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IL-6 is an important interleukin associated with inflammation and several diseases such as cancer.
Evaluation of its levels in human blood sera is a critical step for an accurate diagnosis of the diseases.
Our goal is to design peptides that can selectively bind in different poses with good affinities to IL-6. For
this purpose, we started from the crystal structures of different IL-6/protein complexes available in the
Protein Data Bank (PDB) to select short peptides in the interaction zones, in which we intentionally
introduced point mutations to increase their stability and affinity. To examine their usefulness as capture
and reporting probes for the IL-6 biosensing, the five peptides and their interaction with IL-6 were
studied in saline aqueous solution. Molecular docking, MD, and MM-PBSA were used to investigate the
affinity and stability of these complexes. The conformational changes, the distance between the mass
centers, the gyration radii, and the numbers of hydrogen bonds were analyzed to select the most
suitable candidates. Three peptides, namely CTE17, CAY15 and CSE25, have the highest affinities
presenting significant numbers of residues that have contact frequencies greater than 50% of simulation

Received 7th March 2022 run time and are the most promising candidates. CTE17 and CSE25 showed they can form a stable
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sandwich with the target protein. For sake of comparison, we examined the previously known peptides
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1. Introduction

Interleukin-6 (IL-6) is an important cytokine with major impli-
cations in immune inflammatory diseases, such as psoriasis,"*
rheumatoid arthritis,® systemic lupus erythematosus,* systemic
juvenile idiopathic arthritis,” Crohn's disease,® and tumori-
genesis.” In the human body, IL-6 is produced by T and B
lymphotactin, fibroblasts, monocytes, keratinocytes, and
endothelial and tumoral cells.® In blood sera, the normal
physiological concentrations of IL-6 are low (1-5 pg mL™ '), but
drastically increase by 11- to 17-fold in case of infection,
inflammation, and autoimmune diseases.®'® Therefore, IL-6
acts as a pro- and anti-inflammatory protein and is consid-
ered as a good biomarker for several diseases."

Peptides are stable, specific, cost-effective, easy to synthetize
by standardized protocols and to modify to meet tailored
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interleukin family members (IL-4 and to IL-10).

applications."*™* They can be selected from combinatorial
libraries can interact with various surfaces such as graphene to
form nanocomposites or can be functionalized and immobi-
lized to substrate surface to create ordered receptor layers.'>"
Very recently, we witnessed the selection of several peptides that
are useful to the diagnosis of SARS-CoV-2 or to design vaccines
for it,"® by blocking the association of the virus with the
angiotensin-converting enzyme 2 (ACE2) receptor on the host
cells.”?* Ranganath et al. recently reported the selection of
a peptide (PN-2921) to antagonize IL-6 induced signaling and
associated physiopathology.”® A computer-aided selection of
a peptide (KCF18) derived from cytokine receptors that can bind
to pro-inflammatory cytokines such as IL-6 and TNF-o. was
recently reported by Jiang et al.*®

Peptide-based biosensors are relatively less abundant than
those based on whole proteins or aptamers due the difficulty to
select peptides. They have been recently reviewed and their uses
as recognition elements in the building of biosensors were
examined.”**” Indeed, peptides are suitable to detect proteins,*®
nucleic acids,* bacteria,* metallic ions** using fluorescent or
nanoparticle tags for the signal transducing. For instance, Oh
et al. designed an excimer-based beacon for the sensing of an
anti-HIV antibody.** The beacon unfolds in presence of low
concentrations of the anti-P17 antibody to emit light at the
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pyrene emission wavelength, which differs from that of the -
stacked pyrenes. A sensitive electrogenerated chem-
iluminescence sandwich-based biosensor using two peptides
for the capture and the reporting was designed for the sensing
of troponin I protein.** Very recently, Soamalala et al. reported
the design of fluorescent peptide-based biosensing platform
that can probe the CDK6 kinase activity in various cancer cells.?*
Li et al. used a ferrocene-tagged 9-mers peptide-modified gold
electrode to electrochemically detect the presence of amyloid
B 1-42 soluble oligomer based on the conformational change of
the oligopeptide probe following the recognition of the target.**

In the present work, we investigated the binding of several
peptides designed from crystal structures of IL-6/protein
complexes to examine their usefulness as capture and report-
ing probes for the IL-6 sensing. Molecular docking was carried
out to provide the interfaces and poses of connections of each
peptide with IL-6. To deepen the study, we resort to MD to
model the natural progression of IL-6/peptide binding in saline
aqueous solution to study and to improve their differences and
viability. CTE17, CAY15, and SCE25 have the highest affinities
and have a contact frequency greater than 50% of the simula-
tion time, which make them the most promising candidates to
design biosensors for IL-6. Finally, we used CTE17 and CSE25 to
probe their usefulness to form a stable sandwich with IL-6. We
compared their affinity of the peptides from literature known to
antagonize IL-6. The selectivity was assessed by examining the
affinity of the most promising lead CSE25 to IL-4 and to IL-10
interleukins.

2. Methods

2.1. Selection of the peptides

The structural data for IL-4 (PBD ID: 2B8U*), IL-6 (PBD ID:
1IL6%") and IL-10 (PBD ID: 2ILK*) proteins were available from
RCSB PDB databank. Peptides were selected from the binding
areas of IL-6/IL-6 receptor or antibody complexes. This struc-
tural analysis was carried out with PyMOL,* which enabled us
to identify the possible linking sites to the IL-6. Following
identification of the interaction site, we selected some amino
acids for the point mutation to increase the stability and affinity
of these peptides. The modeling of the variant peptides were
performed using PEP-FOLD to generate their 3D structures.*”
The energy of each peptide was minimized for 120 ps with
NAMD.** The snapshot of secondary structure of each peptide
obtained in the end of minimization are shown in Fig. S1 (from
the ESIf). All models were validated by SAVES v6.0 (https://
saves.mbi.ucla.edu/).”®* Pycontact software was used to
determine the hydrophobic interactions and the salt bridges
present in the different peptide/protein complexes. The
number of atoms in contact between the peptides and the
protein was calculated using MDAnalysis** software.

The first peptide (called CTE17) was extracted from the
structure of IL-6 in complex with a camelid Fab fragment (PBD
ID: 409H*) from VAL29 to PRO34 and GLY89 to GLU99, with
the mutation of VAL29 with CYS, GLY89 with PRO, and ALA90
with ASN. Form the same complex, we designed a second
peptide (called SGC20), from SER25 to ARG33 and ALA97 to
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TYR107 with the mutation of ALA97 with PRO and TYR107 with
CYS. The sequence of third peptide (called CAY15) was selected
from the crystal structure of the Fab protein of olokizumab in
complex with IL-6 (PBD ID: 4CNI**) from VAL42 to TYR62 with
the mutation of VAL42 with CYS. From the structural mimicry of
receptor interaction by antagonist IL-6 antibodies (PDB ID:
4787*) the fourth peptide (called CGF24) was extracted, from
ALA23 to VAL35 and ALA91 to PHE101, with the mutation of
ALA23 with CYS, VAL35 with PRO, and ALA91 with ASN. Finally,
the last peptide called CSE25 was extracted from crystal struc-
ture of the hexameric human IL-6/IL-6 alpha receptor/gp130
complex (PDB ID: 1P9M??). Peptides FND20,** INL19 ** and
CEK17," reported in literature, to associate with IL-6 were
tested for the sake of selectivity using docking and molecular
dynamics in the same conditions as for the studied peptides.

2.2. Docking

The peptides were used for docking with the protein IL-6 to
check the stability and determine the binding energy of each
complex. The molecular docking between the protein and the
different peptides was conducted using Smina,*® using Vinardo
scoring function.*® For the docking, polar hydrogen atoms were
added to IL-6 and its nonpolar hydrogen atoms were merged
using AutoDock Tools.*® A grid box with a dimension of 54 x 52
x 58 A® was used to cover the full protein for the docking. For
the peptides, all bonds were set as rotatable. Molecular inter-
actions between the protein and the peptides such as the
hydrogen bonds (h-bonds) and the bond lengths were analyzed
using PyMOL, BIOVIA Discovery Studio Visualizer,”* and VMD
(ver. 1.9.4).5

2.3. Molecular dynamics

Initially, the protein-peptide structures were minimized and
equilibrated using MD for 10 000 cycles. Detailed MD simula-
tions using the complex structures were conducted with the
CHARMMS36 force field.”® Each complex was solvated in a cubic
box and keeping 1 nm between the complex and the edge of the
solvated box. Sodium and chloride ions (C = 0.1 M) were added
to neutralize the whole box. The simulation details for the IL-6/
peptide in solvent environment are shown in Table S1.t

The system charge and the energy were harmonized for
30 000 cycles. In all simulations, the conditions were set at
room temperature (310 K) and the atmospheric pressure (1 bar)
to closely mimic the general experiment wet lab conditions.
Subsequently, the fully temperature and pressure of the equil-
ibrated system was then used as the initial configuration for the
MD production analysis. All simulations were conducted using
a 2 fs time step. To verify the robustness of the results multiple
simulations of the protein—-peptide complex combinations were
conducted for a minimum of 110 ns following the same MD
procedure. The results were then analyzed using common
functions such as root mean square deviation (RMSD), radius of
gyration (RoG) and contact frequency in VMD, while the
formation of h-bonds implanted in VMD to investigate the
conformational changes and the stability of the peptides, the
protein, and the peptide/IL-6 complexes. H-bond occupancy for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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each complex was calculated using h-bond occupancy function
in VMD.

Finally, starting from the final poses of CTE17/IL-6 and
CSE25/IL-6 complexes, we run a simulation for CTE17/IL-6/
CSE25 ternary complex for 50 ns. MD simulations were run
for 40 ns to examine the CSE25 affinity to IL-6 as compared to
two other interleukin family members (IL-4 and IL-10).

2.4. Binding free energy

Binding free energy using the MM-PBSA method of each
complex was calculated using VMD CaFE plugin.** Finally, the
binding free energy was calculated with a total of 100 snapshots
extracted from the trajectories between 70 and 110 ns simula-
tion time (when the systems converged). In this method, the
binding free energy is decomposed into the relative free energy
of the solvated receptor-ligand complex (AGcompiex,siva) and the
separated, solvated ligand (AGiiganasiva) and —receptor
(AGreceptor,siva), according to eqn (1).

AGbinding,slvd = AGcompex,slvd - AGcompi:x,slvd - AGcompex,slvd (1)

Each free energy change in eqn (1) is comprised of the sum of
several terms, according to eqn (2).

AGslvd = AE‘MM + AGpol + AGnonpol + AGdisp — TAS (2)

where, AEyn is the molecular mechanics energy, AGp, is the
polar solvation free energy estimated from the Poisson-Boltz-
mann or generalized Born models, AGnonpol is the nonpolar
solvation energy obtained as a function of the solvent accessible
surface area, AGgjsp iS a cavity dispersion term, and AS is an
estimate of the solute entropy. Typically, the solute entropy
term is neglected, as its inclusion is more sensitive to incom-
plete sampling errors than other terms. The AEyy, is further
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decomposed into an electrostatic component (AE..) and a van
der Waals contribution (AE,qy).

3. Results and discussion

3.1. Docking

First, we looked for all potential engagement among the
peptides and IL-6 protein using Smina, with Vinardo scoring
function, which gives a score to each IL-6/peptide complex
based on the evaluation of the binding free energy and the
number of physical interactions. The Smina scores for the
different IL-6/peptide complexes are summarized in Table 1.
For sake of comparison, we also determined the docking score,
RMSD values and the residues involved in the interaction of IL-6
and FND20, INL19 and CEK17. The latter are reported literature
as having high affinities to IL-6 protein.

3.1.1. Short range interactions. Docking results repre-
sented in Table 1 show that CTE17 has the lowest docking score
energy with the target protein. A further analysis, with Discovery
software, shows that the peptide forms seven h-bonds with
LYS110 (2), SER03, LEU115 and GLN109 (3) from IL-6 with less
than 4 A. Fig. 1 displays using color code all the mentioned
interactions. CTE17 also makes one salt-bridge and an electro-
static interaction. On the contrary, peptide CAY15 exhibits the
highest docking score (—9.3 keal mol ") and shows the greatest
number of interactions making it the most stable complex.
Indeed, CAY15 forms 13 h-bonds with CYS32, GLU37, ALA38 (2),
ALA40, ASN43 (2), LEU46, GLU51, CYS55, ARG150, SER151,
GLU154, and two electrostatic bonds of m-cation type with
ARG161 and w-anion type with GLU154. Two hydrophobic
bonds of m-sigma and m-alkyl types with ARG161 and w-T
stacking interaction with PHE56 are also formed.

The three complexes formed by CSE25, CGF24 and SGC20
have close interaction energy values. Among the 3 complexes,

Table 1 Sequences of the peptides, their docking score, and RMSD values after docking. The RMSD values were determined by aligning before
and after docking structure using PyMOL. Hydrogen bond interactions within 4 A distance between each peptide and IL-6

Docking scores

Residues involved in h-

Peptides Sequences (keal mol ™) RMSD (nm) bonds (within 4 A)
CTE17 1CTASNYPPNLDIGDITE"’ —4.4 0.57 THR2, ALA3, SER4, TYRS,
ILE12, ASP14, THR16
CAY15 'CAQMRNKNYQYGTYY"® -9.3 0.73 GLN3, ARG5 (6)°, ASN6,
LYS7, ASN8, TYR9 (2), TYR15
CSE25 CSWQSDLDIHLLFLKT —5.9 0.74 CYS1 (3), TRP3 (2), GLN4 (2),
EWERDKNEE* HSD10, TRP18, GLU19,
ASN23, GLU25
CGF24 CGANNDIGTYAVPN —5.6 0.82 CYS1 (3), ASN4 (4), SER15,
SYRNFNNAVF>* TYR16, PHE24 (2)
SGC20 'SGFTFSSYRPNRA —5.4 0.75 SER1 (2), GLY2, PHE3, PHE5
GWGMGDC?’
FND20” 'FNMQQRFYLHPN —4.8 0.60 HIS10, PRO11, ASN14 (2)
ENAKKSRD?’
INL19” 'INTLLSEINSILLDIISLL" —5.4 0.72 SERG (2), ASN9, SER10 (2),
ASP14, SER17 (2), LEU19 (2)
CEK17° 1CESSKEALAENNLNLPK"’ —5.3 0.74 SER3, SER4 (3), GLU10

“ The value between parenthesis indicates the number h-bonds of a given amino acid with the protein. ? These peptides were studied in literature

and were run for sake of comparison.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Display of the interactions of: (A) CTE17, (B) CAY15, (C) CSE25, (D) CGF24 and (E) SGC20 with IL-6 protein showing the hydrogen bonds
(yellow), salt bridges (magenta), electrostatic interactions (red) and vdW interactions (green).

CSE25 has the highest number of hydrogen bonds interacting
with ARG22 (2), GLU37, ALA38 (2), ASN43, GLU51, ARG150 (3),
GLU154, GLN157 and 4 salt bridges. It is worthy to note that
ARG22 and ARG150 from the IL-6 protein form 5 h-bonds and 4
salt bridges with 4 residues from the above-mentioned peptide.
CGF24 also shows a high number of hydrogen bond interac-
tions (11 h-bonds) and one salt bridge. Finally, SGC20 has the
lowest number of hydrogen bonds (5 h-bonds) and one salt
bridge, but it has the highest number hydrophobic interactions
with LEU46, PRO47 (2), PHE56 and one electrostatic interaction
with GLU51.

The docking scores for the three reference peptides are in the
same range as CTE17, CSE25, CGF24 and SGC20 peptides and
are lower than that of CAY15. Except INL19 which established
10 h-bonds with IL-6, FND20 and CEK17 have only 4 and 5 h-
bonds with the target protein, which less than those made by
the peptides examined in this study.

3.1.2. RMSD analysis of the peptides. With respect to their
initial structures, the RMSD docking values for all peptides,
ranges from 0.57 to 0.82 nm, as presented in Table 1. The whole
bonds in the peptide backbone were set to be rotatable. Each
atom will be capable to turn freely to be engaged with the
receptor surface following the force field algorithm in the
docking software. For this reason, the RMSD values show a high
flexibility of the peptides, relatively to the protein. Comparison
of the conformation before and after docking demonstrated
that CAY15 and CSE25 have a high RMSD (<0.82 nm), as they
changed their conformation from an a-helix to a coil (Fig. S17).
The general impact of a such modification may be identified
with the reorientation of a few residues and torsional modifi-
cations in the principal chain (helix-coil transition) by breaking
the helix internal h-bonds and establishing new interactions
with IL-6.%> CTE17 has the lowest RMSD, which can be explained
by the minor structural changes before and after the docking.
Furthermore, the RMSD values for FND20, INL19 and CEK17
vary from 0.60 and 0.74 nm, which is the same range as for the
studied peptides, denoting the similarities.

13006 | RSC Adv, 2022, 12,13003-13013

3.1.3. Analysis of the interaction poses. The structure of IL-
6 is constituted of four-helix arranged in an up-up-down-down
with a long loop connecting the helices. The interface analysis
revealed that the peptides are interacting in different regions
within the protein. Fig. 2 shows that peptides CAY15, CSE25,
CGF24 and SGC20 interact mainly with helix 4 and loop 1, and
they share only the amino acids GLU37, ASN43, ALA58 in loop 1
LYS143, ARG150 and GLU154 in helix 4. CTE17 interacts with
the IL-6 protein in a different section in respect to the others, it
interacts with helix 1, helix 3 and loop 2. The reference peptides
FND20, INL19 and CEK17 interact with loop 1 and loop 2
(FND20) and INL19 and CEK17 bind to the same area ranging
from the loop 2, helix 2 and helix 3. This area is the opposite
side than CSE25 with make possible for IL-6 to simultaneously
bind to the two peptides. All the peptides form with the target
protein at least 5 h-bonds and one salt bridge with other elec-
trostatic and hydrophobic interactions. This diversity of zones
of interaction between the peptides and the protein, and the
important number of interactions should be verified with MD
simulation.

3.2. Molecular dynamics

MD simulation is an attractive approach to examine the real-
time dynamics and conformational stability of a protein upon
binding to a given ligand. For this purpose, we carried out MD
simulation for 110 ns. To understand the affinity between these
peptides and IL-6 and the rigidity for the complexes, several
points such as the peptide stability and its average RMSD
(Fig. 3A), hydrogen bonding capacity (Fig. 3B), distance between
IL-6 and peptides (Fig. 3C) and contact frequency (Fig. 3D) were
investigated. The RMSD, hydrogen bonding capacity and
contact frequency for INL19 and CEK17 are given the ESL.}
3.2.1. RMSD. To find out time-dependent conformational
modification and the stability of complexes, RMSD analysis was
undertaken. The RMSD of each peptide and the IL-6 domain
was performed and are presented in Fig. S3.1 The initial energy-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Amino acid residues of IL-6 participating in the interaction with the different peptides: (A) CTE17, (B) CAY15, (C) CSE25, (D) CGF24, (E)
SGC20, (F) FND20, (G) INL19 and (H) CEK17. IL-6 color coded components: helix 1, helix 2, helix 3, and helix 4, loop 1, and loop 2.

minimized structure of each system was taken as the reference
structure. The average RMSD values of the peptides were
calculated, it can be noted that the highest value does not
exceed 0.5 nm denoting a decrease of 15% to 18% for CAY15,
CSE25 and SGC20 and more drastic decrease of 40% to 45%
CGF24 and CTE17 compared to the RMSD averages of the free
peptides. The overall decrease denotes a stabilization of the
peptides when associated with the IL-6 protein via noncovalent
interactions.

As shown in the ESI (Fig. S4t), the associated CTE17 and
SGC20 witnessed their RMSD values progressively increasing
until 20 ns and then converged with minor fluctuations. The
RMSD plot of associated CAY15 recorded a jump of 0.3 nm at
a simulation time of 33 ns. Similarly, in the case of CSE25 and
CGF24, the RMSD values sharply increased by 0.2 nm at simu-
lation time of 60 ns and 70 ns, respectively, then the two
complexes remained stable and nicely converged after this drift.
Similarly, FND20 used a reference peptide showed that its
RMSD did not have any drift during the MD simulation time,
thus confirming its stable conformation during the run. The
RMSD value of IL-6 associated with this peptide (1.9 nm) is close
to that of IL-6/CTE17 complex and lower than that of IL-6/CSE25
(2.5 nm).

© 2022 The Author(s). Published by the Royal Society of Chemistry

The average RMSD of the associated IL-6 did not exceed
0.31 nm and due to it high molecular weight compared to the
short peptides. It is worthy noting that IL-6 associated with
CSE25 have the lowest average RMSD.

3.2.2. Hydrogen bonding. Hydrogen bonding of the
complexes turns out to verify affinity of each peptide to IL-6 as
estimated by the docking simulation. For this purpose, a further
analysis based on two methods was applied. Firstly, the average
number of h-bonds in the complexes was calculated. Based on
these results, CTE17 has the lowest hydrogen bonding capacity
(less than 02 h-bonds) with IL-6, in contrast CAY15 and CSE25
have an average of 6 h-bonds. These results are close those
found by molecular docking, showing CAY15 and CSE25 having
almost twice hydrogen bonds as CTE17. Likewise, FND20 have
the same number of h-bonds as CSE25. The ARG6, ARG19,
ASP20 residues from FND20 established hydrogen bonding with
GLU51, LYS52 amino acids from the IL-6 protein.

We further computed the occupancy of h-bonds in interac-
tion between the peptides and IL-6. Some of the active binding
residues can form hydrogen bonds by becoming the electron
donor through their main and side chains. Also, CAY15 and
CSE25 have the most active binding residues that give more
than 50% occupancy of dynamic intermolecular hydrogen
bonds, namely GLU37, GLU51, GLU154, and ARG161 of the

RSC Adv, 2022, 12, 13003-13013 | 13007
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centers of masses of the protein/peptide (grey) and protein/surface of contacts (green). (D) Contact frequency between the residues of each

peptide and IL-6 calculated for the different complexes.

receptor protein with CAY15, also ARG22, ARG150, ARG162, and
ARG164 with CSE25 (Table S2+).

3.2.3. Distance IL-6/peptides. The mass centers between
the protein and the peptides were also calculated. The results
showed that CTE17 is the most distant from IL-6, this may be
explained by the interaction poses since it interacts with amino
acids far from the mass center, as shown in Fig. 3C. On the
other hand, the distance between the mass center of CAY15 and
IL-6 is shorter by 40% than that between CTE17 and IL-6. The
three other peptides lay a distance shorter by 20% to 30%
compared to that observed for CTE17, since they all interact
with the lateral face of the protein, which is close to the mass
center.

The distance separating about 1.9 nm is close to that found
for the studied peptides such as CSE25, CGF25 and SGC20, but
is longer that found for CTE17 and CAY15.

Based on the contact frequency, the peptides CTE17,
CAY15, and CSE25 are promising candidates because they have
a significant number of residues that have a contact frequency
greater than 50% in the last 40 ns. Indeed, CTE17 has 15
residues out of 17, CAY15 has 13 residues out of 15, while
SGC20 has 18 residues out of 25 in contact with IL-6,
respectively.

3.2.4. Gyration radii. Finally, we analyzed the gyration radii
which can provide information related to the folding and

13008 | RSC Adv, 2022, 12, 13003-13013

unfolding of the protein structure upon binding of the ligands.
High RoG values would explain less compactness with high
conformational entropy while denote high
compactness and more stability of the structure. As evident
from Fig. S5,7 all the systems have projected the gyration
averages between 0.76 to 1.02 nm. In the case of CTE17, the
average of RoG was found to be 0.76 nm while CAY15 and
CGF24 showed averages of 0.85 and 0.92 nm, respectively.
Similarly, in case peptide SGC20 and CSE25 bound to the target
protein the RoG averages was found to be 0.94 and 1.02 nm,
respectively. The data reveal that all the systems were compact
throughout the simulation, which indicate that the systems are
well converged.

3.2.5. Contacts, salt bridges and hydrophobic interactions.
The total number of contacts for CTE17, CAY15, CSE25, CGF24
and SGC20 are given in Fig. 4. The averages for the different
peptides are 73, 131, 105, 88 and 120 points of contact,
respectively. These results do not corroborate with the data
from thermodynamic calculations. While the same peptides
have 5 (2 hydrophobic), 12 (5 hydrophobic), 28 (0 hydrophobic),
9 (0 hydrophobic) and 1 (3 hydrophobic) salt bridges of the
mean occupancy of frame for time cutoff of 50%. These results
are in good agreement with the high affinity of CTE17, CAY15,
CSE25 toward IL-6 protein (Table S3+).

low values

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Plots of number of contacts between IL-6 and the peptides
during the last 40 ns of the simulation time.

3.3. Binding free energy

Energy calculation was carried out for all five complexes to
define their binding affinities using MM-PBSA method. To
evaluate the binding free energy, each time 100 conformations
were extracted from the MD production run when the
complexes stabilized after 70 ns. The calculated free energies
for the solvated systems formed by the target protein and the
peptides (CTE17, CAY15, CSE25, CGF24 and SGF20) were
found to be —64.9 kcal mol™', —74.1 kcal mol?,
—92.7 kcal mol™!, —21.9 kcal mol™', —39.4 kcal mol™?,
respectively. One can see that peptides CAY15 and CSE25
bound more strongly to the IL-6 than others, these results were
coherent with Smina scores that indicated that CAY15 and
CSE25 have the lowest energy scores (cf Table 1). To grasp the
effect of the different energy contribution terms in this
method, total free energy decomposition into van der Waals
(AEyqw) and electrostatic (AE..) contributions, and polar
solvation energy and apolar solvation energy components are
summarized in Table 2.

The results indicated that the major favorable contributors
come from the electrostatic (AE.) and van der Waals inter-
actions (AE,qw) while the polar component of solvation (AGpo)
contributed unfavorably to the binding of all five complexes.
The nonpolar solvation energy has a minor favorable effect,
which is one sixth to one third of the electrostatic one.
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RSC Advances

3.4. CTE17/IL-6/CSE25 sandwich system

Based on the results of MD simulations and the free binding
energies, it appears that CAY15 and CSE25 are the most
attractive candidates for the IL-6 protein recognition. They
showed the lowest free binding energy and have the highest
stability and affinity with the target protein. CTE 17 is also
a suitable candidate, however it has lesser hydrogen binding
capacity. CTE17 has 15 of 17 residues that have a contact
frequency greater than 50%, and it recorded the lowest RMSD
and gyration radius averages. The lower averages values of RoG
and RMSD for CTE17 is an indication of a stronger interaction
and greater stability established with the target protein.

3.4.1. Selecting the peptides. To verify the interaction
poses between the peptides and IL-6, we started the last frames
displayed by VMD and the contact frequency in the last 10 ns
from the MD simulations of each complex. The visual analysis
showed that CTE17 and CSE25 interact in different positions
with the target protein (Fig. S71), while the CAY15 and CSE25
compete for the same region and share the ARG150 to GLN165
from IL-6 helix 4 (Fig. 5). Obviously, CAY15 and CSE25 can't be
used to form a sandwich with the protein since they will
compete to occupy the same positions, while CTE17 and CSE25
can be used.

3.4.2. RMSD analysis. For this purpose, another MD
simulation for 50 ns in the same conditions was run using two
selected peptides (i.e. CTE17 and CSE25) associated with IL-6 to
evidence the possibility to make a stable sandwich system.
Analysis of RMSD and gyration radius, given in Fig. S8, shows
the sandwich system (CTE17/IL-6/CSE25) rapidly converged and
stabilized after 10 ns. The new CTE17/IL-6/CSE25 complex is
more stable and rigid than the two starting complexes (Fig. 6).
Compared with CTE17/IL-6 and CSE25/IL-6, CTE17/IL-6/CSE25
witnesses a decrease of its RMSD average (Fig. 6A). For the
CTE17, the average RMSD decrease was 13% compared to that
of CTE17/IL-6 and a more drastic decrease of 52% in respect to
free peptide. CSE25 witnessed a decrease of its RMSD average
respectively by 42% and 35% when compared with its free and
associated forms.

Furthermore, the RMSD average of IL-6 sandwich for was
found to be 0.21 nm, which is at least 33% lower that of the
different IL-6/peptides. These RMSD value decreases are indic-
ative of a strong interaction establishment between the two
peptides and the target protein, which reduces the fluctuation
of the different components.

3.4.3. Gyration radii. The study of RoG for CSE25 and
CTE17 showed different behaviors. Indeed, the RoG of CSE25

Table 2 Free energies for the solvated systems and details of the energy contributions for the different complexes

Complexes AG(pinding,sivay (keal mol ™) AE, 4y (kcal mol™) AEe. (keal mol™) AGpor (keal mol ™) AGponpor (keal mol ™)
CTE17/IL-6 —64.9 —29.9 —324.1 294.1 —5.0
CAY15/IL-6 —74.1 —33.6 —207.8 173.0 —5.7
CSE25/IL-6 —92.7 —17.3 —469.3 399.1 —5.1
CGF24/1L-6 —21.9 —12.0 —57.0 49.8 —2.6
SGF20/IL-6 -394 —21.2 —139.8 125.2 —-3.5

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(black). (C) Contact frequency of IL-6 residues in the last 10
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ns with CTE17 (blue) and CSE25 (orange) in sandwich IL-6 system.
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Table 3 Free energies for the solvated systems and details of the energy contributions for the different complexes

Complexes/energy CTE17/IL-6/CSE25 CSE25/IL-6 CTE17/IL-6
AG(pinding,siva) (kcal mol ™) —153.1 —92.7 —64.9
AE, 4, (keal mol™") —58.2 —17.3 —29.9
AE¢jec (keal mol™) —915.3 —469.3 —324.1
AGpor (keal mol ™) 831.8 399.1 294.1
AGponpor (keal mol ™) —11.3 —5.1 —5.0
AAG(binding,slvd)a (kcal molfl) +4.5 ok HAE
AAE,q," (kcal mol™) -11.0 ok ok
AAE. " (keal mol ™) —121.9 *kx *kk
AAGpo? (keal mol ™) +138.6 ok ok
AAGponpol” (keal mol ) -1.2 FHE *kk

* AAGpindingsiva = AGbinding,siva (CTE17/IL-6/CSE25) — AGhindingsivd (CTE17/IL-6) — AGhinding,siva (CSE25/IL-6). ” AAE, 4, = AEyq,, (CTE17/IL-6/CSE25)
— AE,qy (CTE17/IL-6) — AEyqy, (CSE25/IL-6). © AAE¢ec = AEeiee (CTE17/IL-6/CSE25) — AEcje. (CTE17/IL-6) — AEqee (CSE25/IL-6). ¢ AAGpo = AGpol
(CTE17/IL-6/CSE25) — AGpoi (CTE17/IL-6) — AGpo1 (CSE25/IL-6). ¢ AAGronpot = AGnonpot (CTE17/IL-6/CSE25) — AGnonpot (CTE17/IL-6) — AGnonpol

(CSE25/IL-6).

decreased for the sandwich format in respect to the binary
associated formats with IL-6, while the RoG value of sandwiched
CTE17 is slightly higher than CTE17/IL-6 binary associated
format. This can be attributed to the interaction positions of
CTE17 and CSE25 with the IL-6, which loses some interacting
amino acids (LEU01, THR02, LYS102, VAL103, LEU104) and the
decrease of the time of contact (ILE105 to LEU115) after the
association with CSE25 (Fig. 6C).

3.4.4. Binding energy. The Binding free energies indicated
in Table 3 show that sandwich system a binding energy slightly
lower than the sum of CTE17/IL-6 and CSE25/IL-6 energies.
Moreover, the AEq.. and AE.4, have the highest significant
difference  (AAEqe. and AAE.,) of —121.9 and
—11.0 keal mol ', respectively. A AAGp,; of +138.6 keal mol ! is
the most disfavoring component, which compensate the van
der Waals and electrostatic contributions to give a slightly less
stable ternary complex than the sum of the two binary
complexes. This can be attributed to the overall changes in the
h-bonds, electrostatic interactions, and the time of interactions
with the ternary complex compared to the binary ones (Fig. 6C).

3.5. Selectivity

To study the selectivity, we first examined the affinity of known
peptides from literature to IL-6 target protein. As displayed in
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Fig. 7A, we can see that CSE25 has a slightly lower affinity than
FND20 and a higher affinity than both INL19 and CEK17, sug-
gesting that CSE25 is a good candidate to antagonize this
protein. Furthermore, FND20 has the highest number of
contacts and the number of hydrogen bonds and the lowest
RMSD value. This is good agreement with the thermodynamic
data showing FND20 has the highest interaction energy.

On another hand, thermodynamic calculations showed that
CSE25 to has higher affinity to IL-6 compared to those found
with IL-4 and IL-8. Indeed, the peptide demonstrates that it has
twice affinity for IL-6 than IL-4 and is more prone to associate
with IL-6 by ca. 30% than to IL-10 (Fig. 7B). The results suggest
that CSE25 could recognize the target protein with high affinity
as experimentally found for FND20 in complex matrix con-
taining other biomolecules.

To further deepen the study, we determined the RMSD
values, the number of hydrogen bonds, total number of
contacts and the interaction energies, extracted for MD calcu-
lations, for CTE17, C1Y15 and CSE25 with IL-4, IL-6 and IL-10
(Table 4). Indeed, the RSMD value for CTE17 with IL-6 is
lower than those obtained with IL-4 and IL-10. For CAY15, the
values are similar for all the examined three proteins, while that
calculated for CSE25 is slightly higher than the RMSD values
obtained for the two other proteins, denoting a lower affinity of
the peptide to the competitor proteins. These results are

N
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©

&
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&
=)

Energy / Kcal.mol!

-100

Interaction energies of (A) CSE25, FND20, INL19 and CEK17 with IL-6 protein and (B) CSE25 with IL-6, IL-4, and IL-10.
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Table4 RMSD values, number of hydrogen bonds, total number of contacts and interaction energies for CTE17, C1Y15 and CSE25 with IL-4, IL-6

and IL-10 proteins

Number of
Peptides Proteins RMSD (nm) h-bonds Number of contacts AG(pinding,siva) (kcal mol )
CTE17 IL-6 0.08 1.70 73 —64.9
IL-4 0.14 0.85 27 —27.4
IL-10 0.30 1.09 84 —66.6
CAY15 IL-6 0.16 5.90 131 —74.1
1L-4 0.14 1.64 35 48.1
IL-10 0.17 0.60 21 —21.5
CSE25 IL-6 0.26 5.50 105 —92.7
IL-4 0.18 1.39 58 —47.8
IL-10 0.22 0.71 84 —62.6

contradicted by the value of hydrogen bonds and number of
contacts for CTE17, CAY15 and CSE25 which are 2- to 10-fold
higher than those obtained with IL-4 and IL-10 proteins, sug-
gesting higher affinity to the target protein.

Overall, the number of contacts established between the
three peptides and the different proteins is higher in case of IL-6
than with IL-4 and IL-10. Graphical representation of the
number of contacts for all the peptides, number of hydrogen
bonds are given ESI (Fig. S7 and S107). Finally, the interaction
energies of CTE17 with IL-6 and IL-10 are close and are twofold
higher than that computed for IL-4/CTE17 binding. CAY15 has
31% and 71% more affinity to IL-6 than to IL-4 and to IL-10,
respectively. CSE25 binds 32% and 48% more strongly with
IL-6 than with IL-4 and with IL-10, respectively. These findings
show the potential selectivity of the candidates (CTE17, CAY15
and CSE25) designed in this study, toward IL-6 and may yield
selective sensing of the target protein in complex biological
matrix such as blood serum.

4. Conclusion

In this work, we set as a goal to select peptides that can form
a sandwich complex with IL-6 protein to construct a sensing
device. Starting from the crystal structure of IL-6 complexes
available in the PDB bank, we designed five peptides that can
bind to IL-6 in different poses. Using docking and MD simula-
tions, we showed that the different peptides are able to recog-
nize different poses on the surface of the target protein. From
the analysis of the number of hydrogen bonds and the occu-
pancy, we found that CTE17, CAY15, and CSE25 are the most
promising candidates since they have a significant number of
residues that have a contact frequency over 50%. Furthermore,
MM-PBSA energy calculation confirmed that they have the
highest interaction energies coming mostly the electrostatic
and van der Waals contributions. We further showed that
CTE17, CSE25 and IL-6 form a stable sandwich complex, with
a free binding energy approximately equal to the sum of the two
binary CTE17/IL-6 and CSE25/IL-6 complexes. Furthermore, we
compared the ability of these peptides to antagonize IL-6 with
peptides from literature selected for their affinity of the target
protein. We also examined the selectivity of CSE25 to IL-6 by
examining it affinity to IL-4 and to IL-10 using MD simulations.

13012 | RSC Adv,, 2022, 12, 13003-13013

Based on these computer-aided findings, we can conclude that
these are the best candidates to build sandwich-based sensing
platforms for IL-6 detection using different transduction
techniques.
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