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ABSTRACT

The current pandemic SARS-CoV-2 has wreaked havoc in the world, and neither drugs nor vaccine is
available for the treatment of this disease. Thus, there is an immediate need for novel therapeutics
that can combat this deadly infection. In this study, we report the therapeutic assessment of azurin
and its peptides: p18 and p28 against the viral structural S-protein and non-structural 3CLP™ and PLP™
proteins. Among the analyzed complexes, azurin docked relatively well with the S2 domain of S-pro-
tein compared to the other viral proteins. The derived peptide p18 bound to the active site domain of
the PLP™ protein; however, in other complexes, lesser interactions were recorded. The second azurin
derived peptide p28, fared the best among the docked proteins. p28 interacted with all the three viral
proteins and the host ACE-2 receptor by forming several electrostatic and hydrogen bonds with the
S-protein, 3CLP™, and PLP™. MD simulations indicated that p28 exhibited a strong affinity to S-protein
and ACE-2 receptor, indicating a possibility of p28 as a protein-protein interaction inhibitor. Our data
suggest that the p28 has potential as an anti-SARS-CoV-2 agent and can be further exploited to estab-

ARTICLE HISTORY
Received 2 June 2020
Accepted 22 June 2020

KEYWORDS
SARS-CoV-2; azurin; p28;
coronavirus; molecular
dynamic simulation

lish its validity in the treatment of current and future SARS-CoV crisis.

1. Introduction

Coronavirus (CoV) or Severe Acute Respiratory Syndrome cor-
onavirus (SARS-CoV) has shaken the world since the begin-
ning of the 21°" century. The first instance of SARS-CoV
spread occurred in 2003 that unleashed a lethality rate of
10% (Cheng et al, 2007; Lee et al, 2003). The second
instance, Middle East Respiratory Syndrome Coronavirus
(MERS-CoV) outbreak, happened in 2012, which had a lethal-
ity rate of 35% (de Groot et al. 2013; Zaki et al., 2012). Both
the viruses had zoonotic origin in bats/civets and dromeda-
ries (Lau et al, 2005; Reusken et al. 2013). As of today, no
approved drug or vaccine is available for human use against
any SARS-CoV. Hence, these viruses pose a severe threat that
requires immediate attention. Towards the end of 2019, a
new coronavirus was identified and named as “2019-nCoV”
by the World Health Organization (WHO) on January 12,
2020. On February 11, 2020, the International Virus
Classification Commission (ICTV) classified the 2019-nCoV as
Severe Acute Respiratory Syndrome Coronavirus 2 because
of its high homology to the SARS-CoV. WHO, in the mean-
time, christened the disease caused by SARS-CoV-2 as
COVID-19 (Chen, Liu, et al, 2020; Zhu et al, 2020). The
COVID-19 infected person exhibits several symptoms like
fever (88% of total infected), cough (68% of total infected),

fatigue (38% of total infected), diarrhea (4% of total infected),
vomiting (5% of total infected), and dyspnea (Chen, Zhou,
et al., 2020). More severe cases lead to pneumonia, severe
acute respiratory syndrome, failure of kidney, and in the
worst case, death. There are several drugs and vaccines
under various phases of pre-clinical and clinical trials; how-
ever, their complete testing and validation will take time.
The current critical situation may prevail until any effective
drug or vaccine is commercialized (Enayatkhani et al., 2020;
Huang et al, 2020). Using established immune-informatics
approaches (Kalita et al., 2019; 2020), few epitope-based vac-
cines have also been developed and found to be successful
in eliciting an immune response (Kalita et al., 2020).

CoVs are a large family of enveloped viruses that consist
of positive-sense single-stranded RNA and measures a diam-
eter of 80-120 nm. The viruses belong to the Coronaviridae
family of the order Nidovirales and are divided into four gen-
era: o, B, v, and & (Al-Khafaji et al., 2020). SARS-CoV-2
belongs to the B-genus, and its genome is ~30kb in length.
The viral genome encodes 16 non-structural and 4 structural
proteins among the 29 proteins. The four structural proteins
are spike protein (S), envelope protein (E), membrane protein
(M), and nucleocapsid protein (N) (Bosch et al, 2003)
(Boopathi et al.,, 2020). Among these proteins, the S-protein,
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which is conserved in all SARS-CoV-2, is responsible for virion
attachment to host angiotensin-converting enzyme-2 recep-
tor (ACE-2 receptor) (Hoffmann et al, 2020). SARS-CoV-2
binds to the ACE-2 receptor with ~10-12-fold higher affinity
than SARS-CoV. Though the interactions have been studied
in detail, the relation between ACE-2/SARS-CoV-2 binding
and the risk of transmission and pathological mechanism of
organ damage remains elusive (Kumar et al. 2020). Recent
data suggest that SARS-CoV-2 can establish a higher rate of
infectivity when it acquires combinatorial mutations at the
interfacial residues in the receptor-binding domain (RBD) of
S-protein (Padhi et al. 2020)

There are two strategies available to combat this virus.
The first one is to prevent the virus by targeting the viral
proteins and thereby inhibiting the translation and replica-
tion of the virus. The second strategy is to target the human
ACE-2 receptor or to build the immune system of the human
host. In the first strategy, researches are focused on three
approaches (Zumla et al, 2016). The first and foremost
approach is the screening of existing broad-spectrum anti-
viral compounds against the viral proteins (Chan et al,, 2013).
The second method is to screen for new drug compounds
from existing databases, and the latter third approach is to
design and develop new therapeutic compounds from
scratch (Abdelli et al., 2020; de Wilde et al., 2014; Dyall et al.
2014; Omrani et al., 2014). There have been several attempts
to design and develop new drugs against the virus (Elfiky &
Azzam, 2020; Gupta et al, 2020; Gyebi et al., 2020; Khan
et al, 2020; 2020; Muralidharan et al., 2020; Sarma et al,
2020). Repurposing of several antiviral drugs and peptides
are also being conducted (Das et al., 2020; EImezayen et al.,
2020; Islam et al.,, 2020; Pant et al., 2020; Sinha et al., 2020).
The last approach, though potentially useful, is a cumber-
some procedure with a timeline of around 10years (Lobo-
Galo et al,, 2020). The current study is based on the second
approach, wherein we explored the antiviral potential of the
bacterial protein azurin and its derivative peptides.

The protein Azurin (14kDa) secreted by the bacterium
Pseudomonas aeruginosa, is a widely known copper-contain-
ing redox protein. It has a structural similarity with variable
domains of immunoglobulins, thereby demonstrating its sin-
gle antibody-like structure as represented by ribbon drawing
of 8 antiparallel strands giving rise to a B-sandwich core, an
immunoglobulin fold. The antagonistic activity of full azurin
has been established in vitro and in vivo, against cancer
(Chakrabarty, 2016), toxoplasmosis (Naguleswaran et al.,
2008), malaria (Chaudhari et al., 2006), and most importantly,
the protein significantly suppressed the growth of human
immunodeficiency virus-1 in peripheral mononuclear blood
cells (Chaudhari et al., 2006). Its multivalent therapeutic activ-
ity was found to be associated, at least in part, with a 28
amino acid o-helix (p28; L50-D77). Moreover, p18 (an
internal p28 fragment; L50-G67) appears to be the minimal
motif (protein transduction domain; PTD) responsible for
azurin’s preferential entry into human cancer cells (Taylor
et al., 2009). p28 has completed two phase | clinical trials in
cancer patients in the US with no signs of toxicity and with

significant tumor regressing effects for some of the patients
(Habault & Poyet, 2019).

The current study is directed towards analyzing if azurin
and its derived peptides can bind to SARS-CoV-2 proteins
computationally. The structure of target proteins 3CLP™,
PLPP™, and spike proteins were retrieved and preprocessed
for docking studies. The azurin structure was obtained from
the PDB database, and the structure of derived proteins was
manually designed. The azurin and the derived peptides
p18/p28 were docked against the target proteins of SARS-
COV-2, and the results were analyzed for binding affinity.
The azurin and its derived peptides were also docked against
the ACE-2 receptor to understand if they can inhibit the S-
protein/ACE-2 interaction. From the results, we propose that
azurin and its derived peptides have high potential as anti-
SARS-CoV-2 inhibitors. A representative structure of the
azurin and its peptides docked to structural, non-structural,
and ACE-2 receptor is shown in Figure 1.

2. Materials and methods
2.1. Target protein structure preparation

For analysis of structure and docking purpose, the structure of
viral proteins of SARS-CoV-2 was retrieved from the RCSB pro-
tein structure database. The target proteins chosen for this
study were two non-structural proteins of the virus: 3 C-like
protease (3CLP™), papain-like protease (PLP™), and a structural
protein: spike protein (S). The choice of proteins was based on
previous studies and their role in attachment and replication
(Wu et al., 2020). The structure of 3CLP™ (PDB id: 6M03), PLP™
(PDB id: 6W9C), and S-protein (PDB id: 6VYB) were obtained
from the RCSB database, and the structures were processed
using UCSF Chimera (Pettersen et al., 2004). Processing of the
structures involved the removal of water and other heteroa-
toms from the structures, and clashes in the structure were
also refined if any. For docking studies using the ACE-2 recep-
tor, the structure of ACE-2 from Homo sapiens (PDB id: 1R42)
was obtained and processed, as mentioned before.

2.2. Azurin, p18, and p28 structure preparation

The crystal structure of tetramer protein azurin was retrieved
from the RCSB database with PDB id: 1E5Z. The structure
was processed, as mentioned previously, using UCSF
Chimera. For the preparation of p18 peptide, the region
between L50 and G67 of Chain A of 1E5Z was extracted, and
the rest of the amino acids were removed. In the case of
p28, the peptide fragment between L50 and D77 was taken
while the rest of the residues were cleaved off from the
structure. The obtained peptide p18 and p28 were processed
and analyzed for further docking studies.

2.3. Docking studies using ClusPro and FRODOCK

Once the structures were preprocessed and made ready,
azurin and its peptide fragments were docked against the
3CLP™, PLP™, S-protein, and ACE-2 proteins. For protein-
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Figure 1. Representation and workflow of protein molecules involved: The azurin and its peptides p18 and p28 were docked to structural S-protein, and two
non-structural proteins (3CL"™ and PLP™) and finally to the human host ACE-2 receptor. The 3 D surface representation of the spike protein, 3CL?™®, PLP™, and ACE-
2 can be observed on the right, while the secondary structure representation of azurin and its peptides are provided on the left.

protein docking purposes, two separate servers were
employed. ClusPro server 2.0 is a protein-protein docking
server that is based on three computational steps, the first
involving the rigid-body docking by sampling billions of con-
formations, the second, root mean square deviation (RMSD)
of 1000 lowest energy structures and the final, refining the
selected structures by subjecting it to energy minimization
(Kozakov et al., 2017; Vajda et al,, 2017). In the current study,
the docking parameters were maintained as default. The
other server for docking was FRODOCK 2.0, which is yet
another rigid body based docking algorithm. The server is
based on the 3-D grid-based potentials along with the know-
ledge-based potential and properties of spherical harmonics
(SH). This drastically helps in improving the success rates of
docking significantly (Garzon et al, 2009; Ramirez-Aportela
et al, 2016). The parameters in FRODOCK 2.0 were also set
as default for all the docking runs. The first ten models with
the lowest energy were selected and visualized using UCSF
Chimera (Pettersen et al., 2004) and Discovery Studio R2. All
amino acid residue interaction networks were plotted using
Cytoscape 3.8 (Shannon et al., 2003).

2.4. Molecular dynamics simulations

MD simulations were performed for the p28 complexed with
3CLP™, PLP™, S-protein, and ACE-2 proteins for the timescale
of 60 nanoseconds (ns) using the GROMACS molecular
dynamics package (Selvaraj et al. 2014; Van Der Spoel et al,,
2005). The docked complex of 3CLP™, PLP™, S-protein, and
ACE-2 proteins were prepared in a base of the protein-pep-
tide complex. For that, the whole complex was prepared
using the OPLS (Optimized Potential for Liquid Simulations)
force field, with TIP3P (Transferable Intermolecular Potential
with 3 points) water model fixed inside the cubic periodic
boundary box, and the distance between the complex

structure towards the cubic box was fixed as 1nm (Nava,
2018; Selvaraj et al. 2014; 2018). These periodic boundary
conditions cutoffs for Lennard-Jones and Coulomb interac-
tions set at 1nm (Qi et al., 2018). Reference temperature for
the complex was provided as default 300K for the thermo-
stat coupling, and Parrinello-Rahman pressure coupling
enabled with 1.0 bar reference pressure (Duncan et al.,, 2016;
Sasidharan & Saudagar, 2019). For neutralizing the complex
systems, the Na*/Cl” ions were added within the system, and
the whole complex minimization was performed for remov-
ing the initial steric clashes using the steepest descent algo-
rithm via a tolerance of 10kJ/mol/nm for 1000 steps
(Chinnasamy et al.,, 2020; Shafique & Rashid, 2019). NVT and
NPT ensembles are performed with the minimized systems
for 1ns at 300K and 1bar pressure (Chinnasamy et al., 2019;
Sasidharan & Saudagar, 2020). The minimized complex sys-
tems were processed for MD simulation step for the time-
scale of 60ns, to determine the stability of the complex
systems and the binding energy (AGpinding Egas +
Gso—TAS) of the complex systems were determined by MM/
PBSA calculations for every 20 ns of MD simulations trajecto-
ries (Kumari et al., 2014; Shukla et al., 2020).

3. Results
3.1. Analysis of non-structural proteins 3CL""® and PLP"™

3.1.1. P28 binds to the Il and Ill domain of 3CLP™ with
high affinity
3CLP™, also referred to as Nsp5, is the first protein to be
cleaved and matured in the virus. The protein is essential for
the life-cycle of the virus, wherein it assists the maturation of
Nsps (H. Yang et al, 2005). 3CLP™ has three domains: |
(8-101 amino acids), Il (102-184 amino acids), and Il
(201-303 amino acids). The domains Il and Ill are connected
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Figure 2. Docking of azurin and its peptides to 3CLP™: Azurin and its peptides p18 and p28 docked to the same binding pocket in the 3CLP™ domain IIl. 3CLP™

is represented in orange while the surface of the binding site is in cyan.

by a long loop (185-200 amino acids). The active site in the
cavity lies between the domains | and Il, which includes
C145 and H41 (CysHis catalytic dyad) (H. Yang et al., 2003). A
graphical representation of azurin, p18, and p28 sharing the
domain Il binding site is provided in Figure 2. The docking
of 3CLP™ to azurin using the ClusPro server gave a cluster of
113 members with the lowest energy of —642.4 weighted
score. The analysis of the docked protein-protein structure
was carried out, and we found the formation of salt bridges,
conventional hydrogen bonds, alkyl, pi-sigma, pi sulfur, and
pi-alkyl bonds between 3CLP™ and azurin. The formation of
hydrogen bonds (3CLP™-azurin) were between K101-S89
(2.8A), T304-D69 (2.6 A), D248-Q14 (1.8A), D153-N42 (2.2 A)
and T304-D69 (2.4 A). The pi-sigma and pi-sulfur bonds were
between F294-V43 (3.4 A) and F294-M44 (5.6 A), respectively.
Other interactions between 3CLP"and azurin from ClusPro is
given in Figure 3(A). From the FRODOCK server, hydrogen
bonds between D153-K41 (3.2 A) and 1249-G116 (3.3 A) were
detected and adding to that salt bridges, alkyl, and pi-alkyl
bonds were also present. These interactions detected by
FRODOCK are represented in Figure 3(A).

The ClusPro docking analysis between 3CLP™ and p18
(3CLP™-p18) gave hydrogen bonds only between R298-A53
(3.2A), Q110-Q57 (2.8A) and D245-G67 (2.7A). The dock
had 251 members in the cluster with the lowest energy
weighted score value as —699.7. There were alkyl and pi-
alkyl interactions between the two proteins, and the interact-
ing residues are represented in Figure 3(B). From the
FRODOCK server, only one hydrogen bond between
$301-G63 (3.2A) and alkyl as well as pi-alkyl bond interac-
tions were observed. The alkyl and pi-alkyl interacting resi-
dues are given in Figure 3(B). Varying from azurin and p18,
p28 had a high binding affinity to 3CLP"® protein wherein a
cluster of 106 members was present with the lowest energy
being a weighted score of —714.8. The p18 formed several

pro

hydrogen bonds like S$158-D55 (2.7A), Q256-D71 (2.6A),
R298-S51 (2.8A), S301-D71 (24A), T304-D76 (2.4A),
D295-L50 (1.9A), D295-S51 (2.1A), F294-S51 (1.8A),
N151-A53 (2.9 A) and 1152-T52 (3.3 A). Along with the hydro-
gen bond formation between residues, there were other
interactions like electrostatic, pi-sigma, alkyl, and pi-alkyl,
which are tabulated in Figure 3(C). According to the
FRODOCK server, L50 and K102 of p28 interacted with D248
and D69 of 3CL°™ by hydrogen bond and, electrostatic as
well as alkyl interactions were also observed (Figure 3(Q)).

3.1.2. P28 interaction with PLP™ is well stabilized by elec-
trostatic, alkyl, and hydrogen bonds

PLP™ is an essential enzyme in the virus that cleaves replic-
ase N-terminus. This, in turn, releases Nsp1, Nsp2, and Nsp3,
which are responsible for virus replication and also inhibit
the host’s innate immunity (Chen et al., 2014; Harcourt et al.,
2004; Li et al., 2016). Figure 4 shows the binding of azurin to
the UBL (ubiquitin-like domain), p18 to the active site cavity,
and p28 to the finger domain. ClusPro docking of PLP™ with
azurin resulted in a cluster of 103 members with the lowest
energy of —526.4 weighted score. Analyzing the structure,
hydrogen bond interactions (PLP°-Azurin) were observed
betweenY137-Q12 (2.7A), Y137-Q14 (2.5A), and 114-Y72
(1.8A). There were several alkyl hydrophobic interactions
between L16, P130, A141, R138 of PLP®and L68, L39, L120,
A119 of PLP™, respectively. Pi-alkyl interactions were also
formed, as shown in Figure 5(A). From FRODOCK server,
hydrogen bond interactions between Y171-Q107 (2.3 A),
M208-T61 (2.3A), C224-Y72 (3.1A), Y171-Q107 (2.8A),
R225-N42 (3.5A), Y171-T52 (3.2A) and Q195-G116 (2.7A)
were visualized. Aside from hydrogen bond interactions, elec-
trostatic interactions, alkyl, and pi alkyl interactions were also
present between the proteins (Figure 5(A)).
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Figure 3. Residue interaction network between 3CLP™ and azurin/p18/p28: Among the interactions analyzed, p28 bound more to the 3CLP™ by several diverse
bond formations. (A) Residue interactions between 3CLP™and azurin. (B) Residue interactions between 3CLP™ and p18. (C) Residue interactions between 3CLP™
and p28. 3CLP" is represented in brown square boxes, and docked molecules are shown in yellow circles. Interactions are colored based on their type: Alkyl (blue);
Electrostatic (red); Hydrogen bond (black); pi-alkyl (green); pi-sigma (orange); pi-sulfur(magenta); salt bridges (cyan).

When p18 was docked to PLP™ using ClusPro server,
A288, D286, and G287 of PLP™ formed hydrogen bonds with
S51, S51, and L50, at a distance of 3.0A, 1.6A and 3.2A,
respectively. The cluster size was of 291 members with
—607.3 as the lowest energy weighted score. V59 of p18
formed extensive pi-sigma interaction with W106 and H272.
There were electrostatic, alkyl as well as pi alkyl bonds
betweenK105, D286, C111, A114, C270, L289 and H272 of
PLP™ and the first 10 amino acid residues of p18 (Figure
5(B)). The FRODOCK server results suggested a different bind-
ing site where the N13, K53, R138, and D12 bonded to S51
(3.3A), Q57 (3.2A), L50 (2.6A) and L50(2.3A), respectively.

The interaction of p18 was restricted entirely to the N-ter-
minus and also interacted by pi-sulfur, alkyl, and pi-alkyl
interactions, as presented in Figure 5(B). With a cluster size
of 169 members, p28 docked PLP™ with the lowest energy
of —700.3 weighted score. Interestingly, as observed in
3CLP™, p28 interacted effectively with PL°™ and the interac-
tions were stabilized by a balance of hydrogen bonds and
alkyl bonds. Hydrogen bond interactions included Y171-D76
(3.1A), K232-D71 (2.6 A), N267-A53 (2.0A), Q195-Y72 (2.6 A)
and N267-T52 (3.1 A). In addition to it, a salt bridge between
K232-D71(3.4A) and pi-sigma interaction between 1222-Y72
(3.4 A) was also observed to be formed, as shown in Figure
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180°

Figure 4. Docking of azurin and its peptides to PLP":

Azurin and its peptides p18 and p28 had different binding pockets in PL

pro,

" as observed in the figure. PLP™

is represented in orange while the surface of the binding site is in cyan. Azurin (red) bound to the UBL domain of PLP™ while p18 (blue) targeted the active site
cavity. p28, on the other hand, can be seen binding to the finger domain of PLP"> which houses the catalytic zinc ion.

5(C). The FRODOCK server results supported the ClusPro find-
ings, and pi-sigma interaction between H73-M64; also, pi-pi
stacked interactions between F69-Y72 were detected.
Furthermore, alkyl and pi-alkyl bonds were also reported in
the FRODOCK results (Figure 5(C)).

3.2. Azurin and p28 preferentially binds to the large
spike protein

Spike protein is a vital structural protein that helps the virus
gain entry into the host by receptor binding (Hasan et al.,
2020). In this virus, the receptor of interest is the ACE-2
receptor present in humans. For viral invasion and tissue of
binding determination, S protein gets cleaved into S1 and S2
by host cell proteases. S1 is responsible for binding to host
cell surface receptors while S2 mediates virus-cell and cell-
cell fusion of membranes (Xia et al, 2014). The receptor-
binding domain of the spike protein lies between the
331-524 region of the S-protein (Tai et al., 2020). Azurin was
docked against S-protein in ClusPro, and multiple intermo-
lecular hydrogen bonds were confirmed: R1107-L120 (3.1 A),
N1108-Q14 (2.7A), S1123-Q57 (2.9A), Y1047-N10 (2.6 A),
1909-Q14 (23A), Y707-N42 (22A), Y707-v43 (2.7A),
$1123-Q57 (1.8A), R1091-K122 (1.7A), R1107-Q12 (2.6 A),
and P1079-G116 (3.3A). The lowest energy recoded was
—751.5 weighted score, and the cluster size was 126 mem-
bers. The azurin bound to the S2 domain of the S-protein is
presented in Figure 6. The S-protein also interacted with
azurin by pi-sigma, alkyl, and pi-alkyl bonds Figure 7(A).
FRODOCK docking analysis corroborated the ClusPro server
results and further characterized the presence of Y707-P115
(3.15A), R1039-D6 (2.9A), R1107-L120 (2.9A), R1107-F15

(3.7A), V1129-Q57 (3.2A) and G1093-K122 (3.1A) hydrogen
bonds. Furthermore, alkyl and pi-alkyl bonds between S-pro-
tein and azurin were also established, as plotted in
Figure 7(A).

With a cluster size of 200 members and the lowest energy
of —733.5 weighted score, p18 docked to S-protein set up
hydrogen bonds inter-molecularly between R319-566 (2.3 A),
T549-G67 (2.6A), R567-T52 (2.7A), T573-L50 (2.8A) and
L517-A53 (1.8 A). Additionally, from the ClusPro server ana-
lysis, R567-D55 salt bridge, R567-D55 electrostatic,
F565-L50 pi-alkyl bonds, and alkyl bonds were also present
in Figure 7(B). FRODOCK server results expounded the mani-
festation of hydrogen bonds between S-proteins Y707,
N1108, G910, Y1047, and p18's A54, M64, G67, and A65,
respectively. Only alkyl bond formation was detected apart
from the hydrogen bonds in the results of FRODOCK (Figure
7(B)). The peptide fragment p28 docked to S-protein gave a
cluster of 184 members, and the lowest energy in the cluster
was of —809.7 weighted score. Similar to the binding in
3CLP™ and PLP™, p28 bound with high affinity to S-protein
too. But fascinatingly, unlike azurin and p18, p28 bound to
the N-terminal region of the S-protein with intermolecular
hydrogen bond between R214, A67, D138, D138, Y28, P82,
R214 of S-protein and L68 (2.17A), L50 (1.9A), A53 (2.4A),
A54 (1.8A), Y72 (1.9A), A53 (3.7A), D71 (2.6A) of p28,
respectively. p28 also formed electrostatic, pi-sigma, pi-sulfur,
alkyl, and pi-alkyl bonds with S-protein (Figure 7(C)).
G412-D69 (3.25A), Q134-Y72 (2.6A), and F135-Y72 (3.5A)
hydrogen bonds were determined in the FRODOCK server
analysis. The R102-D71 salt bridge, along with alkyl and pi-
alkyl interactions, were also detected towards the N-terminal
of S-protein. The binding pattern was similar to the ClusPro
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Figure 5. Residue interaction network between PLP™ and azurin/p18/p28: The residue network explains the good binding propensity of azurin as well as p18

and p28 to PLP™. (A) Residue interactions between PLP™ and azurin. (B) Residue interactions between PL

P and p18. (C) Residue interactions between PLP™ and

p28. PLP™ is represented in brown square boxes, and docked molecules are shown in yellow circles. Interactions are colored based on their type: Alkyl (blue);
Electrostatic (red); Hydrogen bond (black); pi-alkyl (green); pi-sigma (orange); pi-sulfur(magenta); pi-pi (yellow); salt bridges (cyan).

results and, therefore, substantiated the binding affinity of
p28 to S-protein (Figure 7(C)). The p18 and p28 bound to
the ST N-terminal and S1 C-terminal, respectively, can be
observed in Figure 6.

3.3. P28 is capable of binding to the ACE-2 N-terminal-
peptidase domain by alkyl interactions

The current research shows that ACE-2 is the receptor that
helps the entry of SARS-CoV-2 into the host, and this was
consistent with the SARS-CoV receptor identified. The recep-
tor-binding domain of SARS-CoV and SARS-CoV-2 are similar

with respect to the receptor-binding domain. With this rea-
son as the basis, ACE-2 can also be a target in the host,
thereby preventing the entry of the virus into host cells.
ACE-2 has an N-terminal peptidase domain that binds to the
RBD of the spike, a C-terminal collectrin-like domain followed
by a single transmembrane helix and a 40 residue intracellu-
lar segment at the end. The ClusPro analysis of ACE-2 docked
with azurin gave a cluster of 130 members, and the lowest
energy recorded was —605.3 weighted score. The inter-
molecular hydrogen bonds were between R559 and Q552 of
ACE-2 and M64 (2.8A), S66(3.1A), N42 (2.6 A), Y72 (3.7A) of
azurin respectively. The azurin docked to the ACE-2 receptor
complex is represented in Figure 8. The docking results,
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Figure 6. Docking of azurin and its peptides to S-protein: S-protein is represented in orange while the surface of the binding site is in cyan. Azurin (red) bound
to the S2 domain of the spike protein, which is responsible for the fusion of the virus to the target. p18 and p28 targeted the S1 (N-terminal) and S1 (C-terminal)
of the spike protein, and this ST domain contains the RBD for ACE-2 receptor binding.

other than the hydrogen bonds, displayed electrostatic, pi-pi
stacking, alkyl, and pi-alkyl interactions (Figure 9(A)).
FRODOCK server results defined the hydrogen bonds
between K353, A387, L320, Q552, G319 and P321 of ACE-2
and N38 (3.2A), Q12 (3.3A), Y72 (29A), G116 (3.3A), M64
(3.7A) and Y72 (2.8A) of azurin protein, respectively. Only
alkyl and pi-alkyl bonds were determined, as shown in
Figure 9(A).p18 docking to ACE-2 using ClusPro gave a clus-
ter member size of 188 and lowest energy weighted score as
—708.1. There was only one hydrogen bond between R273
and R52 at a distance of 3.7A. Most of the interactions
between the proteins were mostly pi-alkyl, and the interac-
tions are recorded in Figure 9(B). FRODOCK analysis also
gave only one intermolecular hydrogen bond between A348
and S66 (3.3A of p18) and one pi-sulfur interaction between
M56 and F504. Apart from these, most of the interactions
seen were pi-alkyl and alkyl (Figure 9(B)). The third peptide
p28, when docked to ACE-2, exhibited a cluster of 241 mem-
bers and —887.6 lowest energy weighted score. The stabiliza-
tion of the protein-protein complex was by hydrogen bonds,
pi-sigma, and pi-alkyl interactions mostly. In this complex,
hydrogen bonds were between N51-M64 (3.2 A), D350-Q57
(2.8A), N394-s51 (1.8A), N508-D76 (2.5A) and P346-Y72
(3.0A). Salt bridge formation was observed between R273
and D71, while pi-sulfur interactions were between W349 of
ACE-2 and M64 of p28. From the docking of p28, the peptide
bound to residues of the N-terminal by alkyl interactions,
and this domain was responsible for the peptidase activity
(Figure 8). FRODOCK server analysis gave strong support to
the ClusPro results of p28-ACE-2, wherein hydrogen bonds
between W69-A53 (3.0 A), N508-K74 (3.3 A), V343-D71 (3.1 A)

and W349-1L50 (3.7 A) (Figure 9(C)). As observed in ClusPro,
p28 bound to the N-terminal by alkyl interactions peptidase
domain, which facilitated the binding of the RBD region of
the spike protein.

4, Molecular dynamics simulations

Based on the docking and interaction patterns, we hypothe-
size that the p28 could be a strong and potent inhibitor
against the SARS-CoV-2 proteins. To justify our findings, we
simulated the p28 peptide, complexed with the 3CLP™, PLP™,
S-protein, and ACE-2 proteins, for 60 ns of timescale. The pur-
pose of the simulations was to understand the binding sta-
bility of the protein-peptide complex and to understand the
energy values in the dynamics. With reference to the original
docked pose of the complex, the deviations of each snap-
shot from the trajectories were marked throughout the MD
simulations and plotted in Figure 10. The p28 peptide - ACE-
2 complex represented in black color, showed limited devia-
tions till 18" ns of simulations and attained the equilibrium
by exhibiting stable conformations. The level of the RMSD
snapshots for p28 peptide - ACE-2 complex was present in
between the ~0.25nm to ~0.3nm. Compared to the devia-
tions of ACE-2 peptide complex, 3CLP™ and PLP™ had higher
deviations, which indicated that the p28 bound inside the
3CLP™ and PLP™ was active in conformational changes. But
the overall simulation confirmed the stable conformations by
positioning the RMSD values between ~0.25nm to ~0.33 nm
for 3CLP™, and ~0.25 nm to 0.37 nm for PLP™. Strong binding
between the p28 complexes with spike protein was noticed
in the MD simulations, that allocated the RMSD positions
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Figure 7. Residue interaction network between S-protein and azurin/p18/p28: As observed, azurin interacted better to the S2 domain of the spike protein,
whereas the interaction between the S1 domain and the p18/p28 peptide were lesser. p28 interactions, even though relatively less, contained strong electrostatic
and hydrogen bond formation. (A) Residue interactions between S-protein and azurin. (B) Residue interactions between S-protein and p18. (C) Residue interactions
between S-protein and p28. S-protein is represented in brown square boxes, and docked molecules are shown in yellow circles. Interactions are colored based on
their type: Alkyl (blue); Electrostatic (red); Hydrogen bond (black); pi-alkyl (green); pi-sigma (orange); pi-sulfur(magenta); salt bridges (cyan).

between ~0.18 nm to ~0.31 nm in the event of 60ns of the
timescale. Here, the p28 peptide adapts well inside the spike
binding pocket, followed by conformational changes, which
can be observed in the deviation peak near the 19t ns, and
from there, the conformational stability occurs within the
binding pocket and is stable throughout the MD simulations.
In the human host, the ACE-2 and spike protein interact with
each other to facilitate the entry of the virus, and this inter-
action of p28 peptide with ACE-2 and S-protein gives a pos-
sibility of p28 being a protein-protein interaction inhibitor.
To understand the protein-peptide interactions and its
energy levels in the 60ns of MD simulations, statistical

analysis along with prime MM/PBSA calculations of each
20ns interval was calculated.

From the 60ns of MD simulations, each 20 ns of intervals
RMSD values were separated and analyzed for the determin-
ation of p28 binding behavior with 3CLP™, PLP™, S-protein,
and ACE-2 proteins. For the ACE-2 protein, the whole RMSD
plot shows stable positioning and the same seen in the stat-
istical values. The average and mean values that lay between
0.27 to 0.29 showed similar pose binding of p28 with ACE-2
in 0-20" ns, 20™-40™ ns, and 40™-60™ ns. But for 3CLP™,
PLP™, S-protein complexes with p28, the deviation interval
seems to be higher, as shown in Table 1. This may be due to
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180°

Figure 8. Docking of azurin and its peptides to ACE-2: ACE-2 is represented in orange while the surface of the binding site is in cyan. Azurin (red) was observed
to bind to the collectrin domain of the ACE-2 receptor, while p18 and p28 can be seen binding to the active peptidase domain of the ACE-2 receptor.

the possibility of p28 binding in multiple conformations with
3CLP™, PLP™, and S-protein and also supports active binding
of p28. Overall statistical values of mean, median, and mode
also lay in a similar way, which proves that the p28 binding
could be approximately symmetrical. The values of the
standard deviations are equal to the value of zero, which
indicates the identical data seen in p28 interactions with the
3CLP™, PLP™, S-protein, and ACE-2 proteins. Along with the
statistical analysis of 20ns intervals, these same intervals
were subjected to binding energy calculations with MM/
PBSA analysis. For ACE-2 bound with p28, the highest bind-
ing energy was valued between —125.609 to —138.512kJ/
mol, which is lower than the other three protein complexes.
For 3CLP™, the binding energy was calculated to be between
—183.970 to —192.354 kJ/mol. PLP™ with p28 complex had a
binding energy value between the —160.023 to —181.338 kJ/
mol. In comparison with ACE-2, 3CLP™ and PLP™, the S-pro-
tein complex to p28 exhibited strong binding energy with
the values lies between the —206.898 to —238.222 KJ/mol.
Overall, the energy profiles conclude that p28 bound moder-
ately with ACE-2, and strongly with the S-protein. It can also
be assumed that p28 might have a potential role as a pro-
tein-protein interaction inhibitor.

5. Discussion

The current SARS-CoV-2 pandemic has made the scientific
world realize the shortage of options available to treat such
neglected diseases. Even though the outbreak of SARS and
MERS-CoV had claimed numerous lives, currently, there is no
treatment or prevention protocol available against this group
of viruses. Considering the need for a treatment, we con-
ceived this study to assess the potential of azurin as an anti-
SARS-CoV-2 agent. There have been previous attempts to

develop inhibitors against the 3CLP™®, PLP™, spike protein,
and other viral protein but most of them were small size
molecules (Aanouz et al., 2020; Elfiky 2020a; 2020b; Joshi
et al, 2020; Umesh et al., 2020). Before testing for in vitro
and in vivo, it is necessary to establish the affinity of azurin
and its peptides: p18 and p28 towards the key viral proteins.
The study concentrated on targeting the viral non-structural
proteins: 3CLP™ and PLP™ and the structural S-protein.
Curious to determine if there is an affinity towards the ACE-2
receptor, we also analyzed the interaction between ACE-2
and azurin along with its peptide.

Azurin, produced by the pathogenic bacterium
Pseudomonas aeruginosa, is a well-characterized member of
the cupredoxin family. Several studies have shown that bac-
terial cupredoxins, particularly azurin, can serve as a source
for the development of emerging therapeutic drugs to treat
cancer as well as against various infectious agents, such as
viruses (HIV) and parasites (Plasmodium falciparum and
Toxoplasma gondii) (Chaudhari et al., 2006; Naguleswaran
et al,, 2008). Therefore, considering the therapeutic history of
the protein, we docked it against the SARS-CoV-2 proteins to
identify its affinity and study the interactions in detail.
Azurin, when docked against 3CLP™ bound to the C terminal
domain Il of 3CLP™. Interestingly, this region of the main
protease has been reported to be responsible for functional
dimerization (Shi et al., 2004; Zhong et al., 2008). Azurin
bound with good affinity to domain lll of the main protease
forming several favorable hydrogen bonds and salt bridges.
In PLP™, the catalytic triad was identified as C112-H273-5287
and the azurin bound to the ubiquitin-like domain (UBL) of
the protease. The UBL is responsible in deubiquitination and
delSGylation modifications in the virus and removal of N-ter-
minal UBL led to a 6-fold loss in recognition of ISG-15
(Interferon-stimulated gene) (Baez-Santos et al., 2015; Lindner
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Figure 9. Residue interaction network between ACE-2 and azurin/p18/p28: Azurin and p18 interacted relatively lesser when compared with p28 interaction.
p28, as seen in figure 8, binds to the peptidase domain of the ACE-2 receptor. (A) Residue interactions between ACE-2and azurin. (B) Residue interactions between
ACE-2and p18. (C) Residue interactions between ACE-2and p28. ACE-2 is represented in brown square boxes, and docked molecules are shown in yellow circles.
Alkyl (blue); Electrostatic (red); Hydrogen bond (black); pi-alkyl (green); pi-sigma (orange); pi-sulfur(magenta); pi-pi (yellow); salt bridges (cyan).

et al.,, 2005; Ratia et al., 2014). Binding of azurin to the UBL
domain can lead to the inhibition of deubiquitination and
delSGylation, thereby helping the host in mounting an ISG-
mediated immune response. Azurin exhibited a strong bind-
ing affinity towards the S2 domain of the S-protein. We
hypothesize that the binding of azurin to the S2 domain of
the S-protein will help prevent the fusion of the virus as S2
is responsible for fusion with target cells. The binding to
ACE-2 protein was relatively less when compared to the viral
protein interactions.

The peptide fragment p18 (L50-G67) has been extracted
from azurin peptide, and several anti-activities have been
established earlier. Moreover, the administration of a small

therapeutic peptide is always structurally better than the
complete protein. Based on this, the p18 peptide was
docked to the viral proteins. In 3CLP™, p18 also docked to
the domain Il of 3CLP™, but the interactions were lesser as
compared to azurin. p18 bound to the active site of the
PLP™ and interacted with the active site residues C111 and
H272. The other interactions between p28 and the protease
provided an idea on the high binding affinity when com-
pared to 3CLP™ interaction. With S-protein, the interaction
was observed in the critical S1 (N-terminal) domain, which
houses the RBD (Du et al., 2009; Walls et al., 2020). The RBD
helps the initial attachment of the virus to the ACE-2 recep-
tor. Even though the binding was recorded, the interactions
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Figure 10. RMSD values of p28 peptide complexed with 3CLP™ (green), PLP™ (blue), S-protein (red), and ACE-2 (black) proteins plotted for the timescale of 60 ns

through MD simulations.

Table 1. Statistical analysis of RMSD values for the 60 ns of MD simulations along with the MM/PBSA applied binding energy calculations.

Standard Co-efficient of Binding

Peptide Complex Time Mean Median Mode Deviation Variation energy (kJ/mol)

ACE-2 p28 Ons — 20ns 0.27161 0.26631 0.25685 0.02958 0.10891 —138.512+£24.071
3CLP™ p28 0.26778 0.2706 0.25019 0.02418 0.09031 —192.354+38.973
PLP® p28 0.29021 0.29024 0.29418 0.03352 0.11549 —169.503 £31.651
S-protein p28 0.2135 0.20216 0.20105 0.04417 0.20687 —211.338+27.633
ACE p28 20ns — 40ns 0.29365 0.29138 0.28256 0.01512 0.0515 —132.663 +23.380
3CLP™ p28 0.30749 0.3087 0.28487 0.01673 0.05442 —189.109 £ 20.659
PLP™ p28 0.32589 0.32522 0.31878 0.01605 0.04925 —181.338+35.518
S-protein p28 0.25060 0.24909 0.24506 0.01432 0.05715 —206.898 +21.683
ACE p28 40ns — 60ns 0.28283 0.28182 0.27255 0.00868 0.03071 —125.609 £ 18.692
3CLP" p28 0.30603 0.30614 0.29606 0.01176 0.03843 —183.970+42.880
PLP p28 0.32791 0.32719 0.32806 0.01613 0.04918 —160.023 £+ 33.681
S-protein p28 0.24125 0.23911 0.23044 0.01427 0.05916 —238.222+38.571

between the residues of the complex suggested a relatively
weak binding. The ACE-2 receptor binding, surprisingly,
exhibited the p18 bound to the N-terminal domain of the
ACE-2 receptor, which is the region where the RBD region of
the spike protein binds to (Lan et al., 2020). But the residue
interaction network (RIN) suggested a relatively low affinity
and bond formation between the active peptidase domain
and the p18 peptide.

Azurin showed good binding to all the proteins except
with p18. Considering the results, we were curious to check
if the anti-cancer peptide from azurin, i.e. p28 (L50 and D77),
was capable of better binding to the viral proteins. Also, we
wanted to know if the p28 peptide could interact with the
ACE-2 receptor and block the binding of the S1 domain of
SARS-CoV-2 S-protein. Docking results of 3CL°™ was similar
to the azurin and p18, wherein the peptide interacted with
the domain Il residues. But, despite sharing the same bind-
ing site, p28 peptide formed a higher number of bonds with
the amino acids of domain lIl. With PLP™®, p28 bound to the
finger domain of the papain-like protease. The finger domain
in PLP™ houses a zinc ion that forms coordination with four
cysteine residues in a tetrahedral manner. This function is
critical for the catalysis of PLP™ and also to maintain struc-
tural integrity (Barretto et al., 2005; Ratia et al., 2014). The
RIN corroborated the strong binding affinity of the p28 pep-
tide to the finger domain of the PLP™®. Once the affinity of

p28 to the non-structural proteins was established, we
checked for structural protein attraction. Like p18, p28 also
bound to the S1 domain of the S-protein, but in the C-ter-
minal. Another difference observed was the better bond for-
mation (both in terms of hydrogen bonds and electrostatic
interactions) of p28 in comparison to p18 peptide. The bind-
ing pattern of p28 to ACE-2 was also identical, sharing the
same binding pocket, but as observed in the S-protein dock-
ing, p28 outsmarted p18 from the stability point of view. The
peptide fragment p28 stabilized itself in the ACE-2 receptor
by forming hydrogen bonds, electrostatic as well as alkyl
interactions. Drawing from the results, we hypothesized that
the peptide fragment p28 has better potential as an antiviral
against SARS-Cov-2 than the whole protein azurin and the
peptide fragment p18. To further fortify the findings of p28
affinity, we simulated the p28 complexed with 3CLP™, PLP™,
S-protein, and ACE-2 receptor for a period of 60ns. The
RMSD of the complexes were stable throughout the 60ns
time period, indicating that the p28 peptide complexed well
with the viral protein and the ACE-2 receptor at the binding
site. Further statistical analysis and MM/PBSA analysis led us
to discover the p28 had a high affinity to S-protein and mod-
erately towards the ACE-2 receptor. Results from previous
studies have shown RMSD values as seen in this study being
stable in nature (Bohra et al., 2020; Mittal et al., 2020; Shukla
et al, 2018; et al., 2018). The energy calculations with 3CLP™



and PLP"™ were relatively low when compared to former pro-
teins. This led us to hypothesize that p28 could be a potent
inhibitor of the ACE-2-S-protein interaction that is respon-
sible for the viral invasion mechanism od SARS-CoV-2. But
also, considering the affinity of p28 towards 3CLP™ as the
second highest, there is a possibility that p28 binds to
3CLP™ too.

The study, in a nutshell, was focused on identifying if
azurin and its peptides were capable to promote functional
inhibition of molecular/cellular events relevant for SARS-CoV-
2 infection. Among the studied azurin protein and its pepti-
des, we believe that p28 might exhibit better activity, and
previous reports corroborate the statement. This study,
though primary, would require extensive in vitro and in vivo
studies before the hypothesized p28 activity can be estab-
lished. Moreover, given the previous reports of azurin and its
peptide exhibiting anti-HIV activity, p28 might be the thera-
peutic drug that is essential for the current crisis. The p28
peptide, if found active, can be helpful in the treatment of
current SARS-CoV-2 burden and also prevent future infec-
tions from this group of viruses.
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