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Abstract

Vitamin D deficiency significantly correlates with the severity of SARS-CoV-2 infection. Molecular docking-based virtual screening
studies predict that novel vitamin D and related lumisterol hydroxymetabolites are able to bind to the active sites of two SARS-
CoV-2 transcription machinery enzymes with high affinity. These enzymes are the main protease (MP™) and RNA-dependent
RNA polymerase (RdRP), which play important roles in viral replication and establishing infection. Based on predicted binding
affinities and specific interactions, we identified 10 vitamin D3 (D3) and lumisterol (L3) analogs as likely binding partners of SARS-
CoV-2 MP™ and RdRP and, therefore, tested their ability to inhibit these enzymes. Activity measurements demonstrated that 25
(OH)L3, 24(OH)L3, and 20(OH)7DHC are the most effective of the hydroxymetabolites tested at inhibiting the activity of SARS-
CoV-2 MP™ causing 10%—19% inhibition. These same derivatives as well as other hydroxylumisterols and hydroxyvitamin D3
metabolites inhibited RARP by 50%—-60%. Thus, inhibition of these enzymes by vitamin D and lumisterol metabolites may provide
a novel approach to hindering the SARS-CoV-2 infection.

NEW & NOTEWORTHY Active forms of vitamin D and lumisterol can inhibit SARS-CoV-2 replication machinery enzymes, which

indicates that novel vitamin D and lumisterol metabolites are candidates for antiviral drug research.

COVID-19; lumisterol; RNA-dependent RNA polymerase; SARS-CoV-2 main protease; vitamin D metabolites

INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic has
brought tremendous socioeconomic losses, causing great ad-
versity with some intriguing and complex scientific ques-
tions to be answered. The variations in mortality and
severity of patients infected with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) in different regions of
the world is a challenging conundrum that still remains
unanswered. A plethora of reports has made a striking and
intreguing corelation that vitamin D deficiency influences
the risk of mortality in patients infected with SARS-CoV-2
(1). Vitamin D is a pleotropic hormone, which exerts genomic
and nongenomic effects on expression of a large number of
genes that modify many important biological functions (2).
The genomic effects initially involve the binding of 1,25-
dihydroxyvitamin D3 [1,25(0H),D3] to the vitamin D receptor
(VDR). The ligand-based activation of this nuclear transcrip-
tion factor can modulate the expression of genes positively
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or negatively. However, a variety of signaling pathways can
be activated in a nongenomic manner by 1,25(0H),D3 (2).
Multiple mechanisms have been proposed by which vitamin
D protects against infection and reduces mortality when
present in sufficient physiological levels (3-5). Vitamin D
modulates the innate and adaptive immune response (6),
and hence vitamin D deficiency is a recognized risk factor
for the cytokine storm and acute respiratory distress syn-
drome (ARDS; for review, see Refs. 7 and 8). Vitamin D also
has been reported to affect the expression of angiotensin-
converting enzyme 2 (ACE2) and transmembrane protease,
serine 2 (TMPRSS2), membrane receptors responsible for the
cellular entry of the virus (9). In addition, active forms of
vitamin D can regulate the expression of the antiviral path-
ways and also viral load in the system, when used at high
concentrations (5, 10). However, as of 2021, there has been
only one report confirming a direct relationship between
vitamin D and inhibition of the SARS-CoV-2 viral replication
where it was shown that calcitriol [1,25(0H),D3] reduces the
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viral load in the cytopathogenic effect (CPE) assay (11).
Although the authors did not provide the mechanism behind
this action, their study indicates that active forms of vitamin
D3 (D3) may have the potential to inhibit or neutralize SARS-
CoV-2 growth and reduce the severity of the infection.

The exposure of skin to ultraviolet radiation (UVB) leads
to conversion of 7-dehydrocholesterol (7-DHC) to previtamin
D3 (pre-D3), which then undergoes thermal isomerization to
form D3 (6, 12). With a high UVB dose, pre-D3 undergoes
photoisomerization to lumisterol (L3) and tachysterol (T3).
T3, being the most photoreactive product, undergoes UVB-
driven conversion to L3 via pre-D3. The resulting product,
L3, is the major photoisomer observed in skin after pro-
longed UVB exposure (13). Traditionally, only D3 was
regarded as the important biological regulator from these
photochemical reactions, whereas L3 was considered to not
affect calcium metabolism nor display any other significant
biological activity (14). It was postulated that transformation
of pre-D3 into metabolically inactive L3 explained why UVB-
induced cutaneous production of pre-D3 does not lead to
systemic D3 intoxication (12). It is now apparent that this
assumption is erroneous since new CYP11Al-dependent and
CYP27A1-dependent pathways of hydroxylation of L3 have
been discovered with the products such as 20(OH)L3, 22(OH)
L3, 24(OH)L3, and 25(0OH)L3 displaying biological activity
(14-17). CYP11Al-mediated pathways of both L3 and vitamin
D metabolism have been shown to occur in vivo with their
products having phenotypical/biological activities deter-
mined by their structures and cellular targets (14).

To evaluate whether these novel L3 and D3 hydroxyderi-
vatives possess antiviral potential, we screened them for
effects on viral replication and transcription machinery pro-
teins that are the most promising drug targets against SARS-
CoV-2. The proteins tested in the study were RNA-dependent
RNA polymerase (RARP or nspl2) and 3C-like protease
(3CLP™ or MP™), SARS-CoV-2 contains a ~30-kb RNA ge-
nome encoding two large overlapping polyprotein precur-
sors (ppla and pplab), four structural proteins (spike,
envelope, membrane, and nucleocapsid), and several acces-
sory proteins (18, 19). It is essential for SARS-CoV-2 replica-
tion that the two polyproteins (ppla/pplab) be cleaved into
individual nonstructural proteins. MP™ exclusively cleaves
polypeptides after a glutamine (Gln) residue and no other
human protease has the same cleavage specificity as MP™
(19, 20). This critical function of SARS-CoV-2 MP™ in replica-
tion and transcriptional regulation has made it a prime tar-
get for drug discovery purposes (18, 19). It shows a 96%
similarity at the amino acid sequence level with SARS-CoV
MP™ (20, 21). RARP is another conserved protein of retrovi-
ruses and is also a proven target for the development of anti-
viral drugs (22). RARP has two binding sites for ligands, one
is the active site which binds nucleoside inhibitors (NIs) and
the other is an alosteric site that binds non-nucleoside inhib-
itors (NNIs). Remdesivir mimics a nucleoside triphosphate
substrate for the polymerase becoming covalently linked to
the replicating RNA, which interferes with further synthesis
of the RNA (23).

In this study, we used a systematic approach for struc-
ture-based drug discovery in the search for potential ther-
apeutic candidates from a pool of vitamin D and lumiterol
metabolites, targeting the SARS-CoV-2 replication machi-
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nery enzymes MP™ and RdRP. Structure-based virtual
screening was used to predict analogs that could bind to
these two proteins followed by enzyme inhibition studies
to confirm these interactions.

MATERIALS AND METHODS

Materials

Methods of production of the compounds tested in this
study and their structures are described in the supplemental
material including Supplemental Table S1; see https://doi.
org/10.6084/m9.figshare.14547747.v1.

Structure-Based Virtual Screening

In this study, a systematic in-silico approach was used,
using a number of bioinformatics software, such as MGL
AutoDock Tools (22), AutoDock Vina (23), and Discovery
Studio Visualizer (24). The three-dimensional coordinates of
SARS-CoV-2 MP™ and RARP were retrieved from the Research
Collaboratory for Structural Bioinformatics (RCSB) Protein
Data Bank (PDB). The structure of SARS-CoV-2 MP™ in com-
plex with a Michael acceptor inhibitor known as N3 provides
a basis to design high-affinity inhibitors with improved phar-
macological properties (17). The atomic coordinates of SARS-
CoV-2 MP™ were taken from the PDB (ID: 6LU7) for molecular
docking-based virtual screening. The structural coordinates
of SARS-CoV-2 RARP in apo form and in complex with remde-
sivir were taken from the PDB (ID: 7BV1 and 7BV2, respec-
tively). The structure was prepared by removing cocrystallized
inhibitors and adding hydrogens, and assigning appropriate
atom types. AutoDock Vina was used to carry out molecular
docking, where the search space was structurally blind for all
the compounds with default docking parameters. High-affinity
compounds were selected, and their docked conformations
were generated for analyzing their possible interaction toward
SARS-CoV-2 MP™ and RdARP. Only those compounds which
specifically interact with the critical residues of the binding
pockets of SARS-CoV-2 MP™ and RARP were selected from the
interaction analysis.

Enzymatic Assay for MP™®
The SARS-CoV-2 3CLP™ (MP™), MBP-tagged Assay Kit (BPS
Biosciences, San Diego, CA) was used to measure 3CL

Table 1. Binding affinities to the SARS-CoV-2 MP'® in
comparison with danoprevir, lopinavir, and ritonavir

No. Name of the Ligand Binding Free Energy (kcal/mol)
1 24(OH)L3 -83
2 25(0OH)L3 —-8.0
3 20S(OH)7DHC —-8.0
4 22R(OH)7DHC —7.8
5 20S(OH)L3 —-7.8
6 25(0OH)7DHC —-7.7
7 1,25(0OH),D3 —-7.6
8 20S(OH)D3 —7.6
9 7-DHP -7.5
10 25(0OH)D3 —-7.3
i Danoprevir -85
12 Lopinavir —-83
13 Ritonavir -7.2
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Table 2. Binding affinities of to the SARS-CoV-2 RdRP in
comparison with ritonavir, danoprevir, lopinavir, and
remdesivir

No. Name of the Ligand Binding Free Energy (kcal/mol)
1 25(0OH)D3 -85
2 20S(OH)D3 -8
3 Ritonavir -8
4 Danoprevir -7.9
5 20S(OH)L3 -7.8
6 25(0OH)L3 -7.7
7 1,25(0OH),D3 —7.7
8 20S(OH)7DHC —7.6
9 22R(OH)L3 -7.5
10 24(OH)L3 -7.5
1" 25(OH)7DHC —-7.5
12 Lopinavir -7.3
13 Remdesivir -7.3

Protease (MP*®) activity for screening and profiling applica-
tions. The 3CL inhibitor GC376 was included as a positive
control and also used as a standard. The assay was per-
formed according to the protocol provided by the manu-
facturer with the concentration of compounds tested
being 10 7 M.

Enzymatic Assay for RAdRP

The assay for RARP activity was outsourced to BPS
Biosciences (San Jose, California) using the following proto-
col. Dilutions of the compounds tested were prepared in
assay buffer containing 5% ethanol, then 2uL of this was
added to the reaction mix to give a final volume of 10 uL,
thus making the final ethanol concentration 1% in all reac-
tions (controls without compounds similarly contained 1%
ethanol). The RARP reactions were performed in triplicates
at 37°C for 60 min in a 10 uL. mixture containing Assay buffer,
RNA duplex, ATP substrate and enzyme, and the test com-
pound. The reactions were carried out in wells of 384-well
Optiplate (PerkinElmer). After enzymatic reactions, 10 uL of
anti-Dig Acceptor beads (PerkinElmer, diluted 1:500 with 1x

Argl88
Thr190)=A

detection buffer) were added to the reaction mix. After brief
shaking, the plate was incubated for 30 min. Finally, 10 uL of
AlphaScreen Streptavidin-conjugated donor beads (Perkin,
diluted 1:125 with 1x detection buffer) were added. After
30 min, the samples were measured using an AlphaScreen
microplate reader (EnSpire Alpha 2390 Multilabel Reader,
PerkinElmer). The values of % activity versus the concentra-
tions of the compound tested were then plotted using non-
linear regression analysis of a Sigmoidal dose-response
curve generated with the equation Y=B + (T-B)/1+
10l(LogECS0 — X) = Hill Slope] where Y = percent activity, B = min-
imum percent activity, T = maximum percent activity, X =
logarithm of compound, and Hill Slope = slope factor or Hill
coefficient. The ICsq value was determined as the concentra-
tion causing half-maximal activity.

RESULTS AND DISCUSSION

Structure-based virtual screening of an in-house library of
D3, L3, and 7-DHC analogs was performed to search for high-
affinity binding partners of SARS-CoV-2 MP™ and RdARP that
could be used in the design of potential therapeutics against
COVID-19 (24). We first calculated the binding affinities of
the available compounds in the library when bound to
SARS-CoV-2 MP™ and RARP, and then performed interaction
analysis to identify better hits. Based on the specific interac-
tion, we identified a set of 10 D3, L3, and 7-DHC derivatives
out of 35 compounds tested that had substantial affinity and
specific interactions with the active site pocket of SARS-CoV-
2 MP™ and RARP (Table 1 and Table 2). The predicted binding
affinities of the 10 compounds compared well with those of
recognized antivirals such as danoprevir, lopinavir, and rito-
navir (Table 1 and Table 2).

A detailed analysis of all the docked conformers of the top
10 hits was performed to find compounds binding specifi-
cally to the SARS-CoV-2 MP™ and RdARP substrate-binding
pockets (Supplemental Figs. S1 and S2). We selected seven
compounds that form interactions to a set of critical residues

=9 1,25(0H);D3 =B 7DHP =P 205{0OH)7DHC
=0 22R(OH)7DHC =@ 25(0H)D3 =@ 25(OH)7DHC
=0 205(0H)D3 =@ 205{0H)L3

Figure 1. The binding pattern of identified compounds with SARS-CoV-2 MP™, A: structural representation of the protein in complex with selected sterols
and secosteroids. B: selected compounds blocking the binding pocket and making significant interactions with the functionally important residues of
SARS-CoV-2 MP™. C: surface representation of conserved substrate-binding pocket of SARS-CoV-2 MP™ in complex with selected compounds. D:
zoomed view of the substrate-binding pocket of SARS-CoV-2 MP™ in complex with selected compounds.
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ml,ZS[Oﬁ]2D3 ==0 20S(0OH)L3 == 20S5(0OH)D3 —=® 22R(0OH)L3 ==@ 25(0H)D3 ==@ 24(OH)L3 =@ 25(OH)L3
==0 Curcumin == Remdesivir

Figure 2. The binding pattern of identified sterols and secosteroids with SARS-CoV-2 RdRP. A: structural representation of the protein in complex with
selected compounds. B: active site residues of the RARP-binding pocket making significant interactions with each of the identified compounds. C sur-
face view of the RARP active site with the electrostatic potential from red (negative) to blue (positive) in complex with selected compounds. RARP, RNA-
dependent RNA polymerase.

of SARS-CoV-2 MP™ to study in detail. The critical active site = same binding pose and show a similar pattern as N3, a cocrys-
residue Cysl145 of SARS-CoV-2 MP™ along with the bonding tallized inhibitor of SARS-CoV-2 MP™. The binding pattern of
pocket residues Thr26, His41, Leul4l, Asnl42, Glyl43, Ser144, the selected compounds indicates a virtuous complementar-
Cysl145, Hisl163, Glul66, Leul67, Pro168, Argl88, GInl89, and ity with the MP™ binding pocket, which may hinder the sub-
Thr190 provide a significant number of interactions with each  strate accessibility, thus inhibiting the enzymatic activity.
of the seven compounds (Fig. 1 and Supplemental Fig. S1). Each of the seven compounds make significant interactions
Importantly, all of these sterols and secosteroids mimic the with critically important residues of the MP™ substrate-
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Figure 3. Enzyme inhibition by the selected sterols and secosteroids. A: the MP™ enzyme inhibition by the selected metabolites at concentration of
2 x 1077 M. The inhibition percentages were calculated using the formula: % inhibition = 100 x [1 — (X — Minimum)/(Maximum — Minimum)].
Minimum = negative control without any enzyme (0% enzyme activity), Maximum = positive control with enzyme and substrate (100% enzyme activ-
ity). The test sets included enzymes, substrates, and the test compounds, excitation at a wavelength of 360 nm, and detection of emission at a
wavelength of 460 nm was observed for change in enzyme activity. The statistical significance of differences was evaluated by one-way ANOVA,
kP < 0.001 and ****P < 0.0001 for all conditions relative to ethanol blank, n=3. B: the RdARP enzyme activity inhibition by selected sterols and
secosteroids. The inhibition percentages were calculated using the formula: % inhibition =100 x [1 — (X — Minimum)/(Maximum — Minimum)].
Minimum = negative control without any enzyme (0% enzyme activity), Maximum = positive control with enzyme and substrate (100% enzyme activ-
ity). The statistical significance of differences was evaluated by one-way ANOVA, ***P < 0.001 and ****P < 0.0001 for all conditions relative to the

ethanol blank, n = 3. RARP, RNA-dependent RNA polymerase.
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binding pocket (Fig. 1B and Supplemental Fig. S1) and blocks
the substrate-binding pocket of COVID-19 MP™ (Fig. 1, C and
D). The compounds docked to the MP™ binding pocket were
analyzed further for their detailed interactions with the criti-
cal residues, including Cys145 (Supplemental Fig. S1) (18).

Similar to MP™ molecular docking, we selected top 10
hits based on interaction with the SARS-CoV-2 RdRP
active site pocket, from which we identified seven com-
pounds that form interactions with a set of critically
essential residues of SARS-CoV-2 RARP. The residues
Lys545, Arg555, Asp623, Ser682, Thr687, Asn691, Ser759,
Asp760, and Asp761 of SARS-CoV-2 in RARP substrate
binding pocket that interact with remdesivir, also offered
a significant number of interactions with each of the
seven compounds (Fig. 2 and Supplemental Fig. S2).
Notably, these sterols and secosteroids have the same
binding pattern as reported for the inhibitor remdesivir
with SARS-CoV-2 RARP (23). The binding prototype of the
compounds indicates a virtuous complementarity to the
SARS-CoV-2 RARP binding pocket indicating that they
have the capability to inhibit its enzymatic activity (Fig.
2). The compounds, including curcumin, interact with
residues within the RARP active site pocket (Fig. 2, A and
B and Supplemental Fig. S2) that are critical for substrate
binding (Fig. 2C).

The binding data predict that the selected sterols and
secosteroids are likely to function as inhibitors of MP™ and
RARP enzyme activity and potentially serve as therapeutics
against COVID-19. Consistent with this prediction, we found
that the compounds inhibited MP™ enzyme activity using
the 3CL Protease, MBP-tagged (SARS-CoV-2) Assay kit (Fig.
3A). The results show that all seven sterols and secosteroids
tested inhibited MP™ activity with 25(0OH)L3, 24(OH)L3, and
20S(OH)7DHC being most effective, inhibiting it by 16%-19%
at a concentration of 2 x 10~7 M (Fig. 3A).

RARP catalyzes the replication of RNA from an RNA tem-
plate and it is known that SARS-CoV-2 RdRP only functions
when all three subunits are present (nsp12, nsp7, and nsp8).
Hence, establishing the assay to measure its activity was dif-
ficult so this was out sourced to BPS biosciences who had al-
ready developed an in-house assay to measure enzyme
activity. Although the inhibition of RdARP activity did not
precisely reflect the pattern of docking energies, all of the
compounds tested exhibited inhibitory activity ranging from
40% to 60% at a concentration of 2 x 10~ M (Fig. 3B). The
ICso was also calculated for each compound, which revealed
that the most potent was 25(0OH)L3 with an ICsq of 0.5 uM fol-
lowed by 1,25(0H),D3 and 20S(OH)L3, which had an ICs, of
1uM (Supplemental Table S2).

Overall, these results provide strong support for the ability
of D3, L3, and 7-DHC hydroxy-metabolites to reduce the viral
load in infected cells or the blood stream. A deficiency of
these hydroxyometabolites may play a vital role in enabling
the transition of patients with SARS-CoV-2 from becoming
asymptomatic to symptomatic. For MP™, 25(0H)D3, the
major form of vitamin D3 present in blood, significant inhi-
bition was observed at a concentration of 100 nM, which
compares with a plasma concentration in nondeficient peo-
ple typically between 50 to 100 nM (15). For RdRP, the ICsq
for 25(OH)D3 was 1.3 uM, approximately one order of
magnitude above its plasma concentration. For the
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hydroxylumisterols tested, plasma concentrations are
unknown except for 20(OH)L3 where a value of 25nM has
been reported (17), but based on the enzymology, 25(0H)L3,
which had the lowest ICsq (0.5 uM) for inhibition of RARP, is
likely to be substantially higher (15).

A plethora of reports strongly suggests that vitamin D
plays a vital role in protection against SARS-COV-2, which
includes preventing infected patients from developing
severe disease. Here, we report for the first time that a range
of vitamin D3-related compounds, including 7-DHC and L3
hydroxyderivaties, display anti-SARS-CoV-2 activities and
we provide a possible target on which they may act directly.
Vaccines against SARS-CoV-2 are clearly a major advance in
controlling COVID-19; however, new viral variants empha-
size the need for alternative therapeutic approaches. This
study presents novel vitamin D and L3 metabolites as candi-
dates for antiviral drugs.

SUPPLEMENTAL DATA

Supplemental Tables S1and S2 and Supplemental Figs. S1and
S2: https://doi.org/10.6084/m9 figshare.14547747 V1
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