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Abstract

Initial phase of COVID-19 infection is associated with the binding of viral spike protein S1 receptor binding domain (RBD)
with the host cell surface receptor, ACE2. Peptide inhibitors typically interact with spike proteins in order to block its inter-
action with ACE2, and this knowledge would promote the use of such peptides as therapeutic scaffolds. The present study
examined the competitive inhibitor activity of a broad spectrum antimicrobial peptide, Dermaseptin-S4 (S4) and its ana-
logues. Three structural S4 analogues viz., S4 (K,), S4 (K,,) and S4 (K,K,,) were modelled by substituting charged lysine
for non-polar residues in S4 and subsequently, docked with S1. Further, the comparative analysis of inter-residue contacts
and non-covalent intermolecular interactions among S1-54 (K,), S1-S4 (K,K,,) and S1-ACE2 complexes were carried out
to explore their mode of binding with S1. Interestingly, S1-S4 (K,) established more inter-molecular interactions compared
to S4 (K,K,,) and S1-ACE2. In order to substantiate this study, the normal mode analysis (NMA) was conducted to show
how the structural stability of the flexible loop region in S1 is affected by atomic displacements in unbound S1 and docked
complexes. Markedly, the strong interactions consistently maintained by S1-S4 (K,) complex revealed their conformational
transition over the harmonic motion period. Moreover, S1-S4 (K,) peptide complex showed a higher energy deformation
profile compared to S1-S4 (K,K,,), where the higher energy deformation suggests the rigidity of the docked complex and
thus it’s harder deformability, which is also substantiated by molecular dynamics simulation. In conclusion, S1-S4 (K,)
complex has definitely exhibited a functionally significant dynamics compared to S1-ACE2 complex; this peptide inhibitor,
S4 (K,) will need to be considered as the best therapeutic scaffold to block SARS-CoV-2 infection.

Keywords COVID-19 - SARS-CoV-2 spike protein - Anti-microbial peptide - Dermaseptin-S4 - Inter-molecular
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Introduction

Vaccine discovery for current pandemic Coronavirus
disease 2019 (COVID-19) persist as one of the major
challenges in the medical arena. More than 9.2 million
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confirmed deaths and 28 million active cases as of 14th
September 2020, since the outbreak at Wuhan, China
from December 2019 have been reported by World
Health Organisation. Apart from casualties, billions of
people worldwide have lost their livelihood due to quar-
antine and isolations. On the grounds, the causative agent
of this novel beta-coronavirus COVID-19 is found to be
severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2). As like SARS-CoV, SARS-CoV-2 also contains
type I transmembrane glycoprotein called Spike protein
(S) consisting of S1 and S2 subunits, where S1 holds a
receptor binding domain (RBD) between 334th and 528th
position (comprising a total of 194 amino acids). Nota-
bly, there exists a loop region comprising 56 residues
(from 446th position to 502th position) between p, and f,
strands of RBD, the most flexible region imparting several
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interactions with binding partners (Lan et al. 2020; Wang
et al. 2020; Wrapp et al. 2020; Wu et al. 2020). And that
loop region is found to bind ACE2 receptor, which is the
crucial step of viral infection (Li 2015; Shang et al. 2020;
Yan et al. 2020). Therefore, S1 emerge as an attractive
drug target of SARS-CoV-2, for which, the development of
small molecule inhibitors (Abdelmageed et al. 2020; Barh
et al. 2020; Xia et al. 2020) and the peptide based drugs
(Baig et al. 2020; Elnagdy and AlKhazindar 2020; Maiti
2020) are in progress. Recently, the 3D structural complex
of S1 and the neutralising convalescent antibody B38 have
been identified, which anticipates the rational design of
vaccines (Wu et al. 2020).

Likewise, the alpha helical anti-microbial peptides
(AMPs) are indeed the effective alternate therapeutic option
for combating SARS-CoV-2 virus. AMPs are generally
amphipathic in nature which have a broad spectrum of activ-
ities against bacteria, fungi, viruses and protozoans. Similar
studies have reported that modifying AMPs with positively
charged lysine might increase the cationicity and suppress
the enveloped viruses like HIV-1 (Hancock and Diamond
2000). One such potential AMPs, Dermaseptin-S4 (S4)
have demonstrated a wide antiviral activity against Human
immunodeficiency virusl [HIV-1] (Lorin et al. 2005), Her-
pes simplex virus-1 [HSV-1] (Belaid et al. 2002), Herpes
simplex virus-2 [HSV-2] (Bergaoui et al. 2013) and Rabies
virus [RV] (Mechlia et al. 2019). S4 extracted from the
skin secretion of South American tree frogs, Phyllomedusa
sauvagei (Mor and Nicolas 1994), composed of 27 amino
acids acquires alpha-helical conformation when interact-
ing with membrane lipid layers. When modified with lysine
residues at 4th, 20th and at both, 4th and 20th positions
of S4 generated the analogues viz., S4 (K,), S4 (K,,) and
S4 (K,K,,) of enhanced antiviral activity and low haemo-
lytic activity (Krugliak et al. 2000; Lorin et al. 2005; Ber-
gaoui et al. 2013). As reported earlier, mutating the native
S4 with lysine residues improves the net positive charge,
thereby increasing the antimicrobial activity and decreasing
the haemolytic activity of S4 analogues (Kustanovich et al.
2002; Lorin et al. 2005; Shalev et al. 2006; Zairi et al. 2014).
The presence of positively charged residues will not disrupt
the zwitterion lipids in the eukaryotic membrane (Jiang et al.
2008), which elucidates the role of cationic residues in Der-
maseptin for preserving low haemolytic activity and high
antimicrobial activity. Moreover, the peptide-protein inter-
action studies of AMPs targeting Middle East Respiratory
Syndrome (MERS) coronavirus spike protein established
Dermaseptin-S4 and Dermaseptin-S9 as best docked AMPs
with high binding affinity (Mustafa et al. 2019). With these
perspectives, we intended to study the efficacy of S4 and its
analogues mutated with lysine residues, as a possible com-
petitive inhibitor for ACE2 to prevent the binding of S1 to
ACE2, and thereby arresting the SARS-CoV-2 infection.
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Materials and Methods
Modelling the Dermaseptin S4 and Its Analogues

Using the sequence of Dermaseptin (S4) (ID: P80280)
from UniProtKB database and the 3D structural tem-
plate (PDB ID: 2DD6), the 3D structure of S4 and its
analogues viz., S4 (K,), S4 (K,,) and S4 (K,K,,) were
modelled, using PEP-FOLD3 program. PEP-FOLD3 is a
de-novo approach aimed at predicting peptide structures
from amino acid sequences. This method is based on the
structural alphabet (SA) letters to describe the conforma-
tions of four consecutive residues. It couples the predicted
series of SA letters to a greedy algorithm and a coarse-
grained force field which is expressed as a sum of local,
non-bonded, and hydrogen bond (Shen et al. 2014). Spe-
cifically, this method provides the profile which exhibits
the structural alphabet (SA) probability values correspond-
ing to the residue position, determined on the basis of
the Hidden Markov Model (HMM). All the models were
energy minimized, using YASARA package (Krieger and
Vriend 2014). The steepest descent energy minimization
of peptides was carried out, using YASARA?2 force field
with 10.5 A cut off and the peptides were geometrically
optimized, using explicit solvent. The experiment was con-
verged as soon as the energy improves by < 0.05 kJ/mol
per atom during 200 steps. Energy minimized models were
validated for steric stability through Ramachandran plot
by Structure Analysis and Verification Server (SAVES)
(Laskowski et al. 1993). Further, the secondary structural
information of S4 and its analogues were annotated using
POLYVIEW-2D (Porollo et al. 2004). Further, the physi-
ochemical properties were predicted using HeliQuest pro-
gram (Gautier et al. 2008).

Computation of Binding Affinity, Binding Interface
and Intermolecular Interactions

To compute the binding affinity among spike glycoprotein
(S1) of SARS-CoV-2 with Dermaseptin (S4) and its ana-
logues, the 3D Structure of SARS-CoV-2 RBD of spike
glycoprotein (PDB ID: 6MOJ:E chain) with a resolution
of 2.45A was retrieved from PDB database. Initially, the
blind docking was carried out using HPEPDOCK pro-
gram which is based on hierarchical algorithm by fast
conformational modelling and global sampling of bind-
ing orientations (Zhou et al. 2018). To optimize the pose
and orientation between protein-peptide complex, the site
specific docking was carried out, using ZDOCK version
3.0.2, where the best binding solution of all complexes
viz., S1-S4, S1-S4 (K,), S1-S4 (K,y), S1-S4 (K,K;)
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were categorized based on statistical potential, shape
complementarity and electrostatics (Pierce et al. 2014). In
addition, PDBePISA (Proteins, Interfaces, Structures and
Assemblies) tool (Krissinel and Henrick 2005) was used to
identify the interface area and the solvation free energy of
docked complex, in the form of free energy gain probabil-
ity value indicated as AiG (P value). Moreover, the inter-
molecular interactions between the docked complex such
as hydrophobic interactions, hydrogen bonds, aromatic-
aromatic and cation-x interactions were analysed through
Protein Interaction Calculator (PIC) program (Tina et al.
2007). In addition, structure-based multiple sequence
alignment (MSA) of S1 key binding site of ACE2 receptor
protein and S4 and its analogues was performed through
UCSF Chimera tool (Pettersen et al. 2004) and visualized
via ESPRIPT tool (Robert and Gouet 2014). Finally, all
types of interactions were visualized using PyMol visu-
alization tool (Rigsby and Parker 2016).

Analysing the Protein—-Peptide Complex by Elastic
Network Model

To characterize the intrinsic flexibility and to validate the
low frequency vibration modes of S1 and docked complexes,
Normal Mode Analysis (NMA) was performed (Tiwari et al.
2014). Most proteins carry out their functions depending
upon the conformational changes of their structure at vari-
ous circumstances (Yang et al. 2009). NMA is based upon
Elastic network model (ENM) which uses a single parameter
harmonic potential, usually coarse-grained, has been used
for studying protein dynamics (Skjaerven et al. 2009). In
our present study, we used WEBnm@ v2.0 program which
functions on the theory of ENMs by representing a protein
as a collection of spring-connected particles and provide
the collective motion of the protein (Skjaerven et al. 2009).
Using this program, we calculated the deformation ener-
gies and normalized square fluctuations of S1 and docked
complexes viz., S1-S4, S1-S4 (K,), S1-5S4 (K,,) and S1-S4
(K4K,p), using the spectrum of low frequency vibration
modes (Tiwari et al. 2014; Fuglebakk et al. 2015). Moreo-
ver, the deformation energy is calculated for each atom in the
protein structure. It depends on the changes in the distance
between the atom in question and each of its close neigh-
bours. Higher deformation energies indicate relatively rigid
regions, whereas lower deformation energies indicate flex-
ible regions. In the present study, the deformation energies
of the 50 lowest-frequency non-trivial modes are calculated.
Besides, the normalized square fluctuations signify the sum
of the atomic displacements in each mode, weighted by the
inverse of their corresponding eigenvalues. Also, the square
of the fluctuation of each C, atom was calculated from 200
lowest non-trivial modes and normalized, so that the sum
over all residues is equal to 100.

Analysing the Protein—-Peptide Complex
by Structural Dynamics

In order to further substantiate the stability of complex forma-
tion, S1-S4 (K,) and S1-S4 (K,K,,) complexes were simu-
lated to a period of 1 x 10 time units via discrete molecular
dynamics (DMD) that corresponds towards 25 ns in relat-
ing with the classical MD (Ding et al. 2008; Srinivasan and
Rajasekaran 2017). DMD is a unique method that uses the
atomistic Medusa force field and discrete energy potential
modelled with discontinuous functions for pair-wise interac-
tion. DMD simulations were performed for complex systems
with constant volume and periodic boundary conditions. In
addition, Anderson’s thermostat was used during DMD simu-
lation to maintain a constant temperature (Shirvanyants et al.
2012). From trajectories obtained during the DMD simulation,
the different geometrical observables viz., Root Mean Square
Deviation (RMSD), Root Mean Square Fluctuation (RMSF)
and Radius of Gyration (Rg) that describe the structural vari-
ations of S1-S4 (K,) and S1-S4 (K,K,,) complexes were ana-
lysed via GROMACS tools (Singh et al. 2020; Bhardwaj and
Purohit 2020a, b). Further, the RMSD, RMSF and Rg graphs
were plotted using Xmgrace tool to visualize the structural
differences between the complex trajectories (Bhardwaj et al.
2020a, b; Muralidharan et al. 2020).

Statistical Analysis

Statistical analysis of the Wilcoxon Matched Pair test was per-
formed, using StatPlus software version 7 (AnalystSoft, www.
analystsoft.com/en)for the conformational sampling data of
NMA. Wilcoxon Matched Pair test is considered to be equiva-
lent to the Student’s t-Test for Matched Pairs, which is used for
evaluating any type of normal distribution data (Scheff 2016).
This specific test would be a very appropriate non-parametric
test for evaluating the statistical significance of deformation
energies of S1-S4 (K,) and S1-S4 (K,K,,) complexes evalu-
ated in NMA analysis. Similarly, the nonparametric values
obtained through DMD were subjected to basic univariate
and multivariate data test, using StatPlus program. The same
nonparametric test was performed for all the parameters viz.,
RMSD, RMSF, Rg, conformational free energies and mem-
brane-free energies of peptides. Both S1-S4 (K,) and S1-S4
(K,4K,,) complexes determine their significant difference and
the probability value (P value) less than 0.05 were considered
to be statistically significant.
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Result and Discussion The modelled 3D structures were also validated by

Ramachandran plot (Fig. 2), wherein, 100% of amino
Structural Characterization and Validation acids in S4 (K,) resided only in the favoured regions,
of Modelled Structures of S4 and Its Analogues whereas, in both S4 and S4 (K,K5) 95.8% of amino acids

resided in favoured regions and the remaining 4.2% amino
In order to understand the binding effects of S4 and its  acids resided in additionally allowed regions . In the case
analogues with S1 spike protein of SARS-CoV-2, the 3D of S4 (Ky), 87.5% of amino acids resided in favoured
structures were modelled using PEP-FOLD3. The struc-  regions, 8.3% of amino acids resided in additionally
tural profiles predicted by PEP-FOLD3 showed that the  allowed region and 4.2% amino acids resided in gener-
majority of the amino acids in both, S4 and its analogues ~ ously allowed region. Since, none of the amino acids of
have contributed for the formation of alpha helix as com-  all the modelled 3D structures resided in the disallowed
pared to extended sheet and coil in terms of structural ~ regions of Ramachandran plot, we claim that the mod-
alphabet (SA) probability values (Fig. 1). Overall, the  elled 3D structures are considered to be sterically stable
modelled structures of S4 and its analogues exhibited ~ and hence subjected into molecular docking studies, as in
84.61% of alpha helical content and 15.39% of coil content  silico studies reported the antiviral activity of Dermasep-
as confirmed from Polyview-2D and further substantiated ~ tin through its significant binding effects on MERS-CoV

with their 3D structures using PyMol (Fig. 1). spike protein (Mustafa et al. 2019). For Dermaseptin
and its analogues, the physiochemical properties such as
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Fig.1 3D structure prediction and the annotation of a S4, b S4 (K,), cartoon representations of peptides, brown, red, orange and pink rep-
¢ S4 (K, and d S4 (K,K,,) peptides, where the colours- red, green resents S4, S4 (K,), S4 (K,,) and S4 (K,K,,) peptides, respectively
and blue represents helical, extended sheet and coil, respectively. In (Color figure online)
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Fig.2 Ramachandran plot of a S4, b S4 (K,), ¢ S4 (K,,) and d S4 (K,K,,) peptides, where red colour represents favoured region, dark yellow
colour represents additionally allowed region, and pale yellow colour represents generously allowed residues (Color figure online)

hydrophobicity (H) and hydrophobic moment (pH) were
measured, using HeliQuest tool to demonstrate their cati-
onic properties. Hydrophobicity influences the interaction
between the microbial membrane and the cationic peptide;
the hydrophobic moment plays a significant role in inter-
facial binding of peptide with the membrane (Eisenberg
et al. 1982). Hydrophobic moment is defined as the vector
sum of hydrophobicity of individual amino acids (Eisen-
berg et al. 1984; Gautier et al. 2008). The predicted values
of Dermaseptin analogues were tabulated corresponding
to their sequences (Supplementary Table 1), in which in

which S4 (K,) showed the highest range of hydrophobic
moment (UH) compared to other peptides.

Rational Assessment of Protein—Peptide Complex
Formation

It is well known that the human ACE2 receptor is bound
to the loop region (residue position between 446 and 502)
of S1-RBD, as revealed from the solved 3D structure of
S1-ACE2 complex (PDB ID: 6MO0J) (Lan et al. 2020)
(Fig. 3a). In this context, the blind docking of S4 and its
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Fig.3 a PDB structure of S1—
ACE2 (PDB ID: 6MO0J); Rep-
resentative illustration of blind
docking poses for b S1-S4; ¢
S1-54 (K,); d S1-54 (K,,) and
e S1-S4 (K,K,) highlighted
with different colours such as
brown, red, orange and pink,
respectively. Additionally

the key interacting residues
represented as stick and loop
is highlighted in yellow colour
(Color figure online)

S4{kshkao)

analogues viz., S4 (K,), S4 (K,,) and S4 (K,K,) with S1
spike protein was carried out by HPEPDOCK. The blind
docking enables rapid conformational modelling, based on
a hierarchical algorithm, in which S4 and its analogue pep-
tides with S1 spike protein binding orientations are sam-
pled, globally. Further, to optimize the precise pose and
orientation of S4 and its analogues into the loop region
of S1-RBD, ZDOCK program was used to compute dock
score of all the complexes. Through site-specific docking,
ZDOCK enhances the position and orientation between
protein-peptide complexes, where the best binding solu-
tion of all complexes were classified based on statistical
potential, complementarity of shape and electrostatics.
Surprisingly, most of the binding prediction models indi-
cated that the loop region of S1 is the binding site for
S4 and its analogues, as that of ACE2 (Fig. 3b, ¢, d and
e). From this analysis, it was found that all the docked

@ Springer

complexes obtained the similar ZDOCK score marginally
in a range between 1202.35 and 1281.06 (Table 1).

In addition, to check the binding interface conservation
among ACE2 receptor, S4 and its analogues, S1 binding site
of ACE2 receptor (PDB ID: 6M0J) comprising of nearly
34 residues, present in the N terminal region was separated
(Fig. 4a, b). Further, it is compared with S4 and its analogues

Table1 Common binding interfaces among docked complexes of
S1-S4, S1-S4 (K,), S1-S4 (K, and S1-S4 (K,K,,)

S.No Complexes ZDOCK score Interface AiG (P value)
area (Az)

1 S1-S4 1231.70 882.0 0.442

2 S1-S4 (K,) 1202.35 835.5 0.543

3 S1-S4 (Ky) 1281.06 866.7 0.334

4 S1-54 (K,Ky) 1213.58 743.1 0.531
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by structure-based sequence alignment, where the significant
conservation was observed (Fig. 4c). Hence, the significant
conservation of binding interface resemblance inferred that
S4 and its analogues could likely be a competitive inhibitor
for ACE2 receptor.

Besides, the docked complex prominently indicated that
S1 and its analogues captured the similar pose and orienta-
tion on to the loop region of S1-RBD (Fig. 5).

Furthermore, the binding effects of the docked com-
plex were explored in terms of interface area, and the free
energy gain probability value (AiG (P)) other than docked
score. It is well known that, proteins or peptide interacts
with other proteins through their interfaces generally accom-
plishing their functions (May and Zacharias 2005; London
et al. 2010). Moreover, the interfaces are formed by resi-
dues whose properties determine binding specificity and
affinity (Reichen et al. 2014). In addition, the polarity of
interfaces increased with decreasing interface size (Ansari
and Helms 2005). In this context, it was observed that the
docked complex of S1-S4 (K,K,,) had lesser interface area
followed by S1-K,S4 as compared to other docked com-
plexes (Table 1). Further, AiG (P value) was computed for
all the docked complexes, where AiG measures the prob-
ability interface of docked complexes denoting P > 0.5 that
the interface is less hydrophobic and the interaction will
stay intact (Patil et al. 2010).Thermodynamically desirable
parameters are exhibited by AiG (P value), such as the pos-
sibility of achieving a lower solvation-free energy gain upon
complex formation by docking (Sowmya and Ranganathan

2015). Besides, we observed that, all the docked complexes
possess AiG in the range of 0.334 to 0.543. S1-K,S4 and
S1-S4 (K,K,,) obtained the value of P > 0.5, expressing
that the complex structures were likely to stay intact. Even-
tually, this directed us to intensively correlate the range of
interface area and the binding affinity among the docked
complex with respect to their inter-residue contacts (bind-
ing residues) by computing the inter-molecular interactions
of all docked complexes through PIC program. Of note,
this analysis would not only correlate the interface area and
binding affinity, but also provide the information on the
mode of binding inhibition of S4 and its analogues with S1.
Total number of inter-molecular interactions was concerned
where; S1-S4 (K,) complex obtained maximum number of
interaction as compared to other complexes (Table 2, Sup-
plementary Tables 2, 3 and 4). Notably, the hydrogen bonds
are significantly more in S1-S4 (K,), where many studies
reported that hydrogen bond was considered to be a major
bond to influence the binding strength of protein—protein or
protein—peptide interactions (Chen et al. 2016). Moreover,
the contribution of more number of interactions of S1-S4
(K,) was due to the significant number and the nature of its
binding amino acids (inter-residues) (Table 2).

From Table 2, it was very interesting to observe that,
about nine binding amino acids viz., L2, W3, L6, L7, V10,
Al4, A17, L18 and V21 are commonly found in S4 and
its analogues; more specifically, L11 is commonly found
in S4, S4 (K,) and S4 (K,,) Al13 in S4, S4 (K,) and S4
(K4Ky,p) and A27 in S4, S4 (K,) and S4 (K,). The presence
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Fig.5 Site specific docking of a SI-S4, b S1-S4 (K,), ¢ S1-S4 (K,)
and d S1-S4 (K ,K,;) sharing common binding cleft, where S1 is
represented in surface model and the peptides, S4, S4 (K,), S4 (K,)

S4(KaKz0)

and S4 (K,K,,) represented as cartoon highlighted with different col-
ours such as brown, red, orange and pink, respectively (Color figure

online)

Table 2 Inter-residue contacts of S1-S4, S1-S4 (K,), S1-S4 (K,,) and S1-S4 (K,K,,) compared with S1-ACE2 complex (PDB ID: 6MO0J)

Parameter S1-S4 S1-S4 (K,) S1-S4 (K, S1-S4 (K,K,) S1-ACE2
S1 S4 S1 S4 (Ky) S1 S4 (Ky) S1 S4 (K Ky0) S1 ACE2
Binding amino acids R403 L2* Y449 W3* Y449 L2%* R403 Al K417 Q24
Y449 W3 Y453 K4 Y453 W3 Y449 L2* Y449 F28
Y453 Lo* L455 Lo* L455 M4 Y453 W3* F486 D30
L455 L7* F456 L7* F456 Lo* L455 K4 N487 K31
F456 V10* Y473 V10* Y473 L7* F456 L6* Y489 D38
Y473 L11 A475 L11* A475 V10* Y473 L7* Q493 E35
A475 Al3 F486 Al13* F486 L11* A475 V10* G496 E37
F486 Al4* N487 Al4* N487 Al4* F486 A13* N498 Y41
N487 A17* Y489 K16* Y489 A17* N487 Al4* T500 Q42
Y489 L18* Q493 Al1T7* Y495 L18* Y489 A17* N501 L79
Q493 A20 S494 L18* F497 \% Q493 L18* G502 M82
Y495 V21* Y495 V2r* N498 A25 5494 K20 Y505 Y83
F497 A27 F497 A27 Y505 A27 Y495 \" % K353
Y505 Y505 F497 D355
N498
N501
Y505
Total 14 13 14 13 13 13 16 13 12 14

Amino acids are represented in single letter codes; Number indicates the positions of amino acids

*Represents the residues commonly found in S4 and its analogues
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of hydrophobic residues such as alanine, valine, and leucine
will influence a peptide’s antiviral activity, as several stud-
ies claimed that therapeutic potential of an AMP would be
great if its hydrophobicity is high (Dathe et al. 1997; Shai
and Oren 2001). Besides, residue K4 is commonly found in
both S4 (K,) and S4 (K,K,). Ultimately, the binding amino
acids viz., A20, K16, M4 and K20 are found to be unique
in each of the peptides viz., S4, S4 (K,), S4 (K,,) and S4
(K4K,() respectively. From this analysis, we could infer
that more positive charges are imposed on S4 (K,) and S4
(K4K5(), which accounted for the enhanced and intact bind-
ing affinity with S1 spike protein as compared to other pep-
tides. To explore the mode of binding inhibition of S4 (K,)
and S4 (K,K,,) analogues with S1, a comparative analysis
of inter-residue contacts and inter-molecular interactions
among S1-ACE2 complex, S1-S4 (K,) and S1-S4 (K,K,,)
was done. In which, a total of 12 binding amino acids were
observed in S1 and about 14 binding amino acids were
observed in ACE2 of S1-ACE2 complex (PDB ID:6M0J)
(Table 2).

As we already noticed that, a total of 14 binding amino
acids in S1 and a total of 13 binding amino acids in S4 (K,),
on the other hand, a total of 16 binding amino acids in S1
and a total of 13 binding amino acids in S4 (K,K,,) were
observed in S1-S4 (K,) and S1-S4 (K,K,,) complexes
respectively (Table 2). As inter-molecular interactions were
concerned, a total of 43 interactions were found in SI-ACE2
complex, 45 inter-molecular interactions in S1-S4 (K,) com-
plex and 36 inter-molecular interactions in S1-S4 (K,K,)
complex (Table 3). Hence, it was inferred that both S4 (K,)
and S4 (K,K,,) were bound with S1 in the similar region as
like ACE2, since about 7 binding amino acids of S1 are com-
monly shared with ACE2, S4 (K,) and S4 (K,K,) (Table 3).

Therefore, both S4 (K,) and S4 (K,K,,) could act com-
petitive inhibitors for S1. It is to be noted that, when a
cationic side chain is in close proximity with an aromatic
side chain, its structural geometry influences and endures
a desirable cation-zn interaction (Gallivan and Dougherty
1999). Most importantly, cation-x interaction plays a cru-
cial role in AMP activity (Mishra et al. 2018). In accord-
ance, cation-x interactions were observed in both S4 (K,)
and S4 (K,K,,) with S1 (Table 3) through the cationic

amino acid, lysine in both S4-K, and S4-K,K,, with the
aromatic amino acids, tryptophan and phenylalanine in S1
(Fig. 6). Besides, the number of binding amino acids in S1
was significantly more when bound with S4 (K,) and S4
(K,K,y) as compared to ACE2 (Table 3). Of note, S1-S4
(K,) complex established more number of inter-molecular
interactions as compared to S1-ACE2 complex and S1-S4
(K4K,() (Table 3). Hence our finding anticipated that S4
(K,) could be the best therapeutic scaffold against S1. In
order to substantiate this statement, normal mode analysis
was performed to exhibit how the structural stability of
S1 protein change to affected, by comparing S1-S4 (K,)
complex and S1-S4 (K,K,,) complex.

S4ik4)

S1{KaKz20)

Fig.6 Cation-r interactions of a S1-S4 (K,) and b S1-S4 (K,K,).
Additionally, the key interacting residues were represented as stick
and S1-RBD loop highlighted in yellow colour (Color figure online)

Table 3 Total number of

. X . S.No Types of inter-molecular interactions S1-S4  S1-S4 S1-S4 S1-S4 S1-ACE2
inter-molecular interactions of com- (K,) com-  (Kyp) (K Kayp) complex
S51-54 (K,), S1-54 (Ky) anq plex plex complex  complex
S1-S4 (K,K,,) compared with
S1-ACE2 complex (PDB ID: 1 Hydrogen bonds 15 19 10 12 38
6MO) 2 Hydrophobic interactions 21 22 22 18 4

3 Aromatic-aromatic interactions 2 2 2

4 Cation-= interactions 2 0 3 0

5 Total number 39 45 34 36 43
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Normal Mode Analysis on S1-54 (K,) and S1-54
(K,K,,) Complexes

NMA provides the information about the native conforma-
tional changes of protein in order to infer its function. Upon
the binding of ligands, the conformational transition of pro-
tein will occur and gets deviated from its native conforma-
tions. In practice, this strategy is being taken into account
for rational based drug design (Dobbins et al. 2008). In this
context, unbound and bound forms of S1 spike protein were
subjected into NMA to explore the conformational transition
between them. From NMA, the normalized square fluctua-
tions signified the sum of atomic displacements in S1 and
docked complexes, where the flexible loop region between

15
1

10
|

Normalized square fluctuation

Lo

T T
333 ELE] 433 483 326
) L. (n 27)
Residue position

Fig.7 a Super-imposition of normal modes of S1-S4 (K,) and S1-S4
(K,Ky), where the loop region of Sl is highlighted in yellow, S1—
S4 (K,) highlighted in red and S1-S4 (K,K,,) highlighted in pink.
b Normalized square fluctuation of S1 spike protein .Yellow colour

@ Springer

B, and B, strands (G446 to G502) of S1 significantly reduced
its peak in S1-S4 (K,) and S1-S4 (K,K,;) complexes as
compared to unbound S1, which clearly indicated that the
strong interactions are consistently retained by both S4 (K,)
and S4 (K,K,,) with S1 and also revealed their conforma-
tional transition over the period of harmonic motion (Fig. 7).

In a competitive inhibitory manner, it was evident that
S4 (K,) and S4 (K4K,,) bind within the loop region of
S1, thereby blocking the interaction of S1 with ACE2.
Further, the stability of docked complexes was validated
by its deformation energy. Based on the deformation ener-
gies obtained from the normal modes (Table 4), it was
observed that S1-S4 (K,) peptide complex had the higher
deformation energy profile as compared to S1-S4 (K,K,)

Normalized square fluctuation

o LA,H_FJLHA,_AJ“_A_.«LM \__J J
333 383 433

T
483 536

Residue position

Normalized square fluctuation
20

10
I

o - M P

T T 1
333 383 433 483 526

Residue position

shade in the fluctuation plot represents the loop region of S1, red and
pink colour shades represent S1-S4 (K,) and S1-S4 (K,K,), respec-
tively (Color figure online)
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Table 4 Deformation energies of S1-S4 (K,) and S1-S4 (K,K,))
complexes in NMA analysis

Mode number S1-S4 (K,) S1-84 (K,Ky)
545.21 355.12
801.51 611.57
1147.22 1025.94
10 2285.00 1540.44
11 2425.34 1932.69
12 3011.70 2548.66
13 4662.55 1888.21
14 397332 3198.85
15 6246.20 3900.56
16 6266.11 4587.84
17 5866.14 4301.92
18 8907.06 5316.27
19 9908.86 6201.49
20 8709.83 9106.00

(Fig. 8), where the higher deformation energy indicates
the rigidity of the docked complex that is hard to deform
(Hollup et al. 2005).

On the other hand, lesser deformation energy indi-
cates the less rigidity of peptide complex which easily
deform. From this study, it was found that S1-S4 (K,)
sustained its stability evidently as it acquired more energy
to deform when compared to S1-S4 (K,K,,). Further-
more, the statistical analysis determines both the peptides
to have significant difference and the probability value (P
value) less than 0.05 were considered to be statistically
significant.

10000 -
9000 =
8000
7000
6000 =
5000 B

4000 -8

Deformation energy

3000 =

2000 18

1000 =

DMD Analysis on S1-54 (K,) and S1-54 (K,K,,)
Complexes

RMSD is a typical measure of the average distance of any
two superimposed sets of coordinates between Ca backbones
(Martinez 2015). The calculated RMSD average values of
S1-S4 (K,) and S1-S4 (K,K,,) complexes ranged between
0.5 and 0.8 nm, respectively (P value < 0.0001) (Fig. 9). As
aresult, S1-S4 (K,) exhibited the intact RMSD value when
compared to S1-S4 (K,K,,), which deviate more than 0.8
A till 25 ns.

On the other hand, the mean RMSF of complexes ranged
between 0.2 and 1.32 nm. RMSF is indeed a measurement
of the distance between atom clusters relative to the well-
defined average position coordinate set (Martinez 2015). The
fluctuations of S1-S4 (K,) showed lower average RMSF
values compared to S1-S4 (K,K,,) complexes (P value <
0.0001) (Fig. 9). Radius of Gyration measures the compact-
ness and stability of peptide complexes through molecu-
lar spatial packaging of amino acid residues, an important
parameter for stability analysis. It is obvious that S1-S4
(K4) displayed excellent compactness and proved to be a
stable peptide complex compared to S1-S4 (K,K,,) (Fig. 9).

Conclusion

Modifying Dermaseptin S4 peptides with positively
charged lysine has increased cationicity and improved
antiviral properties. Spike viral protein S1-Dermasep-
tin S4 (K,) docked complex holds reduced interface area
in blind docking and further, its position and orientation
on the S1-RBD loop region was exposed through site-
specific docking. Distinctly, S1-S4 (K,) exhibited strong

B 51-S4(K)
BS1-S4(KK.)

1 2 3 4 5 6 7 8 9 10
Mode number

11

12 13 14 15 16 17 18 19 20

Fig.8 Deformation energy graph of S1-S4 (K,) and S1-S4 (K K,) complexes obtained through NMA analysis
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intermolecular interactions; its NMA studies demonstrated
the additional perspective essential to explain the strong
interfaces in the functional movements of protein-peptide
complexes with functionally significant dynamics. Mark-
edly, the S1-S4 (K,) complex was indeed more stable, as it
acquires more energy to deform. Further, the MD simula-
tion revealed that the S1-S4 (K,) complex is structurally
stable and retains all its interactions. Hence, we antici-
pate that S4 (K,) might be used as a potential therapeutic
peptide scaffold and also, routed towards the designing
of peptidomimetics in the treatment of COVID-19 viral
infection.
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