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Abstract

Background The ongoing concern surrounding coronavirus disease 2019 (COVID-19) primarily stems from continuous
mutations in the genome of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), leading to the
emergence of numerous variants. The receptor-binding domain (RBD) in the ST subunit of the S protein of the virus
plays a crucial role in recognizing the host’s angiotensin-converting enzyme 2 (hACE2) receptor and facilitating cell
membrane fusion processes, making it a potential target for preventing viral entrance into cells. This research aimed
to determine the potential of banana lectin (BanLec) proteins to inhibit SARS-CoV-2 attachment to host cells by inter-
acting with RBD through computational modeling.

Materials and methods The BanlLecs were selected through a sequence analysis process. Subsequently, the genes
encoding BanlLec proteins were retrieved from the Banana Genome Hub database. The FGENESH online tool was then
employed to predict protein sequences, while web-based tools were utilized to assess the physicochemical proper-
ties, allergenicity, and toxicity of BanLecs. The RBDs of SARS-CoV-2 were modeled using the SWISS-MODEL in the
following step. Molecular docking procedures were conducted with the aid of ClusPro 2.0 and HDOCK web servers.
The three-dimensional structures of the docked complexes were visualized using PyMOL. Finally, molecular dynamics
simulations were performed to investigate and validate the interactions of the complexes exhibiting the highest
interactions, facilitating the simulation of their dynamic properties.

Results The Banlec proteins were successfully modeled based on the RNA sequences from two species of banana
(Musa sp.). Moreover, an amino acid modification in the BanLec protein was made to reduce its mitogenicity. Theoreti-
cal allergenicity and toxicity predictions were conducted on the Banlecs, which suggested they were likely non-
allergenic and contained no discernible toxic domains. Molecular docking analysis demonstrated that both altered
and wild-type BanlLecs exhibited strong affinity with the RBD of different SARS-CoV-2 variants. Further analysis of the
molecular docking results showed that the BanlLec proteins interacted with the active site of RBD, particularly the key
amino acids residues responsible for RBD's binding to hACE2. Molecular dynamics simulation indicated a stable inter-
action between the Omicron RBD and Banlec, maintaining a root-mean-square deviation (RMSD) of approximately
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0.2 nm for a duration of up to 100 ns. The individual proteins also had stable structural conformations, and the com-
plex demonstrated a favorable binding-free energy (BFE) value.

Conclusions These results confirm that the BanlLec protein is a promising candidate for developing a potential thera-
peutic agent for combating COVID-19. Furthermore, the results suggest the possibility of BanLec as a broad-spectrum
antiviral agent and highlight the need for further studies to examine the protein’s safety and effectiveness as a potent

antiviral agent.

Keywords Banana lectin, Antiviral, SARS-CoV-2, Molecular dynamics simulations

Background

The coronavirus disease 2019 (COVID-19) pandemic,
which has lasted 3 years, has infected 765,222,932 peo-
ple worldwide and claimed 6,921,614 lives. Additionally,
13,344,670,055 doses of vaccine had been administered
to mitigate the impact of the disease (https://covid19.
who.int/; accessed on 3rd May 2023). Originating in
Wuhan, China, COVID-19 was declared a pandemic by
the World Health Organization on March 11, 2020. The
disease is caused by the highly contagious severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), a
novel betacoronavirus belonging to the Coronaviridae
family. This family also includes other members, such
as SARS-CoV and MERS-CoV [1].

The rapid mutation of SARS-CoV-2 has made it the
most dangerous virus globally, with the emergence new
viral variants. While many mutations in the SARS-
CoV-2 genome are expected to be neutral, certain
variations have been observed to alter viral function
in terms of infectivity, illness severity, and host inter-
actions [2]. Of particular concern are variants capable
of evading antibodies, which can reduce the efficacy
of some vaccines [3]. SARS-CoV-2 is more suscepti-
ble to mutations as it is an RNA virus, and mutations
arise due to errors during RNA replication in the virus
replication process. This results in the accumulation of
mutated sequences and the emergence of diverse vari-
ants. The significantly higher error rates during repli-
cation may even confer a fitness advantage, leading to
increased virulence of newly mutated viruses [4].

Various measures have been implemented to combat
SARS-CoV-2 infection and its associated symptoms,
such as restrictions, lockdowns, and improved general
hygiene practices, and global vaccine developments and
distribution. Vaccines have been effective in reducing
the severity of infection and hospitalization rates [5];
however, their efficacy may wane over time following
the second dose [6]. Moreover, the emergence of more
contagious variants underscores the need for more sus-
tainable and effective solutions. In addition to vaccina-
tion efforts, health professionals and researchers from
diverse disciplines are working feverishly to develop an
antidote for the disease.

Researchers are exploring repurposing antiviral drugs,
such as lopinavir, ritonavir, nelfinavir, remdesivir, favi-
piravir, ribavirin, sofosbuvir, chloroquine, hydroxychlo-
roquine, and azithromycin, to target key SARS-CoV-2
proteins and inhibit the virus [7, 8]. Ivermectin, an FDA-
approved antiparasitic drug, has shown in vitro antivi-
ral activity against SARS-CoV-2, but requires further
research to confirm its efficacy and safety for COVID-19
treatment [9]. Gallinamide A and its analogues, derived
from marine cyanobacteria, have demonstrated potent
in vitro anti-SARS-CoV-2 activity by inhibiting cathepsin
L, a host enzyme involved in viral entry [10]. Dual drug
combinations, including antiviral agents, antibiotics, and
hydroxychloroquine, have shown promising synergis-
tic antiviral effects in vitro against SARS-CoV-2 isolated
from hospitalized patients in Indonesia [11]. These stud-
ies emphasize ongoing efforts to develop effective antivi-
ral medicines and phytochemicals to expand treatment
options for COVID-19. Additionally, medicines derived
from plants are also sought [12-16].

Molecular docking is a valuable in silico method used
to predict potential interactions between molecules,
allowing for the analysis of their properties and interac-
tions, including proteins [17]. In the context of a pan-
demic, developing therapeutic agents for SARS-CoV-2
is challenging due to a lack of human resources and
increased restrictions on public activities. This makes in
silico methods of research, such as molecular docking, an
appealing and interesting approach. As part of the search
for new antivirals to combat COVID-19, researchers have
been exploring carbohydrate-binding agents (CBAs) that
target the N-linked glycans on the surface of the virus.
Lectins are one class of CBAs that have shown promise in
binding to viral glycoproteins and preventing virus trans-
mission and penetration into host cells [18].

Bananas, one of the most commonly consumed fruits
worldwide, have a plethora of health benefits [19, 20] and
are easily accessible. Among the proteins found in ripe
bananas is the banana lectin (BanLec), a dimeric protein
composed of two 15-kDa subunits containing 141 amino
acids each and is related to the jacalin lectin family [21].
BanLec is highly specific to mannose/glucose, which
are viral cell surface glycans, making it an attractive
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candidate for antiviral development [22, 23]. Studies
have shown that BanLec can inhibit HIV-1 reverse tran-
scriptase activity [24], suppress influenza viral fusion
[25], and provide protective activity against herpes sim-
plex virus (HSV) type 1 [26]. Additionally, it has been
observed to suppress cancer cell proliferation [27] and
activate macrophages [28]. A mutation in BanLecs sugar
binding site has been found to significantly reduce its
mitogenic activity while maintaining its antiviral activ-
ity against viruses with high-mannose-type N-glycans
on their surfaces, suggesting it has potential as a broad-
spectrum antiviral agent [24]. Through a single mutation
(Histidine to Threonine at position 84), the H84T BanLec
demonstrated almost non-mitogenic properties while
still retaining antiviral activity [29].

Despite extensive research and vaccination programs
worldwide, the search for antiviral candidates against
SARS-CoV-2 remains ongoing. Researchers are still
exploring natural sources for potential antiviral medi-
cation. In this study, we investigated the potential of
BanLec as anti-SARS-CoV-2 agent by examining its
interaction with the RBD of wild-type, Delta plus, and
Omicron variants.

Materials and methods

BanLec gene selection

To select BanLecs for this study, sequence analysis was
conducted, with a focus on the GXXXD (that were found
to be specifically GDXXD and GXFXD in the MSA analy-
sis from Covés-Datson et al. [29]) motifs present in the
two carbohydrate binding sites (CBSs) of BanLec protein
sequences. Genes with these desired features were pre-
ferred for sequence and protein modification [29]. The
genes encoding BanLec proteins were obtained from
the Banana Genome Hub database (https://banana-
genome-hub.southgreen.fr/; accessed on 21 April 2022).
The protein sequence prediction was performed using
the FGENESH online tool (http://www.softberry.com/
berry.phtml?topic=fgenesh&group=programs&subgr
oup=gfind; accessed on 21 April 2022) [30]. The multi-
ple sequence alignment (MSA) of the predicted protein
sequences were performed using the MEGA 11 software
[31], and the results were visualized with the UCSF Chi-
mera package release 1.16 [32].

Physicochemical properties, allergenicity, and toxicity
prediction of BanLecs

The ProtParam web server (https://web.expasy.org/
cgi-bin/protparam; accessed on 02 May 2022) [33] was
utilized to calculate the theoretical physicochemical
properties of the BanLec proteins. Theoretical allergenic-
ity was analyzed using the Allergen FP v.1.0 web server
(https://ddg-pharmfac.net/AllergenFP/; accessed on 02
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May 2022) [34]. Prediction of toxicity and toxic domains
was conducted using the ToxDL: Interpretable protein
toxicity predictor web server (http://www.csbio.sjtu.edu.
cn/bioinf/ToxDL/; accessed on 02 May 2022) [35].

SARS-CoV-2 RBDs multiple sequence alignment

and structural modeling

The wild-type RBD protein structure of SARS-CoV-2 was
obtained from the RCSB Protein Data Bank with PDB ID
6MO] (https://www.rcsb.org/structure/6MOJ; accessed on
07 May 2022). The RBD protein structures of the Delta
and Omicron variants were modeled using the SWISS-
MODEL web server (https://swissmodel.expasy.org/;
accessed on 15 May 2022) [36—40], with wild-type RBD
as a template. The sequences of the RBDs were modi-
fied through in silico mutagenesis according to the cor-
responding mutations (https://covdb.stanford.edu/page/
mutation-viewer; accessed on 15 May 2022). The mul-
tiple sequence alignment (MSA) of the RBD sequences
were performed using the MEGA 11 software [31], and
the results were visualized with the UCSF Chimera pack-
age release 1.16 [32].

Modeling of BanLecs three-dimensional structures
Modeling of BanLec’s three-dimensional structures
involved a selection process to identify two promising
candidate protein for molecular docking. The design of
M. acuminata BanLec protein utilized the selected sequence
instead of readily available models from RCSB PDB in order
to ensure uniformity and presence of the specific GDXXD
and GXFXD motifs found in the CBS. In silico mutagen-
esis was then performed on the selected protein sequences
to introduce a single amino acid mutation, specifically
changing Histidine to Threonine at the 84th position in the
M. acuminata BanLec protein and at the 115th position in
the M. balbisiana BanLec protein. The three-dimensional
(3D) structures of the proteins derived from the selected
BanLec genes were modeled using the SWISS-MODEL
web server (https://swissmodel.expasy.org/; accessed on 28
May 2022) [36—40]. To assess the accuracy of the protein
modeling, Ramachandran plots were employed as a tool to
evaluate the quality and stereochemical properties of the
modeled proteins. By examining these plots, any deviations
from the expected conformation were identified, offer-
ing valuable insights into potential errors that may have
occurred during the modeling process [41, 42].

Pre-docking preparation

Proteins modeled using SWISS-MODEL were subjected
to pre-docking preparation, which involved the addition of
hydrogen atoms and Kollman charges using the AutoDock-
Tools software from MGLtools v.1.5.7 (https://ccsb.scripps.
edu/mgltools; accessed on 05 July 2022) [43, 44]. Proteins
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downloaded from the PDB underwent water removal
using AutoDockTools software, and ligand removal was
carried out using the UCSF Chimera version 1.15 [32].
All of the proteins underwent energy reduction using the
YASARA Energy Minimization Server (http://www.yasara.
org/minimizationserverhtm; accessed on 05 July 2022)
[45] and were converted into .sce format using YASARA
View [46].

Molecular docking analysis

The molecular docking utilized the ClusPro 2.0 protein-
protein docking web server (https://cluspro.bu.edu/
home.php; accessed on 10 July 2022) [47-49]. Calcu-
lation of the binding-free energy (AG) was conducted
using PROtein binDIng enerGY prediction (PRODIGY)
web server (https://wenmr.science.uu.nl/prodigy/;
accessed on 10 July 2022) [50]. The interaction interfaces
of the docked complexes were identified and analyzed
through the EMBL-EBI PDBsum server (https://www.ebi.
ac.uk/thornton-srv/databases/pdbsum/Generate.html/;
accessed on 10 July 2022) [51]. Additional molecular
docking analysis was performed using the HDOCK web
server (http://hdock.phys.hust.edu.cn/; accessed on 14
July 2022) [52, 53] to obtain the docking scores for
confirming the interaction of the complexes.

Visualization of the best docked models

The ClusPro docking results were used to select the
single best model of each complex. These complexes
were then visualized in two dimension using the
DIMPLOT program in LigPlot+ v.2.2 software [54]. The
3D structures of the docked complexes were visualized
using PyMOL Molecular Graphics System software,
version 2.0 [55].

Molecular dynamic simulation study

The molecular dynamic simulation was performed fol-
lowing the protocols outlined by Celik et al. [41], utiliz-
ing the GROMACS 2019.2 version [56]. This simulation
was conducted to investigate and confirm the interaction
of the complexes and to simulate their dynamic proper-
ties. The topology created for the BanLec-RBD com-
plexes utilized the AMBER99SB-ILDN force fields [57]
and the SCP water model. The system was solvated in a
triclinic box with 10A distance from the protein—protein
complex. The system was subsequently neutralized by
adding 0.15 M NaCl, and the steepest descent integrator
was used to perform energy minimization in 5000 steps.
The equilibration of the system was accomplished with
0.3 ns NVT and 0.3 ns NPT stages, respectively, using a
V-rescale thermostat and a Parrinello-Rahman barostat
[58]. Simulation of 1000 frames for 100 ns was performed
at 2 fs with a leap-frog integrator. Trajectory analysis was
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conducted using RMSD, RMSEF, and Rg, and the plots
were analyzed using QtGrace v0.2.6 [59].

The schematic representation of the study’s workflow
and expected outcome can be seen in Fig. 1.

Results

BanLec gene selection

Nine BanLec candidates with the appropriate motifs
from two Musa species (five from M. acuminata and four
from M. balbisiana) were identified in our analysis. The
MSA of the protein sequences and their motifs are high-
lighted (Fig. 2). Ma09_t10**0.1 is for M. acuminata Ban-
Lecs, and Mba09_g09*#0.1 is for M. balbisiana BanLecs,
with * representing any digit.

Physicochemical property, allergenicity, and toxicity

of BanLec

Table 1 shows the values of several physicochemical
properties, allergenicity, and toxicity of the selected Ban-
Lec proteins (Ma09_t10410.1 W'T, Ma09_t10410.1 H84T,
Mba09 g09870.1 WT, and Mba09 g09870.1 H115T),
where the BanLecs are seen to have an average molecu-
lar mass of 14,576.4 Da, an average theoretical isoelectric
point of 6.16, and a computed average instability index
of 8.97, where predicted allergenicity of the BanLecs
resulted in an average Tanimoto index of 0.84, and an
average ToxDL score of approximately 0.0268.

MSA and homology modeling of RBD variants

The MSA of the four RBD variants in this study
confirmed the presence of mutations in the RBD variants,
as depicted in Fig. 3 with mutations highlighted in
red boxes. The WT-RBD protein was retrieved from
the Protein Data Bank (PDB ID: 6MOJ), chosen
because molecular docking were successfully con-
ducted using this structure in a previous research by
Celik et al. [41]. The amino acid sequences of Delta
and Delta Plus RBD proteins were also obtained from
Celik et al. [41] .

The amino acid sequences of the Omicron RBD protein
were compiled based on this information. All proteins
were modeled in SWISS-MODEL and visualized as rib-
bons, as shown in Fig. 4. The superimpose model involves
comparing the structural conformation of various com-
ponents, particularly the receptor-binding domain
(RBD), with the wild-type (WT) RBD. In this case,
the Delta RBD exhibits a root-mean-square deviation
(RMSD) of 0.061A compared to the WT-RBD, involving
the alignment of 189 atoms. Similarly, the Delta Plus RBD
shows an identical RMSD value of 0.061 A, aligning 189
atoms with the WT-RBD. On the other hand, the Omi-
cron RBD demonstrates a higher RMSD value of 0.304 A,
aligning 182 atoms with the WT-RBD.
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BanLec Gene Selection and Protein Homology Modeling of RBD variants
Modeling (MEGA 11 & SWISS-MODEL) (MEGA 11 & SWISS-MODEL)

Molecular Docking of RBDs and
BanLecs (ClusPro & HDOCK)

Molecular Dynamics Simulation of
RBD-BanLec Complexes (GROMACS)

l

SARS-CoV-2

Predicted Inhibition of the fusion of
SARS-CoV-2 with hACE2 receptor

Created in BioRender.com bio

Fig. 1 Visual representation of BanLec and SARS-CoV-2 RBD molecular docking and molecular dynamics simulation workflow (Created
with BioRender.com)
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Fig. 2 The MSA of nine BanLec protein sequences from M. acuminata and M. balbisiana, with the red boxes highlighting the two carbohydrate

binding sites (CBS)

Table 1 Overview of the physicochemical property, allergenicity, and toxicity of the four selected BanlLec proteins

BanLec protein Molecule weight ~ Theoretic pl Instability index  Allergenicity Toxicity
(kDa)
Ma09_t10410.1 WT 14,549.39 6.26 9.18 0.83 No toxic domains detected
Ma09_t10410.1 H84T 14,513.36 6.06 9.18 0.83
Mba09_g09870.1 WT 14,639.52 6.26 944 0.83
Mba09_g09870.1 H115T 14,603.48 6.06 8.09 0.84

Homology modeling of BanLecs

After undergoing a selection process, the nine BanLec
proteins were subjected to homology modeling via the
SWISS-MODEL web server. Table 2 presents the names
of gene sequences utilized for the protein modeling, with

the “oligo state” denoting the type of protein assembly
present in the modeled protein. The template specifies
the PDB code for the template protein employed in the
modeling process, while “the sequence’s identity” denotes
percentage of similarity discovered in the target-template



Hessel et al. Journal of Genetic Engineering and Biotechnology

1 11 21
Conservation
RBD Wildtype LCPF|GJEVF ATRFASVYA WN
RBD Delta LCPFIGIEVF \ATRFASVYA w
RBD Delta Plus LCPF|GJEVF ATRFASVYA w
RBD Omicron LCPFIDIEVF |ATRFASVYA W

51 61 71
Conservation
RBD Wildtype KLNDLCF VYADSFVI R
RBD Delta KLNDLCF VYADSFVI R
RBD Delta Plus KLNDLCF VYADSFVI R
RBD Omicron KLNDLCF VYADSFVI R

101 111 121
Conservation =
RBD Wildtype V | AW LD KV Y{L
RBD Delta VIAW LD KV R
RBD Delta Plus V | AW L D KV R
RBD Omicron V | AW K|L D K V|S] L

151 161 171
Conservation ==
RBD Wildtype VIE[GFNCYFPL F \
RBD Delta VIEIGFNCYFPL F Vv
RBD DeltaPlus VIE[GFNCY FP L F \"
RBD Omicron VJAJGFNCYFPL SIF b4 \"

(2023) 21:148

Page 7 of 22
31 41
RKR | \CV AD VL A F FKCYGV
RKR I CcvV AD vk A = FKC \"
RKR | cvV AD VL A 3 FKC '
RKR | cv AD V.L LJA FIFJT FKC \"
81 91
DEVRQIA K|l AD KLPDDF C
DEVRQIA K|l ADY KLPDDF C
DEVRQIA I AD KLPDDF C
DEVRQIA | ADY YIKLPDDP C
131 141
FRK LK FERD | E I A TIPCN
FRK LK FERD I E I A K|P C
FRK LK FERD I E I A K|P C
FRK LK FERD:)| E I A KJP CN
181 191
RVVYV LSFELLHAPA vC
RVVYV LSEFELLHAPA vC
YRVVYV LSFELLHAPA vC
RVVYV LS FELLRAAPA vC

Fig. 3 The MSA of four RBDs of SARS-CoV-2. The differences in amino acid sequences due to mutations are highlighted by red boxes

alignment. The global model quality estimate (GMQE)
is a quality estimate derived from the combination of
target-template alignment and template structure prop-
erties. The qualitative model energy analysis (QMEAN)
is a composite scoring function that indicates global and
local derivative of absolute quality estimates of a single
model [60, 61].

The utilization of Ramachandran plots in protein mod-
eling played a crucial role in assessing the precision of
protein models, evaluating their accuracy, and identify-
ing potential variations from the desired structural con-
formation. Figure 5 displays the Ramachandran plots
for the nine modelled BanLecs proteins obtained from
M. acuminata and M. balbisiana. These plots reveal
that all amino acids reside predominantly in the favored
regions, represented by dark green and light green con-
tour lines. Only a few amino acids are located in the
allowed regions, indicated by the lightest green con-
tour line. The accompanying Table 3 further demon-
strates that all models exhibit amino acid distribution

(See figure on next page.)

within the Ramachandran favored regions ranging from
96.35 to 97.09%, with a maximum of 0.36% categorized
as Ramachandran outliers. These results confirm the
successful modeling, as the percentage coverage in the
favored regions surpasses the 90% threshold indicative
of high-quality models [42, 62].

Molecular docking of the BanLecs on WT-RBD

The initial molecular docking analysis involved nine
modeled BanLec proteins and the WT-RBD. The analy-
sis showed that while there were numerous interactions
between the two proteins, there were not enough inter-
actions with the key amino acid residues of the SARS-
CoV-2 RBD. From the docked complexes, two models of
each BanLec-WT-RBD complex were selected based on
their lowest energy scores as determined by the ClusPro.
The selected models were then further analyzed for their
binding affinity using PRODIGY web server, which is a
novel tool for predicting affinity [63]. Table 4 presents

Fig. 4 The three-dimensional (3D) structural models of four receptor-binding domains (RBDs) of SARS-CoV-2, which include the wild-type RBD
and three variants (Delta, Delta Plus, and Omicron). a The wild-type RBD structure is represented by a ribbon visualization in a pink color. b The
delta RBD structure is depicted as a ribbon in a striking red color, emphasizing its specific mutations (R452 and K478). ¢ The delta plus RBD structure
is presented as a ribbon in an orange color, with its mutations (N417, R452, and K478) highlighted in a vibrant yellow shade. d The Omicron RBD
structure is showcased as a ribbon in a regal purple color, and its mutations (K440, 5446, N417, N477, K478, A484, R493, S496, R498, Y501, and H505)
are highlighted in a vibrant yellow color. e The superimposed model encompasses the comparative analysis of the structural conformation

of various SARS-CoV-2 variants'RBDs with the wild-type (WT) RBD
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Fig. 4 (Seelegend on previous page.)
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Table 2 Detailed overview of the properties and description of the SWISS-MODEL homology modeling results of the nine modeled

BanLec proteins

Gene name Model Oligostate Template Template description Sequence’s GMQE QMEAN
identity

Ma09_t10410.1 1 Homo-dimer 4pif.1.A Ripening associated protein (Crystal structure of recombinant ~ 97.16% 0.92 2.20
WT BanLec)

Ma09_t10460.1 1 Homo-dimer 4pif.1.A Ripening associated protein (Crystal structure of recombinant ~ 97.16% 0.92 2.20
WT BanLec)

Ma09_t10470.1 1 Homo-dimer 4pif.1.A Ripening associated protein (Crystal structure of recombinant  94.33% 091 252
WT BanLec)

Ma09_t10450.1 2 Homo-dimer 4pif.1.A Ripening associated protein (Crystal structure of recombinant ~ 92.20% 0.90 244
WT BanlLec)

Ma09_t10350.1 1 Homo-dimer 7kmu.1.A  Jacalin-type lectin domain-containing protein (Structure of WT 100.0% 0.89 251
Malaysian BanLec)

Mba09_g09930.1 1 Homo-dimer 4pif.1.A Ripening associated protein (Crystal structure of recombinant ~ 94.33% 0.89 2.25
WT BanlLec)

Mba09_g09920.1 7 Homo-dimer 4pif.1.A Ripening associated protein (Crystal structure of recombinant ~ 92.91% 0.57 2.21
WT BanlLec)

Mba09_g09880.1 1 Homo-dimer 3miv.1.A  Lectin (Structure of Banana lectin-Glc-alpha(1,2)-Glc complex)  95.04% 0.76 1.50

Mba09_g09870.1 2 Homo-dimer 4pif.1.A Ripening associated protein (Crystal structure of recombinant ~ 92.91% 0.70 267

WT BanLec)

the analysis of the molecular docking results, including
the lowest energy score, binding affinity, and interaction
interface of the docked complexes.

Previous findings have identified specific amino acid
residues in the RBD that are crucial for the interaction
between the SARS-CoV-2 spike protein and hACE2.
These amino acids are considered key amino acid resi-
dues, and their interactions are also observed in interac-
tions in this study. The WT-RBD key amino acids include
Lys417, Gly446, Tyr449, Tyr453, Leud55, Phed56, Ala475,
Gly476, Phe486, Asn487, Tyr489, Phe490, GIn493,
Gly496, GIn498, Thr500, Asn501, Gly502, and Tyr505
[64, 65]. Interestingly, the key residues considered in this
study are the same for Delta, Delta plus, and Omicron
variants, with variations depending on the position of
the mutation. In the 6MO0J protein structure, 10 hydro-
gen bonds and 1 salt bridge were identified between the
hACE2 and WT-RBD protein. Specifically, a salt bridge
formed with the Lys417 residue of WT-RBD, along with
hydrogen bonds involving the Lys417, Gly446, Gly496,
and Gly502 residues. Additionally, two hydrogen bonds
were observed with each of the Tyr449, Asn487, and
Thr500 residues [65].

Out of the nine BanLecs considered, only two were
chosen as the best candidates for in silico mutagenesis
aimed at reducing their mitogenicity: Ma09_t10410.1
from M. acuminata (hereafter referred to as Ma09) and
Mba09_g09870.1 from M. balbisiana (hereafter referred
to as Mba09). The selection was based on their interac-
tions with key amino acid residues on the SARS-CoV-2
RBD and the binding affinity of their models. In silico

mutagenesis involved changing the specific amino acid,
Histidine, to Threonine. The mutation was carried out
at the 84th position for Ma09 and the 115th position for
Mba09. The difference in sequence length between the
two protein sequences cause different mutation positions.
Instead of in the 84th position seen in the MSA, the muta-
tion was carried out on the 115th position for Mba09.
This different is attributed to the Mba09 sequence hav-
ing an extra 31 residues in the beginning of the sequence,
highlighted in the MSA in Fig. 6. However, the different
positions in the aligned protein sequences do not change
the actual position of the in silico mutagenesis carried out
in the amino acids of the two sequences. As mentioned
above, the mutation was performed at the 84th position for
Ma09 and the 115th position for Mba09. The two protein
sequences were also aligned with reference sequence of
WT (PDB ID: 4PIF) and the modified H84T M. acuminata
BanLec (PDB ID: 4PIU) from a previous study [24].

The 3D structures of the four modeled BanLecs (two
WT and 2 mutated BanLecs) were visualized using
PyMOL and are shown in Fig. 7, where the mutated sites
are highlighted. The loss of a pi-pi stack between Histi-
dine (position 84 in Ma09 and 115 in Mba09) and Tyros-
ine (position 83 in Ma09 and 114 in Mba09), which are
both aromatic rings, was observed as a result of the in
silico mutagenesis of the Histidine (H84/115) into Threo-
nine (position 84 in Ma09 and 115 in Mba09 or T84/115).

Molecular docking of selected BanLecs on RBD
The interactions between protein-protein complexes
were analyzed by docking the four variants of RBD and
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Fig. 5 The Ramachandran plots obtained from the nine modelled BanlLecs proteins derived from M. acuminata and M. balbisiana. The plots are

presented individually for each protein: a Ma09_t10350.1, b Ma09_t10410.1, ¢ Ma09_t10450.1, d Ma09_t10460.1, e Ma09_t10470.1, f Mba09_
g09870.1, g Mba09_g09880.1, h Mba09_g09920.1, and i Mba09_g09930.1

the four BanLec proteins. ClusPro 2.0 provides vari-
ous scoring methods, in this study, the Balanced Scor-
ing Coefficients [47] was utilized. The models with
lowest energy were selected as the best docked models.
Additionally, PRODIGY was used to analyze the bind-
ing affinity of each docked complex. Table 5 summarizes

the binding properties of the best-selected complex from
each molecular docking simulation. The best models
were chosen based on their lowest energy and binding
affinity predicted using ClusPro.

The interaction between BanLecs and WT-RBD
was characterized by a higher number of salt bridges,
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Table 3 Distribution of amino acids in Ramachandran
conformational regions in the nine modelled BanLec proteins

The modeled BanLec Ramachandran Ramachandran outliers

proteins favored

Ma09_t10350.1 96.39% 0.00%
Ma09_t10410.1 97.09% 0.36% (B22 Pro)
Ma09_t10450.1 96.36% 0.36% (B22 Pro)
Ma09_t10460.1 97.09% 0.36% (B22 Pro)
Ma09_t10470.1 96.36% 0.36% (B22 Pro)
Mba09_g09870.1 96.36% 0.36% (B22 Pro)
Mba09_g09880.1 96.35% 0.00%
Mba09_g09920.1 96.73% 0.36% (B78 Pro)
Mba09_g09930.1 96.36% 0.36% (B25 Pro)

H-bonds, and non-bonded interactions, with a greater
total of H-bonds and non-bonded interactions with
all residues than the other variants. BanLecs however
showed a preference for the Omicron RBD when con-
sidering the RBD’s key amino acid residues. This pre-
dilection was due to the presence of more H-bonds,
non-bonded interactions, and salt bridge interactions
within the key residues compared to the other variants.
In addition to the overall proclivity for BanLecs, each
RBD variant also exhibited a preference for specific Ban-
Lecs based on the interactions and bonds within the key
RBD residues.

The selection of the best modeled complex of each RBD
with its corresponding BanLec protein took into account
the binding affinity and the total number of interactions
and bonds between the two proteins. To confirm the
interaction between the RBD variants and their corre-
sponding BanLec protein, additional molecular docking
was performed using the HDOCK web server (Table 6).
A two-step docking strategy using ClusPro and HDOCK
provides multiple benefits for predicting protein-protein
complexes. These methods employ different algorithms
and scoring functions, leading to diverse perspectives
that can potentially improve accuracy. The strategy
involves an initial round with ClusPro to explore a wide
range of docking poses, followed by a second round with
HDOCK to refine and optimize the solutions obtained
from ClusPro. By combining these programs, limitations
specific to each method can be overcome, and challenges
in certain protein-protein interactions can be addressed.
The consistency of predictions from both ClusPro and
HDOCK serves as validation and increases confidence in
the accuracy of the docking results. However, it is essen-
tial to critically evaluate the outcomes and consider the
unique characteristics of the target proteins and the
specific docking problem at hand.

(2023) 21:148
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The HDOCK scores were calculated using binding
affinity predictions and provide insight into the quality
of the models created and the accuracy of the homology-
modeled structure [53]. Among the four complexes, the
Omicron-Ma09 WT complex yields the best docking
score (—290.10 kJ/mol) with the ligand RMSD of 58.49A.
While the scores are not vastly distinct, this affirms that
Omicron RBD has a predilection for BanLec as compared
to the other variants.

Figure 8 illustrates the 3D and 2D configurations of
the docking results of the four complexes. The interface
interaction of the four complexes was further assessed
using PDBsum. The Omicron RBD-Ma09 WT com-
plex displays the highest number of interactions with
213 non-bonded interactions, 14 H-bonds, and two salt
bridges. The Delta RBD-Ma09 H84T complex contains
200 non-bonded interactions, 14 H-bonds, and one
salt bridge. Delta plus RBD-Mba09 WT complex has
179 non-bonded interactions, 12 H-bonds, and no salt
bridges. Lastly, the WT-RBD-Mba09 H115T complex has
124 non-bonded interactions, 19 H-bonds, and one salt
bridge.

Figure 8a illustrates the interactions between the
modified H115T M. balbisiana BanLec and the wild-
type SARS-CoV-2 RBD. These interactions involve the
formation of a salt bridge with Lys417 and H-bonds
with Lys417, Tyrd53, Ala475, Asn487, GIn493, GIn496,
GIn498, Asn501, and Tyr505, which are key amino acid
residues in the wild-type RBD. Figure 8b displays the
interactions between the modified H84T M. acuminata
BanLec and the Delta variant RBD. The interactions
observed in this case include H-bonds and salt bridges
formed between the BanLec and important amino
acids in the RBD, such as a salt bridge with Lys417, and
H-bonds with Tyr453, Ala475, Asn487, Tyr489, Gln493,
Gly496, GIn498, Gly502, and Tyr505. Figure 8c demon-
strates the interactions between the wild-type M. bal-
bisiana BanLec and the Delta Plus variant RBD. In this
case, H-bonds are formed between the BanLec and key
amino acids in the RBD, specifically at residues Tyr449,
Tyr453, Asnd87, Gln493, GIn496, Thr500, Asn501, and
Tyr505. Figure 8d presents the interaction between
the wild-type M. acuminata BanLec and the Omicron
variant RBD. The interactions observed involve both
H-bonds and salt bridges formed between the BanLec
and crucial amino acids in the RBD. The salt bridge
occurs at residue His505, and H-bonds occur at resi-
dues Asn417, Tyr453, Ala475, Asnd87, Tyrd89, Argd93,
Ser496, Gly502, and His505.

Molecular dynamics simulations
Molecular dynamics simulations (MDS) was per-
formed on the WT-RBD-Mba09 H115T and Omicron
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1 11 21 31 41
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1 L e -M AIKVGA W AFD
Ma09t10410.1 = - = = = = = = = = 4 - e e eesee eeemeaaa -MNGA I KV w AFD
Mba09 g09870.1MD E G A T LHFEIRAMA I RYKEEFGAHN ™M AIKVGA W AFD
51 61 71 81 91
Conservation
4PIF M AYRI | \' KI1F DVVD VDV TE K ETR Bl Vi E
4PIU M AYRI | V KIF DVVD VDVTF K ETR EI'VLQE
Ma09 t10410.1 M AYRI ISV KVF DVVD VDV TF K ETRHF EIVLQE
Mba09 g09870.1 M AYRI | V KI1F DVVDA VDVTF K ETRHF EINLQE
101 111 121 131 141
Conservation
4PIF EYLVGMAGE VA AVVL KLGF K K A F FSL I AA
4PIU EYLVGMAGE VA AVVL KLGF KK A F FSL I AA
Ma09 t10410.1 EYLVGMAGE VA AVVL KLGF N K A F Sk I AA
Mba09 g09870.1GE Y LVGMKGE F VVVYV KLGF K K S F A FSL | AA
151 161 171
Conservation
4PIF K| FFGR KFLDAI VYL E
4PIU Kl FFGR KFLDAIGVY.L E
Ma09 t10410.1 K | FFGR KFLDA I I E
Mba09 g09870.1K | FFGR DFLDA I YL E

Fig. 6 The MSA of four BanLec protein sequences derived from M. acuminata (Ma09_t10410.1) and M. balbisiana (Mba09_g09870.1). These protein
sequences were aligned with both the reference sequence of WT (PDB ID: 4PIF) and the modified H84T M. acuminata BanlLec (PDB ID: 4PIU). The

amino acid sequence variations are visually emphasized by a red box

RBD-Ma09 WT complexes based on their binding affin-
ity, number of salt bridges, hydrogen bond, and non-
bonded interaction with key RBD amino acid residues.
The results of the RMSD and Rg analyses, which indicate
a significant difference in overall stability between the
two complexes, are illustrated in Fig. 9. The overall sta-
bility of the RBD-BanLec complexes was demonstrated
using the primary molecular dynamics (MD) parameters
of root-mean-square deviation (RMSD), radius of gyra-
tion (Rg), and root-mean-square fluctuation (RMSF).

In the case of the WT-RBD-Mba09 H115T complex,
the RMSD shows more fluctuation, particularly in the
first 40 ns, ranging from 0.25 to >0.5 nm, then decreases
to a steadier level. However, a fluctuation at 0.25 and 0.4
nm is observed between 40 and 100 ns, and the com-
plex tends to dissociate in the end of the simulation. On
the other hand, the Omicron RBD-Ma09 WT complex
exhibits greater stability throughout the 100 ns simu-
lation, with the RMSD beginning at 0.15 nm and never
falling below or exceeding 0.3 nm. The Rg value of the
WT-RBD-Mba09 H115T complex is much more stable
than its RMSD value, ranging from 2.35 to 2.55 nm over-
all throughout 0-100 ns, with a fluctuation up to 2.5 nm
at around 18 ns. However, it is still higher and less steady
than the Rg value of the Omicron RBD-Ma09 WT comw.

The analysis results of the residual RMSF of each com-
plex are shown in Fig. 10. The RMSF values for WT-RBD
range from 0.07 to 0.45 nm, while those for Omicron
RBD range from 0.05 to 0.35 nm, indicating slightly

higher values and larger fluctuations in the graph. The
counterpart of Omicron RBD, Ma09 W'T BanLec displays
a more stable structure with RMSF values ranging from
0.05 to 0.2 nm across all residues, while the WT-RBD
counterpart, Mba09 H115T BanLec, exhibits greater
fluctuation with values ranging from 0.08 to 0.35 nm

Table 7 shows the results of the MM-PBSA binding-free
energy (BFE) calculation conducted on the 100 ns MDS
with 1000 frames. A notable difference was observed in
the calculated BFE values between the Omicron RBD-
Ma09 WT complex (—209.67+34.14 kJ/mol) and the
Wild-type RBD-Mba09 H115T complex (—17.66+51.44
kJ/mol), showing a lower BFE value for the Omicron
RBD-Ma09 WT complex. Lower BFE values indicate a
more stable complex.

Discussion

BanLec genes are abundant in several species of banana
(Musa spp.). However, the genome of one banana spe-
cies only contains a few variations of lectin-coding genes,
making it necessary to select the best candidate for the
development of BanLec protein as a potential antiviral.
BanLec genes with a specific motif in their ligand bind-
ing loop sites, which characterizes a carbohydrate bind-
ing site, are preferred sequences for protein sequence
and structure modification [29]. The presence of this spe-
cific motif gives the sequences their preferred structural
properties, which include two carbohydrate binding sites
(CBS), instead of having only one or zero CBS in their
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Fig. 7 The 3D structural model of four BanlLec proteins, with a specific mutation site highlighted. The mutation involved replacing Histidine 84/115
(H84/115) with Threonine 84/115 (T84/115), resulting in the disruption of a crucial pi-pi stacking interaction between H84/115 and Y83/114. Both
these amino acids have aromatic rings, and pi-pi stacking refers to the non-covalent interactions that occur between these aromatic rings

structure. These sites may contribute to stronger interac-
tions and binding between BanLec and mannose/glucose.
The presence of the second CBS was revealed in a study
by Meagher et al. [21], and it has similar properties to the
first CBS.

The selected BanLec proteins (Ma09_t10410.1 WT,
Ma09_t10410.1 H84T, Mba09_g09870.1 WT, and Mba09_
g09870.1 H115T) have an average molecular mass of
14,576.4 Da, a theoretical isoelectric point of 6.16, and
a computed instability index of 8.97, classifying the pro-
teins as stable. The predicted allergenicity of the BanLecs
resulted in an average Tanimoto index of 0.84, signifying
a high similarity between the two sets of protein finger-
print in the allergenicity analysis and suggesting that the
BanLecs are probably non-allergenic. Allergenicity refers
to the capability of a molecule or compound to induce a
Th2 response and production of IgE antibodies by B cells
that are allergen-related [66, 67]. One study showed no

evidence of type I allergy to BanLec, as demonstrated by
the lack of BanLec-specific serum IgE [68].

Toxicity of molecules or compounds can be calculated
in silico by analyzing amino acid sequences and identify-
ing toxic domains. According to toxicity prediction, the
BanLecs have an average ToxDL score of approximately
0.0268, which is considered to be low toxic. The higher
the score, the less likely the protein will be toxic. This
score was calculated by adding the scores assigned to
individual amino acids, where some amino acids contrib-
uted more to toxicity than others [35]. Despite the indica-
tions of low toxicity, the analysis reveals that none of the
BanLec proteins contain toxic domains. Essentially, Ban-
Lec has been shown to have mitogenic activity [69]. How-
ever, it is still possible to engineer this protein produce
BanLec that retains its efficacy with minimal or no mito-
genic activity [70]. The values above are estimates and
predictions based on in silico simulations, necessitating
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Table 6 HDOCK molecular docking results of the four best RBD-
BanLec complexes showing the docking score and ligand RMSD

SARS-CoV-2 variants BanLecs Docking Ligand RMSD (A)
score (kJ/
mol)

WT Mba09 H115T —270.71 77.70

Delta Ma09 H84T —277.70 67.11

Delta Plus Mba09 WT —249.66 70.56

Omicron Ma09 WT —290.10 5849

additional in vitro testing prior to implementing BanLecs
as a therapeutic agent.

SARS-CoV-2, with its single-stranded RNA genome,
is susceptible to rapid and higher rates of mutation [71],
which may lead to changes in viral fitness, including
improved infectivity, illness severity in the host, and other
viral functions [2]. While mutations can occur anywhere
along the viral genome, this study highlights mutation
in RBD of the SARS-CoV-2 spike subunit 1 protein. The
wild-type (WT) RBD (Wuhan-Hu-1; NCBI ID: PODTC2)
was used as a reference, with the Delta (B.1.617.2; NCBI
ID: QWK65230.1) RBD containing two mutations, L452R
and T478K, and the Delta Plus containing three muta-
tions, K417N, L452R, and T478K. Omicron (B.1.1.529),
the most recent variant of concern (VOC), has more
mutations than the previously predominant Delta vari-
ant, including K417N, N440K, G446S, S477N, T478K,
E484A, Q493R, G496S, Q498R, N501Y, and Y505H [72].
The presence of all of these mutations were confirmed
in an MSA shown in Fig. 3. The WT-RBD and its vari-
ants were modelled and superimposed in this study. The
RMSD values of the superimposed RBD protein struc-
tures seen in Fig. 4 provide insights into the structural
differences and similarities between the RBD variants
and the WT-RBD, highlighting the extent of their devia-
tions at the atomic level. A higher RMSD value signifies
a more pronounced distinction or deviation between a
protein structure and its wild-type reference. This indi-
cates substantial alterations or mutations in the protein
structure, which can potentially impact its function and
overall configuration.

According to Covés-Datson et al. [29], Swanson et al.
[24], and the findings in our studies, there is a pi-pi stack
in the BanLecs between a Histidine (position 84 in Ma09
and 115 in Mba09) and a Tyrosine (position 83 in Ma09
and 114 in Mba09), which are both aromatic rings. Pi-pi
stacking refers to the attractive, non-covalent interac-
tions between aromatic rings. This disruption of the
pi-pi stack has been linked to a reduction in mitogenic-
ity while preserving broad-spectrum antiviral properties
[29]. This may be due to the ability of the protein to retain
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wild-type conformational features and could also be
related to properties of the Threonine 84/115 side chain
[24, 29]. The pi-pi stacking is diminished by the in silico
mutagenesis since T84/115 does not have an aromatic
ring structure, unlike H84/115.

The results of the molecular docking simulation
of the four BanLecs (two WT and two mutated) with
the RBD variants (Table 5) exhibited that at the criti-
cal or key amino acids, BanLecs interacted strongly
with each RBD variant. The presence of a greater the
number of bonds and interactions in a docked complex
signifies a better prediction of binding and confirms
the ability of BanLecs to establish interactions with the
RBD of the SARS-CoV-2 spike S1 protein. H-bonds are
covalent bond formed between a hydrogen atom and
an extremely electronegative atom, and they are con-
sidered strong when they occur in large or multiple
numbers [73]. A salt bridge is an ion pair that forms
between two side chains of a protein. Even though it is
comprised of non-covalent bonds, it significantly con-
tributes to protein stability and overall protein binding
[74]. Salt bridges and H-bonds interaction have been
shown to play a critical role in protein-ligand stabil-
ity [75]. The strength of H-bonds has been correlated
to the distance or length between the two molecules,
where shorter distances signify a stronger bond [76],
and as seen from the green dotted lines in Fig. 8, the
length hydrogen bonds of all complexes range from
2.00 to 3.36 A. According to McRee [77], the distance
of hydrogen bonds is commonly from 2.7 to 3.3 A, with
3.0 A being the most common value. This demonstrates
that the H-bond strengths of the four best complexes
range from moderate to strong.

In terms of the number of interactions and bonds, the
RBD of SARS-CoV-2 exhibits a slightly higher preference
for M. acuminata BanLecs. However, it shows a higher
binding affinity value in its interactions with M. balbisi-
ana BanLecs. In another stage of molecular docking, it
was observed that BanLec Ma09 WT exhibits a stronger
affinity towards Omicron RBD, suggesting its potential to
hinder RBD binding to hACE2. Nevertheless, the ligand
RMSD values in the molecular docking results for the
four top BanLec-RBD complexes ranged from 58.49 to
77.70 A. In contrast, the ligand RMSD values for hACE2
docked with RBD variants in the study by Celik et al.
[41] ranged from 0.34 to 0.61 A. A more negative ligand
RMSD value indicates less deviation from its reference
position, hence a better docking result. It is important to
note that hACE2, being the natural receptor molecule for
the SARS-CoV-2 RBD, is larger in size (603 aa in 6MO0]
PBD structure) compared to BanLecs (140-171 aa) [65],
which may contribute to their better RMSD values when
docked with the RBDs. Nonetheless, the analyzed binding
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Fig. 8 The diagrammatic representation in 3D and 2D configurations of the complex interface. a Wild-type RBD-Mba09 H115T complex (Chain A:
RBD; Chain B: BanlLec), b Delta RBD-Ma09 H84T complex (Chain A: RBD; Chain B: BanLec), ¢ Delta plus RBD-Mba09 WT complex (Chain A: RBD; Chain
B: BanLec), and d Omicron RBD-Ma09 WT complex (Chain A: BanLec; Chain B: RBD). In the PDBsum graphics (shown on the right), hydrogen bonds
are indicated by blue straight lines, non-bonded contacts are represented by orange dashed lines, and salt bridges are denoted by red straight lines.
In the LigPlot graphics (shown below the 3D graph), the representation of the ligands and protein side chains is depicted in a ball-and-stick format.
The ligand bonds are shown in purple, while hydrogen bonds are depicted as green dotted lines with their length printed in the middle. Spoked
arcs indicate protein residues that have non-bonded contacts with the ligand. Additionally, red circles and ellipses highlight protein residues

that occupy similar positions in 3D when the two structural models are aligned

affinity values of each BanLec-RBD complex (rangin from These results suggest that BanLecs are capable of bind-
—14.7 to —16.4 kJ/mol) still show a more negative value  ing to the active site of RBDs from various variants with
compared to results of binding affinity between docked high affinity. Moreover, they can bind to key amino acids
hACE?2 and RBD variants in the study by Celik et al. [41], in the RBDs that play a crucial role in RBD’s interaction
which ranged from —12.8 to —14.2 kJ/mol. with hACE2. Therefore, these findings indicate that Ban-

Lecs have the potential to effectively inhibit the early
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Table 7 The BFE values generated between the interaction of SARS-CoV-2 spike proteins and BanLec as calculated using MM-PBSA

Protein complex Types of interaction energy (kJ/mol)

Van der Waals Electrostatic Polar solvation SASA Total binding-free energy
Omicron RBD- BanlLec —378.958+30.662 —556.282+52.801 773.583+58.558 —48.015+3.089 —209.672+34.141
WT-RBD-BanLec —283.760+29.761 —259.071£55.518 564.757+89.688 —39.585+3.685 —17.658+51.442
stages of SARS-CoV-2 infection in human cells. This The stability of interactions is a crucial aspect to con-

aligns with previous reports indicating that certain lec-  sider when analyzing molecular interaction predictions,
tins derived from natural sources can bind to glycans on  as in the case of this study. Molecular dynamics (MD)
viral glycoproteins, thereby preventing virus transmis-  simulation is a computational chemistry technique that
sion and entry into host cells [70, 78—-80]. simulates the behavior of atoms and/or molecules over a



Hessel et al. Journal of Genetic Engineering and Biotechnology

specified time period. This provides visual representation
of the molecular movement of the complex and its inter-
actions. In other words, this method allows for the simu-
lation of molecules’ time-dependent motion and enables
exploration of their conformational space [81]. The back-
bone atoms of the complexes are used to calculate the
RMSD, which was utilized to observe trajectory equilibra-
tion. Protein structure shifts and deviations can be deter-
mined by this important stability analysis parameter. Rg is
also important because it calculates the distance between
mass-weighted RMS values of atoms from their center of
mass and provides information about the compactness
and overall dimensions of proteins [64, 82, 83]. Trajectory
results with lower and more constant RMSD and Rg val-
ues indicate a more stable complex, whereas higher and
more fluctuating values indicate a more unstable complex.
Results of the molecular dynamics simulation showed that
both WT-RBD-Mba09 H115T and Omicron RBD-Ma09
WT complexes were fairly stable throughout the simula-
tion, with the latter complex being more stable with lower
and less fluctuating RMSD and Rg.

RMSEF is a parameter used to measure the flexibility
and/or mobility of protein structures by tracking their
conformational changes over time [64, 82]. A lower
RMSF value implies a less adaptable and mobile struc-
ture, while a higher value suggests the opposite. The
residual RMSF trajectories offer insight into the fluc-
tuations that visualize the conformational changes
and flexibility of each of the proteins in a complex.
The graph in Fig. 10 reveals that the RBDs of WT and
Omicron undergo greater changes than their BanLec
counterparts. Nevertheless, the Omicron RBD exhibits
lower fluctuation than the WT-RBD, suggesting greater
conformational stability. Higher RMSF values indicate
greater protein flexibility, which may result in reduced
stability due to increased susceptibility to conforma-
tional changes. The greater residual flexibility observed
in the WT-RBD-Mba09 H115T complex compared to
the Omicron RBD-Ma09 WT complex implies a higher
level of mobility and flexibility, thus less stability. BFE
values were observed to favor the stability of the Omi-
cron RBD-Ma09 WT complex. According to RMSD, Rg,
RMSE, and BFE values, the interaction between WT-
RBD and the corresponding BanLec Mba09 H115T was
found to be less stable, with both the RBD and BanLec
proteins exhibiting higher levels of fluctuation and flex-
ibility compared to the corresponding proteins in the
Omicron RBD-Ma09 WT complex. These findings sup-
port the results of the molecular docking analysis, sug-
gesting that the BanLec has a stronger preference for
the Omicron RBD over the WT-RBD. These findings
may contribute to explaining why the Omicron variant
is more infectious than the WT SARS-CoV-2. The study
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results also suggest that the preference for BanLecs is
stronger in Omicron RBD compared to WT-RBD, and
this preference may extend to the hACE2 protein.

Conclusions

This study was conducted to explore the potential of
BanLec proteins as a potent antiviral candidate against
SARS-CoV-2 by simulating their binding with four vari-
ants of SARS-CoV-2 RBDs. Molecular docking analysis
revealed strong interactions and bonds in the active site
between the SARS-CoV-2 RBD variants and different
BanLec proteins from M. acuminata and M. balbisiana.
Moreover, molecular dynamics simulation demonstrated
that the Omicron variant RBD exhibited a stable and
robust interaction with wild-type M. acuminata BanLec,
providing further insight into complex stability. These
findings suggest that BanLecs could serve as a potential
antiviral agent against SARS-CoV-2 by inhibiting the
fusion of the virus with host cell. However, further inves-
tigation is required to assess the safety and efficacy of
BanLecs as antiviral agents.

Abbreviations

3D Three-dimensional

A Angstrom

BanlLec Banana lectin

BFE Binding-free energy

CBS Carbohydrate binding site
COVID-19 Coronavirus disease 2019

DIMPLOT Dimensional reduction plot

EMBL-EBI European molecular biology laboratory — European bioinfor-
matics institute

GMQE Global model quality estimate

H84/115 Histidine in position 84 and/or 115

H84T Histidine to threonine in position 84

H115T Histidine to threonine in position 115

hACE2 Human angiotensin-converting enzyme 2

HIV Human immunodeficiency virus

HSV Herpes simplex virus

MEGA Molecular evolutionary genetics analysis

MSA Multiple sequence alignment

MDS Molecular dynamics simulations

MERS-CoV Middle East respiratory syndrome coronavirus

MM-PBSA Molecular mechanics Poisson-Boltzmann surface area

NacCl Sodium chloride

NCBI National Center for Biotechnology Information

NPT Constant number (N), pressure (P), and temperature (T)

NVT Constant number (N), volume (V), and temperature (T)

PRODIGY Protein binding energy

QMEAN Quialitative model energy analysis

RBD Receptor-binding domain

RCSB Research Collaboratory for Structural Bioinformatics

Rg Radius of gyration

RMSD Root-mean-square deviation

RMSF Root-mean-square fluctuation

RNA Ribonucleic acid

SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
T84/115 Threonine in position 84 and/or 115

VOC Variant of concern

WT Wild-type

Y83/114 Tyrosine in position 83 and/or 114

YASARA Yet another scientific artificial reality application



Hessel et al. Journal of Genetic Engineering and Biotechnology

Acknowledgements

The authors express their gratitude to the Banana Research Group at Institut
Teknologi Bandung (ITB), Indonesia, for their valuable contributions to discus-
sions and provision of technical assistance.

Funding

This research received financial support from the 2023 National Competi-
tive Basic Research Grant, which was granted by the Ministry of Education,
Culture, Research, and Technology of the Republic of Indonesia, with specific
allocation under Grant Number 007/E5/PG.02.00.PL/2023, awarded to Fenny
Dwivany.

Availability of data and materials
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details

'School of Life Sciences and Technology, Institut Teknologi Bandung, Band-
ung, West Java 40132, Indonesia. 2Department of Biosystems, KU Leuven,
Willem de Croylaan 42 box 2455, B-3001 Leuven, Belgium. *Remote Sensing
and Geographical Information Science Research Group, Faculty of Earth
Science and Technology (FITB), Institut Teknologi Bandung, Bandung, West
Java 40132, Indonesia. “Department of Pharmaceutical Chemistry, Faculty

of Pharmacy, Erciyes University, 38039 Kayseri, Turkey. °Department of Pathol-
ogy and Laboratory Medicine, Warren Alpert Medical School, Brown University,
Providence RI 02912, USA. ®Department of Pharmacy, Faculty of Allied Health
Sciences, Daffodil International University, Dhaka 1207, Bangladesh. ’Legorreta
Cancer Center, Brown University, Providence Rl 02912, USA. ®Department

of Biology, Faculty of Mathematics and Natural Sciences, Sam Ratulangi Uni-
versity, Manado, North Sulawesi 95115, Indonesia.

Received: 10 December 2022 Accepted: 26 October 2023
Published online: 28 November 2023

References

1. Shereen MA, Khan S, Kazmi A, Bashir N, Siddique R (2020) COVID-19 infec-
tion: Emergence, transmission, and characteristics of human coronavi-
ruses. J Adv Res 24:91-98. https://doi.org/10.1016/jjare.2020.03.005

2. Harvey WT, Carabelli AM, Jackson B, Gupta RK, Thomson EC, Harrison EM,
Ludden C, Reeve R, Rambaut A, Peacock SJ, Robertson DL, Consortium
C-19 GUK (COG-U) (2021) SARS-CoV-2 variants, spike mutations and
immune escape. Nat Rev Microbiol 19:409-424. https://doi.org/10.1038/
$41579-021-00573-0

3. Planas D, Veyer D, Baidaliuk A, Staropoli |, Guivel-Benhassine F, Rajah MM,
Planchais C, Porrot F, Robillard N, Puech J, Prot M, Gallais F, Gantner P,
Velay A, Le Guen J, Kassis-Chikhani N, Edriss D, Belec L, Seve A et al (2021)
Reduced sensitivity of SARS-CoV-2 variant Delta to antibody neutraliza-
tion. Nature 596:276-280. https://doi.org/10.1038/541586-021-03777-9

4. Duffy S (2018) Why are RNA virus mutation rates so damn high? PLOS Biol
16:23000003

5. Tenforde MW, Self WH, Adams K, Gaglani M, Ginde AA, McNeal T, Gha-
mande S, Douin DJ, Talbot HK, Casey JD, Mohr NM, Zepeski A, Shapiro
NI, Gibbs KW, Files DC, Hager DN, Shehu A, Prekker ME, Erickson HL et al
(2021) Association between mRNA vaccination and COVID-19 hospi-
talization and disease severity. JAMA 326:2043-2054. https://doi.org/10.
1001/jama.2021.19499

6. Andrews N, Tessier E, Stowe J, Gower C, Kirsebom F, Simmons R, Gallagher
E, Thelwall S, Groves N, Dabrera G, Myers R, Campbell CNJ, Amirthalingam
G, Edmunds M, Zambon M, Brown K, Hopkins S, Chand M, Ladhani SN
et al (2022) Duration of protection against mild and severe disease by
Covid-19 vaccines. N Engl J Med 386:340-350. https://doi.org/10.1056/
NEJM0a2115481

(2023) 21:148

7.

20.

21

22.

23.

24.

Page 20 of 22

Khater |, Nassar A (2021) In silico molecular docking analysis for repurpos-
ing approved antiviral drugs against SARS-CoV-2 main protease. Biochem
Biophys Rep 27:101032. https://doi.org/10.1016/j.bbrep.2021.101032
Hassanzadeganroudsari M, Ahmadi AH, Rashidi N, Hossain MK, Habib

A, Apostolopoulos V (2021) Computational Chemistry to Repurposing
Drugs for the Control of COVID-19. Biologics 1:111-128. https://doi.org/
10.3390/biologics1020007

Caly L, Druce JD, Catton MG, Jans DA, Wagstaff KM (2020) The FDA-
approved drug ivermectin inhibits the replication of SARS-CoV-2 in vitro.
Antiviral Res 178:104787. https://doi.org/10.1016/j.antiviral.2020.104787
Ashhurst AS, Tang AH, Fajtova P, Yoon MC, Aggarwal A, Bedding MJ, Stoye
A, Beretta L, Pwee D, Drelich A, Skinner D, Li L, Meek TD, McKerrow JH,
HookV, Tseng C-T, Larance M, Turville S, Gerwick WH et al (2022) Potent
Anti-SARS-CoV-2 Activity by the Natural Product Gallinamide A and Ana-
logues via Inhibition of Cathepsin L. J Med Chem 65:2956-2970. https://
doi.org/10.1021/acsjmedchem.1c01494

. Purwati MA, Nasronudin HE, Karsari D, Dinaryanti A, Ertanti N, Ihsan IS,

Purnama DS, Asmarawati TP, Marfiani E, Yulistiani, Rosyid AN, Wulanin-
grum PA, Setiawan HW, Siswanto |, Tri Puspaningsih NN (2021) An in vitro
study of dual drug combinations of anti-viral agents, antibiotics, and/or
hydroxychloroquine against the SARS-CoV-2 virus isolated from hospital-
ized patients in Surabaya, Indonesia. PLoS One 16:e0252302. https://doi.
org/10.1371/journal.pone.0252302

Guijarro-Real C, Plazas M, Rodriguez-Burruezo A, Prohens J, Fita A (2021)
Potential In Vitro Inhibition of Selected Plant Extracts against SARS-CoV-2
Chymotripsin-Like Protease (3CLPro) Activity. Foods 10. https://doi.org/
10.3390/foods 10071503

Rakib A, Paul A, Nazim Uddin Chy M, Sami SA, Baral SK, Majumder M,
Tareq AM, Amin MN, Shahriar A, Zia Uddin M, Dutta M, Tallei TE, Bin ET,
Simal-Gandara J (2020) Biochemical and Computational Approach of
Selected Phytocompounds from Tinospora crispa in the Management of
COVID-19. Molecules 25. https://doi.org/10.3390/molecules25173936
Tallei TE, Tumilaar SG, Niode NJ, Fatimawali KBJ, Idroes R, EffendiY, Sakib
SA, Bin ET (2020) Potential of plant bioactive compounds as SARS-CoV-2
main protease (Mpro) and spike (S) glycoprotein inhibitors: A molecular
docking study. Scientifica (Cairo) 2020:6307457. https://doi.org/10.1155/
2020/6307457

Sagar S, Rathinavel AK, Lutz WE, Struble LR, Khurana S, Schnaubelt AT,
Mishra NK, Guda C, Palermo NY, Broadhurst MJ, Hoffmann T, Bayles KW,
Reid SPM, Borgstahl GEO, Radhakrishnan P (2021) Bromelain inhibits
SARS-CoV-2 infection via targeting ACE-2, TMPRSS2, and spike protein.
ClinTransl Med 11:e281

Remali J, Aizat WM (2020) A Review on Plant Bioactive Compounds and
Their Modes of Action Against Coronavirus Infection. Front Pharmacol
11:589044. https://doi.org/10.3389/fphar.2020.589044

Meng X-Y, Zhang H-X, Mezei M, Cui M (2011) Molecular docking: a pow-
erful approach for structure-based drug discovery. Curr Comput Aided
Drug Des 7:146-157. https://doi.org/10.2174/157340911795677602
Lokhande KB, Apte GR, Shrivastava A, Singh A, Pal JK, Swamy KV, Gupta RK
(2022) Sensing the interactions between carbohydrate-binding agents
and N-linked glycans of SARS-CoV-2 spike glycoprotein using molecular
docking and simulation studies. J Biomol Struct Dyn 40:3880-3898.
https://doi.org/10.1080/07391102.2020.1851303

Singh B, Singh JP, Kaur A, Singh N (2016) Bioactive compounds in banana
and their associated health benefits - A review. Food Chem 206:1-11.
https://doi.org/10.1016/j.foodchem.2016.03.033

Sidhu JS, Zafar TA (2018) Bioactive compounds in banana fruits and their
health benefits. Food Qual Saf 2:183-188. https://doi.org/10.1093/fqsafe/
fyy019

Meagher JL, Winter HC, Ezell P, Goldstein 1J, Stuckey JA (2005) Crystal
structure of banana lectin reveals a novel second sugar binding site.
Glycobiology. https://doi.org/10.1093/glycob/cwi088

Mulloy B, Hart GW, Stanley P, Prestegard JH (2017) Structural Analysis of
Glycans. In: Essentials of Glycobiology. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor

Zhao X, Chen H, Wang H (2021) Glycans of SARS-CoV-2 spike protein

in virus infection and antibody production. Front Mol Biosci 8:629873.
https://doi.org/10.3389/fmolb.2021.629873

Swanson MD, Boudreaux DM, Salmon L, Chugh J, Winter HC, Meagher
JL, André S, Murphy PV, Oscarson S, Roy R, King S, Kaplan MH, Goldstein
1J, Tarbet EB, Hurst BL, Smee DF, de la Fuente C, Hoffmann H-H, Xue Y


https://doi.org/10.1016/j.jare.2020.03.005
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/s41586-021-03777-9
https://doi.org/10.1001/jama.2021.19499
https://doi.org/10.1001/jama.2021.19499
https://doi.org/10.1056/NEJMoa2115481
https://doi.org/10.1056/NEJMoa2115481
https://doi.org/10.1016/j.bbrep.2021.101032
https://doi.org/10.3390/biologics1020007
https://doi.org/10.3390/biologics1020007
https://doi.org/10.1016/j.antiviral.2020.104787
https://doi.org/10.1021/acs.jmedchem.1c01494
https://doi.org/10.1021/acs.jmedchem.1c01494
https://doi.org/10.1371/journal.pone.0252302
https://doi.org/10.1371/journal.pone.0252302
https://doi.org/10.3390/foods10071503
https://doi.org/10.3390/foods10071503
https://doi.org/10.3390/molecules25173936
https://doi.org/10.1155/2020/6307457
https://doi.org/10.1155/2020/6307457
https://doi.org/10.3389/fphar.2020.589044
https://doi.org/10.2174/157340911795677602
https://doi.org/10.1080/07391102.2020.1851303
https://doi.org/10.1016/j.foodchem.2016.03.033
https://doi.org/10.1093/fqsafe/fyy019
https://doi.org/10.1093/fqsafe/fyy019
https://doi.org/10.1093/glycob/cwi088
https://doi.org/10.3389/fmolb.2021.629873

Hessel et al. Journal of Genetic Engineering and Biotechnology

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

et al (2015) Engineering a therapeutic lectin by uncoupling mitogenic-
ity from antiviral activity. Cell 163:746-758. https://doi.org/10.1016/j.
cell.2015.09.056

Covés-Datson EM, King SR, Legendre M, Gupta A, Chan SM, Gitlin E,
Kulkarni WV, Garcia JP, Smee DF, Lipka E, Evans SE, Tarbet EB, Ono A,
Markovitz DM (2020) A molecularly engineered antiviral banana lectin
inhibits fusion and is efficacious against influenza virus infection in vivo.
Proc Natl Acad Sci U S A 117:2122-2132. https://doi.org/10.1073/pnas.
1915152117

Mahaboob Batcha AT, Wadhwani A, Subramaniam G (2020) In vitro
antiviral activity of BanLec against herpes simplex viruses type 1 and
2.Bangladesh J Pharmacol 15:11-18. https://doi.org/10.3329/bjp.
v15i1.42320

Srinivas BK, Shivamadhu MC, Jayarama S (2021) Musa acuminata lectin
exerts anti-cancer effects on Hela and EAC cells via activation of caspase
and inhibitions of Akt, Erk, and Jnk pathway expression and suppresses
the neoangiogenesis in in-vivo models. Int J Biol Macromol 166:1173-
1187. https://doi.org/10.1016/j.ijbiomac.2020.10.272

Wong JH, Ng TB (2006) Isolation and characterization of a glucose/
mannose-specific lectin with stimulatory effect on nitric oxide produc-
tion by macrophages from the emperor banana. Int J Biochem Cell Biol
38:234-243. https://doi.org/10.1016/j.biocel.2005.09.004

Covés-Datson EM, King SR, Legendre M, Swanson MD, Gupta A, Claes

S, Meagher JL, Boonen A, Zhang L, Kalveram B, Raglow Z, Freiberg AN,
Prichard M, Stuckey JA, Schols D, Markovitz DM (2021) Targeted disrup-
tion of pi—pi stacking in Malaysian banana lectin reduces mitogenicity
while preserving antiviral activity. Sci Rep 11:656. https://doi.org/10.1038/
$41598-020-80577-7

Solovyev V, Kosarev P, Seledsov |, Vorobyev D (2006) Automatic annota-
tion of eukaryotic genes, pseudogenes and promoters. Genome Biol
7:510. https://doi.org/10.1186/gb-2006-7-51-s10

Tamura K, Stecher G, Kumar S (2021) MEGAT11: Molecular evolutionary
genetics analysis version 11. Mol Biol Evol 38:3022-3027. https://doi.org/
10.1093/molbev/msab120

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng
EC, Ferrin TE (2004) UCSF Chimera - A visualization system for exploratory
research and analysis. J Comput Chem 25:1605-1612. https://doi.org/10.
1002/jcc.20084

Gasteiger E, Hoogland C, Gattiker A, Duvaud S, Wilkins MR, Appel RD,
Bairoch A (2005) Protein Identification and Analysis Tools on the ExPASy
Server. In: The Proteomics Protocols Handbook. Humana Press, Totowa,
NJ, pp 571-607

Dimitrov |, Naneva L, Doytchinova |, Bangov | (2014) AllergenFP: aller-
genicity prediction by descriptor fingerprints. Bioinformatics 30:846-851.
https://doi.org/10.1093/bioinformatics/btt619

Pan X, Zuallaert J, Wang X, Shen H-B, Campos EP, Marushchak DO, De
Neve W (2020) ToxDL: deep learning using primary structure and domain
embeddings for assessing protein toxicity. Bioinformatics 36:5159-5168.
https://doi.org/10.1093/bioinformatics/btaat56

Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R,
Heer FT, de Beer TAP, Rempfer C, Bordoli L, Lepore R, Schwede T (2018)
SWISS-MODEL: homology modelling of protein structures and com-
plexes. Nucleic Acids Res 46:W296-W303. https://doi.org/10.1093/nar/
gky427

Bienert S, Waterhouse A, de Beer TAP, Tauriello G, Studer G, Bordoli L,
Schwede T (2017) The SWISS-MODEL Repository—new features and
functionality. Nucleic Acids Res 45:D313-D319. https://doi.org/10.1093/
nar/gkw1132

Guex N, Peitsch MC, Schwede T (2009) Automated comparative protein
structure modeling with SWISS-MODEL and Swiss-PdbViewer: A historical
perspective. Electrophoresis 30:5162-S173. https://doi.org/10.1002/elps.
200900140

Studer G, Rempfer C, Waterhouse AM, Gumienny R, Haas J, Schwede T
(2020) QMEANDIsCo—distance constraints applied on model quality
estimation. Bioinformatics 36:1765-1771. https://doi.org/10.1093/bioin
formatics/btz828

Bertoni M, Kiefer F, Biasini M, Bordoli L, Schwede T (2017) Modeling pro-
tein quaternary structure of homo- and hetero-oligomers beyond binary
interactions by homology. Sci Rep 7:10480. https://doi.org/10.1038/
$41598-017-09654-8

(2023) 21:148

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 21 of 22

Celik 1, Khan A, Dwivany FM, Fatimawali WD-Q, Tallei TE (2022) Compu-
tational prediction of the effect of mutations in the receptor-binding
domain on the interaction between SARS-CoV-2 and human ACE2. Mol
Divers 26:3309-3324. https://doi.org/10.1007/511030-022-10392-x

Celik I, Abdellattif MH, Tallei TE (2022) An Insight based on computational
analysis of the interaction between the receptor-binding domain of the
Omicron variants and human angiotensin-converting enzyme 2. Biology
(Basel) 11. https://doi.org/10.3390/biology 11050797

Sanner M (1999) Python: A Programming Language for Software Integra-
tion and Development. J Mol Graph Model 17:57-61

Morris G, Huey R, Lindstrom W, Sanner M, Belew R, Goodsell D, Olson A
(2009) Autodock4 and AutoDockTools4: Automated Docking with Selec-
tive Receptor Flexibility. ] Comput Chem 30:2785-2791

Krieger E, Joo K, Lee J, Lee J, Raman S, Thompson J, Tyka M, Baker D, Kar-
plus K (2009) Improving physical realism, stereochemistry, and side-chain
accuracy in homology modeling: Four approaches that performed well in
CASP8. Proteins 77(Suppl 9):114-122. https://doi.org/10.1002/prot.22570
Krieger E, Vriend G (2015) New ways to boost molecular dynamics simula-
tions. J Comput Chem 36:996-1007. https://doi.org/10.1002/jcc.23899
Kozakov D, Hall DR, Xia B, Porter KA, Padhorny D, Yueh C, Beglov D, Vajda
S (2017) The ClusPro web server for protein-protein docking. Nat Protoc
12:255-278. https://doi.org/10.1038/nprot.2016.169

Vajda S, Yueh C, Beglov D, Bohnuud T, Mottarella SE, Xia B, Hall DR, Koza-
kov D (2017) New additions to the ClusPro server motivated by CAPRI.
Proteins Struct Funct Bioinforma 85:435-444. https://doi.org/10.1002/
prot.25219

Desta IT, Porter KA, Xia B, Kozakov D, Vajda S (2020) Performance and Its
Limits in Rigid Body Protein-Protein Docking. Structure 28:1071-1081.e3.
https://doi.org/10.1016/j.5tr.2020.06.006

Xue LC, Rodrigues JP, Kastritis PL, Bonvin AM, Vangone A (2016) PRODIGY:
A web server for predicting the binding affinity of protein-protein com-
plexes. Bioinformatics 32:3676-3678. https://doi.org/10.1093/bioinforma
tics/btw514

Laskowski RA, Jabtoriska J, Pravda L, Vafekova RS, Thornton JM (2018)
PDBsum: Structural summaries of PDB entries. Protein Sci 27:129-134.
https://doi.org/10.1002/pro.3289

Yan'Y, Zhang D, Zhou P, Li B, Huang SY (2017) HDOCK: A web server
for protein-protein and protein-DNA/RNA docking based on a hybrid
strategy. Nucleic Acids Res 45:W365-W373. https://doi.org/10.1093/
nar/gkx407

Yan', Tao H, He J, Huang SY (2020) The HDOCK server for integrated
protein—protein docking. Nat Protoc 15:1829-1852. https://doi.org/10.
1038/541596-020-0312-x

Laskowski RA, Swindells MB (2011) LigPlot+: Multiple ligand-protein
interaction diagrams for drug discovery. J Chem Inf Model 51:2778-2786.
https://doi.org/10.1021/ci200227u

Schrédinger LLC (2015) The PyMOL Molecular Graphics System, Version 2.0
Abraham MJ, Murtola T, Schulz R, Pall S, Smith JC, Hess B, Lindahl E (2015)
GROMACS: High performance molecular simulations through multi-level
parallelism from laptops to supercomputers. SoftwareX 1-2:19-25.
https://doi.org/10.1016/j.50ftx.2015.06.001

Lindorff-Larsen K, Piana S, Palmo K, Maragakis P, Klepeis JL, Dror RO, Shaw
DE (2010) Improved side-chain torsion potentials for the Amber ff99SB
protein force field. Proteins Struct Funct Bioinforma 78(8):1950-1958.
https://doi.org/10.1002/prot.22711

Parrinello M, Rahman A (1981) Polymorphic transitions in single crystals:
A new molecular dynamics method. J Appl Phys 52(12):7182-7190.
https://doi.org/10.1063/1.328693

Winter A (2018) QtGrace (v.0.2.6; pp 1-1). https://sourceforge.net/proje
cts/qtgrace/

Benkert P, Tosatto SCE, Schomburg D (2008) QMEAN: A comprehensive
scoring function for model quality assessment. Proteins 71:261-277.
https://doi.org/10.1002/prot.21715

Biasini M, Bienert S, Waterhouse A, Arnold K, Studer G, Schmidt T, Kiefer F,
Gallo Cassarino T, Bertoni M, Bordoli L, Schwede T (2014) SWISS-MODEL:
modelling protein tertiary and quaternary structure using evolutionary
information. Nucleic Acids Res 42:W252-W258. https://doi.org/10.1093/
nar/gku340

Tallei TE, Fatimawali YA, Idroes R, Kusumawaty D, Bin ET, Yesiloglu TZ, Sippl
W, Mahmud S, Algahtani T, Algahtani AM, Asiri S, Rahmatullah M, Jahan

R, Khan MA, Celik I (2021) An analysis based on molecular docking and


https://doi.org/10.1016/j.cell.2015.09.056
https://doi.org/10.1016/j.cell.2015.09.056
https://doi.org/10.1073/pnas.1915152117
https://doi.org/10.1073/pnas.1915152117
https://doi.org/10.3329/bjp.v15i1.42320
https://doi.org/10.3329/bjp.v15i1.42320
https://doi.org/10.1016/j.ijbiomac.2020.10.272
https://doi.org/10.1016/j.biocel.2005.09.004
https://doi.org/10.1038/s41598-020-80577-7
https://doi.org/10.1038/s41598-020-80577-7
https://doi.org/10.1186/gb-2006-7-s1-s10
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1093/bioinformatics/btt619
https://doi.org/10.1093/bioinformatics/btaa656
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1093/nar/gkw1132
https://doi.org/10.1093/nar/gkw1132
https://doi.org/10.1002/elps.200900140
https://doi.org/10.1002/elps.200900140
https://doi.org/10.1093/bioinformatics/btz828
https://doi.org/10.1093/bioinformatics/btz828
https://doi.org/10.1038/s41598-017-09654-8
https://doi.org/10.1038/s41598-017-09654-8
https://doi.org/10.1007/s11030-022-10392-x
https://doi.org/10.3390/biology11050797
https://doi.org/10.1002/prot.22570
https://doi.org/10.1002/jcc.23899
https://doi.org/10.1038/nprot.2016.169
https://doi.org/10.1002/prot.25219
https://doi.org/10.1002/prot.25219
https://doi.org/10.1016/j.str.2020.06.006
https://doi.org/10.1093/bioinformatics/btw514
https://doi.org/10.1093/bioinformatics/btw514
https://doi.org/10.1002/pro.3289
https://doi.org/10.1093/nar/gkx407
https://doi.org/10.1093/nar/gkx407
https://doi.org/10.1038/s41596-020-0312-x
https://doi.org/10.1038/s41596-020-0312-x
https://doi.org/10.1021/ci200227u
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1002/prot.22711
https://doi.org/10.1063/1.328693
https://sourceforge.net/projects/qtgrace/
https://sourceforge.net/projects/qtgrace/
https://doi.org/10.1002/prot.21715
https://doi.org/10.1093/nar/gku340
https://doi.org/10.1093/nar/gku340

Hessel et al. Journal of Genetic Engineering and Biotechnology

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

molecular dynamics simulation study of bromelain as anti-SARS-CoV-2
variants. Front Pharmacol 12:2192. https://doi.org/10.3389/fphar.2021.
717757

Marillet S, Lefranc M-P, Boudinot P, Cazals F (2017) Novel structural param-
eters of Ig-Ag complexes yield a quantitative description of interaction
specificity and binding affinity. Front Immunol 8:34. https://doi.org/10.
3389/fimmu.2017.00034

Tallei TE, Fatimawali AAA, Elseehy MM, EI-Shehawi AM, Mahmoud EA,
Tania AD, Niode NJ, Kusumawaty D, Rahimah S, Effendi Y, Idroes R, Celik

I, Hossain MJ, Bin ET (2022) Fruit bromelain-derived peptide potentially
restrains the attachment of SARS-CoV-2 variants to hACE2: A pharmaco-
informatics approach. Molecules 27:260. https://doi.org/10.3390/molec
ules27010260

LanJ, Ge J,Yu J, Shan S, Zhou H, Fan S, Zhang Q, Shi X, Wang Q, Zhang L,
Wang X et al (2020) Structure of the SARS-CoV-2 spike receptor-binding
domain bound to the ACE2 receptor. Nature 581:215-220

Deifl S, Bohle B (2011) Factors influencing the allergenicity and adjuvan-
ticity of allergens. Immunotherapy 3:881-893. https://doi.org/10.2217/
imt.11.69

Mahmud S, Biswas S, Kumar Paul G, Mita MA, Afrose S, Robiul Hasan M,
Sharmin Sultana Shimu M, Uddin MAR, Salah Uddin M, Zaman S, Kaderi
Kibria KM, Arif Khan M, Bin Emran T, Abu Saleh M (2021) Antiviral peptides
against the main protease of SARS-CoV-2: A molecular docking and
dynamics study. Arab J Chem 14:103315. https://doi.org/10.1016/j.arabjc.
2021.103315

Krithika N, Pramod SN, Mahesh PA, Venkatesh YP (2018) Banana lectin
(BanLec) induces non-specific activation of basophils and mast cells in
atopic subjects. Eur Ann Allergy Clin Immunol 50:243-253. https://doi.
0rg/10.23822/EurAnnACl.1764-1489.64

Gavrovic-Jankulovic M, Poulsen K, Brckalo T, Bobic S, Lindner B, Petersen
A (2008) A novel recombinantly produced banana lectin isoform is a valu-
able tool for glycoproteomics and a potent modulator of the proliferation
response in CD3+, CD4+, and CD8+ populations of human PBMCs. Int J
Biochem Cell Biol. https://doi.org/10.1016/j.biocel.2007.10.033

Swanson MD, Winter HC, Goldstein 1J, Markovitz DM (2010) A lectin
isolated from bananas is a potent inhibitor of HIV replication. J Biol Chem
285:8646-8655. https://doi.org/10.1074/jbc.M109.034926

Barr JN, Fearns R (2016) Genetic instability of RNA viruses. Genome
Stab:21-35. https://doi.org/10.1016/B978-0-12-803309-8.00002-1

Kumar S, Thambiraja TS, Karuppanan K, Subramaniam G (2021) Omicron
and Delta variant of SARS-CoV-2: A comparative computational study of
spike protein. J Med Virol. https://doi.org/10.1002/jmv.27526

Arunan E, Desiraju GR, Klein RA, Sadlej J, Scheiner S, Alkorta I, Clary

DC, Crabtree RH, Dannenberg JJ, Hobza P, Kjaergaard HG, Legon AC,
Mennucci B, Nesbitt DJ (2011) Definition of the hydrogen bond (IUPAC
Recommendations 2011). Pure Appl Chem 83:1637-1641

Anslyn EV, Dougherty DA (2006) Modern Physical Organic Chemistry.
University Science Books, Sausalito

Fu, Zhao J, Chen Z (2018) Insights into the molecular mechanisms of
protein-ligand interactions by molecular docking and molecular dynam-
ics simulation: A case of oligopeptide binding protein. Comput Math
Methods Med 2018:3502514. https://doi.org/10.1155/2018/3502514
Herschlag D, Pinney MM (2018) Hydrogen Bonds: Simple after All? Bio-
chemistry 57:3338-3352. https://doi.org/10.1021/acs.biochem.8b00217
McRee DE (1999) 3 - Computational Techniques. In: McRee DE (ed) Practi-
cal Protein Crystallography, Second edn. Academic Press, San Diego,

pp 91-cpl

Barton C, Kouokam JC, Lasnik AB, Foreman O, Cambon A, Brock G, Monte-
fiori DC, Vojdani F, McCormick AA, O'Keefe BR, Palmer KE (2014) Activity of
and effect of subcutaneous treatment with the broad-spectrum antiviral
lectin griffithsin in two laboratory rodent models. Antimicrob Agents
Chemother 58:120-127. https://doi.org/10.1128/AAC.01407-13

Akkouh O, Ng TB, Singh SS, Yin C, Dan X, Chan YS, Pan W, Cheung RCF
(2015) Lectins with anti-HIV activity: a review. Molecules 20:648-668.
https://doi.org/10.3390/molecules20010648

Xu X-C, Zhang Z-W, Chen Y-E, Yuan M, Yuan S, Bao J-K (2015) Antiviral

and antitumor activities of the lectin extracted from Aspidistra elatior. Z
Naturforsch C 70:7-13. https://doi.org/10.1515/znc-2014-4108

Krokhotin A, Dokholyan NV (2015) Chapter Three - Computational Meth-
ods Toward Accurate RNA Structure Prediction Using Coarse-Grained
and All-Atom Models. In: Chen S-J, Burke-Aguero DHBT-M in E (eds)

(2023) 21:148

82.

83.

Page 22 of 22

Computational Methods for Understanding Riboswitches. Academic
Press,

pp 65-89

Kumar CV, Swetha RG, Anbarasu A, Ramaiah S (2014) Computational
analysis reveals the association of threonine 118 methionine mutation in
PMP22 resulting in CMT-1A. Adv Bioinformatics 2014:502618. https://doi.
org/10.1155/2014/502618

Ahmad SS, Sinha M, Ahmad K, Khalid M, Choi | (2020) Study of caspase

8 inhibition for the management of Alzheimer’s disease: A molecular
docking and dynamics simulation. Molecules 25. https://doi.org/10.3390/
molecules25092071

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.3389/fphar.2021.717757
https://doi.org/10.3389/fphar.2021.717757
https://doi.org/10.3389/fimmu.2017.00034
https://doi.org/10.3389/fimmu.2017.00034
https://doi.org/10.3390/molecules27010260
https://doi.org/10.3390/molecules27010260
https://doi.org/10.2217/imt.11.69
https://doi.org/10.2217/imt.11.69
https://doi.org/10.1016/j.arabjc.2021.103315
https://doi.org/10.1016/j.arabjc.2021.103315
https://doi.org/10.23822/EurAnnACI.1764-1489.64
https://doi.org/10.23822/EurAnnACI.1764-1489.64
https://doi.org/10.1016/j.biocel.2007.10.033
https://doi.org/10.1074/jbc.M109.034926
https://doi.org/10.1016/B978-0-12-803309-8.00002-1
https://doi.org/10.1002/jmv.27526
https://doi.org/10.1155/2018/3502514
https://doi.org/10.1021/acs.biochem.8b00217
https://doi.org/10.1128/AAC.01407-13
https://doi.org/10.3390/molecules20010648
https://doi.org/10.1515/znc-2014-4108
https://doi.org/10.1155/2014/502618
https://doi.org/10.1155/2014/502618
https://doi.org/10.3390/molecules25092071
https://doi.org/10.3390/molecules25092071

	A computational simulation appraisal of banana lectin as a potential anti-SARS-CoV-2 candidate by targeting the receptor-binding domain
	Abstract 
	Background 
	Materials and methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	BanLec gene selection
	Physicochemical properties, allergenicity, and toxicity prediction of BanLecs
	SARS-CoV-2 RBDs multiple sequence alignment and structural modeling
	Modeling of BanLecs three-dimensional structures
	Pre-docking preparation
	Molecular docking analysis
	Visualization of the best docked models
	Molecular dynamic simulation study

	Results
	BanLec gene selection
	Physicochemical property, allergenicity, and toxicity of BanLec
	MSA and homology modeling of RBD variants
	Homology modeling of BanLecs
	Molecular docking of the BanLecs on WT-RBD
	Molecular docking of selected BanLecs on RBD
	Molecular dynamics simulations

	Discussion
	Conclusions
	Acknowledgements
	References


