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Abstract

COVID-19 has emerged as deadly pandemic worldwide with no vaccine or suitable antiviral
drugs to prevent or cure the disease. Because of the time-consuming process to develop new vaccines
or antiviral agents, there has been a growing interest in repurposing some existing drugs to combat
SARS-CoV-2. Vitamin D is known to be protective against acute respiratory distress syndrome (ARDS),
pneumonia and cytokine storm. Recently it has been used as a repurposed drug for the treatment of
H5N1 virus-induced lung injury. Circumstantial evidences indicate that people with low level of vitamin
D are more susceptible to SARS-CoV-2. Although, vitamin D was suggested to interfere with viral
replication, its interaction with any SARS-CoV-2 protein is unexplored yet. Beside this, ivermectin, a
well-known anti-parasitic agent, exhibits potent anti-viral activities in vitro against viruses such as HIV-
1 and dengue. Very recently, ivermectin has been found to reduce viral load of SARS-CoV-2 in vitro.
We have analyzed available structures of SARS-CoV-2 proteins to identify probable binding partner(s)
of vitamin D and ivermectin through knowledge-based docking studies and figured out possible
implication of their binding in SARS-CoV-2 infection. Our observations suggest that the non-structural
protein nsp7 possesses a potential site to house 25-hydroxyvitamin D3 (VDY) or the active form of
Vitamin D, calcitrol. Binding of vitamin D with nsp7 likely to hamper the formation of nsp7-nsp8
complex which is required to bind with RNA dependent RNA polymerase (RdRP), nsp12 for optimal
function. On the other hand, potential binding site of ivermectin has been identified in the S2 subunit
of trimeric spike(S) glycoprotein of SARS-CoV-2. We propose that deeply inserted mode of ivermectin
binding at three inter-subunit junctions may restrict large scale conformational changes of S2 helices
which is necessary for efficient fusion of viral and host membrane. Our study, therefore, opens up
avenues for further investigations to consider vitamin D and ivermectin as potential drugs against

SARS-CoV-2.
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Introduction

The COVID-19 pandemic has led to widespread loss of human lives and has impacted severely
on global economy. With no herd immunity, either natural or vaccine induced, prevention of human
to human transmission by monitoring or containment through lockdown seems to be the only
effective tool to halt the progress of this pandemic. Since vaccines or new antiviral agents will take
time to develop, there has been a growing interest in repurposing some existing drugs to prevent the
entry and/or replication of the virus into the host or to blunt the cytokine storm that ultimately leads
to mortality. Several drugs are undergoing evaluation in the quest for finding an effective and safe
agent to treat the COVID-19 or severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
infection.

So far, RNA-dependent RNA polymerase (RdRp) of SARS-CoV-2 remained as a promising drug
target due to its crucial role in RNA synthesis and absence of its homolog in the host (Gao et al., 2020).
Different nucleos(t)ide analogues (NAs) are being used as viral RdRp inhibitors (Gao et al., 2020) since
metabolized form of the NAs are subsequently incorporated into the nascent viral RNA by the RdRp,
accounting for the antiviral effect. Through modelling studies, several anti-polymerase drugs like
Ribavirin, Remdesivir, Sofosbuvir, Galidesivir, and Tenofovir were proposed to bind with RdRp of SARS-
CoV-2, (Elfiky et al., 2020, Gao et al., 2020). While this method is useful for several viruses it is
particularly challenging for SARS-CoV-2 due to the exonuclease activity of non-structural proteins
nspl4 which is capable of excising incorporated NAs (Shannon et al., 2020).

Apart from RdRP, several other SARS-CoV-2 proteins are therefore being studied as possible
drug targets. Among them, 3-chymotrypsin-like cysteine protease 3 (3CLpro) and papain like protease
(PLpro), involved in the proteolytic processing of the viral polyprotein, are proven as drug target in the
case of SARS-CoV and middle east respiratory syndrome coronavirus (MERS-CoV). Several FDA
approved anti-viral drugs as well as traditional Chinese medicine and natural products were identified
which could serve as potential anti SARS-CoV-2 lead molecules (Wu et al., 2020, Ul Qamar et al. 2020).

Recently, Vitamin D has been shown to be protective against infections associated with acute
respiratory distress syndrome (ARDS), pneumonia and cytokine storm (Tsujino et al., 2019, Zhou et al.,
2019, Hong et al., 2020). Vitamin D has been proposed as a repurposed drug for treatment of H5N1
virus-induced lung injury (Huang et al., 2020). In fact, there are some circumstantial evidences to show
that vitamin D may be useful for controlling COVID-19, like many other viral infections (Grant et al.,
2020). Although the protective effect of vitamin D against COVID-19 is more likely related to
suppression of cytokine response and reduced severity/risk for ARDS, there is also evidence from a
meta-analysis that regular oral vitamin D2/D3 intake is safe and protective against acute respiratory

tract infection, especially in case of vitamin D deficiency (Martineau et al., 2017). However, it is not
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yet known whether vitamin D interacts with any of the SARS-CoV-2 proteins. Teymoori-Rad et al., 2019
has suggested that antiviral effects of vitamin D can either interfere with viral replication or can act in
an immunomodulatory and anti-inflammatory way. Availability of structures of many proteins coded
by SARS-CoV-2 opens up possibility of virtual screening of available drugs, including vitamin D, for
repurposing.

Ivermectin is a well-known anti-parasitic agent that exhibits potent anti-viral activities against
a broad range of viruses in vitro such as Venezuelan Equine Encephalitis Virus, HIV-1 and dengue virus
(Gotz, V., et al, 2016; Lundberg, L., et al, 2013; Tay, M.Y., et al, 2013; Wagstaff, K.M., et al.,2012). Very
recently, Caly et al. (2020) has shown in vitro that ivermectin acts as an inhibitor of SARS-CoV-2.
Addition of 5 uM of ivermectin to Vero-hSLAM cells 2 hours post infection with SARS-CoV-2 able to
cause ~5000-fold reduction in viral RNA at 48 h (Caly et al., 2020). Although ivermectin was expected
to be an inhibitor of importin alpha/beta (IMPa-IMPR1) mediated nuclear import in case of HIV-1 (Tay
et al., 2013; Wagstaff et al., 2012; Yang et al., 2020), this is not significant to limit the viral load of
SARS-CoV-2, since no nuclear import is reported so far for the proliferation of this virus. Reduction of
RNA load of SARS-CoV-2 observed in the presence of ivermectin therefore judiciously points towards
its possible inhibitory effect on the structural and/or non-structural protein(s). lvermectin therefore
warrants further inspection to identify its possible protein target in SARS-CoV-2. In the current study,
we explore, with the help of knowledge-based docking strategies, the potential antiviral properties of

vitamin D and ivermectin, to identify their possible role in preventing and/or treating this pandemic.

Results and Discussion

Binding of vitamin D with nsp7 and its implication of RdRP function

We have explored any probable binding site of vitamin D with the replication/transcription
machinery of SARS-CoV-2. Structural and biochemical studies demonstrated that RARP (nsp12) is the
key component that catalyzes the synthesis of viral RNA while nsp7 and nsp8 act as essential cofactors.
Subissi et al (2014) showed that SARS-CoV nsp12 alone is minimally active and its activity is highly
dependent on nsp7 and nsp8. Neither nsp7 nor nsp8 alone is sufficient for optimal function of nsp12
but nsp7-nsp8 complex confers processivity to the RNA synthesizing activity of nsp12 (Subissi et al,
2014). Structure of RARP of SARS-CoV-2 (Gao et al., 2020), revealed that nsp12 binds with nsp7-nsp8
dimer and another nsp8 monomer to be optimally active, which is in accordance with the RdRP
structure of SARS-CoV (Kirchdoerfer et al, 2019). Structure of nsp12-nsp7-nsp8 complex of SARS-CoV
demonstrated that the binding of the nsp7-nsp8 heterodimer to the index finger loop of nspl2

stabilizes the polymerase domain of the latter to permit RNA template recognition (Kirchdoerfer et al,
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2019). Nsp12 of SARS-CoV and SARS-CoV-2 share a remarkable 96% sequence identity (Morse et al.
2020; Gao et al., 2020). Similarly, sequences of nsp7 and nsp8 of SARS-CoV and SARS-CoV-2 are also
highly conserved, having 99% and 97.5% identities respectively (Fig. 1a,b). Understandably, formation
and binding of nsp7-nsp8 complex to nsp12 is essential for the optimal activity of RARP of SARS-CoV-
2.

Our inspection of the structure of human serum vitamin D-binding protein in complex with a
vitamin D3 metabolite 25-hydroxyvitamin D3 (VDY) revealed that VDY binds in a hydrophobic cleft
formed between two helices arranged in an elbow like pattern (PDB code: 1J78, Verboven et al, 2002).
Interestingly, inspection of SARS-CoV-2 RdRP complex structure (PDB code: 7BTF) identified similar
hydrophobic pocket in the cofactor nsp7 which is reminiscent of the binding of VDY to human serum
vitamin D-binding protein (Verboven et al, 2002). In RdRP-cofactor complex (nsp12-nsp7-nsp8) of
SARS-CoV-2, this pocket of nsp7 remains occupied by the N-terminal helix of nsp8 through
hydrophobic packing (Fig. 2a). We have docked VDY with nsp7 considering surface charge and groove
complementarity (Fig. 2b). Polar interaction of VDY with Thr9 of nsp7 along with hydrophobic packing
with nsp7 residues Leul3, Leul7, Leu20, Phe49 and Val53 thus point towards productive binding of
VDY with nsp7 (Fig. 2b, 2c). Calculation by PDBePISA (Krissinel et al., 2007) suggested a buried surface
area of 410 A? for nsp7-VDY complex which is comparable with the area of 440 A% for human serum
vitamin D-binding protein-VDY complex.

Residues of nsp7, involved in VDY binding, are also conserved in SARS-CoV, Bat Coronavirus
(BtCoV) and MERS coronavirus (Fig. 1a). The mode of interaction of VDY with nsp7, proposed in our
modeling study, will certainly hamper the formation of nsp7-nsp8 complex. Since binding of this
cofactor complex to nsp12 is essential for its finger loop stabilization followed by efficient recognition
of RNA, binding of VDY to nsp7 is expected to be detrimental to the functionality of SARS-CoV-2 RdRP
(Fig. 2d). Calcitrol, the active form of Vitamin D, having one extra hydroxyl group at C1 position with
respect to VDY, could also be docked at the same site of nsp7 without any hindrance. Therefore,
calcitrol can also be proposed as a potential drug to hinder the formation of functional RARP assembly
of SARS-CoV-2.

In the clinical context, however, it remains to be seen if vitamin D deficiency predisposes to
SARS-CoV-2 infection and if so, whether vitamin D supplementation would prevent a potential viral
outbreak. It is also unknown whether to prevent SARS-CoV-2 binding competitively, one needs to
maintain serum vitamin D levels within the normal range or one needs to have a pharmacological dose

of vitamin D to achieve this goal.
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Ivermectin binding with spike (S) glycoprotein may impair viral infection

To search for the target protein and potential binding site of ivermectin, we have
systematically analyzed available structures of SARS-CoV-2 and SARS-CoV proteins. Coordinates of
SARS-CoV-2 spike protein ectodomain (PDB code:6VYB, 6VXX), nsp12-nsp7-nsp8 (PDB code: 7BTF),
protease (PDB code: 5R8T), post fusion core S2 subunit (PDB code: 6LXT), ADP Ribose Phosphatase
nsp3 along with SARS-CoV complex nspl14-nspl0 were retrieved for this purpose. lvermectin acts as a
positive allosteric modulator of transmembrane pentameric Cys-loop receptors such as glutamate-
gated chloride channels (GluCls), y-aminobutyric acid receptors, glycine receptors (GlyRs) (Hibbs et
al., 2011; Huang et al., 2017). Structure of human GlyRa3 indicated that ivermectin binds in a deep
cleft made of three helices located at the subunit interface (PDB code: 5VDH). Guided by this
information, we have critically analyzed the SARS-CoV-2 protein structures to search for probable
ivermectin binding site(s). Interestingly, we have identified a deep cleft in spike(S) protein ectodomain
(PDB code: 6VYB, Walls et al., 2020) which is similar to that observed in GlyRa3-ivermectin complex
(Fig. 3a,b). S protein is a homotrimeric transmembrane glycoprotein protruding from the viral surface
(Tortorici and Veesler, 2019). Its S1 subunit forms the crown and binds with host cell receptor while
its S2 subunit is responsible for membrane fusion. Ivermectin binding cleft was observed at the
interface of two S2 subunits (Fig. 3b) implying that three such ivermectin binding sites exist in the
trimer. Ivermectin could be properly docked in each pocket satisfying size and charge compatibility
(Fig. 3b). The benzofuran head of ivermectin which is orientated toward the deep cleft of the binding
pocket can be stabilized by polar interactions with Glu725 or Lys1028 of the same chain of the trimer
(Fig. 3c). Furthermore, quite a few hydrophobic residues and non-polar parts of the polar residues are
found to contribute to the packing of ivermectin with S2 subunit (Fig. 3c). The surface area of S
glycoprotein becomes buried upon binding of each ivermectin molecule has been calculated by
PDBePISA (Krissinel et al., 2007). The area is of about 600A% which is comparable to the buried surface
area of human GlyRa3 upon ivermectin binding (670 A2). The free energy of stabilization upon

ivermectin binding to SARS-CoV-2 spike (S) protein is —15 kCal/mole as calculated by PDBePISA.

Additionally, we have analyzed the mutations found in the spike (S) glycoprotein of SARS-CoV-
2 isolated from different territories with respect to China Wuhan isolate (Fig. 4a). Mapping of those
mutations on the closed state of S protein ectodomain structure revealed that none of those
mutations is located near the proposed ivermectin binding site (Fig. 4b). This implies that binding of

ivermectin will not be affected by these mutations.

d0i:10.20944/preprints202005.0084.v1
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As observed by Walls et al., 2020 (and in their previous studies) that removal of the trimeric
S1 crown coupled with large scale conformational changes in S2 allows fusion of viral and host
membrane for all corona viruses. In highly pathogenic coronaviruses, S glycoprotein trimers are found
in partially opened states, while they remain largely closed in human coronaviruses associated with
common colds (Walls et al., 2020). They further hypothesized that in the case of SARS-CoV-2, SARS-
CoV and MERS-CoV, S glycoprotein trimers spontaneously samples between closed and open
conformations for optimal functioning. Our proposed ivermectin binding site is located at the interface
of two S2 subunits which is also not too far from the S1 crown. We presume that deeply inserted mode
of ivermectin binding at three inter-subunit junction and its sheer size, may disallow the S2 helices to
undergo large scale conformational changes necessary for efficient fusion of viral and host membrane.
Furthermore, binding of ivermectin may change the micro-environment that restricts the
conformational switching between closed and open states of S1, thereby inhibiting SARS-CoV-2
infection. Our observations, therefore, warrant further investigations, on urgent basis, at in vitro and

in vivo levels to consider ivermectin as a possible drug of SARS-CoV-2.

Methods

We have performed graphical inspection of the surface of nsp7, nsp8 and nsp12 for binding
pockets of 25-hydroxyvitamin D3 (VDY) (whose coordinates were retrieved from PDB code: 1]78). A
suitable binding pocket appeared on nsp7 which resembles of the binding pocket of VDY on human
serum vitamin D-binding protein. A knowledge-based docking of VDY was performed based on surface
charge and size compatibility in the pocket of nsp7 using COOT (Emsley and Cowtan, 2004) and PyMOL
(DelLano Scientific LLC) followed by general energy minimization. Contacts with the surrounding
residues were judged graphically in PyMOL and using CONTACT program in CCP4 suite. Similar search
was executed for ivermectin binding pocket on the SARS-CoV-2 proteins using the ivermectin
coordinates retrieved from the crystal structure of Human Glycine Receptor alpha-3 bound to
ivermectin (PDB code: 5VDH). After finding a suitable binding pocket on spike (S) glycoprotein docking
of the drug has been carried out using the method described above. Buried surface areas for both the
docked complexes are calculated using PDBePISA. However, during docking, we haven’t changed the
coordinates of protein atoms to consider induced-fit of protein upon ligand binding that causes tighter
packing of the ligand.

Graphical presentations are prepared using PyMOL. Sequences of nsp7 and nsp8 of different
sources were aligned by MULTALIN (Corpet, 1988) that uses hierarchical clustering using the matrix
BLOSUMG62, with gap weight -12 and gap length weight -2.
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Figures and Figure legends
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Figure 1: Sequence alignment of (a) nsp7 and (b) nsp8 of SARS-CoV-2 with the sequences of SARS-
CoV, Bat Coronavirus (BtCoV) and Middle East Coronavirus (MERS); The conserved amino acids of

nsp7 which may show probable interaction with vitamin D are marked by “*’ in (a).
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Figure 2: (a) Structure of nspl12-nsp7-nsp8 complex of SARS-CoV-2; (b) electrostatic surface of nsp7
with docked vitamin D (shown as yellow sticks); (c) probable polar and hydrophobic interactions
between nsp7 and vitamin D in the docked complex; (d) Vitamin D will impair binding of nsp8 with

nsp7.
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Figure 3: (a) lvermectin (shown in yellow ball and stick) docked in homotrimeric transmembrane spike
(S) protein of SARS-CoV-2; (b) zoomed view of (a) showing fitting of ivermectin in the inter-subunit

cleft of S protein; (c) probable interactions between ivermectin and S protein.
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Figure 4: (a) Mutations in SARS-CoV-2 spike glycoprotein with respect to China Wuhan isolate are
tabulated; (b) mutations are mapped in the structure of SARS-CoV-2 spike glycoprotein in closed state
(PDB code: 6VXX) where mutated amino acids are shown in red and ivermectin is shown in ball and

stick (carbon:yellow, oxygen:red).
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