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Abstract

In response to the COVID-19 pandemic, and the lack of effective and safe antivirals against it, we adopted a new approach in
which food supplements with vital antiviral characteristics, low toxicity, and fast excretion have been targeted. The structures
and chemical properties of the food supplements were compared to the promising antivirals against SARS-COV-2. Our goal
was to exploit the food supplements to mimic the topical antivirals’ functions but circumventing their severe side effects,
which has limited the necessary dosage needed to exhibit the desired antiviral activity. On this line, after a comparative
structural analysis of the chemicals mentioned above, and investigation of their potential mechanisms of action, we selected
caffeine and some compounds of the vitamin B family and further applied molecular modeling techniques to evaluate their
interactions with the RDB domain of the Spike protein of SARS-CoV-2 (SC2Spike) and its corresponding binding site on
human ACE-2 (HssACE2). Our results pointed to vitamins B1 and B6 in the neutral form as potential binders to the HssACE2
RDB binding pocket that might be able to impair the SARS-CoV-2 mechanism of cell invasion, qualifying as potential leads
for experimental investigation against COVID-19.
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Introduction

COVID-19, caused by SARS-CoV-2, has brought up transient
records of contagiousness rate and fatality so far, and there is
not yet a clear overview on how the humanity will take over
this pandemic. The main goal of the non-stop ongoing research
has been to address the two main prerequisites to control the
situation: (1) scientists have attempted to contain the disease
spreading by presenting safe vaccines which have been chal-
lenged by the high rate of SARS-COV-2 mutation [1], while (2)
there have been many attempts to find effective antiviral agents
that could cure or at least mitigate the COVID-19 symptoms
[2]. On this second line, crystal structures and computational
studies on the most conserved proteins in the coronavirus fam-
ily such as main protease (MP™), chymotrypsin-like protease
(3CLP™) [3], and RNA-dependent RNA polymerase (RdRp) [4]
have been exploited for proposing potentially effective antiviral
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agents. Considering the long way that a new drug has to go to be
approved, and the high risk of potential side effects of a new gen-
eration of antiviral agents, most of the focus has been devoted to
the repurposing of approved drugs. There are some reports, also,
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about promising effects of drug combinations, such as hydrox-
ychloroquine and azithromycin [5]. However, the side effects
have remained concerning [6]. An alternative way to discover
new drugs to combat COVID-19 is to focus on compounds, like
vitamins that can be easily found everywhere, are safe to use,
do not have high toxicity, and are structurally, as well as, chemi-
cally similar enough to the current promising effective antivirals
against SARS-COV-2, to mimic their functions.

We have listed some known antivirals, including the
ones which have been tried against COVID-19, in Table S1.
According to this table, except IFN-alpha (not shown in the
table), which is a peptide composed of 165 amino acids, the
majority of the antiviral agents are small organic molecules
and have at least one alkaloid moiety, including purine, pyrim-
idine, and imidazole, or one basic amine functional group
in their structures. Chloroquine and hydroxychloroquine in
particular present another characteristic related to their pKas
(which are, respectively, 10.47 and 8.87) for their conjugate
acid forms (Table S1). The existence of the basic functional
groups in their structures is in agreement with the reported
mechanism of their antiviral activity by interfering in the
pH-dependent steps of the genome replication [7]. Moreover,
having alkaloid moiety and pKa > 8 suggest that at the human
body pH, those agents act as bases and exist partially in a pro-
tonated form. So, these types of agents might serve as inhibi-
tors of the ACE2 or CD-147 proteins by blocking the negative
residues of the proteins’ binding sites. However, chloroquine
has been reported to have 30-h half-life and recommended to
be interrupted at day 5 of treatment of the COVID-19 infec-
tion [6] due to the high LogP and LogD and the risk of their
accumulation and side effects in the body.

Table S2 list some food supplements which share some struc-
tural feature with compounds in Table S1, like the alkaloid func-
tion, for example. Among those compounds, three members of
the vitamin B family, including vitamin B1 (thiamin), B3 (in the
form of nicotinamide), and B6 (preferably in the form of pyri-
doxamine), exhibit promising properties and have already been
reported as having a great potential in the COVID-19 treatment
[8—11]. Those molecules have low LogP (—2.1 to 1.3) and LogD
(—2.91t0 0.2) compared to that of approved antivirals drugs such
as chloroquine (LogP 5.28-3.93), hydroxychloroquine (LogP
3.87-2.89), and even favipiravir (LogP 0.49-0.25). These vita-
mins present, also, high water solubilities (8.18-500 mg/ml)
which are substantially higher than the solubility of chloroquine
and hydroxychloroquine (0.0175, 0.0261, respectively), and
comparable with favipiravir (8.9 mg/ml) in the case of nico-
tinamide (8.18 mg/ml). Thiamin’s pKa is 4.8, which indicates
that it is mainly unprotonated at pH 7.4. However, its intrinsic
positive charge on the thiazolium moiety suggests the ability of
functioning as ACE2 blocker. This property could make this
candidate a very promising option given its huge water solu-
bility and low LogP and LogD. Furthermore, this agent could
act as a powerful radical scavenger [12] and limit the harmful
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oxidative stress-related sequence of receptor-ligand interactions
in the infected cells, resulting in apoptosis and/or necrosis, and
being followed by the release of the inflammatory and vasodila-
tor agents that is a big issue in COVID-19 infection, and would
result in respiratory system failure [13]. Pyridoxamine possesses
a basic alkaloid moiety (pKa="7.02); hence, it will be partially
on its protonated form at pH 7.4 and would be considered func-
tioning as an ACE2 blocker. Also, due to its quite high pKa and
water solubility as well as low LogP and LogD (— 1.1 and — 1.4,
respectively), pyridoxamine has the potential to intervene in the
pH-sensitive steps of the virus genome replication that occurs
in the cytoplasm. More importantly, pyridoxamine could mimic
favipiravir function as a fake nucleoside to be incorporated in the
nascent viral RNA and neutralize it due to possessing nucleo-
philic NH and OH groups.

Nicotinamide can undergo phosphoribosylation in the target
cell by nicotinamide phosphoribosyltransferase [14] to be used
as a fake nucleoside. More importantly, nicotinamide has been
reported to exert the preventing effect on lung tissue damage
in animal models with bleomycin-induced lung injury [15,
16]. The elevated concentration of nicotinamide, as the pre-
cursor of NAD™, can lead to the increase of NAD™ levels in
the infected cells and activate sirtuins [16]. Finally, the acti-
vated sirtuins could be vital for the infected organ to reduce its
inflammatory response and finally control inflammation [14].
It has been also reported that nicotinamide can lower the risk
of acute kidney injury as one of the life threatening outcomes
of COVID-19 infection [10].

Caffeine shows low LogP and LogD (—0.6 in both cases
implying the compound is not in its charged form at pH 7.4)
and a quite high solubility (58.9 mg/ml), but it does not have
either any basic (pKa 0.63 for the most basic nitrogen) or
nucleophilic nitrogen. Caffeine has shown radical scavenger
activity [17] that is crucial to reduce the oxidative stress in the
infected cells [13]. Moreover, caffeine is quickly metabolized
in the body by demethylation to produce three metabolites,
including paraxanthine (84%), theobromine (12%), and theo-
phylline (4%) [18]. Although these three dimethylxanthine
isomers show comparable basicity (pKa=0.21-0.41 for the
most basic nitrogen) to caffeine, indicating that they will be
mainly in their neutral form at pH 7.4, paraxanthine and theo-
phylline would have the ability to function as fake nucleobases
due to possessing nucleophilic NH groups. However, theo-
bromine, with an iminic NH group, is less likely to be able to
undergo a phosphoribosylation reaction.

The first stage of treatment of the disease is the prevention
of the virus transmission to the host cells in target organs,
especially in the lungs. Therefore, the structure and the type
of interactions between ACE2, known as the main gate for the
virus entrance, and the spike protein of the virus (SC2Spike)
have been investigated to give the researchers the sense of
which group of compounds could inhibit the interaction and,
accordingly, prevent the virus from entering the host cells
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[19-21]. Wang et al. compared the interactions of human
ACE2 (HssACE2) with SARS-CoV-2 and SARS-CoV’s spike
proteins based on crystallography studies [22]. The compari-
son showed a quite similar pattern of active residues in the
spike proteins’ RBD interactions with HssACE2, including
13 hydrogen bonds and 2 salt bridges and 13 hydrogen bonds
and 3 salt bridges at the interface of ACE2 with SARS-CoV2
and SARS-CoV, respectively [22-24]. Here, we investigated
through molecular docking, molecular dynamics, and free
energy MM-PBSA calculations the interactions of caffeine
and vitamins B1, B3, and B6 with the residues of the RDB
domain of SC2Spike and its complementary binding site in
HssACE2 in order to verify if their binding has potential of
interfering in the interactions mentioned above and, conse-
quently, the mechanism of cell invasion of SARS-CoV2.

Methods
Docking studies

The compounds under study here were submitted to dock-
ing studies on both the RDB binding site of the SC2Spike
and the binding pocket of the RDB domain in HssACE-2.
The information about the 3D structures of these proteins
retrieved from the Protein Data Bank (PDB) [25] for this
study are summarized in Table 1. The software used was
Molegro Virtual Docker® (MVD), and the protocol was
the same validated before [26, 27]. The 3D structures of the
ligands were constructed in the Spartan 08 software [28],
using the semi-empirical Parametric Method 3 (PM3) [29]
for geometry optimization and the Natural Population Analy-
sis (NPA) [30] method for atomic charges calculations. The
prevalent species of each compound in physiologic pH, pre-
dicted according to the Marvin software (https://chemaxon.
com/products/marvin), was used for the docking studies. For
caffeine, nicotinamide, and thiamine, the neutral species were
prevalent, while for pyridoxamine, both the neutral and the
anionic species showed to be present at physiologic pH. The
spherical search spaces were centered in the middle of the
respective binding sites and involved all the relevant residues

Table 1 Protein structures retrieved from the PDB [31] for this study

of each protein listed in Table 1. For HssACE-2, the radius
of the search space was of 18 A, while for SC2Spyke, it was
of 24 A. Ten runs were performed for each protein-ligand
complex on these search spaces, and the 30 best ranked poses
were returned for evaluation after each run. These poses were
analyzed regarding their MolDock Score and the residues they
formed hydrogen bonds (H-bonds) with.

Molecular dynamic simulations

The 3D structures of the ligands studied were drawn using
Avogrado [33] and optimized with GHEMICAL [34] and
TRIPOS 5.2 force field [35], followed by semi-empiric opti-
mization with the PM7 method of MOPAC2016 [36]. After,
the output files were parameterized to the OPLS-AA force
field, using ACPYPE [37] and MKTOP [38].

The complexes protein—ligand were inserted in dodecahe-
dron boxes containing around 15,000 water TIP3P molecules
and sodium ions to neutralize the total charge of the system.
The energy minimization was performed using the force field
OPLS-AA [39] implemented in the GROMACS package [40].
The steps of energy minimization used were: steepest descent
(ST) with position-restrained (STPR) and convergence cri-
terion of 600 kJ.mol~'.nm™!, ST without PR with the con-
vergence criterion of 300 kJ.mol~'.nm™! and quasi-Newton
with a convergence criterion of 41.84 kJ. mol~!.nm~!. The
minimized systems were then submitted to MD simulations
in two steps: first 500 ps, at 310 K, with PR of heavy atoms,
to allow solvent accommodation around the protein, under
periodic boundary conditions, and then 100 ns of full MD
simulation at 310 K, with a step integration of 2 fs. The MD
simulations were run in triplicate to ensure reproducibility and
significance of the results.

As reported before [26, 27], we estimated the binding
free energies of each ligand in the respective protein bind-
ing pocket after the MD simulations through the MM-PBSA
approach [41], which consider the vacuum potential energy,
including bonded and non-bonded interactions and free
energy of solvation. The g_mmpbsa tool [41] suited for the
GROMACS package [40] was used for this task.

PDB code Protein Abbreviation used Binding pocket Residues of the binding pocket Reference
in this work
6M17 The 2019-nCoV HssACE-2 RDB binding pocket GIn24, Thr27, Phe28, Asp30, Lys31, His34, [19, 20]
RBD/ACE2- Glu35, Glu37, Asp38, Tyr41, Gln42, Leu79,
BOAT1 complex Met82, Tyr83, Asn330, Lys353, Gly354,
Asp355, Arg357, Arg393
7JZU SARS-CoV-2 spike ~ SC2SPyke RBD domain Lys417, Gly446, Tyr449, Tyr453, Leu455, [32]

in complex with
the peptide LCB1
(IC5,=23.5 pM)

Phe456, Ala475, Phe486, Asn487, Tyr489,
GIn493, Gly496, GIn498, Thr500, Asn501,
Gly502, Tyr505
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Table 2 Docking results on HssACE2 and SC2Spike

Comp HssACE2 SC2Spike
Total energy ~ H-bond energy Interacting residues Total energy  H-bond energy Interacting residues
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Caffeine —179.65 —2.08 Lys353, Arg393 —81.62 —-6.18 Argd54, Lys458
Nicotinamide = —64.12 —7.47 Asp350, Gly354 Arg393, —64.15 —-8.00 Argd54, 11e472, Lys458 (2)
Vitamin B3
Pyridoxamine —75.16 -3.19 ASp350, Gly354, Asp382, —73.78 —8.58 Argd54, Glud71, 11e472,
(anion) Lys458 (2)
Vitamin B6
Pyridoxamine —89.65 —-10.56 Asp350 (3), Asp382, —68.89 -6.15 Argd54, Asp467, Glud71,
(neutral) Arg393, Gly354, Lys458
Vitamin B6
Thiamine —115.65 -3.17 Asp382, Tyr385, Arg393, -96.47 —4.49 Lys458, Ser469, Arg454 (2),
(neutral) Gly354 Asp467
Vitamin B1
Results docking calculations are shown in Table 2 and Figs. 1 and

2. As can be seen, all of them presented negative values of
total and H-bond energies in both HssACE-2 and SC2Spyke
binding sites. This result suggests that these compounds are
capable of binding in both proteins at the respective binding
sites of the interface HssACE-2/SC2Spyke. The compound

Docking studies

The energy values, interactions, and binding modes obtained
for the best poses of the compounds under study after the
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Fig. 1 Binding maps of the ligands inside HssACE-2
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showing the best result was vitamin B1, with showed total
binding energy of — 115 kcal.mol™!, inside HssACE-2
and —96.47 kcal.mol~! inside SC2Spyke. It was followed
by vitamin B6 neutral for HssACE-2 (—89.65 kcal.mol ™)
and caffeine for SC2Spyke (— 81.62 kcal.mol™!). Results in
Table 2 and Figs. 1 and 2 also show that these compounds
are capable of stablishing H-bonds with the key residues
directly involved in the interactions HssACE-2/SC2Spyke,
listed in Table 1, or neighboring residues. This reinforces
the hypothesis that these compounds might be capable of
disrupting the binding between these two proteins, impairing
the invasion of human cells by the SARS-CoV-2.

Interestingly, our results suggest that the best poses
of all these nutraceuticals interact with Lys353, and/or
Gly354 and/or Arg393, residues that have been proven to
be among the characteristic target residues of HssACE-2 by
the SC2Spike [19, 20]. This common tendency towards the
same residues of HssACE-2 could provide a strong blocking
effect and consequently avoid effective binding of the virus
spike proteins to the receptor.

Molecular dynamic simulations

The MD simulations results showed that none of the
ligands was capable of stabilizing in the RDB domain of

SC2Spike neither keeping interactions with the protein
during the simulated time. Regarding HssACE-2 only vita-
mins B1 and B6 neutral showed stabilization, while the
other ligands also left the protein. Therefore, we are going
to discuss here only the MD results obtained for vitamins
B1 and B6 neutral.

The energy plots for each system protein/ligand during
the MD simulations (data not shown) revealed stabilization
at very low energies for both systems since the beginning of
the simulations. This is in line with the RMSD plots shown in
Figs. 3 and 4, which reflect the good behavior of the ligands
in the three MD simulations, with fluctuations never passing
2 A for vitamin B1 and 1 A for vitamin B6 neutral. Regard-
ing HssACE-2, the fluctuations never passed 5.5 and 6.5 10%,
respectively.

The plots of H-bonds formed during the MD simulations
(Fig. 5) show that both ligands formed a similar number of
H-bonds with a slight advantage for vitamin B6 which got
closer to keeping 3 H-bonds over most of the simulated time.
It also can be observed that this ligand showed a more stable
profile of H-bonds compared to vitamin B1. All H-bonds
formed during the MD simulations with their respective per-
centages of occupancy are listed in Table 3. As can be seen,
most of the H-bonds pointed in the docking studies were
observed. However, vitamin B1 showed a larger diversity
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Fig.2 Binding maps of the ligands inside SC2Spike

@ Springer



380 Page6of10

Journal of Molecular Modeling (2022) 28:380
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of H-bonding residues, with the most prevalent H-bonds
changing from one MD simulation to another. This reflects
different behaviors with stabilization in distinct parts of the
binding pocket. However, interactions with residues of the
binding region of SC2Spike, or neighboring residues, were
observed in all MD-simulations. Vitamin B6 on the other
hand preserved the most prevalent H-bonds with the same
group of residues during the simulations (Glu37, Asp350,
Asp382) and stabilized in the same region of the pocket
which contains most of the residues involved in interactions
with the RDB domain of SC2Spike.

Time (ns)

The contact maps shown in Fig. 6 corroborate the distinct
behaviors observed for vitamin B1 in the MD simulations.
Those maps show the regions of HssACE-2 that were up to
4 A from the ligand during the MD simulations. Analysis of
the plots for vitamin B6 neutral shows that in the three MD
simulations, this ligand stayed the whole time around the same
residues, while vitamin B1 explored other parts of the binding
pocket.

Figure 7 show the plots of average total binding energy
of each ligand in the binding site of HssACE-2, calculated
through the MMPB-SA methodology [41] from frames

Fig.4 RMSD variation for
the complex vitamin B6
neutral/HssACE-2 during the
three MD simulations

RMSD (A)

= HssACE-2

Vitamin B6
neutral
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Fig.5 Plots of number of H-bonds formed by each ligand during the 100 ns of MD simulation in the binding site of HssACE-2

collected during the MD simulations. The negative values
observed are qualitatively aligned with the docking results for
these ligands confirming their affinities for the binding site

of HssACE-2. It is also observable that the values for vita-
min B6 neutral converged to around — 145 kcal.mol~! in the
three MD simulations, while no convergence was observed for

Table 3 H-bonds formed during the MD simulations. Percentage values > 100% indicate that more than one H-bond was formed with the residue

Comp Interacting residues

MD1

MD2

MD3

Vitamin Bl Ala99(1.20%), Asn103(9.08),
Ala348(2.20%), Trp349(0.20%);
Asp350(40.72%), Asp382(14.97%),
Tyr385(0.40%), Phe390(4.59%),
Leu391(0.80%), Arg393(6.59%);

Asn394(10.18%)

Vitamin B6  Glu37(9.78%), Tyr41(0.80%),
Serd4(0.80%), Ala348(1.20%),
Trp349(0.60%), Asp350(50.50%),
Lys353(0.40%), Asp382(106.19%),

Arg393(7.58%), His401(0.20%)

GIn98(0.40%), Ala99(0.20%),
GIn102(3.00%), Asn103(1.40%),
Tyr196(4.79%), Tyr202(21.36%),
Asp206(1.40%), Asp350(1.20%),
Arg393(0.60%), Asn394(1.20%),

Glu398(16.77%), His401(0.20%),

Arg514(0.40%)

Glu37(21.56%), Phed0(0.20%),
Tyr41(0.40%), Asp350(56.69%),

Lys353(0.80%), Asp382(95.01%),

Arg393(2.79%),

Phe40(0.60%), Ala99(2.99%),
GIn102(0.60%), Asn103(8.18%),
Asp206(1.00%), His345(0.20%),
Ala348(19.96%),
Asp350(61.67%), Lys353(0.20%),
Phe356(0.20%), Asp382(55.69%),
Tyr385(0.20%), Ala386(0.20%),
Phe390(1.20%), Leu391(0.20%),
Arg393(7.78%), Asn394(1.00%),
Glu398(0.20%), Asp509(2.59%)

Glu37(48.70%), Phe40(0.20%),
Asp350(71.06%), Lys353(0.20%),
Asp382(55.49%), Tyr385(0.40%),
Ala386(0.20%), Arg393(9.58%)

@ Springer



380 Page8of10 Journal of Molecular Modeling (2022) 28:380

600 T T T 600 T T T T
-
s00- ° *1 s
g [ el i ey e it bt e
Rl
5 300 = 300 9
&
200 - 200 1
100 - * 100 -
[——— ———— " ]
) [
0 I 1 1 | 0 1 ! 1
600 T T T T 600 T T T T
=3 _— - —— —— .3
500/ @ © S eemE—" ane wo © S o 500L i

400 e T S ——UUE 400 g .
‘ !

200 ﬁ 200

100 | Cu—— e —— —— 100

Residue
w
8
w
8

L4 . ° °
0 P 1 1 0 1 Il 1
600 T T T ] 600 T T
o o a»e —ﬂ
500 a0 CEED 500 +
N ———————x >N ———————————————
(V] G,  ‘Sle cowe of e
=} L] L]
T 300+ 300 )
3
o
200 - e 200 |
100 T e —) 100
ISR G ¢ 00°
[ i e —— ST  —— *
0 | | 1 1 1 0 L 1 L 1
0 20 40 60 80 100 0 20 40 60 80 100
Time(ns) Time(ns)

Fig.6 Contact maps for the systems protein—ligand during the MD simulations. Left, vitamin B1; right, vitamin B6 neutral
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Fig. 7 Plots of average total energy calculated by the MM-PBSA approach for vitamin B1 (left) and vitamin B6 neutral (right) inside HssACE-2

@ Springer



Journal of Molecular Modeling (2022) 28:380

Page90of 10 380

vitamin B1. This reflects the fact that in each MD simulation,
this ligand stabilized in a different region of the HssACE-2
binding site.

Conclusions

Our results suggest that vitamins B1 and B6 in the neutral
form are capable of binding to key residues of HssACE-2
in the region responsible for interactions with the RDB
domain of SC2Spike that leads to the cellular invasion
of human cells by the SARS-CoV-2. The docking stud-
ies showed that all the nutraceuticals initially investigated
have negative interacting energies in the RDB domain of
SC2Spike and its corresponding binding site in HssACE-2,
showing interactions with key residues in both sites. How-
ever, the MD simulations showed that none is capable of
stabilizing in the RDB domain of SC2Spike and that only
vitamins B1 and B6 in the neutral form are capable of sta-
bilizing in the binding site of HssACE-2. This was further
corroborated by the free energy values obtained through
the MM-PBSA approach [41]. We believe that our results
not only are in line with some reports in the literature
pointing this type of molecule as potential treatments for
COVID-19 [8-11], but also highlight them as excellent
leads for the drug design of new and more potent inhibitors
of the mechanism of cellular invasion of SARS-CoV-2.
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