
view of the preferred ligand binding modes. The analysis of the ligand side chain locations
yields results that are consistent with the CD2-CD58 crystal structure and suggest various
binding modes of the experimentally identified hot spot of the ligands, i.e., Tyr86. P6 is
shown to form a number of contacts that are also present in the experimental CD2-CD58

structure.

Keywords CD58, cyclic peptides, ligands, molecular docking, molecular dynamics, inhibitor

Introduction

Protein-protein interactions (PPI) allow, e.g., cells to communicate with each other and form
a huge complex network, called interactome, which significantly contributes to the biological
processes that are carried out in organisms. Up to 650,000 PPI networks have been reported
so far, making them highly attractive targets to design new drugs compared to single proteins
[1]. Such interactions are involved in the majority of human life regulation and deregulation
that might lead to a disease state, e.g., they control signal transduction, immune response, and
transcription [2]. Therefore, targeting PPI with organic molecules such as peptides is a

promising approach in modern drug discovery.



A detailed knowledge of the interaction surfaces of the involved proteins, their energetics
and dynamics, are helpful to understand the regulatory mechanisms of biochemical pathways
aiming to modulate or block these pathways for therapeutic purposes. The contact surfaces of
protein-protein interfaces can be relatively large (ranging from 1,000 to 4,000 A?) and flat,
inducing a real challenge for the design of inhibitors. In this paper, we focus on a rather
small interface (1,200 A?) involving the cell adhesion molecule CD2 found on the surface of
T cells (and natural killer cells), and its counter-receptor CD58 present on antigen-presenting
cells (APC) [3]. CD2 plays an essential role in the cell-cell interactions and signal
transductions through interactions with its CD58 counterparts in humans. Blocking molecules
like CD58 results in obstructing the T cell receptor/APC interactions and in preventing the
primary immune response. Particularly, the CD2-CD58 protein-protein interface is reported
as crucial in inflammatory and autoimmune diseases such as rheumatoid arthritis [4]. One of
the most promising approach to inhibit CD2-CD58 PPI is to develop peptides mimicking the
CD2 interaction site with CD58 [5,6].

The interfacial domain of CD2-CDS58 is planar and mainly involves electrostatic
interactions that ensure a high specificity between both partners [7]. CD2 is reported to
transiently bind to its receptor CD58 with a low affinity, i.e., Kq = 0.4 uM [8]. At the
molecular level, a hot spot has been identified and involves Tyr86 of CD2 and Lys34 of
CD58 [9]. The electrostatic potential at the CD58 surface is mainly negative, due to
glutamate and aspartate residues, while CD2 mostly presents positive potential values at its
interface with CDS58, due to the presence of arginine and lysine residues. Particularly, the
CD58 binding domain of CD2 consists of B-strands C and F with charged residues. Peptides
mimicking the CD2 B-strands C and F have already been synthesized to specifically block the
PPI [5,6], while paying a careful attention to their solubility and geometrical constraints of
the B-strands motif. Particularly, three cyclic peptide ligands reported in literature are
characterized by low ICsg values, i.e., P6 [10], P7 [11], and RTD-c [12], with values of 6.9 +
0.416,12], 11.1 £3.8 [6], and 27 & 15 nM [12], respectively (Fig. 1).

Previous MD simulations of the CD2-CD58 complex corroborate that electrostatics
govern the PPI, showing that salt bridges determine the protein-protein binding strength [13].
Bayas et al. carried out steered MD simulations of the solvated CD2-CDS58 system using
various velocity and force schemes at room temperature. They characterized the progressive
breaking of the salt bridges occurring under protein-protein detachment, and later confirmed

the results with experimental force measurements on various mutants [14]. Based on a tool
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specifically dedicated to the analysis of MD trajectories, MDcons, Abdel-Azeim et al. studied
the contacts occurring in the solvated low affinity CD2-CD58 complex at 300 K compared to
a high affinity complex [15]. They related the lower affinity of CD2-CD58 to its larger
interface flexibility. More recently, through MD simulations of the solvated CD2-CD58
complex, Wang et al. determined that the binding of CD2 with CD58 is governed by the
topology of a set of three hot spots in CD2, i.e., Lys41, Lys51, and Gly90. Additionally, they
showed that glycosylation of CD2 induces a shorter protein-protein distance with a stable and
reduced number of interfacial water molecules [16].

The identification of important residues in the CD58 receptor and its ligands is also
achieved using molecular docking approaches. In particular, Jining et al. used the Autodock
program to dock linear and cyclic 12-mer and hexapeptide ligands onto CD58. No direct
correlation was found between the best poses and their biological activity; however, an
agreement was pointed out with antibody inhibition assay [17]. The ligands appeared to
interact with Lys29, Asp33, and Lys34 of CD58, which are listed as being important in the
CD2-CD58 binding. Docking results of two ligands named P6 and RTD-c were obtained with
Autodock by Gokhale et al. [10] and Sable et al. [12], respectively. From results involving
ligand P6, the authors suggested that CD58 residues such as Lys29, Lys30, Asp33, Lys34,
and Phe46, are important in the binding of CD2 to CDS58, while for RTD-c, residues Lys29,
Lys32, Lys34, Glu42, and Arg44 of CD58 play a significant role. Such works clearly indicate
that both cyclic peptides are not located in the same area. Additionally, P6 is reported to bind
to the CD2-binding site of CD58 [10]. As reviewed by Lawson et al. [18], small peptide
ligands built from residues involved in crucial contacts within a protein-protein interface
might no longer reproduce the adequate interactions with the experimental binding site of the
receptor, even if the peptide is structurally constrained. Nevertheless, these small ligands still
could likely bind efficiently to the receptor, at different binding locations [18].

In the present work, we characterize, at the molecular level, the structure, energetics, and
dynamics of ligand-CD58 complexes using MD simulations and molecular docking
calculations. Three ligand are considered, i.e., P6, P7, and RTD-c (Fig. 1). Trajectories are
analyzed to characterize the effect of water molecules and hydrogen bonds on the positioning
of the ligand on the CD58 surface. Differently, molecular docking calculations are carried out
with constrained search spaces starting from structures generated by MD simulations. To deal

with the flat CD58 binding surface, a consensus analysis of multiple docking results obtained



from various software and calculation conditions is achieved. It allows the identification of

favored ligand-CD58 contacts and interactions.

Materials and computational Methods

Ligand structures

As mentioned in the Introduction, three peptide ligands were selected from literature based
on their low ICsg value, i.e., P6, P7, and RTD-c, with values of 6.9 £ 0.4, 11.1 £ 3.8, and 27+
15 nM, respectively. All of them adopt a cyclic structure and are designed to mimic the
interacting region of the CD2 protein, i.e., residues 31 to 34 and 84 to 87 of the C and F
antiparallel B-strands (Fig. 1 and Table 1). RTD-c involves two additional residues that are
not contained in P6 and P7, i.e., Glu36 and Lys82. Those two CD2 residues do not form
neither a hydrogen bond (Hbond) nor a salt bridge with CD58 according to the contacts
identified with the server PDBePISA [19] applied to the CD2-CDS58 crystal structure (PDB
code 1QA9) [20]. However, a contact between Glu36 of CD2 and Glu78 of CD58 at a
distance shorter than 0.5 nm is observed in the 1QA9 crystal structure, as reported through
the Protmap2D program [21]. Ligands P6 and P7 contain a (D)-proline (L)-proline motif and
a dibenzofuran derivative (DBF), respectively, to induce the B-turn between the two B-strand
segments, while RTD-c is cyclized by two alanine-glycine turns and is constrained by three
disulfide bridges. Ligands P6 and RTD-c involve 10 and 18 amino acid residues,
respectively, while P7 is composed of only seven residues including the DBF moiety (Fig. 1).

The cartesian coordinates of structures P6 and P7 were obtained using the fragment
builder option of PyMol, in antiparallel -sheet mode [22]. Regarding the RTD-c inhibitor,
an NMR structure of the Rhesus theta defensin (RTD-1) in an antiparallel B-strand
conformation was retrieved from the Protein Data Bank (PDB ID 2LYF). The required
mutations were applied using the PyMol Mutation wizard. A reference peptide ligand, named
REF further in the text, was also built using the initial 3D crystal structure data of the eight
residues located in the C and F strands of protein CD2, i.e., residues Asp31 to Lys34 and
Ser84 to Asp87, respectively (Fig. 1). The two f-strands were linked with CH> groups,
selected to avoid the occurrence of polar interactions with CD58. Further details regarding
the building and preparation (atomic charges) of the final ligand structures are reported in

Online Resource 1.



Molecular Dynamics simulations

In all calculations, the chain B of the PDB structure 1QA9 was taken to build the receptor
CDS58. It is composed of 95 amino acid residues, with a net charge of -3 |e’|, while ligands
bear a total net charge of -2 |¢’|. Five K™ ions were thus taken into account to neutralize the
electric charge of the ligand-CD58 complexes. The coordinate and topology files of the
receptor CD58 were automatically generated using the pdb2gmx tool of Gromacs, which
allows the assignment of H atoms and the histidine protonation state, Hise. Due to their cyclic
structure, the creation of the corresponding files for the ligands using the current Gromacs
tools was not straightforward. The full procedure used in the present work is reported in
Online Resource 2. The ligands were finally placed at a position close to the two B-strands of
the CD2 partner in its crystallographic orientation (Online Resource 2, Fig. OR2.1).

MD simulations of the whole systems were run in vacuum (see Online Resource 3 for data
analysis) and in water using the Gromacs4.5.5 program package [23,24] with the Amber99sb
FF [25]. To strongly reduce the calculation time of the solvated systems, the hybrid
TIP3P/SIRAH water FF was used [26-28]. In solution, the systems were submitted to short
MD runs of 10 to 50 ps to progressively increase the temperature from 50 to 300 K, a
temperature value that was previously considered in other MD works regarding CD2-CD58
systems [13-16]. Next, each system was equilibrated during 60 ns MD at 300 K and 1 bar
until convergence of the RMSD profile and confinement of the ligand in a single area of the
CD58 surface (Online Resources 3 and 4). In that last case, the distance between the center of
mass (com) of the ligand and the com of all CD58 binding residues identified with
PDBePISA was considered, regardless of the ligand orientation. A final production run of
100 ns (50 x 10° steps) in vacuum and 300 ns in water (150 x 10° steps) was performed for

the evaluation of the structural, energetics, and dynamical properties of each system.

Molecular docking calculations

As for the MD simulations, the receptor CDS58 is taken from the crystallographic coordinate
file (PDB ID 1QA9) and the protonation stage of His is set to Hise. The atomic coordinates of
ligands P6, P7, and RTD-c, were obtained from the central structure generated through the

clustering of the MD trajectory conformations of the vacuum complexes (Online Resource 3,
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Fig. OR3.3). Additionally, a fourth ligand named REF was built from the data reported in the
PDB structure 1QA9 to serve as a reference structure (Fig. 1).

As specified in the Introduction, the CD58 does not present any well-defined binding
cavity shape. Docking is thus expected to lead to many possible solutions unless specific and
strong intermolecular interactions could systematically favor the expected binding mode(s).
To detect such interactions, several docking programs, scoring functions, and search spaces
were considered, and a consensus analysis was carried out over the best docking poses. Three
well-known molecular software programs were selected to perform the docking calculations
of the ligands at the surface of protein CD58, i.e., Autodock 4.2 [29], Smina [30], a computer
program based on Autodock Vina [31], Gold [32]. Details regarding these programs are
reported in Online Resource 5. Docking calculations were also achieved using several
protein-protein rigid docking web servers like ZDOCK [33], FRODOCK [34], and
CLUSPRO [35], as well as the flexible protein-protein docking program HADDOCK [36].

To define the search space in ligand-docking calculations, several grid centers were
considered, i.e., (i) the NZ atom of Lys34 of CD58, (ii) the geometrical center of residues 31
to 34 and 84 to 87 of CD2, (iii) the geometrical center of the CD58 site constituted by a
limited number of residues, i.e., 27, 29, 32 to 34, 37, 44, 46, and 78, and (iv) the geometrical
center of the 18 interface residues identified by PDBePISA [19]. The four models are
respectively named m_[lys34, m_CFstrands, m_smallsite, m_largesite (Online Resource 5). In
model (iii), i.e., m_smallsite, the nine CD58 residues are all located within a distance of 0.5
nm from the amino acid residues 31 to 34 and 84 to 87 of CD2.

In Autodock and Smina docking calculations, the receptor and ligand coordinate files were
prepared following the protocols reported by Forli et al. [37]. All molecular structure
elements were kept rigid except for the side chains of the ligand. To define the search space,
grid parameters such as the size and a center were required. The grid size was determined
using the eBoxSize Tool [38]. All search space parameters are reported in Online Resource 5,
Table ORS.3.

With Gold, all molecules are flexible. To define the search space, several cavity
definitions were used, i.e., either the selected center is m_CFstrands or m_lys34, and the
cavity radius is 10, 12, or 15 A (named R10, R12, and R15 further in the text). Two
additional calculations were carried out using a cavity defined by the residues of model
m_smallsite and m_largesite, as described earlier.

On the whole, 20 molecular docking calculations were carried out for each ligand.



Results and discussion

Molecular Dynamics calculations

The 3D atomic coordinates of the receptor CD58 were taken from the crystallographic
coordinate file (PDB ID 1QA9) and the initial configuration of the ligand-CD58 complexes
were obtained by manually placing the ligands at a position close to the two B-strands of the
CD2 partner in its crystallographic orientation (Online Resource 2, Fig. OR2.1).

Ligand location. The final MD trajectories of each ligand-receptor system were first
analyzed to inspect the location of the ligands at the surface of CDS58. In vacuum, a
superimposition of the ligand structures obtained during the 100 ns MD simulations shows
that even if the poses remain at locations close to residues of the CD58 binding site (Online
Resource 3, Fig. OR3.4), none of them coincide perfectly with the expected orientation found
in the crystal structure of the CD2-CD58 complex (PDB ID 1QA9) (Fig. 2). In water, the
ligands, especially P7, are more distantly placed from the crystal structure binding site (Fig. 3
and Online Resource 4, Fig. OR4.2). Indeed, the average distance between the com of P7 and
the com of the experimental CD58 binding residues is close to 2 nm, to be compared to
values of about 1.36 and 1.24 nm for P6 and RTD-c, respectively (Table 2).

The stability of the ligand-CD58 complexes simulated in vacuum and in water was
analyzed using RMSD profiles calculated over all atoms of the ligand-protein structures
against their initial conformation (Online Resources 3 and 4, Figs. OR3.1 and ORA4.1,
respectively). As expected, the presence of the solvent destabilizes the complex and the
profiles adopt larger RMSD values. Larger fluctuations are also observed in water due to
reorientation of the ligand, as discussed later. Differences between RMSD values in vacuum
and in water are apparently reduced for the larger ligand RTD-c where profiles coincide after
about 30 ns during the production stage. It actually reflects a partial overlap of the ligand
poses at the CD58 surface, while ligands P6 and P7 clearly adopt distinct poses at the CD58
surface depending upon the simulation conditions (Fig. 3 and Online Resource 3, Fig.
OR3.4).

Ligand flexibility. The solvated peptide ligands undergo few conformational changes as
confirmed by a cluster analysis, carried out with a RMSD cutoff of 0.15 nm (Table 2).
Conformations of the solvated ligands P6 and P7 are gathered in only one cluster while RTD-
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¢ is more flexible, with two conformation clusters found. Nevertheless, in that last case, over
99.99 % of the saved conformations belong to a single cluster. An analysis of the
intramolecular @-y angles shows that only local parts of the ligands are affected by
conformational changes, especially located at the level of the turn inducers of P7 and RTD-c.
Despite its size, the RTD-c conformation variety is strongly limited due to the presence of
disulfide bridges. P6 also presents a very limited flexibility (Online Resource 6).

Ligand mobility. The location of the ligands on the CD58 surface is rather constrained
and no long term Brownian diffusion regime is observed. In water, all three ligands occupy a
different and limited region of space at the surface of the receptor (Fig. 3). Particularly, Tyr86
of the ligands appear to face, most of the time, the receptor surface. However, it does not
form frequent Hbonds with CD58, with average values below 1 (Table 2). Only P7 presents
an occurrence frequency of about 19.5 % for the Tyr86-Vall7 Hbond (Table 1).
Nevertheless, Tyr86 is involved in contacts with various CD58 residues, i.e., Leu38 and
Alad5 for P6, Asn20 to Pro22, Leu38, Lys58, and Asn81 for P7, and Glu78 to Pro80, and
[le82 to Ser85 for RTD-c (Table 1). RTD-c thus binds to residues of CD58 that were
identified using PDBePISA [19]. The translational mobility of P6 is more restricted than P7
and RTD-c, as illustrated by the short-term Mean Square Displacement (MSD) of the ligands
calculated after alignment of the MD conformations onto the starting structure (Fig. 4a). P6
and RTD-c adopt a similar translational mobility trend, which is clearly slower than P7.
Despite the lack of Brownian motion, tentative self-diffusion coefficient values D are
obtained from the slope of the MSD curves (from 5 to 20 ns), divided by 6, i.e., 4.5 107, 2.2
10, and 7.1 10”7 nm?/ps. On a reorientational point of view, P6 presents the slowest motion
at very short term, as illustrated by the correlation function <cosw(t)> where w(t) is the time-
dependent angle variation of a vector perpendicular to three atoms of the ligand skeleton (Fig.
4b and Online Resource 7). Long-term 11 and short-term 12 correlation times, obtained from a
two-exponential fit from O to 1 ns, are reported in Table 2. All parameters of the function
fitting are given in Online Resource 7. The ligand P6 is characterized by the largest
correlation time 11 = 37.644 ns associated with the slowest decrease of the long-term
correlation function, while P7 and RTD-c adopt a similar reorientational behavior. P7
presents the smallest correlation time 12 = 0.0036 ns, associated with the fastest decrease of
the correlation function, i.e., the highest short-term mobility.

Ligand-CDS58 hydrogen bonds. In water, P6 and P7 form similar numbers of Hbonds

with the solvent, i.e., 32 £ 3 and 29 + 3, respectively, due to their similar size and amino acid
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nature, while the larger RTD-c ligand forms an average of 61 + 4 Hbonds (Table 2).
Contrarily, the number of Hbonds formed between the ligands and CD58 is relatively similar
between the three ligands, from 4 to 5. Particularly, the turn inducer in P6 and RTD-c form
only very occasionally a single Hbond with CD58, while DBF of P7 more often involves one
Hbond with Lys58 of CD58 (14.7 %) through its O atom. A detailed analysis of the
intermolecular Hbonds numbers and occurrence frequency values are reported in Fig. 5 and
Table 1, respectively. The Hbond occurrence is rather stable for P6 and RTD-c, while P7
produces a profile in agreement with the ligand-CD58 short-range interaction energy profile
(Fig. 6), as detailed later using correlation indices k. As already stated above, the ligands are
not placed at the expected crystallographic binding site. Thus, Hbonds determined from the
MD simulations differ from the crystallographic ones (Table 1). As an example, Tyr86 of the
ligands form unfrequent Hbonds. In P6, the tyrosine residue is mostly placed in a parallel
fashion from the CD58 surface as illustrated for the last frame generated during the 300 ns
MD simulation (Fig. 7). It explains the low number of Hbonds formed during the whole
simulation (Table 2). In P7, Tyr86 is Hbonded to Vall7 of CD58 with a frequency of 19.5 %,
and such Hbonding actually occurs during a limited period of time, i.e., between 13.516 and
25.542 ns. In the crystal structure, Tyr86 is preferentially Hbonded to Lys29. Residue Asp32,
which interacts with Lys34 in the crystal structure, is only Hbonded in the solvated P6
complex, to Arg44 with a very large occurrence frequency value of 92.4 %, expressing the
low mobility of the ligand. In P7, Asp31 is Hbonded to Thr57 with a relatively low frequency
of 28.8 %, while it is expected to bind to Arg44 in the crystal structure. Lastly, the largest
ligand RTD-c presents the highest number of Hbonds types, with occurrence frequencies
close to or below 50 %.

Ligand-CDS58 interaction energy. Even when the total energy of the system has
converged, the ligand-CD58 short range interaction energy may vary, e.g., with the presence
of Hbonds, or depending upon the orientation of the ligand facing the CD58 surface. The
intermolecular interaction energy profiles displayed in Fig. 6 for the solvated ligand-CD58
complexes show that, for P6 and RTD-c, the energy values largely fluctuates around a mean
energy value, while it adopts an oscillating behavior for P7. Based on the absolute ligand-
CD58 intermolecular interaction energy, divided their solvent accessible surface (SAS),
ligand efficiency indices were evaluated, leading to values around 38, 34, and 26 for P6, P7,

and RTD-c, respectively (Table 2). The ranking of the ligands based on their efficiency index
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is in agreement with the experimental ICso value, i.e., 6.9 nM, 11.1, and 27 nM for P6, P7,
and RTD-c, respectively.

As mentioned above, in TIP3P/SIRAH water, there is a rather important negative
correlation between the short-range ligand-CD58 intermolecular interaction energy (Fig. 6)
and the number of ligand-CD58 intermolecular Hbonds (Fig. 5). For instance, a value of -

0.857 is obtained for ligand P7 (Table 2). Correlation factors are calculated using:

N
_Z(Hbl..Ei) L 1
K=" (HbE) |—
N OmOk (1)

where Hb and E stand for the number of ligand-CD58 Hbonds and the ligand-CD58 short-
range interaction energy values, respectively. It suggests that the formation of Hbonds
between the ligands and the receptor efficiently stabilizes the ligand facing the receptor when
the system is solvated. Indeed, such a correlation is less clear in vacuum (Table OR3.1). In
the case of solvated P7, one observes that, e.g., at t = 11.254 and 20.420 ns, the ligand forms
0 and 9 Hbonds with the receptor, respectively. Corresponding P7-CD58 interaction energy
values are equal to -13.8 and -719.4 kJ/mol. In the first case, the distance between Tyr86 of
the ligand and CD58 is equal to 0.734 nm while it is equal to 0.175 nm in the last case where
it is Hbonded to three CD58 residues, i.e., Vall7, Ser19, and Ser59. The remaining Hbonds
involve several other residues of P7, i.e., [1e85 and Lys34 Hbonded to Asn20, Asp87 and all
three aspartate residues, while the DBF moiety is pointing away from the complex structure
(Fig.7).

Water-mediated ligand-cd58 hydrogen bonds. Due to their size, no SIRAH water
coarse grains are located at distances below 0.35 nm from both the ligands and CD58, and the
ligand-CD58 interface contains all-atom TIP3P water molecules only. Radial distributions
functions (RDF) of the interface water molecules facing the ligand and protein surfaces show
that, compared to their O atom, their H atoms can be located closer to, and consistently
farther from, both the ligand and CD58 (Fig. 8). The g(O-surface atoms) RDFs let appear a
small peak, around 0.2 nm, attributed to the interactions between the O atoms of the water
molecules with Hbond acceptors of the ligand or CDS58, followed by a larger one, centered
around 0.26-0.27 nm, due to the interactions with heavy atoms of the ligand or CD58 [39,40].
In addition, the ligand can be indirectly bound to CD58 through bridging water molecules. To

analyze such water-mediated Hbonds, water molecules that surround both the ligand and
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CD58 within a distance of 0.35 nm were first identified every 1 ns during the production
stage. Then, the water molecules that are Hbonded to both the ligand and CD58 were
determined. As shown in Online Resource 8, P7 and RTD-c involve up to seven bridging
water-mediated Hbonds, and only few RTD-c conformations actually present no bridging
water molecules at all. Interestingly, P6 and RTD-c are characterized by the lowest mean
number of bridging Hbonds, i.e., 1.3 (Table 2), and P6 has a maximum of only five of such
water-mediated Hbonds. Selected conformations with a high number of bridging Hbonds are
illustrated in Fig. 9. As examples, at t = 61 ns, P6 forms five bridging Hbonds, i.e., Tyr86-
Glu42, Asp32-Glu37, Asp87-Ala45 (twice), and DPro-Serd7. At t = 210 ns, P7 forms three
bridging Hbonds involving Asp31-Serl, Asp31-Thr57, and Asp32-Leu23. For RTD-c, at t =
195 ns, seven bridging Hbonds are found, i.e., Asp31-Lys32, Glu36-Glu25, Alal8-Glu76
(three times), Tyr86-Glu78, and Asp87-Ser§5.

Bridging water molecules are rather mobile. Their residence time was estimated from the
average number of water molecules continuously acting as bridging molecules as a function
of time (Fig. 10). On the average, only ten percents of the initial number of bridging H>O
remain after 0.5, 0.7, and 1 ns, for P6, P7, and RTD-c, respectively. Those figures are
consistent with the small size of the ligands, especially for P6 and P7. The fit of a two-
exponential function, from 0 to 5.5 ns allows to evaluate long-term and short-term residence
times tr1 and tw, respectively (Table 2 and Online Resource 7). It appears that a mixture of
slow and fast water molecules are involved as bridging partners between the ligand and
CDS58. In particular, the residence time of the fastest molecules, ti2, follows the same trend as
the ICsp values. A more detailed analysis of the P6-CD58 complex shows that among the 300
selected frames, only four water molecule appear in three consecutive frames, consistently
with the short residence time. Thus, most of the molecules bridged to P6 are characterized by
a fast exchange. Contrarily, for P7, two water molecules behave very differently. One of them
has an occurrence number of 52 (over 300). It actually bridges Asp32 to Leu23 of CD58
during 52 ns, while the other bridges Lys34 to Lys58 of CD58 with a residence time of 15 ns.
Regarding RTD-c, the highest residence time, 11 ns, is observed for a water molecule that
links Tyr86 to Glu78 of CD58 (Fig. 9), while Lys34 is bridged to Pro80 through two water
molecules acting separately, each with a residence time of 8 and 9 ns. The presence of long-
living water molecules associated with P7 and RTD-c is in agreement with their larger values
of tr1. As P7 is the most mobile ligand, it is concluded that its mobility is not refrained by the

long-living water-mediated Hbonds. Rather, the mobility mainly depends on direct Hbonds.
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Several amino acid residues of the three ligands never or only rarely form direct Hbonds
with CDS58, such as the isoleucine residues in P6 and P7, the proline residues in P6, and
Cys3, Cys5, and Cys7 residues in RTD-c (Table 3). A detailed analysis follows for the other
ligand residues contained in CD2. Among the three ligands, P6 involves residue Asp32 which
forms the highest number of direct Hbonds with CDS58, i.e., 2.6 = 0.7, mainly with Arg44
(Table 1), but also highly frequent bridging Hbonds with Glu37 only (Table 3). Such larger
numbers of Hbonds and their corresponding occurrence frequencies can explain the lowest
mobility of P6. DPro interacts with CD58 mainly through bridging Hbonds only. Asp87 also
frequently interact through bridging Hbonds, with 107 occurrences, mainly with the Ala45
backbone (Table 3). It forms direct Hbonds as well, with Ser47 and, to a lesser extent, with
Lys50 (Table 1). Residue Lys34 of P6 never forms any bridging Hbond, contrarily to P7 and
RTD-c. Indeed, Lys34 of RTD-c involves 132 bridging Hbonds over the 300 selected frames
of the production stage, most of them, 114, with the O atom of Pro80 of CD58 (Table 3). For
P7, all residues but Ile85 form bridging Hbonds with CD58. It is particularly verified for
Asp31, with 170 occurrences over the 300 analyzed frames, contrarily to P6 and RTD-c.

To summarize, MD frames provide ligand poses that differ from the C and F B-strands of
CD2 in interaction with CD58, with different CD58 residues playing a role in the ligand-
CDS58 interactions. A reasonable correlation is observed between the number of ligand-CD58
Hbonds and the ligand-CD58 intermolecular interaction energy values in water. Thus, the
experimentally observed transient binding character of a ligand towards CD58 can be due to
the presence of non-permanent bridging water molecules that favor the mobility of the ligand
facing the receptor surface. The experimentally larger ICso value of P6 is correlated with the
relatively larger number of Hbonds it can form with CD58, its low mobility and flexibility
within the complex structure, and its larger efficiency index. It is also interesting to note the
negative correlation between the ICso values and the residence time of the fastest bridging
water molecules, t. Finally, P6 presents a reduced number of contact atoms facing CD58

compared to P7 and RTD-c, but this descriptor does not allow to differentiate P7 and RTD-c.

Molecular docking calculations

In a parallel work, ligand-protein molecular docking calculations were performed with
constraints regarding the location of the ligands facing the CD58 structure. The aim was to

evaluate a fast way to get optimal, and possibly multiple positions, of such peptides without
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performing long MD calculations. Protein-protein docking programs were also considered for
testing purposes. The obtained results are compared with X-ray structural information.

To evaluate the agreement between the ligand poses of the 20 ligand-protein docking
calculations and the corresponding residues of the CD2 crystal structure, RMSD values were
first calculated between the amino acid atoms of the ligand poses and their corresponding
positions reported in the crystallographic CD2 structure (Fig. 2). The RMSD of the first 10
poses were determined and the minimal value of each docking is reported in Online Resource
9. It shows that no poses adopt a total RMSD value lower than 3.14 A. Gold provides such a
low RMSD value for the reference ligand REF only. Once larger ligands, with a non-crystal
structure, are studied, RMSD values are all beyond 6 A, even for the first best poses (Online
Resource 10). It is explained by the fact that only a limited amount of interactions can be
formed between CD58 and the ligands, while the whole CD2 structure forms a more complex
and extended anchorage network (Online Resource 11). Indeed, a detailed analysis of the
interface using PDBePISA reports that 18 and 21 residues are involved in the interface,
respectively for CD58 and CD2. Additionally, the MD calculations reported above have
shown that the ligands are slightly displaced from the binding site defined in the CD2-CD58
crystal structure. Online Resource 10 reports that a single docking calculation, i.e., Gold with
m_CFstrands and a radius of 15 A, provides a first best solution which is also the closest one
to the experimental pose, for ligand REF with a RMSD of 4.69 A. Thus, rather than focusing
on the pose of the whole ligand structure, all possible ligand-CD58 distances were calculated
between all residue side chains and CDS58. It was achieved for the first three best poses of all
20 docking computations of the four ligands. For each ligand, the clustering of those 60 poses
was achieved with the command g cluster in Gromacs4.5.5. Using a RMSD cutoff value of
1.5 A, i.e., the same value as used to cluster MD trajectories, 35, 51, 42, and 40 clusters were
obtained, with a maximal size of 10, 2, 5, and 9 poses, for REF, P6, P7, and RTD-c,
respectively. As expected, a larger diversity of solutions is obtained than in MD calculations.
An analysis of the shortest contacts observed below 3.5 A as reported in Online Resource 12
is discussed below. The very best pose in terms of score value, obtained with Autodock,
Smina, and Gold, are displayed in Online Resource 13.

Reference ligand. For ligand REF, Gold appears to provide a very best solution that is
close to the reference C and F B-strands of CD2 (Online Resource 13) but Tyr86 is located in
a different binding site (Online Resource 14b). Indeed, in the crystal structure, Tyr86 is close
to Lys34 and Phe46, with Lys34 being sandwiched between the two aromatic residues [9],
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while in the Gold pose, Tyr86 faces Lys34 and Phe46 at distances larger than 3.5 A in a
different arrangement (Fig. 11b). Distance values are detailed in Table 4.

The very best poses of Vina and Vinardo are mutually similar (Fig. 11a and Online
Resource 14a), but it is not systematically observed for all ligands. In both poses, Tyr86 faces
Glu25 and Leu38 of CDS58. Due to the receptor and ligand flexibility and the presence of all
H atoms, Gold generates solutions that are characterized by shorter contact distances than
Autodock and Smina. Residue Phe46 of CD58 is also more accessible and occurs at very
short distances, below 2 A, from Lys34 and Tyr86 only, while it forms no contacts when
using Autodock and Smina. Distance values reported in Online Resource 12 can be analyzed
so as to let clearly appear the most likely ligand locations and orientations after application of
three pruning rules, i.e., (i) the discard of the ligand residues characterized by at least three
docking calculations providing no contacts below 3.5 A, (ii) the consideration of contact
distances shorter than 2.1 A only, and (iii) among the remaining contacts, the selection of the
ones with a high occurrence number, above 5, considering all docking calculations (Table 5).
Seven frequently observed contacts are left, involving Asp31, Asp32, Lys34, and Tyr86 of
the peptide ligand. The three rules mentioned above are applied below to discriminate
between the poses of the ligands P6, P7, and RTD-c using the set of ligand-protein molecular
docking results.

Ligand P6. As the geometry of the P6 residues differ from the corresponding
crystallographic structure, the poses obtained for ligand P6 do not let clearly appear expected
contacts. Online Resources 13 and 14c show that the very best poses generated by Vinardo
and Gold are almost identical. In the Vinardo best pose, the side chain of Tyr86 is packed
against the hydrophobic part of the side chain of Lys34, as it is in the crystal state (Fig. 11c¢
and Table 4). Tyr86 and Asp32 interact with Lys34 and Lys29 of CDS5S, respectively.
Particularly, a Hbond is found by Gold between Asp32(OD1) and Lys29(HZ1). Rather, in
their docking studies, Gokhale et al. [10] report two Hbonds occurring between Asp31 and
Lys34, as well as an interaction between Tyr86 and Phe46, which do not correspond to the
crystallographic orientation, but are among contacts also found in our calculations (Online
Resource 12). The application of the three rules defined previously for REF, to the data in
Online Resource 12, provide results reported in Table 5. It is seen that six frequent contacts
are left with, among them, two experimentally observed ones, i.e., Asp32-Lys34 and Tyr86-
Lys34. As for REF, the most frequent contacts appear between charged residues and/or

tyrosine, consistently with the electrostatic properties of the CD58 surface.
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Ligand P7. Ligand P7, the shortest one, is characterized by a large planar non-amino acid
B-turn inducer, the DBF moeity. It very closely interacts with positive Lys32, Lys34, Argd4,
or with negative Asp33, Glu78, Glu39, as well as with neutral Phe46 (Online Resource 12),
while in MD, it was found to interact with CD58 mainly through bridging Hbonds. Many
contacts with CD58 thus occur, contrarily to the B-turn inducers of P6 and RTD-c. Similarly
to DBF, Lys34 of P7 presents numerous contacts with CD58, as also observed for ligands
REF and P6. Regarding Tyr86, the very best poses generated by Autodock and Vina both
show the residue in the same site (Fig. 11d and Online Resources 13 and 14d). The side chain
is located at the basis defined by the four side chains of the charged Glu37, Glu39, Glu42,
and Arg44 residues (Fig. 11d and Table 4). Finally, the application of the three rules
mentioned previously provides a selection of contact sites reported in Table 5. Among the
four most frequent contacts, only one, i.e., the contact involving Tyr86, was already involved
by REF and Pé.

Ligand RTD-c. RTD-c is the largest ligand built by an alternation of CD2 residues and
disulfide bridges occurring between the two B-strands. Residues Lys34, Glu36, Lys82, and
Tyr86 present numerous contacts with a variety of CD58 amino acid residues. Among them,
only Tyr86 is frequently in contact with the expected residues Lys29, Lys32, and Lys34
(Online Resource 12). Indeed, Online Resource 14e and Fig. 11e show that the best pose
generated by Gold presents Tyr86 in the same orientation as in the crystal structure, i.e., in
interaction with Lys29, Lys32, and Lys34 of CD58. More precisely, Tyr86 is packed against
the hydrophobic part of Lys34 of CD58 [9] (Table 4). The cysteine residues, particularly
Cys7, Cysl2, and Cysl6, can generate close contacts with CD58, with positively-charged
residues like Lys29, Lys34, Lys34 and Argd4, respectively. Cys16-Lys34 is one of the most
frequent contacts (Table 5), and is obtained with Autodock and Smina (Online Resource
15a). The figure illustrates the 12 poses that present such a contact. Nine of them belong to
the same cluster identified through the clustering of 60 poses described earlier in the text, and
it is assumed that they reinforce the weight of the obtained pose. The results are thus
consistent with the observation made from MD simulations, which showed that Cys16 is
constantly forming a Hbond, with either Lys29 or Lys32 (Online Resource 3, Fig. OR3.7).
Contacts between Cys16 and Arg44 are also detected when using Gold (Online Resource
15b). The figure actually reports four extremely similar poses. Finally, the application of the

three rules mentioned previously provides a selection of contact sites reported in Table 5.
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Only three most frequent contacts are left, involving the experimentally identified hot spots

Tyr86 and Lys34.

To summarize, in ligands REF and P6, only residues Asp32 and Tyr86 are found to be
close to their corresponding location in the crystal structure of CD2. For all four ligands,
Tyr86 is always in contact with Lys34 even at distances shorter than the experimental ones.
Most of the ligand residues form a close contact with the expected CD58 residue of the
crystal structure, but not simultaneously. Lys34 of CDS58 is often a binding spot for the
ligands, regardless whether it is considered as the center of the search space or not. Lys34 is
thus assumed to be a strong anchor point for a ligand. According to Table 5, conformations of
the residues are important, but also their sequence. There are less and less highly frequent
contacts that are recurrent between the 20 docking approaches used in the present work.
Among them, there are less and less expected contacts. With respect to ligand REF, P6 has
the most relevant contacts. Importantly, the insertion of structural constraints introduces a
risk to miss expected contacts, as in ligands P7 and RTC-D. It is thus consistent with the
trend adopted by the experimental ICso values.

The ligand poses obtained from protein-protein docking calculations carried out using
various web servers, i.e., ZDOCK [33], FRODOCK [34], ClusPro [35], and HADDOCK [36]
are reported in the Online Resource 16. As for the ligand-docking programs, the search space
must be constrained to allow ligands to stay close to the experimental binding site of CD58. It
was achieved with ZDOCK and HADDOCK. In such cases, the binding site was defined
using the 18 amino acid residues of CDS58 that were identified using PDBePISA [19]. A
variety of solutions were obtained, similarly to the ligand-protein docking programs. Also,
some of the programs did not allow the proper treatment of DBF, the non-amino acid group

of P7, like ClusPro and HADDOCK.

Conclusions and perspectives

Three cyclic ligands, named P6, P7, and RTD-c, forming complexes with CD58 were studied
using Molecular Dynamics (MD) simulations and molecular docking calculations. These
cyclic ligands, constrained through various B-turn inducers, are built so as to mimic the C and
F B-strands of the protein CD2 in interaction with the receptor CD58, as described in
literature. Ligand P6 is the closest one to the residue sequence of CD2. Results were analyzed
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to emphasize most recurrent ligand-receptor contacts and interactions, particularly direct and
bridging hydrogen bonds (Hbond) as well as short contacts, and were compared to the CD2-
CD58 experimental structure (PDB ID 1QA9). In the crystal structure, the aliphatic branch of
Lys34 in CD58 is packed between the aromatic rings of Phe46 and Tyr86 of CD2 [9].

MD simulations were carried out in vacuum and in a hybrid TIP3P/SIRAH all-
atom/coarse grained water media. In vacuum, the ligand conformations remain rather
constrained during the simulations, but their locations facing CD58 slightly differ from the
CD2-CD58 crystal structure. In water, the ligands are more mobile. Particularly, P7 is placed
at a location that strongly differs from the experimental binding area of CD58. The number of
direct ligand-CD58 Hbonds correlates well with the ligand-CDS58 interaction energy. The
ligands are located farther away from the CD58 surface and interact with the receptor surface
through bridging water molecules. For all ligands, water-mediated bridging Hbonds involve
Asp32, Asp87, and to a variable extent, Tyr86. For P6, direct Hbonds are reinforced in water
and Lys34 never forms any bridging Hbond, contrarily to P7 and RTD-c. Finally, P6 is the
less mobile ligand at the CD58 surface. No particular influence of the turn inducer was found
regarding their interaction with the receptor and the solvent. They all show a reduced amount
of direct and/or bridging Hbond interactions with the receptor, except for DBF in P7 which
interacts with many different CD58 residues through water-mediated bridging Hbonds.

The experimentally larger ICso value of P6 is correlated with its relatively larger number
of Hbonds formed with CDS58, its low mobility and flexibility within the complex structure,
and its large efficiency index. The index is calculated as the ratio of the short-range
intermolecular ligand-CD58 energy and the ligand solvent accessible surface. It is also
interesting to note the negative correlation between the ICso values and the residence time of
the fastest bridging water molecules, to. Finally, P6 presents a reduced number of contact
atoms closely facing CD58 compared to P7 and RTD-c. The special location of P7 at the
surface of CD58 suggests that several possible binding sites might lead to an inhibition
activity of the ligands, and is not inconsistent with the reported transient character of the
CD58 complexation.

The clustering of the vacuum MD conformations yielded starting points for the docking
calculations. A cavity cannot be unambiguously defined as the CD2-CD58 interface is rather
flat and is highly electrostatic in nature. Therefore, the experimental crystal data were used to
limit the search space. Several definitions of the search space were considered through four

docking approaches, i.e., Gold, Vina, Vinardo, and Autodock. Despite the variability in the
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docking results, a consensus can be found which lets appear robust contact sites identified to
be Tyr86 in the ligands and Lys34 in the receptor, as determined experimentally [9]. Among
the three ligands studied, P6 presents the highest number of highly frequent contacts that are
also identified experimentally. Tyr86 and Lys34 form essential hot spots, that cannot,
however, be considered as sufficient to unambiguously define the CD58 binding site for the
ligands. A detailed analysis of the very best scored pose identified in each of the molecular
docking family, i.e., Autodock, Vina, Vinardo, and Gold, allows to characterize other
interaction modes. An additional contact, that is also seen as important for the ligand
binding, involves Asp32 of the ligands and Lys34 of CD58. It is also observed that Lys34 of
CD58 can be in contact with a variety of ligand residues, such as Ile85 in P6, Asp31 and
Lys34 in P7, and Cysl16 in RTD-c. Finally, Asp33 of CD58 is involved in a number of
contacts with the ligands, such as Tyr86 of P6 and Lys34 of P7. Several protein-protein
molecular docking programs were also considered. Similarly to ligand-protein docking
results, their use shows that the binding site of CD58 must be a priori known. Some of the
tested programs also did not allow the proper treatment of the non-amino acid nature of the
P7 B-turn inducer.

MD and molecular docking results are not stricly comparable as the later are being
obtained using constrained search spaces. Additionally, several of the selected docking
methods neglect most of the hydrogen atoms, and/or atomic charges, and are based on
evaluation functions that strongly differ from any conventional force field. Under such
conditions, molecular docking is forced to provide poses that involve residues playing a
significant role within the CD2-CDS58 crystal structure. MD results show the effect of an
explicit solvent and let additionally appear the recurrent occurrence of Glu78 of CD58 in the
ligand binding.

The three ligand-CDS58 systems studied so far are now considered for testing an in-house
protein electrostatic model built from Amber99SB atomic charges [41]. Further studies will
also focus on the receptor deformation under binding with a ligand and a finer analysis,
through QM/MM calculations, of the binding modes including direct and bridging hydrogen
bonds. The central conformation obtained from the clustering analyses of the vacuum and
solvated ligand-CD58 systems will be used as starting conformations of the QM/MM
calculations. In a later stage, mutations in the ligand sequences will be studied as modulators

of the Tyr86 role in the ligand binding.
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Figure captions

Fig. 1 (Top) Cartoon representation of the CD2 protein. Residues 31 to 34 and 84 to 87 are
highlighted in dark blue and red, respectively. (Bottom) Planar and perspective structure of
the ligands REF, P6, P7, and RTD-c. Conserved CD2 residues are in bold and are labeled as
in the PDB structure file 1QA9. Ligand skeletons and side chains are shown using thick and
thin lines, respectively. The 3D structure of DBF is presented in Online Resource 1, Fig.

ORI.1

Fig. 2 Superimposition of CD58 (gray surface) and residues of the C and F B-strands of CD2
(black lines). Residues of CD58 located at a distance shorter than 4 A from the CD2 strands

are colored. H atoms are not shown for clarity

Fig. 3 Superimposition of 100 frames of the ligand-CD58 complexes in TIP3P/SIRAH water
obtained from the 300 ns NPT MD simulations at 300 K and 1 bar. Tyr86 of the ligands is

shown with orange sticks

Fig. 4 (a) MSD profiles and (b) reorientation correlation function of the ligand-CD58
complexes in TIP3P/SIRAH water obtained from the 300 ns MD simulations at 300 K and 1

bar

Fig. 5 Ligand-CD58 (black) and ligand-water (red) hydrogen bond profiles obtained from the
300 ns MD simulations, at 300 K and 1 bar

Fig. 6 Ligand-CD58 short-range intermolecular interaction energy in TIP3P/SIRAH water
obtained from the 300 ns MD simulations, at 300 K and 1 bar

Fig. 7 Snapshots of the ligand-CD58 configurations at t = 300 ns for P6, at (a) t = 11.254 and
(b) 20.420 ns for P7, and at 300 ns for RTD-c, in TIP3P/SIRAH water obtained from the 300
ns NPT MD simulations at 300 K and 1 bar. Tyr86 of the ligand is shown with orange sticks.
Selected residues of CD58 are shown with green sticks (P6: Ala45 and Leu38, P7: Vall7,
Ser19, and Ser59, RTD-c: Glu78 to Pro80 and I1e82 to Ser85)
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Fig. 8 Radial distribution functions of TIP3P and surface atoms of the ligand-CD58
complexes obtained from the 300 ns NPT MD simulations in TIP3P/SIRAH solvation
conditions, at 300 K and 1 bar

Fig. 9 Selected poses with bridging water molecules obtained from the 300 ns NPT MD
simulations at 300 K and 1 bar. Water molecules located at a maximal distance of 0.35 nm
from the ligand and the receptor are shown in gray. Among them, water molecules involved
in water-mediated bridging Hbonds are displayed in green. Long-lasting bridging molecules

are shown with purple sticks

Fig. 10 Average number of water molecules continuously acting as bridging Hbond mediator
as a function of time, obtained from the 300 ns NPT MD simulations in TIP3P/SIRAH

solvation conditions, at 300 K and 1 bar.

Fig. 11 Superimpositions of very best poses in terms of score values of the molecular docking
families (Online Resource 10). (a) Best poses (Vina: green; Vinardo: blue) of ligand REF.
Glu25, Lys34, Leu38, and Phe46 of CD58 are colored in light blue, yellow, magenta, and
gray; (b) Gold best pose (orange) of ligand REF. Lys34 and Phe46 of CDS58 are colored in
yellow and gray; (¢) Vinardo best pose (blue) of P6. Lys34 and Phe46 of CDS58 are colored
yellow and gray; (d) Best poses (Autodock: red; Vina: green) of P7. Glu37, Glu39, Glu42,
and Arg44 are colored in pale yellow, cyan, pink, and orange; (¢) Gold best pose (orange) of
RTD-c. Lys29, Lys32, Lys34, and Phe46 are colored in red, green, yellow, and gray. CD2

residues are in black. H atoms are not shown for clarity
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Table 1 PDBePISA hydrogen bonds and Protmap2D contacts® between residues Asp31 to
Lys34 and Ser84 to Asp87 of CD2 and the receptor CD58, as obtained from the
crystallographic data file (PDB ID 1QA9). Ligand-CD58 hydrogen bonds® (occurrence
frequency® in parentheses) and Tyr86-CD58 contacts® obtained from the 300 ns NPT MD

simulations at 300 K and at 1 bar

1QAD9 crystal MD simulations
structure
CD58 CD2 P6 P7 RTD-c

Hbonds
Vall7 Tyr86 (19.5)
Lys24 Asp32(36.2)  Glu36 (50.5)
Glu2s Lys34 (47.4)
Lys29 Tyr86
Lys32 Asp87 (24.3)
Lys34 Asp32
Glu39 Lys34 (27.8)
Argd4 Asp31 Asp32 (92.4)
Serd7 Asp87 (67.3)
Lys50 Asp87 (21.4)
Thr57 Asp31 (28.8)
Thr83 Ser84 (37.2)
Contacts*
Asn20 X
GIn21 X
Pro22 X
Glu25
Leu27 Lys34
Lys29 Tyr86
Lys32 Tyr86
Asp33
Lys34 Asp32, Tyr86
Glu37 Asp32
Leu38 X X
Glu39
Glu42
Argd4 Asp31
Ala45 X
Phe46 Asp31, Asp87
Glu47
Lys58 X
Glu78 Lys34, Glu36 X
Ser79
Pro80
Asn81 X
I1e82
Thr83
Asp84
Ser85
# Only contact distances shorter than 0.5 nm are reported
® Geometrical cutoffs selected to identify Hbonds were set to 0.35 nm and 30° for the
acceptor-donor distance and the acceptor-donor-hydrogen angle, respectively
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¢ Only occurrence frequency values larger or equal to 20 % are reported
4 The 18 binding residues of CD58 identified using PDBePISA [19] are in bold



Table 2 Mean properties and standard deviations obtained from 300 ns MD simulations at

300 K and 1 bar

Ligand-PDBePISA com-com dist.
(nm)

No. of ligand conformation
clusters (RMSD = 0.15 nm)

No. of Tyr86-CD58 Hbonds?
No. of turn-CD58 Hbonds*
No. of ligand-water Hbonds*
No. of ligand-CD58 Hbonds*
No. of bridging Hbonds?*

D (nm*/ps)
71 (ns)
T2 (ns)

K Elig-cpss/Hbiig-cpss

tr1 (ns)
to (I’IS)

Mean Elig.cpsg (kJ/mol)

No. contact atoms (d < 0.35 nm)
Ligand SAS (nm?)

Ligand efficiency

Experimental ICso (nM)

P6 P7 RTD-c
1.360 = 0.077 2.036 £ 0.105 1235+0.113
1 1 2b
0.06 = 0.28 0.57 +0.79 0.16 + 0.38

0.001 +0.032 03+0.5 0.01 +0.10
32+3 29+3 61+4
541 442 442
13418 29+1.0 13+15
4.0 107 2.110° 6.4 107
37.644 + 1.102 27.684 + 0.679 27.670 + 0.668
0.050 + 0.004 0.036 % 0.003 0.086 % 0.005
0.711 -0.857 0.793
0.774 + 0.036 2.812+0.197 2.063 +0.108
0.054 + 0.002 0.059 + 0.003 0.068 + 0.004
40626+ 83.08  -372.54+123.07  -473.51 £ 118.87
2445 47+ 14 44+9
10.85 + 0.34 11.05 + 0.39 18.06 + 0.49
37.51 % 8.00 33.67+ 11.09 2622+ 6.52
6.9 +0.4[6,12] 11.1+3.8[6] 27 £ 15 [12]

# Geometrical cutoffs selected to identify Hbonds were set to 0.35 nm and 30° for the

acceptor-donor distance and the acceptor-donor-hydrogen angle, respectively

® One cluster gathers > 99.99 % of the conformations.



Table 3 Occurrence of bridging water molecules® calculated over 300 frames during the
production stage, and number of direct hydrogen bonds® formed between the ligands and

CD58, as calculated from the 300 ns MD simulations at 300 K and 1 bar

. Bridging .
ngand water Bridged to Direct H
residue Bonds

molecules
P6 Ser84 0 0
I1e85 0 0
Tyr86 47 Glu37 (30), Glu39 (10), Glu42 (6) 0.1+£0.3
Asp87 107 Alad5 (83), Serd7 (21) 1.9+1.0
DPro 23 Serd7 (23) ~107

Pro 0 0
Asp31 0 ~10*
Asp32 218 Glu37 (218) 2.6+£0.7

I1e33 0 0
Lys34 0 02+0.5
P7 Asp87 40 Asn20 (27) 03+0.6
Tyr86 33 Glu21 (9), Ser59 (14) 0.6+0.8
I1e85 0 02+04
Lys34 53 GIn21 (6), Pro22 (18), Lys58 (27) 03+0.5
Asp32 160 GIn21 (7), Pro22 (57), Leu23 (72), 0.5+0.5
Serd1 (16)
Asp31 170 Pro22 (9), Leu23 (36), 0.7+0.6
Asnd0 (17), Ser41 (83), Thr57 (18)
DBF 70 Asn40 (8), Asp6 (30), Lys58 (24) 02+04
RTD-c Glyl 0 ~107
Asp31 24 Cys32 (6), Glu76 (6), Glu78 (10) 0.1+03
Cys3 0 ~1073
Asp32 114 Glu25 (5), Lys32 (14), Glu37 (5), 02+0.5
Glu78 (85)
Cys5 0 ~1072
Lys34 132 Glu78 (17), Pro80 (114) 1.1+£1.0
Cys7 4 ~107
Glu36 209 Glu25 (183), Pro80 (16), Asn81 (10) 0.8+0.7

Ala9 0 0
Gly10 0 0
Lys82 4 ~1072
Cysl2 5 0

Ser84 55 Pro80 (17), Asn81 (6), 11e82 (11), 0.6+0.6
Thr83 (17)
Cysl4 9 Thr83 (9) ~1072
Tyr86 224 Glu76 (19), Met77 (10), Glu78 03=+0.5
(161), Asp84 (20), Ser85 (8)
Cysl6 1 ~10*
Asp87 93 Glu76 (69), Glu78 (5), Asp84 (5) 0.7+0.8
Alal8 11 Glu76 (10) ~10?

@ Only values greater or equal to 5 are reported. ° Geometrical cutoffs selected to identify
Hbonds were set to 0.35 nm and 30° for the acceptor-donor distance and the acceptor-donor-
hydrogen angle, respectively



Table 4. Atoms involved in the Tyr86-CD58 distance values that characterize the very best
pose of the four molecular docking family, i.e., Autodock, Vina, Vinardo, and Gold, as

illustrated in Fig. 11. Score values are given in Online Resource 10

Docking Model Tyr86 CD58 atom Distance  Fig. 11
method atom (A)
REF Vina m_largesite OH Leu38 (HN) 2.74 a
Vinardo m_lys34 OH Leu38 (HN) 3.50 a
Gold m_CFstrands OH Lys34 (0) 3.29 b
Gold m_CFstrands CE2 Phe46 (CD2) 3.71 b
P6 Vinardo m_smallsite HH Phe46 (CD2) 2.74 c
Vinardo m_smallsite CEl Lys34 (CD) 3.63 c
P7 Vina m_smallsite CG Glu37(CD) 4.73 d
Vina m_smallsite CEl Glu39 (CD) 4.20 d
Vina m_smallsite OH Glu42 (CD) 4.15 d
Vina m_smallsite CE2 Argd44 (NH1) 3.75 d
RTD-c Gold m lys34 - R10 CZ Lys34 (CG) 3.86 e




Table 5 Occurrence frequency of the shortest (< 2.1 A) and most frequent (no. of occurrences
> 5) ligand-CD58 contacts as observed from the first three poses of the docking calculations

reported in Online Resource 12

REF P6 P7 RTD-c
Contact Occ. Contact Occ. Contact Occ. Contact Occ.

Asp31-Argdd 6  Asp32—-Lys29 9  Asp31-Lys34 8

Asp32-Lys34 10 Asp32-Lys34 7

Lys34 - Glu37 12 Lys34 — Glu25 6 Lys34 —Lys34 10

Lys34-Glu39 11 11e85 - Lys34 7  Lys34 — Asp33 6

Tyr86 - Lys34 7 Tyr86 -Lys34 11  Tyr86-Lys34 12 Tyr86-Lys34 10
Tyr86 - Asp33 6  Tyr86—-Asp33 6 Asp87 - Argdd 7
Tyr86 - Phed6 6 Cysl6 - Lys34 12
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