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The main binding site for SARS-COV-2 spike protein in human body is human Angiotensin converting
enzyme 2 (ACE2) protein receptor. Herein we present the effect of chloroquine (CLQ) on human ACE2
receptor. Molecular docking studies showed that chloroquine have a docking score is quite high compare
to other well known drugs. Furthermore, molecular dynamics (MD) studies with CLQ docked ACE2 results
in large fluctuations on RMSD up to 2.3 ns, indicating conformational and rotational changes due to the
presence of drug molecule in the ACE2 moiety. Analysis of results showed that CLQ can effect the confor-
mation of human ACE2 receptor. We believed that this work will help researchers to understand better
the effect of CLQ on ACE2.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

From December 2019 a massive social and economical pan-
demic [1] has been spread internationally due to COVID-19 (SARS-
CoV-2) which creates public health emergency. SARS-CoV in not a
new at all [2-5]. SARS-CoV are mainly classified into four categories
viz. ¢-COV, B-COV, y-COV and 6-COV, of which the latest, classi-
fied as SARS-CoV-2, belongs to B8-CoV category. It has four differ-
ent proteins like spike (S), envelope (E), membrane (M) and nu-
cleocapsid (N) proteins. SARS-CoV-2 has single stranded, positive-
sense RNA and there are total seven genes. Most of the part of RNA
genomes are coated by ORF while rest part is coated by mRNA and
other proteins. PP1a and PP1ab replicase proteins are generated by
ribosomal frame shifting and these proteins generates total sixteen
non-structural proteins (NSPs) which are responsible for carrying
on the viral reproduction of the replicase transcriptase compound
process. The structural proteins (S, E, M and N) are formed by the
mRNA [6]. The outer surface of SAR-COV-2 contains spike glycopro-
tein which binds with human ACE2 receptor. After binding, it cre-
ates channel to transfer its genetic material (RNA) inside the host
cell for duplication. It is therefore important to block the human
ACE2 receptor or prevent further modification of it by the virus.
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There are some drugs which are under clinical trials and which
showed some positive results on COVID-19 [7]. But the main mech-
anism of potential drugs are still under investigation. Remdesivir
shows some positive results on COVID-19 patients at the very pri-
mary stages but does not show any potential effect on the seri-
ously affected patients [8]. Favipiravir shows inhibitory effect on
viral RNA polymerase [9]| but does not have any remarkable ef-
fect on COVID-19 patients. A widely used drug for the treatment
of Zika virus is azithromycine [10], which has been used with hy-
droxychloroquine [11] COVID-19. Again there are some anticancer,
antiviral, CNS stimulants approved by FDA [12, 13], while some are
under clinical trials [14], but the results against COVID-19 are not
uniformly satisfactory. Some positive results against COVID-19 pa-
tients have been shown by Chloroquine phosphate [15, 16]. Chloro-
quine itself is an anti-malarial drug also, having some anti-viral ef-
fect [17]. It must be mentioned that higher doses of both chloro-
quine and hydroxychloroquine can pose risks to the patients [18].
From the above, it must be clear that though numerous at-
tempts have been made to combat the lethal effect of SARS-COV-2,
till date there are no suitable drugs or vaccines which can cure
COVID-19 affected patients with certainty. Most of the suspected
drugs are now in clinical trials and there are no in-vivo potentially
active established drugs are present for the proper treatment of
COVID-19 patients. We considered docking studies with main pro-
tease of SARS-CoV-2 and with human ACE2 of 16 drugs, and found


https://doi.org/10.1016/j.molstruc.2021.129891
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.129891&domain=pdf
mailto:nabajyotibaildya@gmail.com
mailto:ghosh.naren13@gmail.com
mailto:asoke@klyuniv.ac.in
https://doi.org/10.1016/j.molstruc.2021.129891

N. Baildya, N.N.

Ghosh and A.P. Chattopadhyay

N

//

Journal of Molecular Structure 1230 (2021) 129891

H-Bonds
Donor il

Acceptor, | =
s Ve Ve

LEU
A:144
GLU
A:145
PHE
A504
HIS A
A:505 1k
ARG Fi H ~
A:273 [ *ask
Residue Interaction 'I"YR
EA:127
Electrostatic
< ASN
van der Waals ALEE':g?a AJZ%‘RP A:149
Covalent bond : A271
Water
Metal .

Fig. 1. Docked structure of CLQ with ACE2 receptor.

CLQ to be outperforming the others. This was followed by more
detailed analysis, including MD studies on CLQ and ACE2.

2. Methodology

2.1. Docking of potential drugs with COVID-19 main protease and
human ACE2 receptor

Structures of the main protease (MP) and human ACE2 re-
ceptor were obtained from Protein Data Bank, with PDB IDs 6LU7
and 6LZG respectively. The “sdf” files of 16 drugs were obtained
from the PubChem (National Library of Medicine) and were con-
verted to pdb files using UCSF Chimera to check the ligand-protein
binding interaction. Both the structures of MP™ and ACE2 receptor
were cleaned by removing hetero-atoms and water molecules us-
ing UCSF Chimera package [19]. Only chain-A of ACE2 receptor was
chosen for performing the binding affinity with the drugs. Docking
was done between the best binding pocket of the protein and the
drugs using Autodock Vina package [20]. Necessary files for dock-
ing simulation were made by using Autodock Tools.

2.2. MD simulation of ACE2-CLQ complex

The minimum energy configurations obtained from molecu-
lar docking studies were considered for molecular dynamics (MD)
simulation studies using GROMACS (Version 2018.5) [21] with
the CHARMM36-mar2019 force-field [22] using TIP3P model [23].
The ligand (CLQ) topology and parameters were generated using

CHARMM General Force Field server. A cubical box was generated
where the ACE2-CLQ complex was at least 1 nm from the edges
of the box to maintain at least 2 nm distance between two suc-
cessive images of the complex using periodic boundary conditions.
Adequate number of Na* ions was added to maintain charge neu-
trality of the system. First, energy minimization was carried out
until the maximum force became less than 10 kmol~'nm~!. The
steepest descent algorithm was used followed by conjugate gradi-
ent protocol. Then the system was equilibrated for 100 ps using
isochoric-isothermal (NVT) equilibration at 300 K. The time step
was 2 fs. This was followed by equilibration at isothermal-isobaric
or NPT ensemble at 300 K for 100 ps. Modified Berendsen thermo-
stat was used for the NPT ensemble. Here also the time step was
2 fs. For both NVT and NPT equilibration, cut-offs for electrostatic
and van der Waals interactions were kept at 1.0 nm. Long range
interactions were calculated using smooth particle mesh Ewald
(PME) method [24]. The equilibrated ensembles were finally sub-
jected to MD simulation for 10 ns, with electrostatic and van der
Waals cut off as before. PME method was used to calculate long
range electrostatic interactions. A modified Berendsen thermostat
and a Parinello-Rahman barostat were used with reference tem-
perature and pressure at 300 K and 1 bar respectively. Snapshots
of the trajectory were saved every 1 ns for each case.

2.3. Analysis of md simulations

For ACE2-CLQ systems, structural trajectories were calculated
using trjconv tool. The trjconv tool of GROMACS was used to re-
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Fig. 2. Mechanism of action of chloroquine (CLQ) against SARS-CoV-2.

center the protein and other molecules within the cubical box. van
der Waals interaction, electrostatic energy, interaction energy val-
ues etc. were calculated using gmx energy tool of GROMACS. RMSD
plots, RMSF plot, Radius of gyration and Solvent Accessible Surface
Area (SASA) plots were performed using xmgrace plotting tool.

3. Results and discussion
3.1. Molecular docking studies

Initial screening of the drug molecules were performed by ap-
plying molecular docking studies. The drugs used for docking have
either anti-malerial, anti HIV or anti-viral agents. Results of the
docking studies of all the drugs with both the MP™ and ACE2 re-
ceptor are shown in Table 1 below.

All the drugs showed good binding affinities with both main
protease and ACE2. Our previous study showed that HCQ has
an inhibitory effect against MP™ of SARS-CoV-2. But chloroquine
(CLQ) showed the best binding affinity with ACE2 receptor with

a score of —7.5 kcal/mol. It showed greater binding affinity vis-a-
vis its derivative hydroxychloroquine (HCQ) (—7.3 kcal/mol) which
is used for COVID-19 treatment [25]. However, CLQ has less bind-
ing affinity (—5.9 kcal/mol) with the MP™ compared to HCQ
(—6.3 kcal/mol). Docking studies showed that CLQ has the high-
est docking score with ACE2. From Fig. 1, it is seen that there are
H-bonding and electrostatic interactions between CLQ and ACE2.
The left panel of Fig. 1 shows the donor and acceptor sites of
the docked structure for the H-bond formation. The neighbouring
residues of CLQ in the docked structure are ARG 273, HIS 505, LEU
144, PHE 504, TYR 127, SER 128, TRP 271, ASN 149, LEU 503, GLU
145 as shown in the right panel in Fig. 1.

Chloroquine causes multiple effects on cellular functions viz.
1. Immunomoddulatory effect, 2. Prevents endocytosis as well as
lysosomal function and fusion [26], 3. zinc ionophore [27] and 4.
prevents binding with sialic acid and ACE-2 receptor [28]. These
effects may make CLQ as a preventer against SARS-CoV-2. CLQ is
alkaline in nature which causes the increase in alkalinity of en-
dosome and lysosome that leads to increase the endosomal and
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Table 1

Screening of drugs by molecular docking studies with MP™ and ACE2 receptor.
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PUBCHEM  Compound MW Molecular Docking Score (kcal/mol)
CID Name (g/mol)  Formula Main protease  ACE2-receptor
2791 Chloroquine 319.90 Cy3Ho6CIN3 -5.9 -7.5
6475 Chlorphenoxamine 303.80 CigH,,CINO —6.1 -6.7
2726 Chlorpromazine 318.90  Cy7H;9CIN,S -6.3 -6.0
2801 Clomipramine 314.90 Cq9H23CIN, -59 -6.9
5,284,550 Dosulepin 295.40 Ci9H31NS -6.5 -6.8
60,877 Emtricitabine 247.25 CgH10FN503S -5.8 -6.7
3461 Gemcitabin 263.20 CoH11F;N304 —6.2 -6.5
3652 Hydroxychloroquine  335.90  CygH6CIN3O —6.3 -7.3
3658 Hydroxyzine 37490  Cy1H,;CIN,0, —6.6 -6.9
60,825 Lamivudin 229.26 CgH11N303S -5.7 -6.5
104,762 Mizoribine 259.22 CoH13N306 —6.4 -6.7
4756 Phenazopyridine 213.24  C;1H11Ns —-6.4 -6.7
4927 Promethazine 284.40  Cy;7HyoN,S —6.0 -6.5
37,542 Ribavirin 244.20 CsH12N405 —6.2 -6.5
5568 Triflupromazine 35240  CygHi9F3N,S -7.0 -7.1
35,370 Zidovudine 267.24 CioH13N504 —6.6 —6.6
1 11 21 31 41
ACE-2 undocked 1I9STIEEQAKTF LDKFNHEAED LFYQSSLASW NYNTNITEEN VOQNMNNA ) K
ACE-2 docked 19SS TIEEQAKTEF LDKFNHEAED LFYQSSLASW YNTNITEEN VONMNNA D K
51 61 7 81 91
ACE-2 undocked SQ‘WbAFLKEOw! LAQMYPLQE I QNLT KLQLQ ALQQNGS LSEDKSKRLN
ACE-2 docked WS AFLKEQST AQMYPLQEI QNLTVEKLQLQ ALQQNG S LSEDKSKRLN
101 111 121 131 141
ACE-2 undocked M8T ILNTMST Y STGKVCNPDN QEC E LNEIMANSLD YNERLWAWES
ACE-2 docked MBT I LNTMST I Y TGKVCNPDN QEC £ LNEIMANSLE YNERLWAWES
151 161 171 181 191
ACE-2 undocked 168)lWRSEVGKQLR LYEEYVVLK NEMARANHYE DYGDYWRGDY EVNGVDGYDY
ACE-2 docked 168l WRSEVGKQLR LYEEYVVLK NEMARANH E DY DYWRGDY EVNGVD Y. Y
201 211 221 231 241
ACE-2 undocked 218)S RGQL | ED V E HTFEEIKPLY EHLHAYVRAK LMNAY S8 | CLPAHLL
ACE-2 docked 218lSRGQL I EDVE HTFEEILKPLY EHLHAYVRAK LMNAYPSY 1S IGCLPAHLL
251 261 271 291 i
ACE-2 undocked 268G DMWGRFWT EYS'L'T-V P FGQ K il A M D .|JAQR IFEKEA
ACE-2 docked 268|G DMWGRFWT N EYWSILEV.P PGS KPN I VT D Q AW .DJAQRILFKEA
301 311 32 33 341
ACE-2 undocked 312/EKFFVSVGL NMTQGFWE N M.’Lrn-‘ VIRKAVCHPTA WDLGK IFRI‘
ACE-2 docked B1I2lEKFFVSVGL NMTQGFWENS mlLiT o P|. QKAVCH T A WDLGKGDFRI
351 36 371 381 391
ACE-2 undocked 359LMCIK...N .[M[D D|F|.JL T AH HEMGH I QYDM A Y AQPFLLR NGANEGFHEA
ACE-2 docked 359|LMC]. . TKVLT]. MD|. .[DJFJL T AH HEMGHIQYDM AYAAQPFLLR NGANE FHEA
401 41 431 441
ACE-2 undocked 404/VGE I MS A A ‘LKHI‘ Fu EDNETEINFL LKQALTIVGT
ACE-2 docked 404]VGE IMSLSAA . KI[HLKS | DLF] . |Q EDNETE | NEL LIKQALT I VGT
451 461 471 481 491
ACE-2 undocked 40|LPFTYMLEKW RWMVFKGE.| KDQWMKKWWE MKREIVGVVE v vc‘
ACE-2 docked 450|LPFTYMLEKW RWMVFKGE.| KDQWMKKWWE MKRE I VGVVE v TY-C
501 511 521 531 541
ACE-2 undocked 499DPASLFHVS DYSFIRYYTHR T'LYQFQFQEA LCQAAKHE LHKCDISNST
ACE-2 docked 499|DPASLFHVSN DYSFEFIRBRYY.TH TLYQFQFQEA LCQAAKHE LHKCD I SNST
551 561 571 581 591
ACE-2 undocked S549EAGQKLFNML RLGKSEPWTL ALENVVGAKN MNVRPLLNYF E LFTWLKDOQ
ACE-2 docked S49EAGQKLFNML RLGKSEPWTL ALENVVGAKN MNVRPLLNYF E LFTWLKDQ
601 611
ACE-2 undocked 599|x KNSFVGWST DWSPYA
ACE-2 docked 59INKNSFVGWST DWS Y A

Fig. 3. Structural changes in the sequence of ACE2 after MD, with CLQ.

lysosomal pH. SARS-CoV interacts with ACE-2 receptor in the host
cell by spike (S) proteins and endocytosed into the endosome. Two
functional domains of spike proteins are there (a) S1, binds with
receptor and (b) S2, for viral and cellular membrane fusion with
specified fusion peptide region, interacting with lipid bilayer. After
virion uptake, the S protein is specifically cleaved to expose the fu-
sion peptide region. In presence of CLQ the process is blocked due
to its alkalinity increase the pH of endosome and lysosome. CLQ
may also inhibit the proton pump present in the lysosome though

the mechanism is still not clear. Hence the process of endocyto-
sis i.e. the fusion of endosome into lysosome also be stopped or
slowed down in presence of chloroquine [26]. Enhancing the lyso-
somal pH, chloroquine inactivates pH-dependent lysosomal pro-
teases like cathepsin L necessary for S-protein cleavage, finally pre-
venting the membrane fusion and viral genome release. Previous
research also showed that Zn2* inhibits the corona virus or RNA
viruses by blocking the replication process. The viral RNA i.e. RARp
which is responsible for making viral RNA and responsible of repli-
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Fig. 4. Root mean square deviation (RMSD) plot of ACE2 receptor, CLQ and ACE2+CLQ docked structure (a) RMSD plot of ACE2 receptor alone before and after docking (b).

cation process inhibited by Zn?* ionophore [29]. Zinc ions can not
enter into host cells through the cell membrane. CLQ allows zinc
ion to bind with it which allows to enter into the cell membrane
of the host cell [27]. Then by increasing the zinc concentration, Zn
can inhibit RdRp and it prevents for making the viral RNA. These
results by the application of CLQ zinc concentration can be in-
creased and viral RNA can be decreased [29]. Again sialic acid is at-
tached with the cell membrane. Spike proteins can also bind with
sialic acid. Chloroquine can directly bind with sialic acid and block
the binding site of spike protein of SARS-CoV-2 and also CLQ also
binds with the ACE-2 receptor which prevents the proper binding
SARS-CoV-2 spike protein with the ACE-2 as well as sialic acid [28].

From the above discussion it is showed that CLQ interacts with
ACE-2 to reduce the glycosylation of the ACE-2 receptor and the
viral penetration into the cell. The endocytosis process is inhib-
ited due to the alkaline nature of CLQ by lowering the affinity of
viral spike protein against the receptor which results the inhibi-
tion of infection development [30]. Again significant reduction of
the development of infection is administrated by CLQ which has a
immense therapeutic but also prophylactic activity [31]. Both CLQ
and HCQ caused immunomodulating effect and it is assumed that
the cytokine storm of SARS-CoV-2 infected patients suffering from
COVID-19 will be inhibited [32]. The probable mechanism of action
of CLQ on SARS-CoV-2 is shown in Fig. 2.

To gain inside how chloroquine affect the conformational and
structural changes of ACE-2 receptor we have done MD-simulation
with the stable docked structure of ACE-2 and CLQ.

3.2. MD simulation studies

MD simulation studies for a period 10 ns were performed with
the energy minimised docked structure. Due to translational and
rotational motion of the drug molecule, remarkable changes were
observed during the simulation, which may be seen in the snap-
shots taken during simulation process. Fig. 3 shows the structural
changes in the ACE2 sequence after MD.

Fig. 4a represents the RMSD plot for the individual ACE2, CLQ
and the combined system while Fig. 4b represents the RMSD plot
for docked and undocked ACE2. From Fig. 4a it is clear that com-
pare to individual ACE2 and CLQ the RMSD fluctuation of the com-
bined system become progressively lower, while that of undocked
ACE2 fluctuates much more and progressively increases. This sug-
gests stabilization of the combined system. After 8 ns, the RMSD
fluctuation is minimum and equilibration is expected to have oc-
curred.

Furthermore Fig. 4b reveals the fact that ACE2 shows a contin-
uous fluctuation but after docking this fluctuation is reduced to
1.7 A from 2.3 A. Root mean square fluctuation (RMSF) behavior
of atoms, shown in Fig. 5, also shows a similar trend and support
the above conclusion.

6 j T i T 4 T ! T

— ACE-2 |
— Docked ACE-2 -

RMSF (Ang)
— N®) _u)_ e W
I

(=)

4000 6000 8000
Atom numbers

3000
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Fig. 5. RMSF of the ACE2 and its docked form with the CLQ.

From the RMSF it is clear that in undocked ACE2, residues that
fluctuate more are: ASN33, HIS34, GLN42, ALA46, ASN49, ASN5],
LEU97, GLN98, LYS112, THR118, LEU144, MET152, ARG177, TRP203,
ASP206, ILE358, ALA550, GLY575 and MET579. On the other hand,
in docked ACE2, the fluctuation is more near THR129, LYS131,
HIS241, LYS247, SER545 residues only. Table 2 displays the confor-
mational energy, total energy and interaction energy of ACE2 and
ACE2+CLQ complex.

More conformational energy in the composite system leads to
more flexibility within the same system. On the other hand, higher
value of total energy of the composite system makes the system
more stabilized. A considerably higher value of interaction energy
suggests that there is strong interaction between CLQ and the ACE2
receptor. Fig. 6 shows the radius of gyration of the docked and un-
docked ACE2 and Solvent Accessible Surface Area (SASA) plot of
docked and undocked ACE2.

Fig. 6a shows variation of radius of gyration of ACE2, which
measures its compactness, before and after docking,. From the plot
it is clear that up to 3 ns both the docked and undocked ACE2 re-
ceptor had similar size. But after that the undocked structure sud-
denly expands and remains larger in size. This indicates a destabi-
lization of undocked ACE2, whereas the docked structure stabilises
more smoothly, leaving aside smaller fluctuations around 8 ns. This
agrees with the RMSD plot more or less. Fig. 6b indicates the easy
incorporation of the drug molecule within the protein binding site.
With increased value of SASA for ACE2 indicates its expansion of
volume and lower fluctuation with time. After

Fig. 7 indicates the structural changes that occur during 1-10 ns
of MD-simulation. During 1 to 3 ns there is a robust change in
structure which is in accordance with the RMSD plot. After 4 ns
the system becomes stabilised with little overall structural change.
This continues till 7 ns. Between 7 to 8 ns there is huge change
in the structure which is also reflected in the RMSD plot. Again,
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Fig. 6. Radius of gyration (a) and SASA plot (b) ACE2 receptor before and after docking.

Fig. 7. Structural change in ACE2 receptor at 1-10 nanosecond during MD-simulation docking of CLQ the SASA value reached a maxima at 3 ns which reveals that the drug
stabilize the ACE2 receptor.
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Table 2
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Average conformational, total and interaction energy of ACE2 and ACE2+CLQ.

System Conformational Energy (kjJ/mol)  Total Energy (kJ/mol)  Total interaction energy (kj/mol)
ACE2 34,593.48 -1.36 x 106 -
ACE2+CLQ  34,825.45 -1.37 x 106 -157.93

after 8 ns, there is comparative stability of the structure indicating
equilibration.

4. Conclusion

16 drug molecules were screened against the main protease
of SARS-CoV-2 and human ACE2 receptor by molecular dock-
ing. Chloroquine (CLQ) showed the highest binding affinity with
ACE2 via formation of H-bonding and electrostatic interactions. The
docked ACE2-CLQ structure was further studied with molecular dy-
namics. MD study also shows formation of stable complex between
CLQ and ACE2. RMSD plot revealed the docked ACE2-CLQ struc-
ture to be more stable than ACE2 alone. ACE2-CLQ composite sys-
tem is found to equilibrate after about 8 ns. The same conclusion
was reached from RMSF, radius of gyration and SASA plots. Hence
we conclude that CLQ binds with human ACE2 receptor reasonably
strongly and the stable ACE2-CLQ may prevent further binding of
ACE2 with spike protein of SARS-CoV-2.
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