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A B S T R A C T   

The novel coronavirus SARS-CoV-2 has emerged as a severe threat against public health and global economies. 
COVID-19, the disease caused by this virus, is highly contagious and has led to an ongoing pandemic. SARS-CoV- 
2 affects, mainly, the respiratory system, with most severe cases primarily showcasing acute respiratory distress 
syndrome. Currently, no targeted therapy exists, and since the number of infections and death toll keeps rising, it 
has become a necessity to study possible therapeutic targets. Antiviral drugs can target various stages of the viral 
infection, and in the case of SARS-CoV-2, both structural and non-structural proteins have been proposed as 
potential drug targets. This review focuses on the most researched SARS-CoV-2 proteins, their structure, function, 
and possible therapeutic approaches.   

1. Introduction 

Coronaviruses (CoVs) are enveloped, positive-sense, single-stranded 
ribonucleic acid (RNA) viruses that belong to the family Coronaviridae. 
These viruses harbor the largest genome among RNA viruses, specif-
ically 26–32 kilobases (Ye et al., 2020). Based on phylogenetic analyses, 
CoVs can be classified into four genera, which include alpha coronavi-
ruses, beta coronaviruses, gamma coronaviruses, and delta coronavi-
ruses (Jaiswal and Saxena, 2020). Out of those genera, beta-CoVs 
contain the majority of viruses that infect humans, with the aforemen-
tioned genera being subdivided into four lineages (A, B, C, D) (Ye et al., 
2020). Generally, CoVs can infect the respiratory, hepatic, gastrointes-
tinal, and central nervous system of mammals, birds, and fish (Y Chen 
et al., 2020). There are seven CoVs known to cause human disease. Four 
of those CoVs (HCoV229E, NL63, OC43, and HKU1), known as 
non-severe acute respiratory syndrome (SARS)-like CoVs, induce mild 
diseases and are globally endemic, while three highly pathogenic CoVs 
(SARS-CoV-1, MERS, and SARS-CoV-2) can lead to lethal disease (Raoult 
et al., 2020). Out of the latter three CoVs, SARS-CoV-2, responsible for 

the Coronavirus Disease 2019 (COVID-19), has proved a serious threat 
against public health and global economies in 2020(Zheng, 2020). 

SARS-CoV-2 is a beta-coronavirus of the B lineage with a diameter of 
approximately 60–140 nm (Cascella et al., 2020). Its genome appears to 
encode as many as 14 open reading frames (Orfs), with the 
5′Orf1a/Orf1ab encoding polyproteins, which are auto-proteolytically 
processed into 16 non-structural proteins (NSPs) (Gordon et al., 2020). 
Those NSPs (Nsp1-16) form the replicase/transcriptase complex (RTC). 
This complex is composed of various enzymes, including a papain-like 
protease (Nsp3), the main protease (Nsp5), an Nsp7-Nsp8 primase 
complex, a primary RNA-dependent RNA polymerase (RdRp/Nsp12), a 
helicase/triphosphatase (Nsp13), a 3′-5′ exoribonuclease (Nsp14), a 
Uridine-specific endonuclease (Nsp15), and N7- and 
2′O-methyltransferases (Nsp10/Nsp16). The remaining Orfs encode four 
structural proteins and nine putative accessory factors (Gordon et al., 
2020). These structural proteins include the spike (S) glycoprotein, the 
small envelope (E) glycoprotein, the membrane (M) glycoprotein, and a 
nucleocapsid (N) protein (Astuti and Ysrafil, 2020). 

Coronaviruses entry into host target cells is dependent on the binding 
of S glycoprotein to a specific cell receptor and the subsequent priming 
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of the aforementioned protein by host cell proteases. SARS-CoV-2 uses 
the angiotensin-converting enzyme 2 (ACE2) host receptor for inter-
nalization and, mainly, the type II transmembrane serine protease 
(TMPRSS2) for Spike glycoprotein priming (Kumar et al., 2020). Spe-
cifically, the S glycoprotein binding domain, which is present at 331 to 
524 residues, attaches strongly to the ACE2 receptor (Astuti and Ysrafil, 
2020). After attachment, TMPRSS2 and a number of lysosomal proteases 
cleave and activate the S glycoprotein leading to the entrance of 
SARS-CoV-2 into the cell through endocytosis or direct fusion of the viral 
membrane with the host membrane (Romano et al., 2020; Shang et al., 
2020). Once inside the host cytoplasm, the viral RNA undergoes trans-
lation, where the Orfs that encode Nsps are firstly translated and pro-
duce the polyproteins pp1a and pp1ab that are further cleaved by 
virus-encoded proteases into Nsps (Kumar et al., 2020). The aforemen-
tioned proteases are the papain-like proteases (PLpro) and the 
chymotrypsin-like protease (3CLpro) (Astuti and Ysrafil, 2020). These 
Nsps have a great role in viral RNA replication. Specifically, the RNA 
replication machinery of SARS-CoV-2 involves the RdRp (Nsp12), the 
zinc-binding helicase (Nsp13), and enzymes, such as a bifunctional 
3′→5′ mismatch exonuclease and a cap ribose 2′-O methyltransferase, 
which are related to viral RNA modification, such as messenger RNA 
(mRNA) capping and RNA proofreading (Viswanathan et al., 2020). The 
accessory and structural proteins are translated by a specific set of 
subgenomic RNAs (Romano et al., 2020). Some of those, including M, S, 
E, are insulated in the endoplasmatic reticulum and then transported to 
the Endoplasmatic Reticulum-Golgi Intermediate Compartment (ERGIC) 
(Astuti and Ysrafil, 2020). The replicated genome has the ability to join 
the N protein to the nucleocapsid form and move into the ERGIC (Astuti 
and Ysrafil, 2020). The virions are later assembled at ERGIC and are 
subsequently released through exocytosis out of the cell (Kumar et al., 
2020). 

Patients infected with SARS-CoV-2 were first reported in December 
2019, and, since then, cases have risen to the point that as of 30 August 
2020, this virus has led to 24,854,140 cases and 838,924 deaths 
worldwide (WHO, 2020a,b; Zheng, 2020). The dominant clinical fea-
tures of COVID-19 include cough, shortness of breath or difficulty 
breathing, fever or chills, muscle or body aches, vomiting or diarrhea, 
and new loss of taste or smell (CDC, 2020). Person to person spread of 

SARS-CoV-2 via respiratory droplets, when a patient coughs, sneezes, or 
talks is the main way of COVID-19 transmission, while the disease can 
also occur through indirect means such as touching objects contami-
nated with SARS-CoV-2 (Lotfi et al., 2020). This virus primarily affects 
the respiratory system, with respiratory symptoms of COVID-19 being 
quite heterogeneous, varying from minimal symptoms to significant 
hypoxia with acute respiratory distress syndrome (ARDS) (Yuki et al., 
2020). Moreover, severe COVID-19 patients display an acute inflam-
matory response. Specifically, transcriptomic RNA-seq analysis of 
COVID-19 patients showed that the viral infection induced several im-
mune pathways and pro-inflammatory cytokines, implying sustained 
inflammation and cytokine storm (Wu et al., 2020b). COVID19 can be 
fatal in the presence of risk factors, including the co-existence of chronic 
diseases, older age, male sex, obesity, and smoking (Michelozzi et al., 
2020; Petrakis et al., 2020). Obesity, particularly, is considered a 
chronic inflammatory state with obese individuals showcasing high 
concentrations of pro-inflammatory cytokines like interleukin 6 (IL-6). 
With regard to COVID-19, IL-6 has been shown as an independent pre-
dictor of mortality (Yadav et al., 2020). The currently available antiviral 
option for hospitalized patients is remdesivir, which may inhibit the 
replication process by targeting the RdRp. Previously proposed treat-
ments for hospitalized patients included hydroxychloroquine, which 
thought to disrupt virus endocytosis, and lopinavir/ritonavir, which 
thought to inhibit SARs-CoV-2 main protease (Astuti and Ysrafil, 2020; 
Magro, 2020). To date no targeted therapy exists, therefore, the devel-
opment of such therapeutic molecules is a priority for the scientific 
community. 

2. Structural proteins as potential drug targets 

2.1. Spike (S) protein 

Spike is a transmembrane glycoprotein in CoVs that forms homo-
trimers that protrude from the viral surface (Walls et al., 2020). Spike is 
the structural protein that gives CoV viral particles their characteristic 
crown-like shape, from which their original name was coined (Coutard 
et al., 2020). Spike is essential in viral entry, a process which is achieved 
through binding with the ACE2 host receptor (Liu et al., 2020). The 
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above has led to considering S a promising drug target, therefore the 
study of this glycoprotein is important in the development of novel 
therapeutics against COVID-19. 

Structure-wise, each monomer of the S glycoprotein contains two 
subunits termed S1 and S2, which mediate attachment and membrane 
fusion, respectively (Ou et al., 2020). The S1 is divided into the N-ter-
minal domain (NTD), followed by the receptor-binding domain (RBD) 
and two structurally conserved subdomains termed SD1 and SD2. The 
RBD constantly switches between a standing-up position, associated 
with receptor binding, and a lying down position associated with im-
mune evasion (Shang et al., 2020). The SD1 and SD2 subdomains cap the 
S2 subunit and, thus, protect the conserved fusion machinery (Hender-
son et al., 2020). The S2 subunit contains the fusion peptide (FP), the 
heptad repeat 1 (HR1), the heptad repeat 2 (HR2), the transmembrane 
domain (TM), and the cytoplasmic domain (CP) (Xia et al., 2020). Viral 
entry requires both binding of S to the cellular receptor and S glyco-
protein priming by cellular proteases (Hoffmann et al., 2020). This 
priming includes a cleavage at the boundary between the S1 and S2, for 
the majority of coronaviruses, plus a cleavage at the S2’ site located 
immediately upstream of the FP, a process present in all coronaviruses 
(Hoffmann et al., 2020; McCallum et al., 2020; Walls et al., 2020). The 
latter cleavage has been implicated in activating the glycoprotein for 
membrane fusion through extensive irreversible conformation changes 
(McCallum et al., 2020). Specifically, after cleavage, the exposed fusion 
peptide inserts itself into the plasma membrane while the HR1 and HR2 
can interact to form the six helical bundle (6HB) fusion core, which 
eventually leads to the fusion of the viral membrane with the host 
plasma membrane (Joshi et al., 2020). The above priming is accom-
plished through proteases such as TMPRSS2 and lysosomal cathepsins 
(Jaimes et al., 2020). SARS-CoV-2 S differentiates from CoVs of the same 
clade since it features a novel furin-like cleavage upstream of the 
cleavage site 1 which seems to be cleaved during biosynthesis. This 
characteristic potentially allows for more efficient spreading of 
SARS-CoV-2 in the human population compared to other lineage b beta 
coronaviruses (Walls et al., 2020; Coutard et al., 2020). 

While using the spike glycoprotein as a potential drug target, a 
researcher can focus on viral binding to host receptor or membrane 
fusion. As prime example, monoclonal antibodies can be used to tightly 
bind the spike glycoprotein’s RBD in order to neutralize SARS-CoV-2. 
Such a case is the monoclonal antibody CR3022, which binds to S 
RBD while not competing with the binding of ACE2, allowing the 
monoclonal antibody to interfere with ACE2 binding (Huo et al., 2020). 
Another approach, this time focusing on membrane fusion, is EK1C4. 
EK1C4 is a lipopeptide which disrupts membrane fusion by targeting 
HR1 (Xia et al., 2020). On the other hand, interrupting S function could 
also be achieved by targeting host cell proteins with the use of drugs 
such as ACE2 and TMPRSS2 inhibitors (McKee et al., 2020). Unfortu-
nately, ACE inhibitors, which are used for the treatment of hypertension 
and chronic heart failure, do not inhibit ACE2. Moreover, scientists are 
concerned that such drugs could increase the likelihood of severe 
COVID-19 illness, though current data tends to provide no link between 
the use of ACE inhibitors and increased severity of COVID-19 (Hippi-
sley-Cox et al., 2020; WHO, 2020a). All the above can be considered the 
first steps towards COVID-19 therapeutics and indicate that the Spike 
glycoprotein may indeed be the most promising drug target against 
SARS-CoV-2 infection. 

2.2. Nucleocapsid (N) protein 

Coronaviruses’ nucleocapsid protein, or N protein, is the most 
abundant viral protein that can be detected in the human host from the 
early stages of infection (Che et al., 2004). Its main function is to bind to 
viral RNA to form a ribonucleoprotein nucleus, which contributes to its 
entry into the host cell as well as to the interaction with cellular pro-
cesses after fusion, such as cell cycle regulation, and antigen processing 
and presentation of the virus (Huang et al., 2004; Wang et al., 2010). 

The sequence of N protein of SARS-CoV-2 is approximately 90% 
similar to the same protein of SARS-CoV (Gralinski and Menachery, 
2020). The N protein genome comprises a serine-rich binding region 
(SR) between an N terminal domain (NTD) and a C terminal domain 
(CTD). N structural protein forms the replication transcription com-
plexes (RTC), which play an important role in the synthesis of the 
genome virus (Xia et al., 2020). 

In SARS-CoV, the N protein contributes to the activation of 
cyclooxygenase-2 (COX-2), thus promoting inflammation in the lungs 
(Yan et al., 2006). In addition, it participates in processes that affect the 
cell cycle, such as inhibiting the phosphorylation of phosphoprotein 
B23, a protein that is essential for cell cycle evolution during centrosome 
replication (Zeng et al., 2008). Moreover, studies have shown the 
inhibitory effect of N protein on the cyclin-cyclin-dependent kinase 
complex (C-CDK), resulting in a reduction of S-phase progression (Surjit 
et al., 2006). A different function of the N protein is its interaction with 
the protease subunit p42, which degrades viral proteins (Wang et al., 
2010). Specifically, this interaction may impair proteolysis of viral 
proteins and their presentation to Cytotoxic T-Lymphocytes, thus pro-
moting viral evasion from immune effectors (Wang et al., 2010). Con-
cerning the immune system, N protein causes limitations in the immune 
responses generated by the body due to viral infections as it inhibits type 
I interferon (IFN) (Lu et al., 2011). According to another study, due to 
the aggregation of the Human elongation factor 1 a (EF1a) induced by 
the N protein, the proliferation of the cells of the cell line under study, 
specifically 293 T cells, was reduced (Zhou et al., 2008). In contrast, N 
protein interacts with heterogeneous nuclear ribonucleoprotein 
(hnRNPA1), causing an increase in viral RNA synthesis (Luo et al., 
2005). 

The structural study of the NTD of SARS-CoV-2 N protein showed 
that it resembles a wrist consisting of acidic moieties with a palm of 
basic components, and the core of the beta-sheet extends like fingers 
(Kang et al., 2020). The NTD of the N protein binds to the RNA genome 
in the N45-181 region that exists as a monomer (Chang et al., 2006), 
while the presence of the amino acids arginine at position 94 and 
tyrosine at position 122 appears to be necessary for viral RNA binding 
(McBride et al., 2014). According to further studies, the enhanced 
binding capacity of viral RNA requires the combination of the binding 
region and NTD and CTD of N protein (Chang et al., 2009). N protein 
function regulation is mediated through the central linker region, which 
includes serine and arginine residues (SR region), having essential 
phosphorylation sites. In this region, the major phosphorylation site is 
formed, which enhances protein interactions in proteins and the local-
ization of binding proteins within the cell (Chang et al., 2014). The CTD 
is hydrophobic and rich in helical region in which dimerization occurs as 
it contains residues that self-bond to form homodimers (McBride et al., 
2014). Structurally, each asymmetric CTD group consists of four indi-
vidual homodimers from the compound of which an octamer is formed. 
The arrangement of these sections is schematically similar to the letter 
“X”which forms symmetrical folding structures, perpendicular to the 
middle point of the structure. The N terminus appears to be basic due to 
the positive charges in this region, which could be implied to be a site for 
nucleic acid binding (Chen et al., 2007). 

N protein, is a very promising area in the development of effective 
therapeutics to prevent the proliferation of viral offspring as it partici-
pates in activities necessary for the function and proliferation of the 
virus and is, therefore, another key ingredient after Spike protein 
(Satarker and Nampoothiri, 2020). Currently, the only potential drug 
targeting the N protein is pj34 which inhibits the viral protein’s function 
and has shown some promise both in vitro and in animal studies (Saxena, 
2020). 

2.3. Envelope (E) protein 

The coronaviruses’ envelope protein, or E protein, is a vital protein, 
which is tiny and consists of the N-terminal domain, a hydrophobic 

D. Vlachakis et al.                                                                                                                                                                                                                              



Food and Chemical Toxicology 146 (2020) 111805

4

domain, and the C terminal domain (Ruch and Machamer, 2011). The N 
terminal extends to the first nine amino acids, the hydrophobic region 
extends between 10 and 37 amino acids and the C terminal between 38 
and 76 amino acids, where the first 11 amino acids are located in virion 
while the hydrophobic tail is in the cytoplasm, which through its olig-
omerization creates an ionic pore across the membrane (Shen et al., 
2003; Verdia-Baguena et al., 2013). Through structural studies, 
SARS-CoV-2 form is presented, which includes 35 α-helical regions and 
40 looped regions (Gupta et al., 2020). 

A unique characteristic that occurs in SARS-CoV-2 E protein and not 
in other homologous Sars-CoV E protein is the replacement of the 69th 
amino acid of the protein sequence, from arginine to alanine, glutamine, 
and aspartate. Furthermore, a deletion specific to Sars-CoV-2 envelope 
protein flanks this position. These changes may have an effect on viral 
conformation, protein-protein interaction and, possibly, affect the olig-
omerization process necessary to form a transmembrane ion channel. In 
addition, at positions 55 and 56 of the amino acid sequence, amino acid 
valine and threonine have been identified (Bianchi et al., 2020). 

In coronaviruses, the E protein forms viroporins which are small 
hydrophobic proteins that are necessary for viral assembly and release, 
while also participating in pathogenic processes that cause cytotoxicity 
(Ye and Hogue, 2007). The co-expression of M and E proteins facilitates 
the production of spherical infectious particles, while the heterotypic 
interactions of nsp2 and nsp3 cause the desired curvature in the Endo-
plasmic Reticulum (ER) membrane (Schoeman and Fielding, 2019). 

The hydrophobic tail of the protein in the cytoplasm through the 
proline residues incorporated in it targets the region of the cis-Golgi 
complex, as well as the N-terminal of protein E targets the Golgi com-
plex through additional elements (Cohen et al., 2011). The diffusion of 
the ionic gradient from the E protein into the ERGIC and Golgi may lead 
to the exit of the virion (Liu et al., 2007). The last four amino acids of the 
sequence that comprise the C terminal domain include a pattern called 
postsynaptic density protein/Disc Large/Zonula occludans-1 (PDZ) 
binding pattern (PDM). Therefore, E protein through binding of Protein 
Associated with Caenorhabditis elegans Lin-7 protein 1 (PALS1) to the 
PDM, aids in the disruption of the lung epithelium, thus being a potential 
pharmacological target for improved treatment against SARS-CoV-2 
(Teoh et al., 2010; Satarker and Nampoothiri, 2020). Regarding thera-
peutics, in silico studies have proposed a number of drugs that target the 
E protein, which include Belachinal, Macaflavanone E, and Vibsanol 
(Gupta et al., 2020). 

2.4. Membrane (M) protein 

Membrane protein, or M protein, is present in greater amounts than 
all other proteins in coronaviruses (EA and Jones, 2019). In coronavi-
ruses, this protein has a short length N terminal domain, as its total 
length is 220–260 amino acids, belongs to the N-linked glycosylated 
proteins with a conserved region of 12 amino acids and is attached to 
tripartite transmembrane regions which are further linked to the C ter-
minal domain (Arndt et al., 2010). According to structural studies, it 
exists in two forms, one compact and one long. Initially, these two forms 
are homodimers of the N-terminal ectodomain and the C-terminal 
endodomain, where the endodomain can be elongated or compressed, 
resulting in a long and compact form. Tyrosine residues at position 211 
are necessary for the stability of the long form of the M protein, as well as 
the spike protein is observed mainly in the long form of the M protein, 
suggesting that this form promotes the establishment of the spike pro-
teins. The long form of the M protein bends the membrane, thus creating 
a spherical structure surrounding the ribonucleoprotein (Neuman et al., 
2011). 

M protein is organized in a two-dimensional lattice and provides a 
scaffold in viral assembly, while its translation takes place in the poly-
somes connected to the membranes following its fusion to the endo-
plasmic reticulum and transport to the Golgi complex, where it interacts 
with the E proteins to create virions (Neuman et al., 2006; Tseng et al., 

2010). 
M protein appears to affect the immune response to pathogens, as it 

inhibits Nuclear Factor Kappa B (NFkB) through interactions with IKKb 
(I Kappa B Kinase) leading to a decrease in COX-2 levels and resulting in 
an increase in the proliferation of the pathogenic virus (Fang et al., 
2007). In addition, the C terminus of the M protein inhibits the inter-
action of 3-phosphoinositide-dependent protein kinase 1 (PDK1) and 
protein kinase B (PKB), thus leading to the release of the caspases 8 and 
9, which eventually cause cell death or apoptosis (Tsoi et al., 2014). 

Based on the above information regarding the M protein of corona-
viruses, SARS-CoV-2 protein can be a potential pharmacological target 
for limiting and inhibiting the formation of virions and preventing in-
flammatory reactions in host cells, as the presence of the M protein is 
crucial in the viral life cycle (Satarker and Nampoothiri, 2020). 
Currently, broad spectrum antiviral drugs that target the Membrane 
protein of coronaviruses, such as JL103, have been proposed for possible 
use against SARS-CoV-2 (Khan et al., 2020). 

3. Non-structural proteins as potential drug targets 

3.1. Proteases 

Viruses in the Coronaviridae family code for two types of cysteine 
proteases, including the 3C-like protease (3CLpro) and up to two papain- 
like proteases. With these enzymes’ use, the polyprotein generated 
through the translation of the viral genome of the virus is cleaved into 
sixteen nonstructural proteins. This processing step is crucial for the 
generation of the replicase complex that is required for RNA replication. 
SARS-CoV-2, in particular, encodes a single papain-like protease 
(henceforth referred to as PLpro) (Freitas et al., 2020). 

The PLpro domain is part of the multi-domain nsp3 protein. It pro-
cesses the nsp1/2, nsp2/3, and nsp3/4 cleavage sites. The PLpro 
domain, which is membrane-associated, recognizes a cleavage sequence 
in the threshold areas between nsp1/12, nsp2/3, and nsp3/4. After the 
cleavage, the nsp1 nsp2, nsp3 are separated from the viral polyprotein 
and the next steps of the formation of the replicase complex may be 
excecuted, allowing the production of new virions and the establishment 
of the viral infection. Studies on the enzymatic function of PLpro have 
shown its capacity for recognition and hydrolysis of the UBL protein 
ISG15 (interferon-induced gene 15) and the protein ubiquitin (Ub), both 
of which are cellular proteins. Thus, PLpro constitutes a deubiquitinat-
ing (DUB) and deISGylating enzyme (Báez-Santos et al., 2015). This type 
of activity has important ties to the course of the innate immune 
response in the setting of SARS-CoV infection. Numerous instances of 
ubiquitination and ISGylation events are observed in various stages of 
the innate immune response. The interference of PLpro in different parts 
of these pathways can be achieved through the recognition and the 
interaction with deISGylating and/or deubiquitinating proteins that 
exist therein. Specifically, PLpro appears to act as an antagonist, 
blocking the generation of cytokines of importance in the host innate 
immune response. These include Type I interferon β (IFNβ), as well as 
CCL5 and CXCL10 (Freitas et al., 2020). 

Given its crucial role in the virus replication cycle and the suppres-
sion of the host immune defenses, PLpro has had a significant existing 
history as a drug target against a number of coronaviruses, such as MERS 
CoV and SARS CoV. Similarly, amid the COVID-19 pandemic, PLpro 
constitutes a promising pharmacological target. Within the scientific 
community, there is a race for the development of inhibitors against this 
particular viral enzyme, as well as for the possible employment of 
existing protease inhibitors. Numerous studies are dedicated to the 
exploration of pre-existing, FDA-approved drugs with the goal of 
repurposing them for the inhibition of SARS-CoV-2. Through a number 
of methods, among which is molecular dynamics and virtual screening, 
FDA-approved drugs, which offer the advantage of already completed 
preclinical and clinical phases, are combed through in order to select the 
best candidates for the inhibition of the SARS-Cov-2 papain-like 
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protease. A prime example of a drug candidate provided through such an 
approach is phenformin (Kandeel et al., 2020). 

As mentioned above, the main protease, also known as 3C-like pro-
tease (3CLpro), is among popular targets against SARS-CoV-2. 3CLpro 
executes proteolytic cleavage of the overlapping pp1a and pp1ab 
translated viral polyproteins, allowing the production of functional 
proteins during the coronavirus replication process (Ullrich and Nitsche, 
2020). More specifically, 3CLPro (nonstructural protein 5), following its 
autocleavage, processes the aforementioned polyproteins at their 
respective cleavage sites (Du et al., 2004). The 3CLpro monomer con-
tains three domains, with a long loop connecting the second and third 
domains. The enzyme’s active site is located between the first and the 
second domain, containing a catalytic pair of cysteine and histidine. The 
histidine’s imidazole attracts the side-chain proton of the cysteine, 
creating a thiolate nucleophile, which then attacks the amide bond on 
the enzyme’s substrate. Through proton abstraction from histidine, the 
N-terminal peptide product is released, while the C-terminal product is 
released through the hydrolysis of the thioester, allowing the subsequent 
restoration of the catalytic pair (Estrada, 2020). In order for the enzyme 
to perform its catalytic activity, dimerization is necessary. The two 
protomers bind to each other through an N-terminal finger, which aids 
in the formation of the substrate-binding site (Zhang et al., 2020a). 

The mediation of nonstructural viral proteins’ maturation by 3CLpro 
makes it a very attractive target for the development of anti-coronavirus 
drugs. It is important to note that 3CLpro executes cleavage exclusively 
of the polypeptide sequences that follow a glutamine residue. This 
ability offers a significant advantage, given that there are no known 
host-cell protease enzymes that share this particular specificity of sub-
strate. In essence, inhibitors of the main protease would be unlikely to 
have off-target effects (Ullrich and Nitsche, 2020). SARS-CoV inhibitors 
have so far steered towards peptide inhibitors and small-molecule in-
hibitors (Wu et al., 2020a). Studies conducted on the design and 
screening of 3CLpro inhibitors usually focus on cleavage sites, 
substrate-binding sites, the catalytic pair at the enzyme’s active center, 
as well as various reported residues of critical importance for enzyme 
function. Significant conservation of the catalytic site has been observed 
between the 3CLpro structures of the SARS-CoV, MERS-CoV, and 
SARS-CoV-2 viruses. This discovery allows the examination of already 
established inhibitors of the other coronaviruses’ 3CLpro enzyme, under 
the possibility that they may prove effective against the 3CLpro of the 
novel SARS-CoV-2 (He et al., 2020). Furthermore, research groups have 
been establishing screening processes for the possible repurposing of 
various drugs. Among those, anti-bacterial drugs, anti-hypertensive 
drugs, as well as natural compounds with antiviral properties have 
shown a high binding affinity to 3CLpro, making them attractive can-
didates for the inhibition of the viral 3CLpro towards the treatment of 
COVID-19 (Wu et al., 2020a). 

3.2. NSP13 helicase 

Another key enzyme necessary for the viral replication cycle that has 
been characterized as potent therapeutic target is the viral helicase 
(Vlachakis et al., 2013c). Sars-CoV-2 NSP13 has been shown to possess 
NTPase and RNA helicase activity; it catalyzes the unwinding of double 
stranded RNA in an NTP-dependent manner (Shu et al., 2020). Due to its 
sequence conservation across coronaviruses, targeted inhibition of its 
enzymatic activity is recognized as a promising strategy for antiviral 
therapy (Habtemariam et al., 2020). 

Sars-CoV-2 NSP13 has a high structural and functional similarity 
with MERS and SARS NSP13, belonging to the SF1 helicase family. It 
consists of 5 domains that form a triangular pyramid shape; the two 
‘RecA-like’ domains, domain 1A and 2A, along with domain 1B form the 
triangular base, while the Zinc Binding Domain (ZBD) and stalk domain, 
that connects 1B and ZBD domains, are located at the apex of the pyr-
amid (Hao et al., 2017; Jia et al., 2019). Domains 1A, 1B and 2A are 
involved in NTP and nucleic acid binding, while it has been shown that 

the NSP13 enzymatic activity is enhanced by direct interaction of NSP12 
at the ZBD-1A interaction site (Jia et al., 2019; Romano et al., 2020). 

A number of compounds have been reported as competitive in-
hibitors against SARS coronavirus (SCV) NSP13 activity that could pave 
the ground for clinical research for Sars-CoV-2 inhibition. Myricetin and 
scutellarein have been identified to strongly interrupt ATPase but not 
helicase activity, possibly by direct binding at the ATPase domain (Yu 
et al., 2012). Aryl diketoacids (ADK) and dihydroxychromone de-
rivatives demonstrated selective inhibition against the SCV NSP13 
duplex DNA-unwinding activity in multiple binding sites in the target 
enzyme, while 2-arylmethyloxy-6-(3-chlorobenzyloxy)-5-hydroxychro-
mones were shown to inhibit both NTPase and helicase activities (Lee 
et al., 2009a, 2009b; Kim et al., 2011). Another class of antiviral com-
pounds, bananins, have been shown to inhibit viral transcription and 
replication by significantly reducing the viral RNA levels whereas they 
did not affect viral entry. The compounds were tested against SCV 
NTPase/helicase activity and a number of bananin derivatives were 
found to be potent ATPase and helicase inhibitors at concentrations 
significantly below toxicity levels (Tanner et al., 2005). 3-[(2-Nitro-
phenyl)sulfanylmethyl]-4-prop-2-enyl-1H-1,2,4-triazole-5-thione, 
SSYA10-001, was recognized by Adedeji and coworkers as a novel in-
hibitor of SCV that interferes with the dsRNA/dsDNA activity of NSP13 
without competitive inhibition of NTP and nucleic acid binding, but 
possibly by inducing conformational changes of the enzyme that disrupt 
the unwinding and translocation mechanisms (Adedeji et al., 2012). 

Bismuth salts have been also characterized as strong inhibitors of 
both ATPase and duplex-unwinding activities through binding to the 
zinc binding domain (ZBD) of SCV NSP13 at micromolar concentrations 
(Yang et al., 2007a, 2007b). Similarly, a recent study on SARS-CoV-2 
identified inhibitory effects of bismuth salts against NSP13, and specif-
ically, bismuth potassium citrate (BPC) and ranitidine bismuth citrate 
(RBC) exhibited effective inhibition of NTPase and helicase activity with 
the same binding mode, interrupting the SARS-CoV-2 replication cycle 
(Shu et al., 2020). 

In silico methods have been proven to be a crucial step for the rapid, 
cost-efficient identification of potent compounds with inhibitory effects 
in antiviral research (Vlachakis and Kossida, 2013; Loukatou et al., 
2015; Papageorgiou et al., 2016). As such, computational approaches 
employing molecular modelling and virtual screening against known 
antivirals, active compounds and/or FDA approved drugs for drug 
repurposing, have been applied for the identification of candidate 
Sars-CoV-2 helicase inhibitors (Loukatou et al., 2015). Iftikhar et al. 
identified two compounds, meclonazepam and oxiphenisatin, that bind 
at β19–β20 loop on the 1A domain of SARS-CoV-2 helicase, that is 
directly involved in unwinding double stranded nucleic acids (Iftikhar 
et al., 2020). Vapreotide, an AIDS-related diarrhea drug, was found to 
exhibit the lowest binding free energy amongst 23 approved antivirals in 
a computer-aided drug design pipeline (Borgio et al., 2020). Similar 
approaches have identified cmp1, cmp3a, cmp11 and cmp15 to 
competitively bind at the NTP binding site (Mirza and Froeyen, 2020), 
and elbasvir, approved for HCV treatment, to inhibit not only helicase 
activity by blocking ssDNA binding, but also RNA binding to RdRP 
(Balasubramaniam and Reis, 2020). 

3.3. NSP12 polymerase 

RNA viruses encode RNA-dependent RNA Polymerase (RdRP), an 
essential enzyme for viral replication since it catalyzes RNA synthesis, 
governing the initiation and elongation phase (Ng et al., 2008). RdRPs 
share a similar core structure resembling the shape of a right hand with 
three subdomains, namely the palm, finger and thumb subdomains 
(Vlachakis et al., 2017; Venkataraman et al., 2018). The catalytic site of 
RdRPs is formed by seven conserved motifs (Motif A-G), five of which 
are located within the most conserved palm subdomain (A-E), while 
Motifs F and G are found in the fingers (Vlachakis et al., 2013a, 2013b; 
Shu and Gong, 2016). SARS-CoV-2 polymerase, or NSP12, recently 

D. Vlachakis et al.                                                                                                                                                                                                                              



Food and Chemical Toxicology 146 (2020) 111805

6

resolved structure consists of a right-hand RdRP domain and a 
nidovirus-specific N-terminal extension domain, the NiRAN domain. 
RdRP and NiRAN domains are connected by an interface domain and an 
additional β-hairpin domain located at the groove formed by NiRAN 
domain and palm subdomain stabilizes the structure (Gao et al., 2020). 

Due to their high significance in viral life cycle and their conserved 
mode of function across viral families, RdRPs have long been the target 
of antiviral research with a number of approved therapies targeting viral 
polymerases (Tsai et al., 2006; Ng et al., 2008; Reznik and Ashby, 2017; 
Yao et al., 2018; Peersen, 2019). Consequently, during the current 
COVID-19 outbreak, NSP12 is considered as a promising target for 
antiviral therapeutics. Identified nucleoside analogues that were origi-
nally developed to target viral RdRPs and novel compounds are evalu-
ated as antiviral drug candidates against COVID-19 (Neogi et al., 2020). 

Remdesivir is the most promising drug candidate to date. It is a 
prodrug of an adenosine nucleotide analog that is converted to active 
nucleoside triphosphate upon cell entry and competes with ATP in the 
RdRP binding site, leading to chain termination (Warren et al., 2016; Yin 
et al., 2020). Remdesivir was developed for the treatment of Ebola virus 
disease (EVD), but it has not been approved after showing low efficacy in 
a phase III clinical trial for EVD (Warren et al., 2016). However, in vitro 
and in vivo studies of remdesivir against MERS-CoV and SARS-COV and 
recent studies against SARS-CoV-2 showed inhibitory effects and anti-
viral activity with low cytotoxicity levels (Sheahan et al., 2017; Wang 
et al., 2020). Additionally, remdesivir was tested in a compassionate 
clinical trial for severe COVID-19 patients, and after 10-day treatment 
an 68% clinical improvement was observed (Grein et al., 2020). Several 
clinical trials have been reported to evaluate remdesivir safety and ef-
ficacy, while a number of patents have already been granted (Eastman 
et al., 2020). 

Favipiravir, a guanine analog developed for treatment of influenza 
viruses, currently approved in China and Japan, is also an anti-COVID19 
drug candidate (Furuta et al., 2017). Favipiravir inhibits polymerase 
activity, yet the exact mode of action has not been elucidated. Two 
possible mechanisms for chain termination have been proposed, either 
by inhibition of the ATP catalytic site, or by misincorporation in a 
nascent viral RNA (Furuta et al., 2005). Clinical trials for favipiravir 
have shown efficient treatment for moderate COVID-19 patients and 
several clinical trials have been registered and are ongoing (Cai et al., 
2020; Du and Chen, 2020; Li and De Clercq, 2020). 

Besides remdesivir and favipiravir, several nucleotide analogs have 
been reported as potential antiviral agents. Ribavirin, a ribonucleoside 
analog that has been tested against several RNA viruses but exhibits 
higher levels of cytotoxicity and side-effects, is also on ongoing clinical 
trial for COVID-19 treatment combined with interferon-α2b (Falzarano 
et al., 2013). Jockush et al. have shown the inhibitory effects of sofos-
buvir, alovudine, zidovudine, tenofovir alafenamide and emtricitabine 
and termination of polymerase RNA synthesis through in vitro assays 
(Jockusch et al., 2020). Silibilin is predicted to have a dual activity 
against SARS-CoV-2 infection; silibilin can potentially reduce viral 
replication activity by targeting NSP12 as a remdesivir-like inhibitor, 
and modulate inflammatory responses by direct inhibition of STAT3 
(Bosch-Barrera et al., 2020). STAT3 showcases both pro- and 
anti-inflammatory abilities; it mediates interleukin 10 (IL-10) activity, a 
known anti-inflammatory cytokine. On the other hand, in the case of 
cancer, persistent activation of STAT3 mediates tumor-promoting 
inflammation (Hillmer et al., 2016; Yu et al., 2009). 

As an alternative strategy, an isonicotinic acid derivative, enisamium 
and its putative metabolite, VR17-04, have been identified by in vitro 
assays as drug candidates against SARS-CoV-2. Enisamium was shown to 
inhibit the activity of the SARS-CoV-2 RNA polymerase and its active 
metabolite exhibits similar efficacy with remdesivir triphosphate, it is 
approved in 11 countries and does not require intravenous administra-
tion, unlike remdesivir (Walker et al., 2020). In silico approaches have 
also been used to identify novel inhibitors, either by screening clinically 
used polymerase inhibitors, or FDA approved drugs and/or natural 

compounds (Kar et al., 2020; Pokhrel et al., 2020; Ruan et al., 2020; 
Zhang et al., 2020b). 

4. Conclusions 

It is critical to find ways to block the spread of SARS-CoV-2 and stop 
COVID-19. Research on SARS-CoV-2 structure and mechanisms of action 
has provided a number of intriguing drug targets. These targets, which 
include both non-structural and structural proteins, have an essential 
role in various stages of viral infection, from viral entry to viral repli-
cation and formation of viral vesicles. Disrupting their action may have a 
therapeutic effect against COVID-19. Although research on the afore-
mentioned targets is intense, and some results may seem promising, the 
current situation requires being precautious before declaring the 
uncovering of a SARS-CoV-2 therapy. Nevertheless, specific studies, 
especially on the Spike glycoprotein and viral proteases, allow some 
restrained optimism regarding the future. 

As in any therapeutic approach concerning human disease, toxicity is 
a critical component in the development of safe and effective drugs 
against SARS-CoV-2. ACE2, as reviewed earlier, is a promising target for 
the development of therapeutic strategies. A recombinant form of the 
human ACE2 protein was synthesized as a therapeutic treatment for 
COVID-19, functioning as a decoy for SARS-CoV-2 and essentially pre-
venting the virus from binding to the cell surface ACE2 (Schuster et al., 
2010). The approach of recombinant proteins carries the risk of 
off-target binding, which is the binding of the recombinant protein to 
other cell-receptors, leading to unwanted signaling cascades. Further-
more, use of recombinant proteins may lead to the activation of the 
immune system, which may in turn result in the production of anti-drug 
antibodies and their deposition in the form of immune complexes, 
potentially hindering the function of important organs (De Groot and 
Scott, 2007). Lastly, this sort of treatment may lead to serum sickness, in 
the case that the immune system may view the recombinant protein as 
an antigen (Schellekens, 2005). 

In the case of viral replication inhibitors, instances of toxicity re-
ported for other nucleoside analogs can provide insight into the possible 
toxicity of analogs such as favipiravir or remdesivir, which are being 
evaluated for use against SARS-CoV-2. While inhibiting the viral poly-
merase enzyme, nucleoside analogs additionally inhibit mitochondrial 
DNA polymerase-gamma, resulting in reduction of mitochondrial pro-
tein synthesis (Moyle, 2000). Aspects of toxicity include myopathy and 
pancreatitis (Johnson et al., 2001), severe metabolic acidosis paired 
with elevated lactate, with significant observed mortality (Falcó et al., 
2002) and bone marrow suppression in patients treated with 3′-azido-3′, 
3′-dideoxythymidine (AZT) (Moyle, 2000). As far as protease inhibitors 
are concerned, drugs such as ritonavir, an inhibitor of cytochrome 
CYP3A4, can have an effect on the metabolism of drugs-substrates of 
CYP3A4, which in turn may result in unpredictable drug interactions 
(Rock et al., 2014). As summarized by Chary and colleagues, the use of 
humanized antibodies as a therapeutic method harbors dangers of hy-
persensitivity reactions, immunostimulation, which results in chills, 
fever and other reactions, and finally, immunosuppression, which may 
often become a window for opportunistic infections (Chary et al., 2020). 

To date, efforts are being made by the scientific community to 
develop a vaccine against SARS-CoV-2. Vaccines that have been devel-
oped and are in the stage of clinical trials are based on one hand on the 
virus genome and on the other hand, on the structure of the viral S- 
protein (WH Chen et al., 2020; Li et al., 2020; Tu et al., 2020). One of the 
vaccines that started developing in early 2020 is Moderna’s 
mRNA-1273. This vaccine is a synthetic clone of mRNA that encodes the 
viral S-protein. The goal of the vaccine is to provoke an immune 
response specific for S-protein of SARS-CoV-2. Another characteristic of 
this vaccine is that the virus is not required for its development, as the 
synthetic mRNA is encapsulated in lipid nanoparticles (Tu et al., 2020). 

The ChAdOx1 nCoV-19 vaccine was developed by the University of 
Oxford and is currently in clinical phase III. This vaccine consists of a 

D. Vlachakis et al.                                                                                                                                                                                                                              



Food and Chemical Toxicology 146 (2020) 111805

7

non-replicable adenovirus vector and the S protein sequence of the 
SARS-CoV-2 protein. Characteristic of this vaccine is that due to the 
adenovirus-based vector, it can cover both the respiratory and gastro-
intestinal epithelium, which are the two main sites expressing the SARS- 
CoV-2 ACE-2 receptor (Folegatti et al., 2020). Finally, the University of 
Queensland is developing a vaccine that is equally based on the mo-
lecular structure of the virus SARS-CoV-2. As SARS-CoV-2 is an envel-
oped virus, the fusion of its viral membrane with the host cell membrane 
is required for infection. For this purpose, the structure of the glyco-
proteins of the viral envelope alter from the pre-fusion form, which is 
more unstable, to the post-fusion form. Thus, this vaccine is a stabilized 
subunit vaccine based on molecular clamp technology, such as the 
vaccines against influenza virus and Ebola virus, and allows the re-
combinant viral proteins to remain stable in the pre-fusion form (Cole-
man et al., 2014; Tu et al., 2020). 
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