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ARTICLE INFO ABSTRACT
Handling editor: A Wlodawer Atherosclerosis is a chronic inflammatory disease characterized by plaque build-up in the arteries, leading to the
obstruction of blood flow. Macrophages are the primary immune cells found in the atherosclerotic lesions and are
Keywords: directly involved in atherosclerosis progression. Macrophages are derived from extravasating blood monocytes.
‘2ﬂ1:g’“lm’m The monocytic CD40 receptor is important for monocyte recruitment on the endothelium expressing the CD40
D40 recepto

ligand (CD40L). Thus, targeting monocyte/macrophage interaction with the endothelium by inhibiting CD40-
CD40L interaction may be a promising strategy for attenuating atherosclerosis. Monoclonal antibodies have
been used against this target but shows various complications. We used an array of computer-aided drug dis-
covery tools and molecular docking approaches to design a therapeutic inhibitory peptide that could efficiently
bind to the critical residues (82Y, 84D, and 86N) on the CD40 receptor essential for the receptor’s binding to
CDA40L. The initial screen identified a parent peptide with a high binding affinity to CD40, but the peptide
exhibited a positive hepatotoxicity score. We then designed several novel peptidomimetic derivatives with higher
binding affinities to CD40, good physicochemical properties, and negative hepatotoxicity as compared to the
parent peptide. Furthermore, we conducted molecular dynamics simulations for both the apo and complexed
forms of the receptor with ligand, and screened peptides to evaluate their stability. The designed peptidomimetic
derivatives are promising therapeutics targeting the CD40-CD40L interaction and may potentially be used to
attenuate atherosclerosis.

CD40L
Peptidomimetics
In-silico screening

1. Introduction blood flow. Atherosclerosis is a major cause of cardiovascular diseases
(CVD) and is a risk factor for myocardial infarction (MI) and ischemic

Atherosclerosis is a chronic inflammatory disease in which plaque stroke (Lusis, 2000). Pharmacological treatments such as lipid-lowering
build-up due to the deposition of cholesterol, lipids, and fats as well as therapies, anti-hypertensive agents, and anti-platelets drugs reduce the
extravasation of immune cells in the arteries lead to an obstruction of risk of CVD, but atherosclerosis-related complications remain persistent
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worldwide (Aday and Ridker, 2019; Peikert et al., 2020). Thus far,
several clinical trials have focused on targeting inflammatory molecules
implicated in the progression of atherosclerosis (Ridker et al., 2017,
2019; Tardif et al., 2019). Another strategy is to inhibit inflammation
and/or to modulate the immune checkpoint proteins, promoting
inflammation (Kusters et al., 2018). The CD40-CD40L dyad is an
important immune checkpoint protein complex that is expressed on
major immune cells, and its activation leads to the progression of
atherosclerosis (Bosmans et al., 2021; Lacy et al., 2021).

CDA40L plays an important role in the pathogenesis of atherosclerosis
(Lutgens et al., 2007). Cells such as myeloid and lymphoid cells, plate-
lets, endothelial cells and vascular smooth muscle cells (VSMCs) are
known to express CD40L on their surfaces (Mach et al., 1997). CD40L
expression is primarily found on T-cells and platelets in atherosclerosis
(Michel et al., 2017). CD40L present on these cells would bind to CD40
receptor expressed on antigen presenting cells (APCs) to amplify the
signaling (Quezada et al., 2004). Apart from CD40, CD40L also bind to
other co-stimulatory receptor present on the cell surface to activate the
inflammation response (Lacy et al., 2021). One of the major roles of
CD40-CD40L interaction is the recruitment of monocytes and other
immune cells to the site of inflammation during the initial phase of
plaque formation. The endothelial cells are activated when the mono-
cytic CD40 receptor binds the endothelial CD40L. This enhances the
expression of cell adhesion molecules (CAMs) such as vascular cell
adhesion molecule (VCAM)-1, intercellular cell adhesion molecule
(ICAM)-1 and E-selectin on the endothelium (Kotowicz et al., 2000).
Remarkably, high Ox-LDL levels drive the expression of the CD40 re-
ceptor on monocytes/macrophages and CD40L on the endothelial cell,
further enhancing the expression of CAMs on the endothelial cells and
facilitating the recruitment and transmigration of monocytes into the
arterial intima, critical steps of atherosclerosis progression (Roy et al.,
2021). Migration of monocytes into the intima leads to their differen-
tiation into macrophages. These macrophages secrete various
pro-inflammatory molecules and further enhance the inflammation
process. Thus, inhibition of the CD40-CD40L interaction may be
important for preventing chronic consequences of atherosclerosis.
Indeed, studies have found that genetic or antibody-mediated inhibition
of CD40 or CD40L reduces the inflammatory cell number within the
plaque with a subsequent decrease in the lesion size and enhanced
plaque stability (Engel et al., 2009; Lutgens et al., 2000; Schonbeck
et al., 2000). CD40-TRAF6 interaction is present downstream of
CD40-40L interaction (Lutgens et al., 2010). Inhibition of CD40-TRAF6
with TRAF-STOP inhibitors have shown promising results (Seijkens
et al., 2018). Multiple antibodies have been developed to target the
CD40-CD40L interaction (Croft et al., 2013), but the strong immune
response against the antibodies and thromboembolic complications
limit their usage. (Leader et al., 2008). Thus, it is important to search for
better therapeutic strategies that would have enhanced efficacy with
limited side effects.

In the past few years, peptides and peptidomimetics have emerged as
promising candidates to treat various diseases by modulating protein-
protein interactions (PPIs) (Recio et al., 2016; Vagner et al., 2008).
There are now peptides that successfully target certain biologically
important protein complexes, such as transcription factors, which are
traditionally considered as undruggable targets for small molecules
because of their complex architecture and stability (Seo et al., 2011).
However, peptides possess certain characteristics that limit their usage
as therapeutic candidates, such as low metabolic stability towards pro-
teolysis in the gastrointestinal tract and serum, their poor absorption
after oral ingestion, and their rapid excretion through the liver and
kidneys (Recio et al., 2016). Hence, advancements are necessary to meet
the increased therapeutic demands. Recent technological advances in
formulation, delivery, and chemistry have driven the focus of drug
discovery teams toward peptidomimetics (Antosova et al., 2009; Audie
and Boyd, 2010; Timmerman et al., 2005). Peptidomimetics are com-
pounds whose essential elements (or pharmacophore) mimic a peptide
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or protein in their 3D space and which primarily tend to retain the
ability to interact with the specified biological target and impart the
same biological effect. Certain limitations of peptides can be compen-
sated through creating peptidomimetics with increased stability against
proteolysis, receptor selectivity or potency, among others. Hence, pep-
tidomimetics have a great potential in drug discovery (Vagner et al.,
2008). Also, designing/deriving compounds that contain the same
backbone elements as peptidomimetic with few modifications in the side
chains, which can increase the affinity of the compound with the target,
can be a better therapeutic strategy against the target molecule (Li Petri
et al., 2022).

Identification of the critical residues on the target protein is impor-
tant for designing the molecules limiting the protein-protein interaction.
In-vitro studies have identified three critical residues on the CD40 re-
ceptor (Y82, D84, and N86) having a key role in its interaction with
CD40L (Bajorath et al., 1995). In this study, we focused on designing
peptides that may bind to these critical residues. Furthermore, we
derived promising peptidomimetics and their derivatives with increased
affinity to the CD40 receptor and improved physicochemical properties.

2. Methods
2.1. Analyses of CD40-40L interface and docking of CD40-CD40L

The crystal structure of CD40-CD40L interaction (PDB ID: 3QD6)
was retrieved from RCSB Protein Data Bank (https://www.rcsb.org).
The crystal structure was analysed by the X-Ray diffraction method with
a resolution of 3.5 A. The complex contains a total of 4 CD40 receptor
chains (Chain R, S, T, and U) interacting with 6 CD40L chains (Chain A,
B, G, D, E, and F) in a ratio of 2:3 of receptor: ligand complex (An et al.,
2011). The complex was downloaded as a PDB file, and the monomer of
the CD40 receptor (Chain S) interacting with the CD40L monomer
(Chain C) was taken for further interaction studies. 4 A interacting
residues between the complex were analysed in UCSF Chimera (Pet-
tersen et al., 2004). Also, the individual monomers of both the receptor
and the ligand were structurally minimized using Amber ff14SB (Maier
et al., 2015) in the UCSF Chimera, and site-specific docking was done in
PyDockWEB  (https://life.bsc.es/pid/pydockweb)  (Jimenez-Garcia
et al., 2013) providing the 4 A interacting residues between the complex.

2.2. In-silico mutational analysis of CD40-40L interaction

As the in-vitro mutational study had identified Y82, D84, and N86 as
a critical residue on the CD40 receptor mediating the interaction with
the ligand, we wanted to further confirm the result through in-silico
study. Individual mutations on the CD40 receptor (Y82, D84, and N86)
were done using the Rotamer option in UCSF Chimera (Pettersen et al.,
2004), replacing key residues with alanine one at a time. The structure
was then minimized using Amber ff14SB (Maier et al., 2015) in Chimera
and docked with the CD40L (Chain C) in HDOCK (http://hdock.phys.
hust.edu.cn/) (Yan et al., 2020) providing the 4 A interacting residues
between the complex. Also, the triple mutations were done in CD40
before docking with wild type CD40L to compare the change in binding
affinity with the individual mutations. Similar strategy was employed on
CD40L by mutating the residues K143 and Y145 individually and by
performing the double mutations (Chain C) and docked to CD40 in
HDOCK (http://hdock.phys.hust.edu.cn/) (Yan et al., 2020).

2.3. The design and docking of the peptide

Four-amino acid peptide (p-KGYY) was designed against the critical
residues on the receptor to block the receptor-ligand interaction. Stretch
from residues 143-146 on the CD40L was used to design the peptide
using the “Build structure” option in UCSF Chimera (Pettersen et al.,
2004). The designed peptide was then minimized using Amber ff14SB
and docked with the CD40-receptor (Chain S) in PyDockWEB
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(Jimenez-Garcia et al., 2013) and ZDOCK (Pierce et al., 2014). 4 A
interacting residues between the complex were analysed in UCSF
Chimera to find the critical residue(s) on the receptor involved in the
binding with the peptide. Further, physicochemical and ADMET ana-
lyses of the peptide were done using the pkCSM server (https://biosig.
lab.ug.edu.au/pkesm/) (Pires et al., 2015). pkCSM uses graph-based
signatures of the compounds to analyse the ADMET properties of the
compounds by comparing them with the in-vitro data available on the
server. The SMILES file of the compounds was generated on the pepSMI
server  (https://www.novoprolabs.com/tools/convert-peptide-to-smil
es-string) and then analysed on the pkCSM server to optimize its
ADMET properties.

2.4. The docking of peptidomimetic with the receptor

To address the limitations of the designed peptide, peptidomimetics
that mimic the structure as well as the pharmacophore of the designed
peptide were searched on the pep:MMs:MIMIC server (http://mms.ds
farm.unipd.it/pepMMsMIMIC/) (Floris et al., 2011). pep:MMs:MIMIC
is a server in which the 3D-similarity search of the peptides is possible
among 3.9 million commercial compounds in the MMsINC database
(http://mms.dsfarm.unipd.it/MMsINC/search/) (Masciocchi et al.,
2009). Side chains of the lysine and tyrosine residue on the peptide were
selected and fingerprint-based filtering of shape similarity and phar-
macophoric similarity-based methods were used to provide the top 200
compounds from the database. All the compounds were downloaded in
the 3D SDF format and docked to the CD40 receptor (Chain S; PDB
3QD6). Two docking platforms were used: AutoDock Vina (v1.2.0)
(Eberhardt et al., 2021; Trott and Olson, 2010) and the Glide module of
the Schrodinger suite (Friesner et al., 2004). Preparation of the receptor
for docking in AutoDock Vina (v1.2.0) was done by adding polar
hydrogen bonds followed by the addition of Kolmann charges in Auto-
Dock 4.2.6 (Morris et al., 2009). A grid box was generated around the
receptor covering the whole receptor molecule. For docking in Schro-
dinger, the protein preparation wizard of the Schrodinger suite (Sastry
et al., 2013; Schrodinger, 2021b) was used in which missing hydrogens
were added, followed by the removal of heteroatoms and water mole-
cules. The structure was then refined and optimized at pH 7.0 using
PROPKA (Olsson et al., 2011), followed by minimization using OPLS4
force-field (Lu et al., 2021). The receptor grid was generated by selecting
the 4 A residues on the CD40 receptor interacting with the ligand in the
crystal structure. The docked compounds were shortlisted based on the
interaction of the peptidomimetic with all three critical residues (Y82,
D84, and N86) in AutoDock Vina (v1.2.0) and Schrodinger. Further,
physicochemical and ADMET analyses of the lead compounds were done
on the pkCSM server (Pires et al., 2015).

2.5. The docking of peptidomimetic derivative

As the derived peptidomimetic had limitations in its ADMET prop-
erty, we sought to find the derivatives of the lead compounds which can
increase the binding affinity with the receptor as well as have good
ADMET properties. A structural similarity search of the lead compounds
was done in PubChem (https://pubchem.ncbi.nlm.nih.gov/) by
uploading the SMILES ID of the peptidomimetic structure. The resulting
compounds were downloaded as 2D SDF and converted to 3D by the
LigPrep module of the Schrodinger suite (Schrodinger, 2021a). 3D SDF
files were converted into pdbqt in Open Babel (O’Boyle et al., 2011) and
docked with the CD40 receptor (Chain S) in AutoDock Vina (v1.2.0)
(Eberhardt et al., 2021; Trott and Olson, 2010). Compounds were then
screened accordingly through their interaction with the three critical
residues on the receptor. The shortlisted compounds were further
docked in Glide (Friesner et al., 2004) to find a similar interaction with
the receptor. Physicochemical analysis of the top compounds in both
platforms was done in the pkCSM server (Pires et al., 2015) to find the
compound(s) with good ADMET properties.
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2.6. Molecular dynamics simulation

Further, to understand the stability of the screened peptide (p-
KGYY)- CD40 receptor complex, all the apo and complex forms were
subjected to molecular dynamics simulation using Gromacs 2020.4
software (Abraham et al., 2015; Van Der Spoel et al., 2005). The input
structures were prepared with Charmm 36 (MacKerell et al., 2000;
Vanommeslaeghe et al., 2010) force field using CHARMM GUI online
input generator (Gao et al., 2021; Jo et al., 2008; Lee et al., 2016). Cubic
boxes of 10 A% were kept as periodic boundary condition using supra-
molecular centre of mass of the protein. TIP3P water model was used as
a buffer to neutralize the Ewald charge distribution of the solvated
structure. The protein structures were minimized energetically and un-
derwent two stage equilibration process with NVT and NPT ensembles.
Then, the simulation was carried out for a period of 100ns. The results
were analysed using VMD software.

3. Results

3.1. Structural analysis and docking of the CD40 receptor with the CD40
ligand

To validate our computer modelling approach, we first analysed the
crystal structure of the CD40-CD40L protein complex (RCSB: PDB 3QD6)
to deduce the critical residues involved in the protein-protein in-
teractions. The protein-protein interface of the CD40 receptor (Chain S)
and CDA40 ligand (Chain C) was scrutinized using UCSF Chimera (Pet-
tersen et al., 2004) to identify all residues which are found within the
range of ionic and hydrogen bonding interactions of 4 A (Fig. 1A and B).
Our analysis confirmed a previous study finding that there are three
critical residues on the CD40 receptor (Y82, D84, and N86) and two
critical residues on the CD40 ligand (K143 and Y145) contributing to the
protein-protein interactions within the CD40R-CD40L protein complex
(Bajorath et al., 1995). The monomeric chains of the CD40 receptor
(Chain S) and ligand (Chain C) were also docked using PyDockWEB
(Jimenez-Garcia et al., 2013) and then analysed for the 4 A range resi-
dues within the CD40R-CD40L complex. The docking results again
showed the involvement of similar residues in mediating CD40R-CD40L
interactions (Fig. 2).

3.2. In silico mutational analysis of the CD40 receptor and CD40L

To further decipher the importance of the critical residues on the
receptor (Y82, D84, and N86) and the ligand (K143 and Y145), in-silico
point mutational analysis was performed during which the critical res-
idues on the CD40 receptor were individually replaced with alanine.
Additionally, we created the CD40 receptor mutant in which all three
critical residues were replaced with alanine. We then docked each in-
silico created mutant of the CD40 receptor with the CD40 ligand using
the HDOCK server (http://hdock.phys.hust.edu.cn/) (Yan et al., 2020).
Control docking of the wild type CD40 receptor (without mutations)
with the CD40 ligand was performed to compare the docking scores
among the wild type and mutated complexes. The results showed de-
creases in the docking scores of the individually mutated CD40 receptors
compared to the wild type CD40 receptor used as a control, with the
highest decrease in the mutated CD40 receptor where all three critical
residues were replaced with alanine (Fig. 3). Similarly, the critical res-
idues on the CD40 ligand (K143 and Y145) were also mutated individ-
ually or together and then docked with the CD40 receptor using HDOCK
(Yan et al., 2020). The result again showed decreases in the binding
affinity in the mutated structures compared to the control, with the
highest decrease found in the combined mutated structures (Fig. 4).
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Fig. 1. Analysis of the crystal structure of CD40-CD40L (PDB 3QD6): A.) Schematic representation of the CD40 receptor (Chain S) interacting with CD40L (Chain
C).4A interacting residues between the complex have been highlighted in the circle. B) Table showing 4 A interacting residues between the CD40 receptor (Chain S)
and CD40L (Chain C). Residues in bold indicate critical residues in the receptor and the ligand. CD40 is highlighted in blue, and CD40L is highlighted in pink. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

C. 4A residues between crystal structure
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CD40 receptor
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C€D40 ligand
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4A residues between ¢

rystal structure

4A residues
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€D40 ligand
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120,121

127, 129, 142, 143, 144,
145, 146, 178, 216, 217,
218, 220, 245, 246, 248,
249, 250, 251

Fig. 2. Comparison of the crystal structure and the docked structure: A.) Crystal structure of CD40 (Chain S) and CD40L (Chain C) along with 4 A residues
highlighted in the circle. B.) Docking of CD40 (Chain S) and CD40L (Chain C) in PyDockWEB along with 4 A residues highlighted in the circle. C.) Table showing 4 A
interacting residues between crystal and docked structures of CD40-CD40L. Matching residues between the crystal and the docked structures are highlighted in bold
and critical residues (82Y, 84D, and 86N) are underlined. CD40 is highlighted in blue, and CD40L is highlighted in pink. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

3.3. Designing of the inhibitory peptide and its docking to the CD40
receptor

Since the interaction of CD40 and CD40L is strongly implicated in
atherogenesis, we next set out to design a small therapeutic inhibitory
peptide capable of preventing the CD40-CD40L complex formation. A
continuous stretch of residues in the CD40 ligand (143-146), critical for
the interaction with CD40, was used as a template to design the thera-
peutic inhibitory peptide structure. The peptide (p-KGYY) was designed

using UCSF Chimera (Pettersen et al., 2004) and then docked to the
CD40 receptor (PDB 3QD6; Chain S) using PyDockWEB (Jimenez-Garcia
et al., 2013) and ZDOCK (Pierce et al., 2014). The residues within the 4
A range in the docked peptide-CD40 complex were analysed and
compared with the interacting residues in the crystal structure of the
CD40-CD40L complex. We found that the peptide-CD40 interface was
very similar to that of the equivalent stretch in the CD40-CD40L crystal
structure (Fig. 5). However, while conducting the physicochemical and
ADMET analyses of the peptide using the pkCSM server (Pires et al.,
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Fig. 3. Effect of mutation(s) on the critical residue(s) on the receptor binding with the ligand: Figure showing the docking of CD40 (Chain S) and CD40L
(Chain C) with individual mutation(s) along with the dock scores in HDOCK. A.) Wild-type (no mutation). B.) Y82A. C.) D84A. D.) N86A. E.) All three mutations. F.)
Graph comparing the dock scores between all mutations. Residues 82, 84, and 86 in the receptor are highlighted in red, and residues 143 and 145 in the ligand have
been highlighted in green. CD40 is highlighted in blue, and CD40L is highlighted in pink. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 4. Effect of mutation(s) on the critical residue(s) on the binding of CD40L with CD40: Figure showing the docking of CD40 (Chain S) and CD40L (Chain C)
with individual mutation(s) along with the dock scores in HDOCK. A.) Wild-type (no mutation). B.) K143A. C.) Y145A. D.) Both the mutations. E.) Graph comparing
the dock scores between all the mutations. Residues 82, 84, and 86 in the receptor are highlighted in red, and residues 143 and 145 in the ligand are highlighted in
green. CD40 is highlighted in blue, and CD4O0L is highlighted in pink. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

2015), we found that the designed peptide may exhibit hepatotoxicity 3.4. Peptidomimetics as a therapeutic strategy to block CD40-CD40L
(Table 1). These urged us to search for a better therapeutic molecule interactions
with a safer profile.
To address the limitations of the derived peptide structure, pepti-
domimetics were used as an alternative therapeutic strategy. The pep-
tidomimetic pep:MMs:MIMIC server (http://mms.dsfarm.unipd.it/pep
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Fig. 5. The docking of peptide (p-KGYY) with the CD40 receptor: A.) Diagrammatic representation of docking of the peptide with the CD40 receptor in
PyDockWEB. 4 A interacting residues are shown in a circle. B.) Diagrammatic representation of docking of the peptide with the CD40 receptor in ZDOCK. 4 A
interacting residues are shown in a circle. C.) 4 A interacting residues in the crystal structure of CD40-CD40L (PDB 3QD6). D.) 4 A interacting residues between the
peptide and the receptor in PyDockWEB and ZDOCK. Similar residues in the docked structure and the crystal structure are highlighted in bold and critical residues on
the receptor (82Y, 84, and 86N) are underlined. CD40 is highlighted in blue, and the peptide is highlighted in pink. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

Table 1
Physicochemical and ADMET analysis of peptide (p-KGYY).

Parameters KGYY

Physiochemical parameters M.W. (Da) 531.61
LogP —-1.92
Rotatable bond 15
Acceptor bond 6
Donor bond 8

Absorption Water Solubility (log mol/L) —-3.086
CaCo2 permeability (log Papp) —0.26
Intestinal absorption (in %) 6.574
Skin permeability (logKp) -2.735

Distribution Fraction unbound (Fu) 0.39
BBB permeability (logBB) —0.692
CNS permeability (logPS) —4.368

Metabolism CYP2D6 substrate No
CYP2D6 inhibitor No
CYP3A4 substrate No
CYP3A4 inhibitor No
CYP1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No

Excretion Total Clearance (log ml/min/kg) 1.094

Toxicity AMES toxicity No
Hepatotoxicity Yes
Skin sensitization No

Water solubility (logS)- defines solubility in water at 25 °C; Skin permeability-
logkp > — 2.5 classifies low skin permeability; Fraction unbound-defines un-
bound state in plasma protein remaining for pharmacological action; BBB
permeability-logBB < — 1 classifies poorly distributed to the brain; CNS
permeability-logPS > — 2 classifies CNS penetration and logPS < — 3 classifies
no CNS penetration; Total clearance-includes both hepatic and renal clearance,
Papp-apparent permeability coefficient. Da-dalton.

MMsMIMIC/) was used to derive the best peptidomimetic structures
from the publicly available database. pep:MMs:MIMIC utilizes a 3D-sim-
ilarity search of the peptide among 17 million available conformers of

3.9 million commercially available compounds in the MMsINC database
(Masciocchi et al., 2009) and provides the top 200 molecules. The
resultant molecules were individually docked to the CD40 receptor
using AutoDock Vina (v1.2.0) (Eberhardt et al., 2021) and the Glide
module of the Schrodinger suite (Friesner et al., 2004) and were then
shortlisted based on their interaction with all the three critical residues
(Y82, D84, and N86) on the CD40 receptor. One molecule
(MMs01727545) was found to be interacting with all the three critical
residues on CD40 along with the good docking score in both platforms
(Fig. 6). However, the physicochemical and ADMET analyses still flag-
ged a positive hepatotoxicity value for this compound (Table 2).
Therefore, we next set out to search for the derivatives of our peptido-
mimetic structure (MMs01727545) with a comparable or greater bind-
ing affinity to CD40 and a negative hepatotoxicity value.

3.5. Designing the peptidomimetic derivatives and their docking to CD40

In this case, we utilized PubChem (https://pubchem.ncbi.nlm.nih.
gov/) to identify the peptidomimetic derivatives. We performed a sim-
ilarity search of the molecules by uploading SMILES ID of our lead
peptidomimetic structure (MMs01727545) and downloading 1000
structurally identical molecules. The docking of these molecules was
performed using AutoDock Vina (v1.2.0) (Trott and Olson, 2010) and
Schrodinger Software (Friesner et al., 2004). Three molecules were
identified (PubChem ID 121356761, 146599825, and 126700407) that
were able to bind to all three critical residues of CD40 in both docking
platforms (Fig. 7). Excitingly, the physicochemical and ADMET analyses
of these molecules yielded negative hepatotoxicity values. In summary,
these three derivatives interacted with all three critical residues on
CDA40 (Y82, D84, and N86), exhibited a higher binding affinity to CD40
as compared to the original peptidomimetic structure, and possessed
good physicochemical and ADMET properties (Table 3).


http://mms.dsfarm.unipd.it/pepMMsMIMIC/
https://pubchem.ncbi.nlm.nih.gov/
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Fig. 6. The docking of peptidomimetic (MMs01727545) with the CD40 receptor: A.) Diagrammatic representation of the docking of the peptidomimetic
(MMs01727545) with the CD40 receptor. Docking scores for AutoDock Vina and Schrodinger are indicated B.) 2D interaction diagram of the interacting residues

between the receptor and the peptidomimetic structure (MMs01727545).

Table 2
Physicochemical and ADMET analysis of MMs01727545.
Parameters MMs01727545
Physiochemical M.W. (Da) 812.8
parameters LogP 1.7

Rotatable bond 9
Acceptor bond 15
Donor bond 5

Absorption Water Solubility (log mol/L) —3.073
CaCo2 permeability (log Papp)  0.368
Intestinal absorption (in %) 71.983
Skin permeability (logKp) —2.735

Distribution Fraction unbound (Fu) 0.173
BBB permeability (logBB) -1.925
CNS permeability (logPS) —4.195

Metabolism CYP2D6 substrate No
CYP2D6 inhibitor No
CYP3A4 substrate Yes
CYP3A4 inhibitor No
CYP1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No

Excretion Total Clearance (log ml/min/ 1.274
kg)

Toxicity AMES toxicity No
Hepatotoxicity Yes
Skin sensitization No

Water solubility (logS)- defines solubility in water at 25 °C; Skin permeability-
logkp > — 2.5 classifies low skin permeability; Fraction unbound-defines un-
bound state in plasma protein remaining for pharmacological action; BBB
permeability-logBB < — 1 classifies poorly distributed to the brain; CNS
permeability-logPS > — 2 classifies CNS penetration and logPS < — 3 classifies
no CNS penetration; Total clearance-includes both hepatic and renal clearance,
Papp-apparent permeability coefficient. Da-dalton.

3.6. Molecular dynamic simulation

Molecular dynamics simulation was carried out for period of 100 ns
for all the apo and complex systems. Fig. S1 represents the RMSD of
CD40R — CD40L and CD40R - Peptide complex systems with respect to
the apo form. In Fig. S1, both receptor and ligand were stable, and the
deviation is less than and equal to 3 A which corresponds to smaller and
globular conformational changes. In case of its complex system, the

structure was stable till 30 ns, after that the RMSD gradually rises to 20 A
and reduces to 15 A around 50 ns. The average RMSD was found to be
27.598 A. The trajectory analysis indicates the loop region, and the
terminal region of the receptor fluctuates more during the entire simu-
lation with residues 119 to 122 and the receptor moves left and right
with respect to the ligand. Similarly, in case of CD40R -peptide complex,
the average RMSD was 11.499 A and the complex deviates from its mean
position throughout the simulation. Large RMSD value means that the
peptide did not bound to the receptor in the binding pocket. Figs. S5 and
S6 shows the superimposed image of complex structure. Fig. S2 depicts
the RMSF of apo and complex systems. CD40L - CD40R complex has
undergone very large structural changes. In case of CD40R - peptide
complex, the residues present in the protein fluctuated much less than 1
nm, but the peptide fluctuates up to 4 nm around the system. Fig. S3
represents the radius of gyration (Rg) plot. In case of CD40R - CD40L
system, the Rg values vary over the course of the simulation, indicating
structural changes formed around 40 ns while peptide complex main-
tains the Rg value inferring compact and tight fold structure. Fig. S4
indicates that both complex structures have high solvent accessible
surface area when compared to the apo form. Figs. S7-S10 shows the
hydrogen bond contacts during the 100 ns simulation. CD40R — CD40L
complex forms an average of 150 hydrogen bonds during the simulation
time and CD40R - Peptide forms 80 hydrogen bonds at 20 ns.

4. Discussion

Computer-aided drug design approaches are powerful tools for drug
discovery. In this study, we used these tools for in silico design of
inhibitory peptides that could potentially disrupt the interaction be-
tween the CD40 receptor and CD40 ligand. The CD40-CD40L complex
formation is implicated in the pathogenesis of atherosclerosis (Lacy
et al., 2021). The CD40-CD40L interaction is critical during the rolling
and adhesion of CD40 bearing monocytes on the CD40L positive endo-
thelium, promoting monocytes extravasation and then transformation to
macrophages that may later become foam cells after engulfing oxidized
LDL (Lutgens et al., 2007). Macrophage accumulation in plaques causes
atherosclerosis progression (Moore et al., 2013). Mechanistically,
interaction of CD40 with the CD40L triggers the recruitment of Tumor
necrosis factor receptor-associated factors (TRAFs) such as TRAF-2, -3,
-5 and -6 (Lutgens et al., 2010). Interaction of CD40-TRAF6 has found to
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Fig. 7. The docking of the peptidomimetic derivatives with the CD40 receptor: Diagrammatic representation of the docking of individual peptidomimetic
derivatives with the CD40 receptor in AutoDock Vina and Schrodinger along with the 2D interaction diagram. A) 121356761, B) 146599825, and C) 126700407.
Individual docking scores have been indicated. Interacting residues between the complex have been highlighted. CD40 is highlighted in blue, and peptidomimetics
are highlighted in pink. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

play an important role in plaque formation, while interaction with
TRAF-2, -3 and -5 plays a minor role in the disease progression (Donners
et al,, 2008; Lutgens et al., 2010). Indeed, targeting CD40-TRAF6
interaction by TRAF-STOP inhibitor was found to attenuate the forma-
tion of atherosclerosis plaque in Apoe™ ™ mice (Seijkens et al., 2018).
Atherosclerosis is a major CVD and a risk factor for myocardial infarc-
tion and stroke. Although lipid-lowering therapies, anti-hypertensive
agents, and anti-platelets drugs are helpful in reducing the risk of CVD
and save patient lives, novel alternative pharmacological tools are still
needed. Thus, blocking CD40~ CD40L interactions with a targeted pep-
tide would reduce macrophage accumulation in atherosclerotic lesions,
and this may lead to the regression of atherosclerosis (Bosmans et al.,
2021). The current study identified peptide and its peptidomimetic de-
rivative which binds to the critical residues on the CD40 receptor
involved in its interaction with the ligand and can block the
receptor-ligand interaction, thus attenuating the disease progression.

4.1. The docking of the CD40 receptor to the CD40 ligand

The crystal structure of CD40-CD40L was downloaded from RCSB
PDB (PDB 3QD6), and the monomeric chains of the CD40 receptor
(Chain S) and CD40 ligand (Chain C) were studied to identify the
interacting partners for each residue within the 4 A range known to
characterise ionic and hydrogen bonding in protein complexes. Analyses
of the 4 A residues between the complex is crucial as it dictates the
involvement of critical residues involved in the interaction between the
complex. We used UCSF Chimera (Pettersen et al., 2004) (Fig. 1; A and
B) to perform this task. In-vitro mutational study established the critical
role of residues Y82, D84, and N86 on CD40 and K143 and Y145 on
CDA40L in mediating the interaction within the protein-protein complex
(Bajorath et al., 1995). Our analysis of the 4 A interacting residues using
the published crystal structure atomic coordinates also found the
involvement of the same residues on the receptor as well as in the ligand,

validating our computer modelling approach. We further validated our
ability to identify critical residues in CD40 (Chain S) docked to CD40L
(Chain C) by using PyDockWEB server (Jimenez-Garcia et al., 2013).
PyDockWEB is a user-friendly server which allow the use of PyDOCK
rigid-body protein-protein docking and scoring is performed based on
electrostatics and desolvation energy (Cheng et al., 2007; Jime-
nez-Garcia et al., 2013). Again, the 4 A interacting residues were suc-
cessfully identified in the docked structure. We found the maximum
similarity of residues between the docked and the crystal structure
(Fig. 2), which further confirms the importance of these residues in
mediating the receptor-ligand interaction.

4.2. The mutational analysis of CD40 and CD40L

After confirming in silico the importance of residues Y82, D84, and
N86 on CD40 as well as K143 and Y145 residues on CD40L (Bajorath
et al., 1995), we next aimed to perform the in-silico mutational analysis
by replacing these critical residues with alanine which can impede the
binding within the CD40-CD40L complex, resulting in the decrease in
the binding affinity of CD40L to CD40. Replacement of critical residues
using site-directed mutagenesis can help in deciphering the importance
of that residue(s) in the interaction with the ligand. Alanine is the most
common residue used as it is a simpler amino acid. Our result indeed
indicated a decrease in the binding affinity of the receptor with the
ligand in individually mutated complexes. The binding affinity was
further decreased when the combined all three mutations were done in
the CD40 receptor binding domain, further confirming the importance
of these residues in the interaction with CD40L (Fig. 3). Vice versa, the
replacement with alanine of the residues K143 and Y145 in the CD40L
binding domain, individually or combined also resulted in a decrease in
the binding affinity of the mutated CD40L to CD40 with a maximum
decrease found when both residues were mutated simultaneously
(Fig. 4). These results again confirmed the importance of the CD40L
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Table 3
Summary of docking of peptidomimetics and their derivatives.
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A.) Dock Scores and residual interaction of peptidomimetic (MMs01727545) and their derivatives (PubChem ID: 121356761, 146599825 and 126700407).

Parameters MMs01727545 121356761 146599825 126700407
Dock Autodock -6.9 -7.4 -7 -6.8
Scores Vina
Interaction 82: h-bond, C-H bond; 84: h-bond; 82: pi-pi; 84: H-bond; 86: VAW 82: H-bond; pi-pi; 84: H-bond; 82: H-bond; pi-pi; 84: H-bond;
86: VdW 86: VdW 86: VdW
Schrodinger —3.406 -5.8 -5.6 —4.2
Interaction 82: pi-pi; 84: h-bond; 86: VAW 82: H-bond; pi-pi; 84: H-bond; 82: H-bond; pi-pi; 84: H-bond; 82: H-bond; pi-pi; 84: H-bond;
86: VdW 86: VdW 86: VdW
B.) Comparison of physiochemical and ADMET properties of the peptide (p-KGYY), peptidomimetics and their derivatives.
Parameters p-KGYY MMs01727545 121356761 146599825 126700407
Physiochemical properties M.W. (Da) 531.61 812.8 691.686 737.799 767.781
LogP -1.92 1.7 2.27742 3.3973 2.4469
Rotatable bond 15 9 8 13 8
Acceptor bond 6 15 13 13 15
Donor bond 8 5 6 6 6
Absorption Water Solubility (log mol/L) —3.086 —3.073 —3.255 -3.392 —3.045
CaCo2 permeability (log Papp) —0.26 0.368 0.281 0.391 0.314
Intestinal absorption (in %) 6.574 71.983 78.598 66.907 70.84
Skin permeability (logKp) —2.735 —2.735 —2.735 -2.735 —2.735
Distribution Fraction unbound (Fu) 0.39 0.173 0 0.067 0.1
BBB permeability (logBB) —0.692 -1.925 —1.883 -1.826 -2.184
CNS permeability (logPS) —4.368 —4.195 —4.31 —4.052 —4.351
Metabolism CYP2D6 substrate No No No No No
CYP2D6 inhibitor No No No No No
CYP3A4 substrate No Yes Yes Yes Yes
CYP3A4 inhibitor No No No No No
CYP1A2 inhibitor No No No No No
CYP2C19 inhibitor No No No No No
CYP2C9 inhibitor No No No No No
Excretion Total Clearance (log ml/min/kg) 1.094 1.274 —0.392 —0.13 —0.466
Toxicity AMES toxicity No No No No No
Hepatotoxicity Yes Yes No No No
Skin sensitization No No No No No

Water solubility (logS)- defines solubility in water at 25 °C; Skin permeability-logkp > — 2.5 classifies low skin permeability; Fraction unbound-defines unbound state
in plasma protein remaining for pharmacological action; BBB permeability-logBB < — 1 classifies poorly distributed to the brain; CNS permeability-logPS > — 2
classifies CNS penetration and logPS < — 3 classifies no CNS penetration; Total clearance-includes both hepatic and renal clearance, Papp-apparent permeability

coefficient. Da-dalton.

binding site residues for the interaction of the receptor and ligand, tar-
geting which can help in the inhibition of the interaction between these
two proteins.

4.3. Designing the blocking peptide and its docking to CD40

CDA40L is important for the interaction of the immune cells and the
platelets. Various cells involved in the plaque pathogenesis expresses
CDA40L on their surfaces (Mach et al., 1997). CD40L expression by cells
such as T-cells and platelets plays an important role in their activation
and disease progression (Michel et al., 2017). Also, CD40L present on
the platelets plays a major role in the stabilization of thrombus (Andre
et al., 2002). Notably, monoclonal antibody against CD40L has shown
adverse side effects, such as thromboembolic events in humans and
primates (Boumpas et al., 2003; Kawai et al., 2000). Therefore, in our
study, we used the CD40 receptor as a therapeutic target. Another study
has also targeted the CD40 receptor in atherosclerosis and found positive
results in limiting the disease progression (Lutgens et al., 2010). Thus, a
therapeutic peptide was designed against the CD40 receptor to limit its
interaction with CD40L. Designing a therapeutic peptide is a well-known
strategy to limit the protein-protein interaction (PPI) (Draeger and
Mullen, 1994). Due to large and shallow interfaces of PPIs and the lack
of binding pockets, PPIs is mostly regarded “undruggable” by small
molecule inhibitors, while peptides designed against the critical residues
involved in PPI serves as a good antagonist which can limit their
interaction (Sillerud and Larson, 2005; Wang et al., 2021). Our peptides
mimic the residues in the binding site of CD40, thus limiting the binding
affinity of CD40L to CD40. Also, the usage of peptides as a therapeutics

has several advantages over proteins or antibodies, such as low cost,
lower toxicity, lower accumulation in tissues, high biological and
chemical diversity, and high potency (Thundimadathil, 2012).

To identify the similarity of the involved residues between the
docked structure of receptor-peptide complex and the crystal structure,
the 4 A interacting residues between the docked CD40 receptor-peptide
(pKGYY) complex were analysed and compared with the interacting
residues in the crystal structure. We found similarity in some of the
interacting residues between the CD40 receptor-peptide (pKGYY) and
the crystal structure of CD40-CD40L (Fig. 5). This result suggested that
the peptide was interacting at the interface site of the receptor known for
its interaction with the ligand and thus can limit the interaction of the
receptor with the ligand. Therapeutic peptides have been successfully
used as an antagonist for various cell-surface receptors (Wang et al.,
2022). Although Y82 and D84 interacted with the p-KGYY, N86 was not
involved in the interaction. To analyse the ADMET properties of the
peptide, we used pkCSM server (Pires et al., 2015). pkCSM relies on the
distance-based graph signature of the molecule to predict the pharma-
cokinetic and toxicity profiles. Many others studies have also reported
the use of pkCSM for predicting the pharmacokinetics and toxicity
profile of the molecule(s) (Abd El-Lateef et al., 2023; das Neves et al.,
2023; Georgiou et al., 2023; Khamto et al., 2023; Presa et al., 2023). For
ADMET analysis, following parameters where chosen. In absorption
parameter, water solubility, CaCo2 permeability, intestinal absorption
and skin permeability were considered. Water solubility reflects the
solubility of the molecule in the water at 25 °C. Higher the negative
value, better the solubility. CaCo2 permeability is used as an in-vitro
model of human intestinal mucosa to predict the absorption of orally
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administered drugs. LogP.p, greater than 0.9 suggest high CaCo2
permeability. Intestinal absorption predicts the percentage of compound
absorbed through human intestine. Compound with value less than 30%
considered poorly absorbed. Skin permeability predicts whether given
compound is skin permeable for transdermal delivery. logkp >2.5
considered low skin permeable. In distribution parameter, fraction un-
bound, blood-brain barrier (BBB) permeability and central nervous
system (CNS) permeability were considered. Fraction unbound predicts
the fraction of the drug free from binding with the serum proteins. More
the binding with the serum proteins, less efficiently it can diffuse. It
predicts the value on scale of 0-1. BBB permeability is the ability of
compound to cross the blood-brain barrier. logBB value above 0.3 is
considered readily crossable, while value below —1 suggest poor dis-
tribution in brain. logPS value > —2 considered penetrable for CNS
permeability while logPS < —3 considered impenetrable. In metabolism
parameter, substrate and inhibitor for isoform of cytochrome P450
(CYP450) and total clearance were considered. Cytochrome P450 is a
detoxifying enzyme in the liver which deactivates the drug. Cytochrome
P450 substrate suggest whether the compound is substrate for CYP450
isoforms CYP2D6 and CYP3A4 for effective clearance. Cytochrome P450
inhibitor predicts whether compounds act as an inhibitor for isoforms of
CYP450. Total clearance predicts the bioavailability of the drug and to
suggest the dosing rates to achieve steady-state concentration. It com-
bines hepatic and renal clearance. Positive value corresponds to high
clearance. In toxicity parameter, Ames toxicity, hepatotoxicity and skin
sensitization were considered. Ames Toxicity indicates the mutagenic
potential of the compound. Positive value suggest compound is muta-
genic and potential carcinogenic. Hepatotoxicity predicts whether the
compound likely to associate with the disrupted normal functioning of
the liver. Skin sensitization predicts whether the compound induce
allergic contact dermatitis when encountered by skin. In silico physico-
chemical and ADMET analyses of the peptide revealed hepatotoxicity to
be positive (Table 1). Hepatoxicity/Drug-induced liver injury (DILI) is
one of the most frequent cause for the termination of drug development
programs (David and Hamilton, 2010). Therefore, we further focused on
the modifications of the parent peptide to improve its ADMET
properties.

4.4. Peptidomimetic as a therapeutic strategy against CD40

There are several limitations associated with the natural peptides
which limit their use, such as low oral bioavailability, short half-life,
rapid clearance, and low metabolic stability, among others (Recio
et al., 2016). We found that our designed peptide was not interacting
with all the three critical residues in CD40 as well as the ADMET analysis
predicted positive hepatotoxicity of the peptide. To address these
drawbacks, peptidomimetics were used as a therapeutic option. Pepti-
domimetic has been sought as an improved therapeutic option
compared to the peptide. Peptidomimetics mimics the original structure
of the peptide with increased stability, improved target specificity, and
good membrane permeability due to the addition of unnatural amino
acids, backbone amide modification, and/or the addition of hydropho-
bic residues (Gentilucci et al., 2006; Vagner et al., 2008). Several reports
had found improved outcomes when peptidomimetics were used as a
therapeutic option (Ahmed et al., 2015; Amar et al., 2010; Chatto-
padhyay et al., 2013; Remaley et al., 2003). Peptidomimetics utilizes 3D
conformations and pharmacophoric properties of the input peptide to
provide resultant peptidomimetic structures present in the database. We
used peptidomimetic server pep:MMs:MIMIC (http://mms.dsfarm.unip
d.it/pepMMsMIMIC/) (Floris et al., 2011) to find the best peptidomi-
metic structures in the database. The resultant molecules were docked to
CD40 in AutoDock Vina (v1.2.0) (Eberhardt et al., 2021) and Glide
module of the Schrodinger suite (Friesner et al., 2004). After analysing
the top 200 molecules, one molecule (MMs01727545) was found to be
interacting with all three critical residues (Y82, D84, and N86) along
with the good dock score in both platforms (Fig. 6). Further,
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physicochemical and ADMET properties of the compound were analysed
in pkCSM server. The peptidomimetic MMs01727545 still showed pos-
itive hepatotoxicity (Table 2). Therefore, we resorted to identifying the
derivatives of MMs01727545 which would preserve its backbone ele-
ments with slight modification in the side chains, that can increase the
binding affinity of it to the receptor and may reduce the molecule
hepatotoxicity.

We used PubChem server (https://pubchem.ncbi.nlm.nih.gov/) for
conducting the similarity search of the parent peptidomimetic molecule
using 3D conformers by uploading SMILES ID of the peptidomimetic
structure (MMs01727545). This resulted in the identification of 1000
structurally identical molecules from the database. After docking these
molecules using AutoDock Vina (v1.2.0) (Trott and Olson, 2010) and
Schrodinger, we were able to narrow the number of hits to three mol-
ecules (PubChem ID 121356761, 146599825, and 126700407). These
three modified peptidomimetics interacted with all three critical resi-
dues of CD40 in both docking platforms (Fig. 7). Interestingly, analysis
of the ADMET properties of these molecules predicted no hepatotoxicity
in pkCSM server (Table 3). In conclusion, our similarity search for the
better modified peptidomimetics led us to the three best derivatives that
were found to be interacting with the critical residues on CD40 receptor
(Y82, D84, and N86) with higher binding affinity compared to the
original peptidomimetic structure and had better physicochemical and
ADMET properties compared to its counterpart (Table 3). Thus, we
successfully identified peptidomimetics inhibitors capable of blocking
the interaction between CD40 and CD40L. Such peptidomimetic in-
hibitors may potentially be useful for treating various autoimmune
diseases such as atherosclerosis where CD40-40L interaction plays an
important role in the progression of the disease.

4.5. Molecular dynamic simulation of CD40-40L and CD40-peptide

Molecular dynamics simulation was carried out for period of 100 ns
for all the apo and complex systems. The MD results were evaluated to
understand the conformational changes and structural deviations. For
the analysis of macromolecular structures and their dynamic changes,
the root-mean-square deviation (RMSD) stands out as a widely accepted
measure of similarity. This examination helps us assess whether the
simulation has reached a state of equilibrium and there were minimal
disturbances towards the end of the simulation. It determines the change
in selection of atom from a particular frame with respect to the reference
frame. Fig. S5 represents the RMSD of CD40R — CD40L and CD40R -
peptide complex systems with respect to apo form. In Fig. S1, ligand was
stable, and the deviation is less than and equal to 3 A which corresponds
to smaller and globular conformational changes. The deviation of
CD40R is > 3 A in its apo form. In case of CD40R — CD40L complex
system, the structure was stable till 30 ns, after that the RMSD gradually
rises to 20 A and reduces to 15 A around 50 ns. The average RMSD was
found to be 27.598 A. The trajectory analysis indicates the loop region,
and the terminal region of the receptor fluctuates more during the entire
simulation with residues 119 to 122 and the receptor moves left and
right with respect to the ligand. The trajectory movie has been attached
as a supporting file. Similarly, in case of CD40R -peptide (p-KGYY)
complex, the average RMSD was 11.499 A and the complex deviates
from its mean position throughout the simulation. From the trajectory
analysis, it is seen that the peptide moves from its mean position to a
larger extend. Based on the average RMSD value and the plot, it can be
observed that the CD40R -peptide (p-KGYY) complex is relatively stable
when compared to the CD40R - CD40L complex. Fig. S5 and S6 shows
the superimposed image of complex structure. From the image (super-
imposed structure- green), the ligand (CD40L) and the receptor
(CD40R) completely detached.

RMSF measures the variation or fluctuation in the positions of atoms
over the course of an MD simulation. High RMSF values at specific re-
gions of the molecule indicate that those areas are highly flexible and
undergo significant fluctuations during the simulation. Conversely, low
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RMSF values suggest rigidity or minimal atomic movements. Fig. S2
depicts the RMSF of apo and complex systems. CD40L - CD40R complex
has undergone very large structural changes. All the residues present in
the complex system has fluctuated more than 2 nm. In case of CD40R —
peptide (p-KGYY) complex, the residues present in the protein fluctuated
much less than 1 nm, but the peptide (p-KGYY) fluctuates up to 4 nm
around the system.

Fig. S3 represents the radius of gyration plot which indicates the
compactness of the protein. Smaller Rg values indicate a more compact
and tightly folded structure, while larger Rg values suggest a more
extended and less compact structure (Lobanov et al., 2008). In case of
CD40R - CD40L system, the Rg values vary over the course of the
simulation, indicating structural changes formed around 40 ns while
peptide complex maintains the Rg value inferring compact and tight fold
structure.

SASA, or solvent-accessible surface area, comes in handy during
molecular dynamics (MD) simulations. It acts as our guide to discerning
how much of a molecule’s surface is available for interaction with the
surrounding solvent molecules, offering valuable insights into the mol-
ecule’s overall structure and behaviour. High SASA values imply that a
larger portion of the molecule’s surface is exposed to solvent, suggesting
greater flexibility and conformational changes while low SASA values
suggest that the molecule is more compact and buried within its own
structure or is shielded from solvent molecules (Durham et al., 2009).
Monitoring SASA can help identify conformational changes in proteins.
Increased SASA may indicate the opening of a protein’s binding pocket,
while decreased SASA can signal pocket closure. With this context, from
Fig. S4, it is seen that CD40R - CD40L complex has high solvent
accessible surface area when compared to CD40R - peptide (p-KGYY)
complex indicating peptide (p-KGYY) complex is more compact, less
flexible, and secured from solvent molecules.

Figs. S3-S7 shows the hydrogen bond contacts during the 100 ns
simulation. CD40R — CD40L complex forms an average of 150 hydrogen
bonds during the simulation time and CD40R - peptide forms 80
hydrogen bonds at 20 ns. When comparing the H-bonds with respect to
RMSD plot, interestingly, it is found that presence of more hydrogen
bonds corresponds to stable and less deviating RMSD and vice versa.
Based on the MD results, CD40R — CD40L complex had undergone very
large conformation change when compared to the peptide complex.
CD40R - CD40L complex has more access to the solvent which infers
that the receptor is hydrophilic, and the peptide is more reactive in the
complex structure.

5. Conclusion

The current study identified three compounds that can bind to the
critical residues on the CD40 receptor and can potentially inhibit the
interaction of CD40 and CD40L. The compounds possess good physi-
cochemical and ADMET properties with higher binding affinity
compared to the parent compound. Interaction of CD40 and CD40L is
implicated in atherosclerosis progression. Based on the molecular dy-
namics analysis, the CD40-peptide complex is relatively stable than the
CD40-CD40L complex based on RMSD, RMSF, radius of gyration, SASA,
and H-bonds. Therefore, the designed molecule may potentially help
reduce atherosclerosis. Although this in-silico study has its limitations,
in-vitro testing of these compounds should be done to validate the
computational findings.
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