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A B S T R A C T

Many studies have shown that the lysosomal cathepsins, especially cathepsins B/L (CTSB/L) are required for
SARS-CoV-2 entry into host cells. Lysosomal proteases, cathepsins are indispensable for normal health and are
involved in several brain disorders occurring at different development age periods. On the other hand, it has been
well known that COVID-19 infection is largely associated with several neurological disorders. Taken together
these findings and given the high levels of expression of CTSB/L in the brain, we here proposed a reasonable
hypothesis about the involvement of CTSB/L in the neurological manifestations linked to COVID-19. Pharma-
cological inhibitions of the CTSB/L could be a potential therapeutic target to block the virus entry as well as to
mitigate the brain disorders. To this end, we utilized the network-based drug repurposing analyses to identify the
possible drugs that can target CTSB/L. This study identifies the molecules like cyclosporine, phenytoin, and
paclitaxel as potential drugs with binding ability to the CTSB/L. Further, we have performed molecular docking
and all-atom molecular dynamics (MD) simulations to investigate the stability of CTSL-drug complexes. The re-
sults showed strong and stable binding of drugs with CTSL.
1. Introduction

The spread of a novel coronavirus, severe acute respiratory syndrome
(SARS-CoV-2) is disrupting the global health and economy (Li et al.,
2020). As of July 2021, over 180 million confirmed cases are reported
worldwide with more than 4.0 million deaths reported (https://covid19
.who.int/). There are more than two-thousand on-going clinical trials
underway, but to date, none of these drugs have proven
clinically-effective.

SARS-CoV-2 enters the host cell through spike (S) protein which binds
to angiotensin-converting enzyme 2 (ACE2) receptor present on the cell-
membrane of host cells (Zhou et al., 2020b). This binding is then fol-
lowed by the cleavage of the S protein by the host transmembrane serine
protease 2 (TMPRSS2) and then fusion to the host cell membrane
(Hoffmann et al., 2020). However studies have indicated the involve-
ment of the endosomal pathway as the key entry for SARS-CoV (Millet
and Whittaker, 2015; Wang et al., 2008). These studies showed that the
virus enters the host cell via a pH- and receptor-mediated endocytosis
pathway. In this pathway, the lysosomal cathepsins, mainly cathepsin L
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(CTSL) and cathepsin B (CTSB) cleaves and activate the S protein which
then fuses with host cells (Ou et al., 2020; Zhou et al., 2015). An addi-
tional receptor for the S protein has been recognized as CD147 through in
vitro experiment (Wang et al., 2020). Interestingly, both CTSL and
CD147 are largely present in the central nervous system (CNS) (Hook
et al., 2020; Podvin et al., 2018) whereas TMPRSS2 is poorly present in
the brain (Paoloni-Giacobino et al., 1997).

While COVID-19 is known to cause substantial respiratory pathology
including pneumonia and acute respiratory distress syndrome (ARDS),
increasing clinical evidence points to the presence of several neurological
manifestations (Ellul et al., 2020; Gupta et al., 2020a; Khatoon et al.,
2020, 2021; Leonardi et al., 2020). These symptoms include headache,
dizziness, weakened consciousness, ataxia, acute cerebrovascular dis-
ease, and epilepsy predominantly in the CNS. Moreover, symptoms like
hypogeusia, hyposmia, and neuralgia are prevalent in the peripheral
nervous system (PNS) along with different musculoskeletal symptoms
(Mao et al., 2020). Also, acute encephalopathy (Filatov et al., 2020) and
acute hemorrhagic necrotizing encephalopathy (ANE) (Poyiadji et al.,
2020) have been reported in several case report studies. Acute
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inflammatory demyelinating polyneuropathy (Guillain-Barr�e syndrome)
has also been reported in some COVID-19 patients (Toscano et al., 2020).
A very recent study presented neurochemical evidence of neuronal injury
and glial activation in COVID-19 patients (Kanberg et al., 2020).

The potential mechanisms underpinning the various neurological
syndromes include direct or indirect viral neuronal injury (Zubair et al.,
2020), a secondary hyper inflammation syndrome related to cytokine
storm (Mehta et al., 2020), post-infectious immune-mediated disorders,
or the effects of a severe systemic disorder with the neurological conse-
quences of sepsis, hyperpyrexia, hypoxia, vasculopathy and/or coagul-
opathy (Bhimaneni et al., 2021; Sau and Kumar, 2021). However, the
presence of SARS-CoV-2 in the brain is still doubtful and there is no ev-
idence to date in either animal or human studies. Though, some studies
have shown the presence of SARS-CoV in the CNS and cerebrospinal fluid
(CSF) (Hung et al., 2003; Xu et al., 2005; Zhou et al., 2020a) or brain
parenchyma of patients (Paniz-Mondolfi et al., 2020). Moreover, some
clinical studies on SARS-CoV patients have reported the presence of virus
particles in the neurons of the brain (Gu et al., 2005; Khatoon et al.,
2020). Understanding the molecular mechanisms behind the increased
risk for neurological disorders in COVID-19 patients would provide clues
toward their pathophysiology and the identification of therapeutic
targets.

The abundant expression of cathepsins in the human brain at all ages
and throughout the brain suggests the involvement of normal lysosomal
functions and in neurological disorders. Intriguingly, cathepsin L and
cathepsin B is abundantly expressed in hippocampal and cortical regions
of the human brain which are largely involved in cognitive and behav-
ioral functions.

Having all these pieces of information together and looking into the
urgent calls for treatments of the current global pandemic of COVID-19,
we suggest here that cathepsins B/L (CTSB/L) might be implicated in
neurological disorders associated with COVID-19 and targeting these
cathepsins will be a more promising approach for COVID-19 to mitigate
the risks of neurological consequences. Given that the extent of the
burden of neurological disease associated with COVID-19 pandemic, we
support a unified approach of the treatment of COVID-19 patients.

In this study, we report a network-based biological framework to
demonstrate the molecular interplay between (CTSB/L) and different
brain disorders associated with COVID-19. Furthermore, we utilized the
network-based drug repurposing and extensive computational approach
similar to our previous studies (Prasad et al., 2020, 2021a) to identify the
possible drugs targeting CTSB/L. We report cyclosporine A (CsA),
phenytoin, and paclitaxel as putative drugs that interacts with CTSB/L
and thus could be considered as a candidate drug for repurposing. We
next performed molecular docking and all-atom molecular dynamics
(MD) simulations to explore the binding of the three drugs to CTSL and
investigate the interaction mechanisms in detail. These results indicate
strong and stable interactions of the drugs with CTSL, suggesting a
promising therapeutic intervention for COVID-19.

2. Methods

2.1. Gene-gene and gene-drug interactions network

A list of 332 human genes known to interact with SAR-COV2 viral
proteins reported by Gordon et al. (2020) was retrieved. For identifying
the COVID-19 target genes showing interaction with CTSB/L, first we
have retrieved the list of genes interacting with CTSB/L and then identify
genes directly interacting with CTSB/L and were also interacting with
SARS-CoV-2 protein. Further, a functional enrichment analysis of this
interaction network was studied by Genemania web server (Zuberi et al.,
2013). In the next step, we have identified the neurological diseases
associated with the identified genes. For identifying the neurological
disease associated with the genes, several databases such as Genecard
(Stelzer et al., 2016), OMIM (Amberger et al., 2019), MalaCards (Rap-
paport et al., 2017), CTD (Davis et al., 2019), and PubChem (Kim et al.,
2

2019) along with literature were searched extensively. Cytoscape tool
was used for creating the disease-gene interaction network (Shannon
et al., 2003).

Further, for drug repurposing of CTSB/L, multiple drug-gene inter-
action databases such as DrugBank, DGIdb and Pubchem (Cotto et al.,
2018; Kim et al., 2021; Wishart et al., 2008) were searched and a total of
71 drugs were identified for CTSB/L genes. STITCH database (Kuhn et al.,
2007) was used for preparing the drug-gene interaction network. STITCH
is a database known to predict the physical and functional interaction
between the query genes and drugs. The interactions in the STITCH
database are derived from five sources namely, automated text mining,
high throughput lab experiment data, co-expression interaction data,
interaction prediction by genomic context, and by previous knowledge
from other databases. For each interaction, STITCH calculated a com-
bined score. A combined score is calculated by combining the corrected
probability of observing an interaction randomly and probabilities of
interaction from different evidence channels. A drug-gene interaction
was considered significant if the combined score was greater than 0.7.

2.2. Molecular docking

Themol file of phenytoin and cyclosporin was downloaded fromDrug
Bank. The structure of CTSB (PDB: 1HUC) and CTSL (PDB:4AXL) was
downloaded from the RCSB protein data bank (Berman et al., 2000).
Energy minimization of both the target molecules was done using the
Swiss-PDB viewer (Guex and Peitsch, 1997) to obtain the stable and
lowest energy conformation state of the proteins. The structures of
CTSB/L were prepared for docking by adding Kollman charges and
hydrogen atoms to the polar groups of the protein using AutoDock tools
(Morris et al., 2009). AutoDock Vina (Trott and Olson, 2010) was used
for docking the identified drugs to the target molecules. The blind
docking and screening were performed for the drugs (Gupta et al., 2018,
2020b). The grid spacing was set to 1 Å and exhaustiveness was 8. A
system with i5 processor with 12 GB of RAM was used for molecular
docking experiment.

2.3. Molecular dynamics (MD) simulation

MD simulations were carried out by GROMACSv5.18.3 software
package. The three-dimensional (3D) structure of native CTSL was
collected from PDB database. The determination of charge states for the
ionizable residues was performed using Hþþ calculation to understand
protonation state of the protein (Gordon et al., 2005). Due to the lack of
suitable force field parameters for drug like molecules in the GROMACS
software, PRODRG server was used for generation of molecular topol-
ogies and coordinate files (Scattelkopf and Van Aalten, 2004). The native
and complexes topology parameter files were created out by the
CHARMM27 force field included with CMAP correction (Vanomme-
slaeghe et al., 2010). The intermolecular (non-bonded) potentials, Len-
nard–Jones (LJ) potential with a cut-off distance range of 8 to 10Å,
pairwise Coulomb interaction and the long-range electrostatic force were
determined by particle mesh Ewald(PME) approach (Lee et al., 2016)
with the cut-off set to 1.2 nm (Wang et al., 2016). The system was then
immersed with the TIP3P water model, and the protein was placed at the
center of the cubic grid box (1.0 nm3) (Price and Brooks, 2004). To
neutralize system 0.15 M counter ions (Naþ and Cl�) were added (Joung
and Cheatham, 2008). The neutralized system was then subjected to
energy minimization using the Steepest Descent (SD) and Conjugate
Gradient (CG) algorithms utilizing a convergence criterion of 0.005 kcal
mol�1 Å�1. The equilibration phase was carried out separately for 500 ps
in NVT (atom, volume, temperature) and NPT (atom,
pressure-temperature) for each system. LINear Constraint Solver (LINCS)
algorithm was used to constrain the bonds and angles (Berk et al., 1997).
Nos�e-Hoover thermostat and Parinello–Rahman barostat was then
applied to maintain the temperature and the pressure of the system,
respectively. The system was maintained constant at 1 bar and 300 K,
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with a coupling time of τP ¼ 2 ps, and τT ¼ .1 ps, respectively. Finally,
using the NPT ensemble, production runs were performed for the period
of 100 ns, with time integration. The energy, velocity, and trajectory
were updated at the time interval of 10 ps.

Gromacs utilities and python scripts with MDTraj (McGibbon et al.,
2015) were used to analyze the global structural order parameters, i.e.,
RMSD (root mean square deviation), Rg (radius of gyration), SASA (sol-
vent accessible surface area), RMSF (root mean square fluctuation), PCA
(Principal component analysis), free energy landscape (FEL). DSSP were
used to investigate the secondary structure conformational dynamics
during the MD simulation (Kabsch and Sander, 1983). The energy plots
and graphs were marked and visualized using QtGrace visualization tool.

2.3.1. Principal component analysis (PCA) and free-energy landscape
The principal component analysis (PCA) determines the motion in-

formation in MD simulations that can be correlated to biological function
(Abdi and Williams, 2010; Sang et al., 2017). The eigenvalues were
determined by diagonalizing the matrix with their projection along with
the first two principal components (PC1and PC2) and were calculated
using essential dynamics (ED) method by g_covar, g_anaeig modules.

PC1 and PC2 were then selected as reaction coordinates for the
calculation of free energy, Gα using:

Gα¼ � kT ln½ðqαÞ PmaxðqÞ�

where, k is the Boltzmann constant, T is the simulation temperature.
P(qα) represents the probability density function and was constructed
using a joint probability distribution of reaction coordinates (PC1 and
PC2). Pmax(q) represents the probability of the most probable state.

3. Results and discussion

3.1. Network-based gene-gene and gene-drug interactions

A list of 332 human target genes of SARS-CoV-2 was retrieved from
Gordan et al. (Gordon et al., 2020). From this virus-host interactome
study, we have identified four human target genes namely CRTC3, NPC2,
IDE, and RAB7A which interact with CTSB and CTSL (Supporting
Figure 1. Enrichment analysis of cathepsin interacting genes. Gene network o
tional enrichment.
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Information Figure S1). Further, biological process enrichment analysis
of these six genes using GeneMania webserver indicated their role in
endopeptidase activity, antigen processing and presentation of peptide or
polysaccharide antigen, activation of innate immune response, extra-
cellular matrix organization, and positive regulation of defense response
(Figure 1 and Supporting information Table 1).

A disease-gene interaction network was then constructed as described
in the methods section. A disease-gene interaction map of the six
candidate genes was constructed from the disease-gene interaction data
of the brain obtained from various databases. A total of 69 disease-gene
interactions were obtained linking these 6 genes with 59 different brain-
related disorders (Figure 2 and Supporting information Table 2). More-
over, to demonstrate the association between COVID-19 and brain dis-
orders, a disease-disease association network was constructed as
described previously (Prasad et al., 2021a), where we have identified 28
neurological diseases directly linked with COVID-19. Several diseases
like ataxia, dysarthria, spasticity, cerebral atrophy, autism, dementia,
and stroke were closely related to the COVID-19 and are also connected
with multiple genes in the brain. We have identified some common
neurological disorders such as Dementia, Autism, Parkinson's disease,
Amyotrophic Lateral Sclerosis, Cerebral aneurysm, Encephalopathy,
Meningitis, and dystonia linked with COVID-19 (Figure 2). CTSB has a
role in Parkinson's disease, cerebral and brain aneurysm, brain menin-
gitis which shows interaction with COVID-19, and is also reported in
COVID-19 positive cases. Genes such as NPC2, RAB7A, IDE, CRTC3, and
CTSL are also linked with the disease which is most directly and indi-
rectly linked with COVID-19. Interestingly, recent studies showed that
expression levels of CTSL, CTSB along with ACE2, and TMPRSS2, were
upregulated in aged human cardiomyocytes (Emma L. Robinson et al.,
2020), and in human airway epithelial cells (Yin et al., 2020).

Next, we have identified drugs against CTS B/L genes by screening
multiple databases related to drug-genes interaction (Cotto et al., 2018;
Davis et al., 2019; Wishart et al., 2018). For CTSB, 10 significant in-
teractions were identified and for CTSL, 4 significant interactions were
identified in the STITCH database (Figure 3 and Supporting information
Table 3). Out of these drugs, cyclosporine A (CsA) and phenytoin were
commonly interacting with both CTSB and CTSL genes. Given that
CTSB/L are critical for the SARS-CoV-2 entry and are largely involved in
f cathepsin interacting genes derived from GeneMANIA along with func-



Figure 2. Disease gene interaction network. The figure represents the interaction of cathepsins and cathepsin target genes (Circled in green) with their related brain
disorder represented by blue colors.
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causing brain disorders, inhibition of these proteases through a single
drug molecule could be a compelling strategy for the treatment of
COVID-19 and neurological manifestations of COVID-19 as well.
3.2. Molecular docking analysis

All the drugs studied were docked against the three-dimensional
structures of CTSB and CTSL and were ranked based on their binding
affinity and themaximum number of interactions with the target residues
(Table 1). The binding energy suggests that these drugs bind with the
CTD with a strong affinity with KD (KD ¼ expΔG/RT) values in the nano-
molar to low micromolar range.

Among the drugs, CsA binds to CTSB and CTSL with the binding af-
finity of -6.8 kcal/mol and -6.5 kcal/mol, respectively. For CTSB, CsA
forms a single hydrogen bond with Arg153 along with nine van derWaals
bonds (Figure 4A). Whereas, CsA binds to CTSL with two hydrogen
bonds, Gln19 and Gly23 along with seven van der Waals bonds
(Figure 4B). The three-dimensional structure of CsA-CTSB/L drug com-
plexes indicates that the drug binds near to the active site of the molecule
and the binding of CsA to CTSL also involved the active site residue
Cys25, and metal-binding site, His163 (Figure 4C and D).

The other drug, phenytoin binds to CTSB with the binding affinity of
-7.0 kcal/mol and forms two hydrogen bonds with Pro57 and Thr71
along with 8 van der Waals bonds (Figure 5A). It binds with CTSL with a
binding affinity of -6.5 kcal/mol and forms a single hydrogen bond with
Cys22, along with seven van der Waals interactions (Figure 5B). Struc-
turally, phenytoin binds to CTSB at the N-terminal large loop region
(Figure 5C), whereas phenytoin binds to CTSL in the N-terminal loop
structure and also includes the ligand-binding residue Leu144, and
metal-binding residue, His163 (Figure 5D).

Furthermore, we also identified another drug, Paclitaxel which binds
to CTSL with a much stronger affinity than the other two drugs. It binds
to CTSL with -7.7 kcal/mol of binding affinity and forms a single
hydrogen bond with Trp189 along with ten van der Waals interactions,
4

explaining its strong affinity (Figure 6A). The structure of the drug-
protein complex also showed the involvement of the N-terminal loop
along with C-terminal ligand-binding residues, His163, Trp189, and
Glu192 (Figure 6B). Thus, the overall results of molecular docking sug-
gest the strong binding of the drugs to CTSL will disrupt the active site as
well as the metal-binding site, and thus could inhibit the protein.
3.3. Molecular dynamics simulation analysis

The structural stability of the CTSL-drug complexes was assessed
using the Cα-RMSD of the backbone atoms relative to the protein. The
RMSD describes the measure of the changes in the conformation of a
given structure over time. The apo CTSL showed fluctuations throughout
the 100 ns simulation with the RMSD values of ~0.2 nm–~0.4 nm
(Figure 7A). The RMSD of apo CTSL remained less to the CTSL-drug
complexes till ~70 ns and then increased. The ctsl-drug complexes un-
derwent conformational fluctuation at different RMSD levels till ~70 ns,
and they equilibrated afterward. Among the drugs, CTSL-CsA complex
has higher RMSD till ~70 ns and then remains stable with an RMSD value
of ~0.3 nm, with a maximum RMSD of ~0.35 nm (Figure 7A). The CTSL-
phenytoin complex has lowest RMSD with the mean RMSD value of
~0.25 nm indicating that phenytoin binds stably with CTSL during the
simulation. This shows that the three drugs maintained stable binding
with the CTSL towards the end of the simulation.

The stability of a protein can also be estimated using Rg analysis,
which describes the compactness of the protein. The CTSL-drug com-
plexes showed lower Rg deviations than apo CTSL and became lower and
more stable during the last ~40 ns of simulation (Figure 7B). Also, the Rg
value of CTSL in complex with phenytoin showed more fluctuations and
became stable at the end of the simulation with the lowest Rg value. This
further showed that CTSL gained more stability upon binding to drugs.

We next analysed SASA to characterize the regions of CTSL that are
accessible to solvent molecules. The SASA trajectory indicated that apo
CTSL and CTSL-drug complexes maintained comparable SASA patterns



Figure 3. Drug-gene network of CTSB and CTSL using the STITCH database. The network shows that Cyclosporine and Phenytoin binds both CTSB and CTSL genes
and thus could be considered as a candidate for drug repurposing.
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throughout the simulation time (Figure 7C). The decrease in SASA during
the last 50 ns simulation was observed for CTSL-phenytoin complex
indicating the most stable complex.

The RMSF analysis of the CTSL-drug complexes in relation to apo
CTSL was done to compare the dynamics of the individual residues of the
protein (Figure 7D). The drug-binding residues showed lesser fluctua-
tions whereas the flexible loop regions showed the maximum fluctua-
tions. The drug binding to CTSL decreased the RMSF significantly at N-
terminal 10–25 residues, 120–125 residue positions, and at C-terminal
~212–220 residues. For CTSL-phenytoin complex, the increase in RMSF
was observed at residues ~62–65, 105–120, 174–178, and 202–206,
while the decrease in RMSF value was observed at ~120–150, and
187–195 residue positions. As for CTSL-paclitaxel, increase in RMSF was
observed at residues ~138–150 whereas, residues at~72–80, and at
Table 1. Molecular docking results of Cathepsins B/L inhibitors.

Protein-Drug Affinity Binding
(kcal/mol)

Inhibition
Constant
ðKiÞ (μM)

Hydrogen Bonds

CathepsinB-Cyclosporine -6.8 9.94 ARG153

CathepsinL-Cyclosporine -6.5 16.52 GLN19, GLY23

CathepsinB-Phenytoin -7.0 7.08 PRO57, THR71

CathepsinL-Phenytoin -6.5 16.52 CYS22

CathepsinL-Paclitaxel -7.7 2.16 TRP189

5

110–130 showed significant decrease in fluctuation. The CTSL-CsA
complex had overall smaller fluctuations as compared to other two
drug-complexes (Figure 7D). Overall, the RMSF analysis demonstrated
higher residual fluctuations from ~60-150 residues while lesser fluctu-
ation towards the C-terminal region of the protein where the catalytic
and active site residues are largely located. The results of MD analysis are
also provided as raw data in supplementary files.

The protein-ligand interactions are transient and hydrogen (H) bonds
play crucial role in the stability of protein-ligand complex. The trajectory
of H- bond formation has been monitored during the simulation and
shown in Supporting information Figure S2. The average number of H-
bonds observed for CTSL-CsA and CTSL-phenytion complexes was 0–3
while, the average number of H-bonds is greater in case of CTSL-
paclitaxel system, indicating the most stable binding.
Vander Wall bonds

VAL1, SER2, VAL3, HIS96, LYS117, ASN118, GLY119, LEU155, PRO202

GLN21, CYS22, CYS25, ALA138, GLY139, ASP162, HIS163

TYR54, PRO58, CYS59, PRO68, GLY72, GLY74, ASP75

GLN19, GLY20, GLN21, GLY23, ALA138, LEU144, HIS163

ASN18, GLN19, GLY20, GLN21, CYS22, ALA138, GLY139, ASP162, HIS163, GLU192



Figure 4. Molecular docking interactions of Cyclosporine to Cathepsins B/L. Two-dimensional (2D) diagrams of (A) CTSB-cyclosporine, and (B) CTSL-cyclosporine
interactions using Ligplotþ. The protein residues and interactions are colored accordingly and provided in figure. The potential binding poses of cyclosporine in the
three-dimensional structure of the (C) CTSB, and (D) CTSL proteins. The black dotted line represents intermolecular hydrogen bond interactions.

K. Prasad et al. Heliyon 7 (2021) e08089
3.4. Principal component analysis (PCA) and free energy landscape (FEL)
analysis

The principal component analysis (PCA) was next used to study the
significant motions during the binding of the drugs to CTSL. The
conformational sampling of CTSL systems in the essential subspace is
shown in Figure 8 which demonstrates the global motions along with the
PC1 and PC2 projected by the Cα atom. A protein-ligand complex with
stable cluster occupying less phase space in the two-dimensional (2D)
projection represents a stable complex, and the complex with non-stable
Figure 5. Molecular docking interactions of Phenytoin to Cathepsins B/L. (A) Two-
teractions using Ligplotþ. The description of protein residues and type of interactions
three-dimensional structures of the (C) CTSB, and (D) CTSL protein. The hydrogen-b
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cluster occupying large phase space represents a less stable complex. The
2D projection of PCA clearly showed that CTSL-drug complexes occupied
small conformational subspace as compared to the apo CTSL. The CTSL-
CsA occupied small space than other drug complexes indicating the
formation of most stable complex among all the CTSL systems. The
decrease in conformational dynamics of CTSL-drug complexes may be
due to a highly optimized interaction network, which restraints more
effectively the backbone dynamics of the both the protein and drug.

Also, to study the effect of drugs on the conformational stability of
CTSL, we have examined FEL as a function of the top two principal
dimensional (2D) diagrams of (A) CTSB-phenytoin and (B) CTSL-phenytoin in-
are provided in figure. The potential phenytoin binding sites represented in the
ond interactions are represented by a black dotted line.



Figure 6. Molecular docking interactions of paclitaxel to CTSL. (A) Two-dimensional (2D) diagrams of protein-drug interactions using Ligplotþ. (B) The potential
hydrogen bond interactions and potential binding pose of paclitaxel in CTSL.
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components, PC1 and PC2. FEL can be used to study the conformational
redistributions induced by binding events (Kumar et al., 2018, 2019;
Pandey et al., 2020; Prakash et al., 2021; Prasad et al., 2021b). Figure 9
displays the relative conformational changes of the CTSL systems where
the deeper blue color indicates the lower energy and stable conforma-
tional states. As shown in the figure, FEL of apo CTSL is populated by
different intermediate conformations linked by low energy barriers
indicating a more relaxed and flexible protein system (Figure 9A). The
CTSL-CsA complex showed two well-defined large and strong energy
minima basins, revealing a gradual conformational transition towards a
more stable state (Figure 9B). The CTSL-phenytoin complex on the
other hand is characterized by a large population shift towards a small,
single-well energy basin, and a reversed population shift relative to the
apo CTSL system indicating global conformational switch (Figure 9C).
The CTSL-paclitaxel complex also depicted a reversed population shift
with a large number of energy minima basins (Figure 9D). This in-
dicates that the drugs induce diverse ensembles of flexible conforma-
tions during the 100 ns simulation. Thus, compared to apo CTSL free
energy surfaces, there is a considerable population shift in all the
CTSL-drug complex systems, suggesting that these drugs strongly
modulate CTSL protein conformations, and thus could regulate the
function of the protein.
Figure 7. Molecular dynamics (MD) simulations result of CTSL-drug complexes durin
of CTSL residues. In all panels the color code is-apo CTSL (black), CTSL-CsA (green)
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To further examine the effect of drugs binding on secondary structure
changes of CTSL, the time evolution of the secondary structure profiles
during the simulation was monitored through DSSP and shown in Sup-
porting information Figure S3. In the case of CTSL-drug complexes, no
overall significant structural changes were observed. However, in case of
CTSL-CsA complex, minor secondary structures like bridge and bends
between H3 and H4 were converted to somewhat less prominent sheet
structure indicating the structural stabilization in this complex. Overall,
DSSP analysis indicates the minimal secondary structure changes in case
of CTSL-drug complexes suggesting the strong and stable binding of
drugs to CTSL.

The molecular docking and MD results thus showed strong and stable
binding of the dugs CsA, phenytoin and paclitaxel to CTSL and thus could
be considered as a potential therapeutic agent against the neurological
comorbidity present in COVID-19 infection.

Very recently, we have reported CsA as candidate drug that binds to
the host proteases, TMPRSS2, and cathepsin B/L and can inhibit the
SARS-CoV-2 entry (Prasad et al., 2021b). Many other studies also re-
ported CsA as a potential therapeutic drug in COVID-19 (Cour et al.,
2020; Molyvdas and Matalon, 2020).

However, the management of COVID-19 in patients with different
neurological comorbidities should be with more caution as the drug-drug
g 100 ns at 300 K. (A) RMSD of the Cα backbone, (B) Rg, (C) SASA, and (D) RMSF
, CTSL-phenytoin (blue), and CTSL-paclitaxel (red).



Figure 9. The free-energy landscape (FEL) of the simulated apo CTSL and CTSL-drug complexes based on PC1 and PC2. (A) apo CTSL, (B) CTSL-CsA, (C) CTSL-
phenytoin, and (D) CTSL-paclitaxel. The color bar represents the free energy value according to kcal mol�1.

Figure 8. Principal component analysis (PCA) of CTSL-drug complexes during 100 ns MD simulation. Projection of the motion of the CTSL and CTSL-drug complexes
in phase space along the PC1 and PC2.
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interactions could pose significant challenges and thus may require
adjustment to these drugs.

4. Conclusion

Lysosomal cathepsin proteases are involved in several brain disorders
that occur at different developmental stages including brain injuries,
lysosomal storage diseases, neurodegeneration, and many others. The
elevation of cathepsins (Cathepsin B/L) has been previously demon-
strated in brain disorders. Moreover, the pathophysiological hallmark of
COVID-19 is the severe inflammation and cytokine storm, which explains
the dysregulation of cathepsins. Based on our network analysis, we
suggest that cathepsins B/L is an important marker of different neuro-
logical symptoms related to COVID-19, and targeting them will improve
the clinical outcomes. We find potential therapies among different
repurposable drugs that bind to the cathepsins and thus could block
SARS- CoV-2 entry into host cells as well as alleviate the COVID-19
associated neurological complications.
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