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In-silico anti-viral activity of Hydroxychloroquine (HCQ) and its Hyaluronic Acid-derivative (HA-HCQ) to-
wards different SARS-CoV-2 protein molecular targets were studied. Four different SARS-CoV-2 proteins
molecular target i.e., three different main proteases and one helicase were chosen for In-silico anti-viral
analysis. The HA-HCQ conjugates exhibited superior binding affinity and interactions with all the screened
SAR-CoV-2 molecular target proteins with the exception of a few targets. The study also revealed that the
Keywords: HA-HCQ conjugate has multiple advantages of efficient drug delivery to its CD44 variant isoform recep-
HA-HCQ tors of the lower respiratory tract, highest interactive binding affinity with SARS-CoV-2 protein target.
HCQ Moreover, the HA-HCQ drug conjugate possesses added advantages of good biodegradability, biocompati-
SARS-CoV-2 bility, non-toxicity and non-immunogenicity. The prominent binding ability of HA-HCQ conjugate towards
Main protease Mpro (PDB ID 5R82) and Helicase (PDB ID 6ZSL) target protein as compared with HCQ alone was proven
?1331411(2 protein through MD simulation analysis. In conclusion, our study suggested that further in-vitro and in-vivo ex-

amination of HA-HCQ drug conjugate will be useful to establish a promising early stage antiviral drug for

COVID-19
Docking studies the novel treatment of COVID-19.

Hyaluronic acid

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The treatment of COVID-19 viral disease, remains challenging;
it is a global issue, which requires both the national and the global
approaches. To save lives an efficient and safe prescription drug
for the disease is urgently needed. Several antiviral drugs have
been considered for the treatment of the disease such as Hydroxy-
chloroquine (HCQ), Lopinavir, Ritonavir, Favipiravi, and Remdesivir;
the later originally used for the Ebola virus disease, MERS and
SARS viruses have been recommended for COVID-19. Although the
above-mentioned drugs show positive activity towards the disease,
almost all of these drugs are associated with few disadvantages
such as insolubility, some toxicity, instability, and kidney clearance
[1,2].

* Corresponding author.
E-mail address: aroulmoji@mahendra.info (V. Aroulmoji).
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0022-2860/© 2021 Elsevier B.V. All rights reserved.

Based on our research work on pharmacologically important
drugs such as camptothecin, methotrexate, methylprednisolone,
propofol to improve their efficacy and targeting delivery for the
treatment of diseases such as cancer, arthritis, osteoporosis and
anaesthetics respectively; we have developed a unique technol-
ogy, according to which, the drugs were specifically and covalently
linked to the hyaluronic acid (HA) molecule, a natural biopoly-
mer, biocompatible, ubiquitously present in the human and animal
body, to afford new drugs, new chemical entities, possessing the
unique biological functionalities and properties of both the com-
ponents synergistically; the evidence is available that the conjuga-
tion of drugs with macromolecules enhances the pharmacokinetic
profiles of the drugs themselves [3-5].

Hyaluronic acid (HA) generally referred to as Hyaluronan is
an anionic, non-sulfated mucopolysaccharide spreading widely
throughout the connective and epithelial tissues of animals. HA
is one of the main components of the extracellular matrix (ECM)
and contributes significantly to the activation of signaling path-
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Fig. 1. a & b - Structure of Hydroxychloroquine (HCQ) and Hyaluronic acid - Hydroxychloroquine Conjugate (HA-HCQ).

ways that regulate cell proliferation, differentiation, adhesion, and
migration [6-9]. It mediates its biological functions through vari-
ous protein receptors present on different cell surfaces including
CD44 [10], HARE [11], RHAMM [12], and LYVE [13].

HA is suitable for various chemical modifications easily in the
position of hydroxyl, carboxyl, and N-acetyl functional groups; for
example, HA-drug conjugates are used as drug carriers to sustained
release, transdermal absorption, and to improve drug targeting
[14]. In order to exploite its unique biological properties we have
developed a technology, according to which, the drugs were specif-
ically and covalently linked to the hyaluronic acid (HA) molecule
of a specific molecular weight and at a specific position to afford a
new drug contributing synergistically the pharmacological proper-
ties of both the components. We have employed this principle to
produce a number of pharmacologically important drugs such as
HA-Camptothecin, HA-Methotrexate, HA-Methylprednisolone, and
HA-Propofol with improved efficacy and targeted delivery for the
treatment of diseases such as cancer, arthritis, osteoporosis and
anaesthetics respectively [14,15].

Hydroxychloroquine (HCQ) is a conventional anti-malarial drug
with efficiency in several clinical disease conditions like Q fever,
rheumatoid arthritis, lupus, sarcoidosis and so on. The mechanism
of action by hydroxychloroquine is that of increasing the lysosomal
pH of antigen-presenting cells thereby inhibiting the autophagy
process. The SARS CoV-2 anti-viral effects of HCQ have also been
linked to a mechanism involving interference of SARS-CoV-2 cel-
lular receptor ACE-2 (angiotensin-converting enzyme-2) glycosyla-
tion [16]. The observed major side-effects are diarrhea, headache
and muscle fatigue. The HCQ produces supplemented early virolog-
ical immune response against hepatitis C and also reduces HIV-1
cell count [17,18]. Importantly, it has immune-suppressive proper-
ties which may be helpful to reduce the risk associated with severe
COVID cytokine storm [19].

Our objective is to propose a novel and efficient drug for
COVID-19 disease, using an old and well-known antiviral drug, Hy-
droxychloroquine (HCQ), covalently linking it at a specific posi-
tion with the Hyaluronic acid (HA) to afford HA-HCQ conjugate
to increase its bioavailability, safe, improve its localization, con-

trolled release in the body, enhance its overall efficiency, and elim-
inate or reduce HCQ's systemic toxicity [14,20,21]. The conjuga-
tion of HCQ to hyaluronic acid can be accomplished through the
HCQ hydroxyl group to the hyaluronic acid C5’carboxylic group
of the glucuronic moiety via an ester linkage. In this scenario,
the proposed HA-HCQ conjugate and HCQ are tested separately
through molecular docking studies for against four different SARS-
CoV-2 target proteins, an efficient drug target for the treatment of
COVID-19.

2. Methods
2.1. Ligand generation

The 2D structure of Hydroxychloroquine (HCQ) and Hyaluronic
Acid-Hydroxychloroquine Conjugate (HA-HCQ) are drawn in ACD-
Chemsketch and saved as mol format file (Fig. 1 a & b) [22]. The
retrieved 2D SDF file format of HCQ and HA-HCQ conjugate struc-
ture was submitted to “Online SMILES convertor and Structure file
generator®, and converted into 3D PDB format [23].

2.2. Prediction of drug metabolism and bioavailability profile

PreADMET online server was used to calculate bioavailability
and the metabolic score of drug HCQ and its conjugate form

Table 1
Prediction of drug metabolism and bioavailability profile of HCQ and HA-HCQ con-
jugate.

S.No PHARMACOKINETIC PROPERTIES Drug Molecule
HCQ HA-HCQ
Conjugate
1. BIOAVAILABILITY Buffer Solubility (mg/1) 12.91 22.04
Pure Water Solubility (mg/l) 224.78 261.32
2. METABOLISM CYP_1A2 Inhibitor Yes No
CYP_2C19_inhibitior No No
CYP_2C9_inhibitior No No
CYP_2D6_inhibitior Yes No
CYP_3A4_inhibitior Yes No
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Table 2

COVID-19 proteins targets and its 3D docking Score with HCQ and HA-HCQ conjugate.
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S.No. COVID-19 Protein Target Protein Details Protein 3D Structure Docking Score (KJ/mol)
Targets PDB Code HCQ HA-HCQ

1. 5R80 Crystal Structure of COVID-19 main protease in -11.2786 -19.2875
complex with Z18197050

2. 5R82 Crystal Structure of COVID-19 main protease in -12.7873 -22.4332
complex with Z219104216

3. 6Y84 SARS-CoV-2 main protease with unliganded -12.2217 -13.2046
active site (2019-nCoV, coronavirus disease
2019, COVID-19)

4, 6ZSL Crystal structure of the SARS-CoV-2 Helicase -13.6327 -23.1778

Table 3

Molecular interaction of HCQ and HA-HCQ conjugate with different COVID-19 protein targets.

COVID-19 Proteins Docking Score No. of Non Bonded

No. of Hydrogen Residue of SARS-CoV-2 Target Proteins involved in

S.No. Target PDB ID Ligands (KJ/mol) Interactions Bonds Hydrogen bonded Interactions with Ligands
1. 5R80 HCQ -11.2786 6 4 le152*,Tyr154, Val303+*,Thr304*
HA-HCQ -19.2875 7 7 Leu141*,Asn142*,Gly143*,Ser144,Cys145* ,His163, Glu166*
2. 5R82 HCQ -12.7873 7 4 le152*,Tyr154*, Val303*,Thr304*
HA-HCQ -22.4332 9 5 Leul41*, Asn142*, His164, Glu166, GIn189
3. 6Y84 HCQ -12.2217 4 2 Asp153*, Thr304*
HA-HCQ -13.2046 10 6 Phe3, Arg4, Trp207, Leu282, Glu288, Asp289
4. 6ZSL HCQ -13.6327 11 3 Lys192*,Thr214*, Arg339
HA-HCQ -23.1778 9 6 Asp160*,Tyr211*,Gly213* Thr216*,Tyr217+*,Glu341*

Legend - * symbol denotes residues with both Hydrogen and Non bonded Interactions.

(HA-HCQ) to proven “Hyaluronan Drug Delivery (HDD)” technol-
ogy. Since hyaluronic acid is one of the main components of ex-
tracellular matrix (ECM) serving as the ligand of receptor glyco-
protein CD44 (cluster of differentiation 44) and RHAMM (recep-
tor for hyaluronan mediated motility), we used hyaluronic acid as
a targeting drug carrier for new drug development, HCQ and its
conjugate form (HA-HCQ) to show that the drug-carrier conjugate
form (HA-HCQ) is less harmful, it is more stable and bio-available
as it can be tested for pharmacokinetic properties. It is important
to mention here that the drug and its conjugate form, having many
differences in molecular weight and its complex structure, produce
somewhat different results on computational drug profile results
and therefore this study is designed to screen these two parame-
ters and omitting other drug profiles.

2.3. Preparation of receptor and its binding site

Two different types (Mpro and Helicase) of molecular tar-
get proteins from novel coronavirus (SARS COV-2 or nCoV-

2019) are the key viral molecules involved in the attachment,
replication and reproduction of viral particles in the human
host cells. These protein molecules served as targets to inhibit
the viral lifecycle in human host cells. Four three dimensional
crystal structures of SARS-CoV-2, of which three molecules of
main protease complex with different inhibitors (5R80, 5R82,
6Y84) and one Helicase protein (6ZSL) were retrieved from the
RCSB PDB database and used for the docking studies (https:
/[www.rcsb.org/) [24]. To determine the binding affinities be-
tween the ligand and COVID-19 receptors, the amino acids with
the binding pockets were predicted at the Q-site finder server
[25].

2.4. Flexible docking
The generated HCQ and HA-HCQ conjugate SDF structures were

docked with the predicted binding site of all selected protein
target binding site by using FlexX docking software with the
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a) Docking Pose and Interaction plot for SR80 HCQ Complex (Binding Energy-
11.2786KJ/mol)

b) Docking Pose and Interaction plot for SR80-HA-HCQ Complex (Binding Energy -
25.7233KJ/mol)

Fig. 2. a & 2 b - Docking Pose and Interaction for SARS-CoV-2 main protease 5R80 with HCQ and HA-HCQ conjugate.

following parameters: (i) default general docking information’s (ii)
base placement using triangle matching, (iii) scoring of full score
contribution and threshold of 0.70, (iv) chemical parameters of
clash handling values for protein-ligand clashes with maximum
allowed overlap volume of 2.9 A03 and intra-ligand clashes with
clash factor of 0.6 considering the hydrogen in internal clash tests,
and (v) Default docking detail values of 200 for both the maximum
number of solutions per iteration and the maximum number of so-
lutions per fragmentation.

2.5. Prediction of ligand-receptor interactions

The interactions of HCQ and HA-HCQ with sixteen SARS COV-
2 protein targets in the docked complexes were analyzed by the
pose-view of LeadIT [25]. The 2D and 3D pose views of SARS COV-
2 target protein-ligand complexes were generated and analyzed us-
ing LeadIT.

2.6. Molecular dynamics simulations

The Molecular Dynamic (MD) Simulations method was em-
ployed to predict the ligand binding status of HCQ and HA-HCQ
in ligand-protein complexes of HCQ-Mpro (PDB ID 5R82), HAHCQ-
Mpro (PDB ID 5R82), HCQ-Helicase (PDB ID 6ZSL) and HAHCQ-
Helicase (PDB ID 6ZSL). The MD simulations were run using the
Desmond Simulation Package of Schrodinger Suite [26]. The best
ligand conformers obtained from molecular docking studies were
subjected to molecular dynamics simulations. Protein-ligand com-
plexes were prepared for simulations by using the default param-
eters of Schrodinger Maestro through the Protein Preparation Wiz-
ard tool [27]. Transferable Intermolecular Interaction Potential 3
Points was selected as the solvent model with an orthorhombic
box of 10 x 10 x 10 A. The system was made electrically neutral by
adding appropriate counter ions. OPLS_2005 force field parameters
[28] were utilized for the simulations study. The model systems
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b) Docking Pose and Interaction plot for SR82-HA-HCQ Complex (Binding Energy-
13.4732KJ/mol)

Fig. 3. a & 3b - Docking Pose and Interaction for SARS-CoV-2 spike glycoprotein 6VSB with HCQ and HA-HCQ conjugate.

were relaxed before the simulations. At 300 K temperature and 1
atm pressure with NPT ensemble was applied for all MD simula-
tions. Also, salt at the concentration of 0.15 M was added to mimic
physiological conditions. The complexes were subjected to molec-
ular dynamics simulation for 1-50 ns. The Cut-off radius for the
Coulombic interactions was set at 9 A. Nos_e-Hoover chain ther-
mostat (with a relaxation time of 1 ps) used for controlling the
temperature and the Martyna-Tobias-Klein chain barostat (with a
relaxation time of 2 ps) were used for pressure. The RESPA integra-
tor utilized for calculating non-bonded forces. The trajectories of
MD simulation saved at every 50 ps intervals and the simulations
stabilities were evaluated using RMSD of the proteins and ligands
over time. The MD simulations were repeated thrice for each com-
plex using the same parameters. All MD simulations studies were
carried out using Dell Precision T5810 Workstation with an Nvidia
GeForce GTX 1070 8GB graphics processing unit (GPU).

3. Results and discussion
3.1. Prediction of drug metabolism and bioavailability profile

The prediction of the drug and its conjugate form metabolism
and bioavailability profile were screened through preADMET web
server and the results are presented in Table 1. It is quite inter-
esting that the bioavailability parameters such as buffer and pure
water solubility of HA-HCQ conjugate are found to be 22.04 mg/l
and 261.32 mg/l respectively, which are more than its HCQ drug
bioavailability scores of 12.91 mg/l and 224.78 mg/l respectively.
It is also interesting to mention here that the metabolic pro-
file of HA-HCQ shows no inhibition against all screened cy-
tochrome drug-metabolizing xenobiotic enzymes such as CYP_1A2,
CYP_2C19, CYP_2C9, CYP_2D6, CYP_3A4 whereas HCQ shows its in-
hibitory action against three out of five screened mitochondrial
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b) Docking Pose and Interaction plot for 6Y84-HA-HCQ Complex (Binding Energy-24.6429KJ/mol)

Fig. 4. a & 4 b - Docking Pose and Interaction for SARS-CoV-2 main protease 6Y84 with HCQ and HA-HCQ conjugate.

enzymes such as CYP_1A2, CYP_2D6, CYP_3A4. The above results
revealed that HA-HCQ conjugate shown more bioavailability, less
toxicity and ease of clearance from the body when compared to
its free form of drug HCQ. It is worth mentioning here that conju-
gation of drug with hyaluronic acid enhances the pharmacokinetic
profiles of the drugs themselves.

3.2. Docking study

Four different COVID-19 target proteins including three main
proteases, one helicase, their docking score and 3D crystal struc-
ture are reported in Table 2, and their detailed molecular inter-
action between the viral target protein and its ligands (HCQ and
HA-HCQ conjugate) are tabulated and presented in Table 3 & Figs.
2-5.

The results of flexible docking study using FlexX software be-
tween COVID-19 viral targets and HA-HCQ showed the binding
affinity and docking score ranging from -13.2046 K]J/mol to -
23.1778 K]J/mol whereas HCQ against COVID-19 viral targets shown
binding affinity and docking score ranging from -12.2217 KJ/mol to

-13.6327 KJ/mol. It should be noted that HA-HCQ conjugate shows
the highest binding affinity and docking score with SARS-CoV-2 vi-
ral target protein over HCQ (Table 3).

Among four COVID-19 protein targets, HA-HCQ conjugate pos-
sesses the highest binding affinity (-23.1778K]J/mol) with the crys-
tal structure of helicase protein of COVID-19 (PDB ID 6ZSL) and
it possesses 6 hydrogen bonds in that all 6 amino acid residues
(Asp160,Tyr211,Gly213,Thr216,Tyr217,Glu341) of viral protein show
both hydrogen and other noncovalent interactions with HA-HCQ
conjugate. Whereas HCQ ligand shows binding affinity and dock-
ing score of -13.6327 KJ/mol with the crystal structure of the he-
licase protein of COVID-19 (PDB ID 6ZSL). It forms three hydrogen
bonds with Lys192, Thr214 and Arg339 amino acid residues and
it also has 11 non-covalent interactions between protein Helicase-
HCQ ligand complexes.

The main protease of SARS-CoV-2 (PDB ID 5R82) shows higher
binding affinity with HA-HCQ conjugate rather than with the
HCQ and has docking scores of -22.4332 KJ/mol and -12.7873
KJ/mol respectively. The molecular interaction of HCQ and HA-HCQ
drug conjugate forms hydrogen bond interaction with four (Ile152,
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b) Docking Pose and Interaction plot for 6ZSL-HA-HCQ Complex (Binding Energy-
20.5752KJ/mol)

Fig. 5. a &5 b - Docking Pose and Interaction for SARS-CoV-2 Helicase 6M71 with HCQ and HA-HCQ conjugate.

Tyr154, Val303, Thr304) and five (Leu141, Asn142, His164, Glu166,
GIn189) amino acid residues of COVID-19 viral main protease re-
spectively.

The HA-HCQ drug conjugate shows superior binding affinity of
-19.2875 KJ/mol and -13.2046 KJ/mol with COVID-19 viral main
protease molecular targets PDB ID 5R80 and PDB ID 6Y84 re-
spectively than HCQ drug alone which shows docking scores of
-11.2786 KJ/mol and -12.2217 K]J/mol. Moreover, HA-HCQ conju-
gate shows more number of hydrogen and non-covalent interac-
tions with 5R80 and 6Y84 than the HCQ drug alone. It may be
noted that some more hydrogen and noncovalent interactions are
obtained through HA monomer conjugates to HCQ in all these two
COVID-19 replications enzymes such as Mpro and Helicase further
it assures and proves that hyaluronic acid (HA) will enhance the
HCQ drug binding affinity towards viral target proteins.

The Hyaluronic acid (HA) is an important naturally occurring
polysaccharide, virtually present in all extracellular matrixes of an-
imal tissues. As CD44 is a primary hyaluronic acid receptor the

widespread type I transmembrane glycoprotein binds hyaluronic
acid in most cell types. Moreover, CD44 is the smallest iso-
form, CD44’s standard isoform is virtually expressed in all cell
types whereas its CD44 is expressed in few epithelial cells and
cancers [29,30]. The present results prove that the target CD44
variant form of lower respiratory tract cells is the primary tar-
get replication site for SARS-CoV-2. The delivery of newly pro-
posed HA-HCQ conjugates and its different degree of HCQ sub-
stitutions in HA will inhibit the viral replication cycle. It was
established that HA-CD44 interactions play several essential role
in cell adhesion, cell migration, cell survival, tumor cell pro-
liferation, leukocyte trafficking and progression of inflammation
[31-35].

The HA is predominately present throughout the body includ-
ing lung tissue and shields the respiratory organ scleroprotein
from inflammation [36,37]. The earlier scientific evidence con-
firms that HA is utilized in the distribution of drugs to the res-
piratory organ and also its sustained release of the drug makes
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complex (d) HAHCQ-Helicase (PDB ID 6ZSL) complex.

biocompatibility, half-life extension, solubility enhancement, the
possibility of high drug loading, less toxicity and increased drug re-
tention time. Moreover, it is proposed that HA-HCQ drug conjugate
enters into the lower respiratory tract cell through CD44 receptor,
then under the influence of hydrolytic enzymes released from the
lysosome, splits the HA-HCQ ester covalent bond and releases the
HCQ drug into the target cell to interact with the SARS-COV-2 viral
protein targets [37-39].

The degree of HCQ substitution on hyaluronic acid impact the
uptake of HA-HCQ conjugates by CD44 variant isoforms of the
lower respiratory tract. Another important way to increase the up-
take of HA-HCQ conjugates by CD44 is through lipopolysaccha-
ride (LPS) treatment. The interactions between hyaluronic acid and
CD44 receptor is strictly regulated to maintain a quiescent state
revealing little appreciable binding between them [40]. During
inflammation, the pro-inflammatory cytokine such as TNF alpha
induces sulfation and subsequent conformational changes in the
CD44 receptor, which transforms it into a greater HA affinity [41].
Kamat et al. [42] reported the synthesis of iron oxide-based mag-
netic nanoparticles bearing hyaluronic acid on the surface to target
activated macrophages. The low-molecular-weight of HA is a key
player in macrophage activation, which could activate an innate
immune response via Toll-Like Receptor TLR2 and TLR4 [43-45].

Moreover, earlier studies have proven that the delivery of drug
rifampicin through a low degree of substitution of hyaluronic acid-
Tocopherol succinate to alveolar macrophage cells. Further, these
RIF-HA-TS conjugate shows enhanced interaction with CD44 recep-
tor that leads to the entry of drug-conjugate complex inside the
MH-S murine alveolar macrophage cells [46].

Hydroxychloroquine (HCQ) is an anti-malarial drug that shows
its efficiency by saving millions of lives during the COVID-19 out-
break. Chloroquine is a versatile bioactive agent that possess anti-
viral action against numerous RNA viruses such as HIV [47-49],
Hepatitis A virus [50,51], Hepatitis C virus [52], Poliovirus [53], Ra-
bies virus [54], Influenza A & B virus [55-58], SARS-CoV-1 [59]. It
also inhibits in vitro replication of HCoV-229E [60] and also found
to inhibit MERS-CoV [61] in in vitro condition. The HCQ is a fairly
safe drug and offer potentially useful treatment options for COVID-
19 disease of the respiratory tract. Hydroxychloroquine has been
known to possess in vitro anti-SARS-CoV effect. The prolonged us-
age of the clinical safety profile of Hydroxychloroquine is greater
than that of Chloroquine for prolonged usage of drugs and makes
a higher daily dose and has fewer questions regarding drug-drug
interactions [62].

The HCQ anti-viral mechanism such as inhibition of viral at-
tachment and entry into the host cell, inhibition of N-glycosylation
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Fig. 7. Protein-Ligand Interactions (a) HCQ-Main protease (PDB ID 5R82) complex, (b)

complex (d) HA-HCQ-Helicase (PDB ID 6ZSL) complex.

of cell surface viral receptor ACE2 [63,64], inhibition of N-
glycosylation of viral spike protein [65], endosomal alkalization
[66], inhibition of phospholipase A2 and membranous structure are
essential for replication and translation of viral particles [67]. The
HCQ also possess immunosuppressive properties that may help to
reduce the cytokine storm in severe COVID-19 [68,69].

3.3. Molecular dynamics (MD) and simulation

The MD simulation was performed for four complexes HCQ-
Mpro (PDB ID 5R82), HAHCQ-Mpro (PDB ID 5R82), HCQ-Helicase
(PDB ID 6ZSL) and HAHCQ-Helicase (PDB ID 6ZSL) at 50 ns and
their results are presented in Figs. 6-9. The RMSD plots show the
RMSD evolution of a protein (left Y-axis). All protein frames are
first aligned on the reference frame backbone, and then the RMSD
is calculated based on the atom selection. Monitoring the RMSD
of the protein can give insights into its structural conformation
throughout the simulation. The RMSD analysis can indicate if the
simulation has equilibrated - its fluctuations towards the end of
the simulation are around some thermal average structure. The
Ligand RMSD (right Y-axis) indicates how stable the ligand is con-
cerning the protein and its binding pocket. This plot, 'Lig fit Prot’
shows the RMSD of a ligand when the protein-ligand complex is
first aligned on the protein backbone of the reference and then the
RMSD of the ligand heavy atoms is measured.

The HA-HCQ-Mpro (PDB ID 5R82) RMSD (root mean square de-
viation) plot shows that both HA-HCQ conjugate and Mpro (PDB

Mww M,MMMHW«MM Mm 9,048 805 8 &
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HA-HCQ-Main protease (PDB ID 5R82) complex, (c) HCQ-Helicase (PDB ID 6ZSL)

ID 5R82) are stable for the first 20 ns at 2.4 A for ligand and
2.0 A for protein. A slight deviation of protein structure can be ob-
served after 20 ns. This plot shows that by the end of the simu-
lation, the ligand structures were found to be stable at 2.2 A af-
ter 45 ns but proteins were undergoing continuous conformational
changes and they might need longer simulation to be stable be-
cause of their large structure (Fig. 6b) whereas HCQ-Mpro (PDB ID
5R82) complex shown stable at 1.8 A from 1-10 ns and 45-50 ns
(Fig. 6a). The changes in the order 1-3 A is perfectly acceptable
for small and globular shape proteins. The HAHCQ-Helicase (PDB
ID 6ZSL) complex (Fig. 6d) shows stability after 45 ns at 3.0 A. A
slight deviation from 1.5 A to 2.0 A happened up to 30 ns whereas
HCQ-Helicase (PDB ID 6ZSL) complex has shown stable at 3.5 A
from 1-50 ns (Fig. 6¢). The HAHCQ-Mpro (PDB ID 5R82) com-
plex shows the high level of interaction throughout the simula-
tion. It may be observed that HA-HCQ-Mpro (PDB ID 5R82) struc-
tures are continuously interacting at the same deviation rate and
showing less deviation in the structures. The HA-HCQ-Mpro (PDB
ID 5R82) structures seemed to be stable for most of the time of the
simulation.

The study of stable ligand-protein interactions and the contri-
bution of specific residues to ligand binding in the pocket is an
important aspect of the detection of hotspots. From the results of
molecular dynamics simulation, it was observed that Mpro (PDB
ID 5R82) residues THR24, THR26 and GLU47, ASN142, ASN228 and
GLN244 possess the highest interaction fractions value of 0.25 with
HA-HCQ conjugate whereas HCQ ligand shows an interaction frac-
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Fig. 8. Timeline representation of the interactions and contacts (H-bonds, Hydrophobic, lonic, and Water bridges) the top panel of each image shows the total number
of specific contacts the protein makes with the ligand throughout the trajectory. The bottom panel of each image shows which residues interact with the ligand in each
trajectory frame. (a) HCQ-Main protease (PDB ID 5R82) complex, (b) HAHCQ-Main protease (PDB ID 5R82) complex, (c¢) HCQ-Helicase (PDB ID 6ZSL) complex (d) HAHCQ-

Helicase (PDB ID 6ZSL) complex.

tion of 0.25 with one residue HIS64 of Mpro (Fig. 7 a & b). He-
licase 6ZSL residues TYR 180, LEU412, THR415, ASP482, VAL483,
SER484, TYR515, HIS554 and ARG560 possess 0.3 to 0.7 interac-
tion fraction values with HA-HCQ conjugate whereas HCQ has 0.3
interaction fraction values only with three residues i.e. GLU136,
PRO234 and LEU352 of Helicase (PDB ID 6ZSL) during the span of
simulation (Fig. 7 ¢ & d). HA-HCQ-Mpro (PDB ID 5R82) and HA-
HCQ-Helicase (PDB ID 6ZSL) complexes show the prominent num-
ber of amino acid residues with different types of interaction in-
cluding hydrophobic bonds, ionic bonds and water bridges bonds.
The Protein and ligands timeline interaction graph show a high
amount of interaction for HA-HCQ-Mpro5R82 complex (Fig. 8b),
and HA-HCQ- Helicase (PDB ID 6ZSL) complex (Fig. 8d). These re-
sults confirm the promising effects of HA-HCQ on the target pro-
teins of SARS-CoV-2. The Residue-wise RMSF values of the SARS-
CoV-2 Mpro (PDB ID 5R82) and Helicase (PDB ID 6ZSL) proteins
bound to HA and HA-HCQ conjugates during the simulations were
presented in Fig. 9 (a-d). They also depict atom-wise RMSF of the
ligand concerning its corresponding receptors. It is apparent from
these results that for all the complexes, during triplicate simula-

10

tions, most of the amino acid residues have an RMSF value <2.0 A
and most HA-HCQ conjugate atoms whereas HCQ possess RMSF
value <15 A.

Recently, Kumar et al., 2020 [70] reported the MD simula-
tion results of Noscapine-Hydroxychloroquine (Nos-HCQ) conju-
gates. The authors showed strong binding affinity for the main
protease (Mpro) of SARS-CoV-2, which performs key biological
function in virus infection and progression. Further, MD simula-
tion study of Nos-HCQ affirmed the stable binding of the con-
jugate to Mpro domains and possesses unprecedented results of
RMSD, complex dynamics and radius of gyration plots along with
critical reaction coordinate binding free energy profile. Nabajy-
oti et al., 2020 [71] also reported that Hydroxychloroquine pos-
sesses a high docking score and interaction energies and a de-
cent level of docking within the cavity in the main protease moi-
ety of SARS-CoV-2. Molecular dynamics simulations lead to the
evaluation of conformational energies, average H-bonding distance,
RMSD plots etc. Large RMSD fluctuations for the first 2 ns seem
to provide the conformational and rotational changes associated
with the drug molecule when it comes into the vicinity of the



R. Thirumalaisamy, V. Aroulmoji, M.N. Igbal et al.

C-alphas

S VA

0 50 100 150 200 250 300
Residue Index

IC-alphas

6.4

5.6 1

4.8

~ 4.0 4

SF

s 324

2.4 4

164

0.8 1

400 600 800 1000

Residue Index

0 200

Journal of Molecular Structure 1238 (2021) 130457

WL_-alphas

4.5

401

3.5+

100 150 200 250
Residue Index
C-alphas

300

6.4
5.6
4.8 4

~ 4.0+ #

SF

s 3.2 1

2.4 -

16+

0.8+

400 600 800 1000

Residue Index

0 200

Fig. 9. Residue-wise RMSF of ligand concerning receptor protein during triplicate simulations (a) HCQ-Main protease (PDB ID 5R82) complex, (b) HAHCQ-Main protease (PDB
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protease matrix. Finally, the present docking and MD simulation
study provide good insight to the HA-HCQ conjugate possesses
good and stable binding affinity with binding pockets of Mpro
and helicase proteins of SARS-CoV-2, which pave the way for fur-
ther in vitro and in vivo examination of HA-HCQ drug conjugate
with robust binding against Mpro and helicase protein targets of
SARS-CoV-2.

4. Conclusion

The molecular docking study was used to evaluate the safety of
drug delivery, targeting receptors, toxicity, solubility and efficacy
of Hyaluronic acid-Hydroxychloroquine (HA-HCQ) conjugate over
free Hydroxychloroquine (HCQ) drug. Four SARS-CoV-2 viral molec-
ular protein targets have been analyzed with HA-HCQ and the re-
sults obtained reveal better interactions with viral protein targets
than the free HCQ drug. The HA-HCQ drug conjugate showed max-
imal drug delivery to lower respiratory tract through CD44 recep-
tors with increased drug clearance and less toxicity to host cells.

1

The results of MD simulation trajectories study reveal that HA-
HCQ-SARS-CoV-2 protein complexes found superior complex sta-
bility over HCQ- SARS-CoV-2 protein complexes. Further studies
are in progress to the synthesis of HA-HCQ conjugates with dif-
ferent degrees of substitutions of drugs to the polymer and to
evaluate the antiviral activity both in in-vitro and in-vivo towards
Mpro and Helicase SAR-CoV-2 viral protein targets. This will leads
to the establishment of a promising and novel treatment option
for COVID-19 and other related diseases through its versatile drug
conjugation technology.
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